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Abstract

Background

Genome-wide association study (GWAS) is a powerful tool to identify novel pharmacoge-

netic single nucleotide polymorphisms (SNPs). Leukotriene receptor antagonists (LTRAs)

are a major class of asthma medications, and genetic factors contribute to variable

responses to these drugs. We used GWAS to identify novel SNPs associated with the

response to the LTRA, montelukast, in asthmatics.

Methods

Using genome-wide genotype and phenotypic data available from American Lung Associa-

tion - Asthma Clinical Research Center (ALA-ACRC) cohorts, we evaluated 8-week change

in FEV1 related to montelukast administration in a discovery population of 133 asthmatics.

The top 200 SNPs from the discovery GWAS were then tested in 184 additional samples

from two independent cohorts.

Results

Twenty-eight SNP associations from the discovery GWAS were replicated. Of these,

rs6475448 achieved genome-wide significance (combined P = 1.97 x 10-09), and subjects

from all four studies who were homozygous for rs6475448 showed increased ΔFEV1from

baseline in response to montelukast.
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Conclusions

Through GWAS, we identified a novel pharmacogenomic locus related to improved monte-

lukast response in asthmatics.

Introduction
Two major classes of leukotriene modifiers, including leukotriene antagonists (e.g. montelu-
kast) and lipoxygenase inhibitors (zileuton), are commonly prescribed for management of
asthma symptoms. Montelukast [1, 2] targets the cysteinyl leukotriene receptors (CysLTRs) at
the cell membrane to block binding of cysteinyl leukotrienes [3], whereas zileuton [4, 5], a
5-lipoxygenase (5-LO) antagonist, exerts its effects upstream of montelukast through inhibi-
tion of 5-LO mediated leukotriene biosynthesis from arachidonic acid [6–8]. As with all
asthma medications, therapeutic responses to montelukast are highly variable, with some
patients responding preferentially to leukotriene modifiers vs. other medications, such as
inhaled corticosteroids [9–11]. However, 40–50% of patients do not respond to this class of
medication and require additional therapeutic intervention [12]. Mounting evidence suggests
that this heterogeneity in treatment response to montelukast is due, in part, to patient genetics
[10, 13–15].

To date, multiple genes within the leukotriene pathway, in addition to networks for immune
response, have been implicated in differential treatment responses to montelukast, including:
corticotrophin releasing hormone receptor 1 (CRHR1) [16, 17], histone deacetylase 2 (HDAC2)
[18], arachidonate 5-lipoxygenase (ALOX5) [10, 11, 13, 14, 16, 19], arachidonate 5-lipoxygen-
ase-activating protein (ALOX5AP) (20–22), cysteinyl leukotriene receptor 2 (CYSLTR2) [13, 16],
ATP-binding cassette, sub-family C (CFTR/MRP),member 1 (ABCC1) [10, 16], leukotriene A4
hydrolase (LTA4H) [19–22], leukotriene C4 synthase (LTC4S) [13, 14, 16, 19, 23], solute carrier
organic anion transporter family,member 2B1 (SLCO2B1) [16, 24], thromboxane A2 receptor
(TBXA2R) [25–27], prostaglandin D2 receptor (DP) (PTGDR) [23], and interleukin 13 (IL-13)
[28]. However, evidence for genetic associations with montelukast treatment response are
available only from candidate gene studies, and additional pharmacogenetic loci for montelu-
kast likely remain undiscovered.

We hypothesized that we could identify novel loci associated with montelukast response
using a GWAS approach. We first tested our hypothesis in a discovery GWAS using genotype
and phenotype data from two montelukast treatment arms of the Leukotriene Modifier or Cor-
ticosteroid or Corticosteroid-Salmeterol (LOCCS) trial [29] and Effectiveness of Low Dose
Theophylline as Add On Therapy for the Treatment of Asthma (LODO) trial [1]. We then
tested our top SNP associations for replication in two independent cohorts taking montelukast
from the Childhood Asthma Research and Education (CARE) Network trials, the Characteriz-
ing the Response to a LT Receptor Antagonist and Inhaled Corticosteroid (CLIC) trial [30] and
the Pediatric Asthma Controller Trial (PACT) [31].

Materials and Methods

Clinical Cohorts and Phenotyping
The discovery cohort included two asthmatic clinical trials with treatment arms evaluating monte-
lukast response, the American Lung Association Asthma Clinical Research Center (ALA-ACRC)-
supported trials, the Leukotriene Modifier Or Corticosteroid or Corticosteroid-Salmeterol Trial
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(LOCCS) and Effectiveness of Low Dose Theophylline as Add On Therapy for the Treatment of
Asthma (LODO) [1, 29]. While the LOCCS and LODO clinical trials each analyzed over 400 sub-
jects, for this study, we evaluated a sub-population consisting only of the montelukast treatment
arms from these studies that consisted of 133 individuals. For replication, publicly archived,
genome-wide SNP data and clinical phenotype information from patients taking montelukast as
part of the Childhood Asthma Research and Education (CARE) Network- Characterizing the
Response to a LT Receptor Antagonist and an Inhaled Corticosteroid and Pediatric Asthma Con-
troller Trial (CLIC and PACT) (30, 31) (total sample size = 184), were used (dbGaP Study Acces-
sion: phs000166.v2.p1 (http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id =
phs000166.v2.p1)). The data evaluated in this study were obtained from four previously published
clinical trials (clinicaltrials.gov identifiers: NCT00156819 (LOCCS); NCT00046644 (LODO);
NCT00272506 (PACT); NCT00000622 (CLIC)) [1, 29–31]. Study participants for these trials pro-
vided written informed consent, and this consent procedure was approved by the institutional eth-
ics committee/IRB. The Brigham andWomen’s Hospital Institutional Review Board approved
this study. For all cohorts, subjects were consented for genetic studies and their data was de-identi-
fied. Table 1 provides a summary of the populations evaluated in this analysis.

For all populations, the primary outcome phenotype was defined as a change in FEV1 fol-
lowing 8 weeks of treatment while on montelukast, minus FEV1 at baseline (ΔFEV1), adjusted
for age, gender, and race.

Genotyping and Quality Control (QC)
Genome-wide genotyping of the LOCCS and LODO trials was conducted using the Illumina
HumanHap550 chip (San Diego, CA). For CLIC and PACT, genotyping was performed as
described (30, 31), using the Genomewide Affymetrix SNP 6.0 Array (Santa Clara, CA). The
software PLINK v.1.07 [32] was used for QC of genotype data. SNPs with a study-wise missing
data proportion above 0.05 were removed from the analysis. SNPs failing to meet Hardy-Wein-
berg equilibrium (HWE) (P< 0.0001), in addition to SNPs with a minor allele frequency
(MAF)< 5% and more than 10% missing genotypes, were also dropped from the analysis. A
total of 532,264 SNPs with acceptable quality were genotyped and analyzed in the discovery
GWAS for both LOCCS and LODO, and 591,268 SNPs were genotyped and analyzed in both
CLIC and PACT.

Table 1. Demographic information for the clinical cohorts evaluated in this study.

LOCCS LODO CLIC PACT

N 64 69 126 58

Age, mean yrs. (SD) 35.2 (14.9) 40 (15) 11.7 (3.4) 9.9 (2.3)

Sex- male % 38.9 30.6 40.6 40.2

% European 64.3 68.3 53.7 56.7

% African 8.3 7.3 20.2 13.3

% Asian 27.4 24.4 26.1 30

Mean (SD) change in FEV1, mL 11 (32.9) 21.1 (30.5) 1.9 (10) 2.5 (9.1)

Definition of abbreviations: N = number of subjects providing DNA samples evaluated in this study;

SD = standard deviation; FEV1 = forced expiratory volume in 1 second (mL); LOCCS = Leukotriene

Modifier Or Corticosteroid or Corticosteroid-Salmeterol Trial; LODO = Effectiveness of Low Dose

Theophylline as Add On Therapy for the Treatment of Asthma; CLIC = Characterizing the Response to a

LT Receptor Antagonist and Inhaled Corticosteroid trial; PACT = Pediatric Asthma Controller Trial.

doi:10.1371/journal.pone.0129385.t001
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Statistical Analysis
For the GWAS, an additive genetic association model was evaluated, adjusting for baseline
FEV1, age, race (self-reported ancestry) and gender as covariates, using PLINK. Due to small
sample sizes, both white and non-white subjects were included. However, the genomic inflation
factor values for the subset of montelukast treated patients in these populations was 1, indicat-
ing that minimal population stratification was present despite population racial heterogeneity.
Due to differences in genotyping platforms used, our analysis focused on the SNPs that were
genotyped in all four populations. For replication, the one-sided association P values from
261,076 SNPs that had the same direction of effect in the LOCCS and LODO discovery cohorts
were combined, and the top 200 SNPs (as ranked by combined P values) were then carried for-
ward for replication in CLIC and PACT. The one-sided P values of the SNPs that had the same
direction of effect (β) in LOCCS-LODO and at least one replication cohort, and that also met
nominal significance (P< 0.05) [33, 34] in at least one replication cohort, were combined
using a weighted Z-test [35] in ‘R version 3.0.2’ (http://www.r-project.org). SNPs with com-
bined P values below the multiple test correction threshold (P = 0.00025) were considered to be
replicated. The threshold for genome-wide significance for associated SNPs was determined
using the Bonferroni correction (P = 9.40 x 10−08). SNP P values below 10−05 were considered
suggestive of genome-wide significance.

Results
The discovery GWAS was conducted in LOCCS and LODO asthmatic cohorts to evaluate the
association of patient genotype with 8-week ΔFEV1 following treatment with montelukast (133
patients). Plotted results of the discovery GWAS are shown in Fig 1. Non-white subjects were
included, and after adjusting for age, race and gender as covariates, plots of the genomic-con-
trol adjusted P values demonstrated no evidence of population stratification. In LOCCS, none
of the SNPs exceeded the threshold for genome-wide significance (P = 9.40 x 10−08); however,
25 SNPs approached genome-wide significance (P<10−05), of which the top-ranked SNP
(rs12659144) achieved a P value of 2.2 x 10−06, although it did not also replicate in LODO. In
LODO, one SNP, rs2247977, achieved genome-wide significance (P = 4.95 x 10−08), although it
did not also replicate in LOCCS.

For replication of the discovery SNP associations, the P values of the SNPs with the same
direction of effect in LOCCS and LODO were combined, and the top-ranked 200 SNPs from
LOCCS-LODO were carried forward for evaluation in CLIC and PACT (S1 Table). Four SNPs,
s6475448, rs7794356, rs953977 and rs1364805, survived correction for multiple testing (com-
bined P< 0.00025) (Table 2). Three of these SNPs, rs6475448, rs7794356, and rs953977, also
approached or achieved genome-wide significance (Table 2).

The top-ranked SNP, rs6475448, achieved genome-wide significance (combined P = 1.97 x
10−09) (Table 2). Patients from all four studies who were homozygous for rs6475448 showed
markedly increased mean ΔFEV1 from baseline in response to montelukast (Fig 2). The largest
increase between the variant homozygous and reference genotypes was observed for LOCCS,
wherein the rs6475448-AA was associated with a LS-mean ΔFEV1 of 344 mL vs. -4.66 mL for
rs6475448-GG, followed by CLIC (285 mL for rs6475448-AA vs. -31.7 mL for rs6475448-GG),
PACT (101 mL for rs6475448-AA vs. -10.6 mL for rs6475448-GG) and LODO (172 mL for
rs6475448-AA vs. 192 mL for rs6475448-GG) (Fig 2).

Discussion
Leukotriene modifier drugs represent a major treatment modality for asthma patients, and the
ability of physicians to determine which patients are likely to benefit from these drugs would
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greatly enhance therapeutic outcomes for asthmatics. We undertook a genome-wide interro-
gation of 532,264 SNPs to evaluate association of genotype with 8-week ΔFEV1 following treat-
ment with montelukast in four asthma clinical trials (LOCCS, LODO, CLIC and PACT). We
identified four SNPs that replicated in LOCCS-LODO, CLIC and PACT, of which one variant,
rs6475448, achieved genome-wide significance (combined P = 1.97 x 10−09) (Table 2). rs6475448

Table 2. Replicated*GWAS SNPs.

LOCCS LODO CLIC PACT

SNP Minor Allele Chr. Chr. Location Gene Symbol β (mL) P value β (mL) P value β (mL) P value β (mL) P value Joint P Value‡

rs6475448 A 9 20487142 MLLT3 187 1.22x10-04 23.7 3.08x10-01 129 4.62 x10-05 57.6 3.29 x10-02 1.97 x10-09

rs7794356 A 7 70376665 WBSCR17 215 2.86x10-04 47.8 1.39 x10-01 110 1.69 x10-04 25.3 2.04 x10-01 9.15 x10-07

rs953977 T 13 39598622 -150 5.57x10-03 -116 2.49 x10-03 -85.8 4.48 x10-03 -41.1 1.25 x10-01 5.26 x10-05

rs1364805 T 4 107893297 55.1 1.57x10-01 154 1.45 x10-04 74.9 6.07 x10-03 25.1 1.80 x10-01 1.69 x10-04

Definition of abbreviations: “SNP” = single nucleotide polymorphism; “Chr.” = chromosome (1–22); “Chr. Location.” = chromosomal position of listed SNP;

“β” = effect size estimates (ΔFEV1, (mL)) for the minor allele.

*Table lists GWA results adjusted for baseline FEV1, age, race and gender as covariates (additive genetic model), for the SNPs that met criteria for

replication in all cohorts (see Methods) and remained significant after correction for multiple testing. Minor allele frequencies for all SNPs in all cohorts is

>5%.
‡Combined P value for all cohorts.

doi:10.1371/journal.pone.0129385.t002

Fig 1. Results of the discovery GWAS.Manhattan plots (A andB) contain −log P values (y-axis) associated with 8-week change in FEV1 after montelukast
treatment, for 532,264 genotyped SNPs organized by chromosome (x-axis), for LOCCS (A) and LODO (B). The threshold for genome-wide significance and
suggestive genome-wide significance are indicated as blue and red lines, respectively, in the Manhattan plots. Q-Q plots (C andD) demonstrate the
observed −log P values vs. expected −log P values, for SNPs from LOCCS (C) and LODO (D) populations. In all plots, individual SNPs are represented as
filled circles.

doi:10.1371/journal.pone.0129385.g001
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was a novel locus associated with an improvement in response to montelukast in four indepen-
dent asthmatic populations.

rs6475448 is present withinMLLT3, which is proposed to regulate cell fates for megakaryo-
cytes and early erythroid cells in humans [36]. Functional and molecular studies have also
shown thatMLLT3 acts as a positive regulator of erythroid and megakaryocyte differentiation
[36]. Red blood cell precursors including megakaryocytes and erythroid cells are capable of
transforming arachidonate and LTA4 to bioactive eicosanoids [37, 38]. Megakaryocytes give
rise to platelets, which are also activated in asthmatics and contribute to leukotriene production
during inflammation [39]. In our study, rs6475448 was associated with a genotype-dependent
improved response to montelukast in LOCCS-LODO, CLIC and PACT (Table 2 and Fig 2).
While the SNP was intronic, and thusMLLT3 expression was unlikely to be affected, using the
web server SCAN [40], we found that this SNP is also an expression quantitative trait locus
(cis-eQTL) for SHROOM3, a gene that encodes a cytoskeleton protein responsible for cellular
shape during morphogenesis [41], and can affect this gene’s expression in the HapMap

Fig 2. Improvement in lung function related to montelukast treatment, by rs6475448 genotype. The
least-squares (LS) means (adjusted for study, race and gender) and 95% confidence intervals for ΔFEV1

related to montelukast treatment were generated using R (http://cran.r-project.org/web/packages/lsmeans/
lsmeans.pdf), and plotted for each study (panels), by rs6475448 genotypes: homozygous reference (“GG”:
LOCCS = 32; LODO = 38; CLIC = 25; PACT = 65), heterozygous (“GA”: LOCCS = 28; LODO = 21;
CLIC = 30; PACT = 75) and homozygous variant (“AA”: LOCCS = 9; LODO = 5; CLIC = 5; PACT = 5).

doi:10.1371/journal.pone.0129385.g002
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lymphoblastoid cell lines (LCLs). Therefore, rs6475448, and its eQTL, SHROOM3, may poten-
tially represent novel candidate loci for asthma, and/or treatment response to leukotriene
modifiers.

Our study has several limitations. First, as is common to many pharmacogenomic GWAS,
our sample size is modest; however, our sample size is comparable to recently published
GWAS of symptomatic response to corticosteroids in asthma [33–34]. In addition, we were
able to replicate four SNPs in multiple independent, montelukast-treated populations, provid-
ing supportive evidence of true positive associations. Furthermore, because the cohorts evalu-
ated in this study included non-white subjects, racial heterogeneity may also represent a major
limitation of the study; however, we accounted for this by including race, age and gender as
covariates in our GWAS models, and saw no evidence of population stratification based on
genomic inflation factor and Q-Q plot behavior. A third limitation is that the genotyping plat-
forms used to generate the genome-wide genotype data differed among the four cohorts. To
overcome this, we focused our analysis on the SNPs in common between platforms. A fourth
limitation is that the ages of our replication and discovery populations differed; while LOCCS
and LODO evaluated adults, a pediatric population comprised CLIC and PACT montelukast
cohorts. While this supports the generalizability of the reported associations, one reason for
failure to replicate additional loci may lie in the innate differences in response between children
and adults. For instance, we recently described a pharmacogenetic locus for corticosteroid
response [33] that was replicably associated in children, but not in adults. A fifth limitation is
that, while we were able to identify a novel montelukast treatment-related gene through
GWAS, we did not also find SNPs in reported candidate genes for montelukast response (e.g.
CYSLTR1) from among the replicated SNP data, which could reflect a limitation of the sensitiv-
ity of GWAS, in addition to differences in genotyping platforms used in this study. Finally,
additional mechanistic and functional studies will be necessary in order to discern the potential
role ofMLLT3 in montelukast response.

Conclusions
Through a GWAS of differential montelukast response in four asthmatic cohorts, we have
identified a genome-wide significant SNP, rs6475448, which is present withinMLLT3. This
SNP may represent a novel mechanism for differential responses to leukotriene modifying
agents in asthma.

Supporting Information
S1 Table. Table of top 200 SNPs from LOCCS-LODO tested for replication in CLIC and
PACT.
(DOCX)

Acknowledgments
The authors declare that they have no conflicts of interest. We thank collaborators, research
staff and the study participants at the many study centers for their generous contributions.

Author Contributions
Conceived and designed the experiments: KGT AL AD. Performed the experiments: AD KGT.
Analyzed the data: AD KGTMTMK AL. Contributed reagents/materials/analysis tools: SPP
CGI JJL KGT AL. Wrote the paper: AD AL JJL KGT.

GWAS of Montelukast Response in Asthma

PLOSONE | DOI:10.1371/journal.pone.0129385 June 17, 2015 7 / 9

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129385.s001


References
1. Peters SP, Anthonisen N, Castro M, Holbrook JT, Irvin CG, Smith LJ, et al. Randomized comparison of

strategies for reducing treatment in mild persistent asthma. N Engl J Med. 2007; 356(20):2027–39.
PMID: 17507702

2. Knorr B, Matz J, Bernstein JA, Nguyen H, Seidenberg BC, Reiss TF, et al. Montelukast for chronic
asthma in 6- to 14-year-old children: a randomized, double-blind trial. Pediatric Montelukast Study
Group. JAMA. 1998; 279(15):1181–6. PMID: 9555757

3. Drazen J. Clinical pharmacology of leukotriene receptor antagonists and 5-lipoxygenase inhibitors. Am
J Respir Crit Care Med. 1998; 157(6 Pt 2):S233–7; discussion S47-8. PMID: 9647605

4. Nelson H, Kemp J, Berger W, Corren J, Casale T, Dube L, et al. Efficacy of zileuton controlled-release
tablets administered twice daily in the treatment of moderate persistent asthma: a 3-month randomized
controlled study. Ann Allergy Asthma Immunol. 2007; 99(2):178–84. PMID: 17718106

5. Israel E, Cohn J, Dubé L, Drazen JM. Effect of treatment with zileuton, a 5-lipoxygenase inhibitor, in
patients with asthma. A randomized controlled trial. Zileuton Clinical Trial Group. JAMA. 1996; 275
(12):931–6. PMID: 8598621

6. Salmon JA, Higgs GA. Prostaglandins and leukotrienes as inflammatory mediators. Br Med Bull. 1987;
43(2):285–96. PMID: 2825898

7. Hammarström S. Biosynthesis and metabolism of leukotrienes. Monogr Allergy. 1983; 18:265–71.
PMID: 6316129

8. Hammarström S. Leukotrienes. Annu Rev Biochem. 1983; 52:355–77. PMID: 6311078

9. Drazen JM, Silverman EK, Lee TH. Heterogeneity of therapeutic responses in asthma. Br Med Bull.
2000; 56(4):1054–70. PMID: 11359637

10. Lima JJ. Treatment heterogeneity in asthma: genetics of response to leukotriene modifiers. Mol Diagn
Ther. 2007; 11(2):97–104. PMID: 17397245

11. Drazen JM, Yandava CN, Dubé L, Szczerback N, Hippensteel R, Pillari A, et al. Pharmacogenetic asso-
ciation between ALOX5 promoter genotype and the response to anti-asthma treatment. Nat Genet.
1999; 22(2):168–70. PMID: 10369259

12. Szefler SJ, Martin RJ, King TS, Boushey HA, Cherniack RM, Chinchilli VM, et al. Significant variability
in response to inhaled corticosteroids for persistent asthma. J Allergy Clin Immunol. 2002; 109(3):410–
8. PMID: 11897984

13. Klotsman M, York TP, Pillai SG, Vargas-Irwin C, Sharma SS, van den Oord EJ, et al. Pharmacogenet-
ics of the 5-lipoxygenase biosynthetic pathway and variable clinical response to montelukast. Pharma-
cogenet Genomics. 2007; 17(3):189–96. PMID: 17460547

14. Lima JJ, Zhang S, Grant A, Shao L, Tantisira KG, Allayee H, et al. Influence of leukotriene pathway
polymorphisms on response to montelukast in asthma. Am J Respir Crit Care Med. 2006; 173(4):379–
85. PMID: 16293801

15. Tantisira KG, Lima J, Sylvia J, Klanderman B, Weiss ST. 5-lipoxygenase pharmacogenetics in asthma:
overlap with Cys-leukotriene receptor antagonist loci. Pharmacogenet Genomics. 2009; 19(3):244–7.
doi: 10.1097/FPC.0b013e328326e0b1 PMID: 19214143

16. Lima JJ, Blake KV, Tantisira KG, Weiss ST. Pharmacogenetics of asthma. Curr Opin Pulm Med. 2009;
15(1):57–62. doi: 10.1097/MCP.0b013e32831da8be PMID: 19077707

17. Tantisira KG, Lake S, Silverman ES, Palmer LJ, Lazarus R, Silverman EK, et al. Corticosteroid Pharma-
cogenetics: Association of sequence variants in CRHR1 with improved lung function in asthmatics
treated with inhaled corticosteroids. HumMol Genet. 2004; 13(13):1353–9. PMID: 15128701

18. Mougey EB, Chen C, Tantisira KG, Blake KV, Peters SP, Wise RA, et al. Pharmacogenetics of asthma
controller treatment. Pharmacogenomics J. 2013; 13(3):242–50. doi: 10.1038/tpj.2012.5 PMID:
22370858

19. Duroudier NP, Tulah AS, Sayers I. Leukotriene pathway genetics and pharmacogenetics in allergy.
Allergy. 2009; 64(6):823–39. doi: 10.1111/j.1398-9995.2009.02015.x PMID: 19416143

20. Holloway JW, Barton SJ, Holgate ST, Rose-Zerilli MJ, Sayers I. The role of LTA4H and ALOX5AP poly-
morphism in asthma and allergy susceptibility. Allergy. 2008; 63(8):1046–53. doi: 10.1111/j.1398-9995.
2008.01667.x PMID: 18547289

21. Tcheurekdjian H, Via M, De Giacomo A, Corvol H, Eng C, Thyne S, et al. ALOX5AP and LTA4H poly-
morphisms modify augmentation of bronchodilator responsiveness by leukotriene modifiers in Latinos.
J Allergy Clin Immunol. 2010; 126(4):853–8. doi: 10.1016/j.jaci.2010.06.048 PMID: 20810156

22. Via M, De Giacomo A, Corvol H, Eng C, Seibold MA, Gillett C, et al. The role of LTA4H and ALOX5AP
genes in the risk for asthma in Latinos. Clin Exp Allergy. 2010; 40(4):582–9. doi: 10.1111/j.1365-2222.
2009.03438.x PMID: 20067482

GWAS of Montelukast Response in Asthma

PLOSONE | DOI:10.1371/journal.pone.0129385 June 17, 2015 8 / 9

http://www.ncbi.nlm.nih.gov/pubmed/17507702
http://www.ncbi.nlm.nih.gov/pubmed/9555757
http://www.ncbi.nlm.nih.gov/pubmed/9647605
http://www.ncbi.nlm.nih.gov/pubmed/17718106
http://www.ncbi.nlm.nih.gov/pubmed/8598621
http://www.ncbi.nlm.nih.gov/pubmed/2825898
http://www.ncbi.nlm.nih.gov/pubmed/6316129
http://www.ncbi.nlm.nih.gov/pubmed/6311078
http://www.ncbi.nlm.nih.gov/pubmed/11359637
http://www.ncbi.nlm.nih.gov/pubmed/17397245
http://www.ncbi.nlm.nih.gov/pubmed/10369259
http://www.ncbi.nlm.nih.gov/pubmed/11897984
http://www.ncbi.nlm.nih.gov/pubmed/17460547
http://www.ncbi.nlm.nih.gov/pubmed/16293801
http://dx.doi.org/10.1097/FPC.0b013e328326e0b1
http://www.ncbi.nlm.nih.gov/pubmed/19214143
http://dx.doi.org/10.1097/MCP.0b013e32831da8be
http://www.ncbi.nlm.nih.gov/pubmed/19077707
http://www.ncbi.nlm.nih.gov/pubmed/15128701
http://dx.doi.org/10.1038/tpj.2012.5
http://www.ncbi.nlm.nih.gov/pubmed/22370858
http://dx.doi.org/10.1111/j.1398-9995.2009.02015.x
http://www.ncbi.nlm.nih.gov/pubmed/19416143
http://dx.doi.org/10.1111/j.1398-9995.2008.01667.x
http://dx.doi.org/10.1111/j.1398-9995.2008.01667.x
http://www.ncbi.nlm.nih.gov/pubmed/18547289
http://dx.doi.org/10.1016/j.jaci.2010.06.048
http://www.ncbi.nlm.nih.gov/pubmed/20810156
http://dx.doi.org/10.1111/j.1365-2222.2009.03438.x
http://dx.doi.org/10.1111/j.1365-2222.2009.03438.x
http://www.ncbi.nlm.nih.gov/pubmed/20067482


23. Kang MJ, Kwon JW, Kim BJ, Yu J, Choi WA, Shin YJ, et al. Polymorphisms of the PTGDR and LTC4S
influence responsiveness to leukotriene receptor antagonists in Korean children with asthma. J Hum
Genet. 2011; 56(4):284–9. doi: 10.1038/jhg.2011.3 PMID: 21307858

24. Mougey EB, Feng H, Castro M, Irvin CG, Lima JJ. Absorption of montelukast is transporter mediated: a
common variant of OATP2B1 is associated with reduced plasma concentrations and poor response. Phar-
macogenet Genomics. 2009; 19(2):129–38. doi: 10.1097/FPC.0b013e32831bd98c PMID: 19151602

25. Palikhe NS, Kim JH, Park HS. Update on recent advances in the management of aspirin exacerbated
respiratory disease. Yonsei Med J. 2009; 50(6):744–50. doi: 10.3349/ymj.2009.50.6.744 PMID:
20046412

26. Shrestha Palikhe N, Kim SH, Jin HJ, Hwang EK, Nam YH, Park HS. Genetic mechanisms in aspirin-
exacerbated respiratory disease. J Allergy (Cairo). 2012; 2012:794890. doi: 10.1155/2012/794890
PMID: 21837245

27. Kim SH, Park HS. Genetic markers for differentiating aspirin-hypersensitivity. Yonsei Med J. 2006; 47
(1):15–21. PMID: 16502481

28. Kang MJ, Lee SY, Kim HB, Yu J, Kim BJ, Choi WA, et al. Association of IL-13 polymorphisms with leu-
kotriene receptor antagonist drug responsiveness in Korean children with exercise-induced broncho-
constriction. Pharmacogenet Genomics. 2008; 18(7):551–8. doi: 10.1097/FPC.0b013e3282fe94c5
PMID: 18551035

29. Centers ALAACR. Clinical trial of low-dose theophylline and montelukast in patients with poorly con-
trolled asthma. Am J Respir Crit Care Med. 2007; 175(3):235–42. PMID: 16998094

30. Szefler SJ, Phillips BR, Martinez FD, Chinchilli VM, Lemanske RF, Strunk RC, et al. Characterization of
within-subject responses to fluticasone and montelukast in childhood asthma. J Allergy Clin Immunol.
2005; 115(2):233–42. PMID: 15696076

31. Sorkness CA, Lemanske RF, Mauger DT, Boehmer SJ, Chinchilli VM, Martinez FD, et al. Long-term
comparison of 3 controller regimens for mild-moderate persistent childhood asthma: the Pediatric
Asthma Controller Trial. J Allergy Clin Immunol. 2007; 119(1):64–72. PMID: 17140647

32. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J HumGenet. 2007; 81(3):559–75.
PMID: 17701901

33. Park HW, Dahlin A, Tse S, Duan QL, Schuemann B, Martinez FD, et al. Genetic predictors associated
with improvement of asthma symptoms in response to inhaled corticosteroids. J Allergy Clin Immunol.
2014.

34. Tantisira KG, Damask A, Szefler SJ, Schuemann B, Markezich A, Su J, et al. Genome-wide association
identifies the T gene as a novel asthma pharmacogenetic locus. American journal of respiratory and
critical care medicine. 2012; 185(12):1286–91. doi: 10.1164/rccm.201111-2061OC PMID: 22538805

35. Liptak T. On the combination of independent tests.Magyar Tud Akad Mat Kutato Int Kozl. 1958;
3:171–97.

36. Pina C, May G, Soneji S, Hong D, Enver T. MLLT3 regulates early human erythroid and megakaryo-
cytic cell fate. Cell Stem Cell. 2008; 2(3):264–73. doi: 10.1016/j.stem.2008.01.013 PMID: 18371451

37. Sheppard KA, Greenberg SM, Funk CD, Romano M, Serhan CN. Lipoxin generation by human mega-
karyocyte-induced 12-lipoxygenase. Biochim Biophys Acta. 1992; 1133(2):223–34. PMID: 1310055

38. Dupuis F, Desplat V, Praloran V, Denizot Y. Effects of lipidic mediators on the growth of human myeloid
and erythroid marrow progenitors. J Lipid Mediat Cell Signal. 1997; 16(3):117–25. PMID: 9246601

39. Moritani C, Ishioka S, Haruta Y, Kambe M, Yamakido M. Activation of platelets in bronchial asthma.
Chest. 1998; 113(2):452–8. PMID: 9498966

40. Gamazon ER, ZhangW, Konkashbaev A, Duan S, Kistner EO, Nicolae DL, et al. SCAN: SNP and copy
number annotation. Bioinformatics. 2010; 26(2):259–62. doi: 10.1093/bioinformatics/btp644 PMID:
19933162

41. Hildebrand JD, Soriano P. Shroom, a PDZ domain-containing actin-binding protein, is required for neu-
ral tube morphogenesis in mice. Cell. 1999; 99(5):485–97. PMID: 10589677

GWAS of Montelukast Response in Asthma

PLOSONE | DOI:10.1371/journal.pone.0129385 June 17, 2015 9 / 9

http://dx.doi.org/10.1038/jhg.2011.3
http://www.ncbi.nlm.nih.gov/pubmed/21307858
http://dx.doi.org/10.1097/FPC.0b013e32831bd98c
http://www.ncbi.nlm.nih.gov/pubmed/19151602
http://dx.doi.org/10.3349/ymj.2009.50.6.744
http://www.ncbi.nlm.nih.gov/pubmed/20046412
http://dx.doi.org/10.1155/2012/794890
http://www.ncbi.nlm.nih.gov/pubmed/21837245
http://www.ncbi.nlm.nih.gov/pubmed/16502481
http://dx.doi.org/10.1097/FPC.0b013e3282fe94c5
http://www.ncbi.nlm.nih.gov/pubmed/18551035
http://www.ncbi.nlm.nih.gov/pubmed/16998094
http://www.ncbi.nlm.nih.gov/pubmed/15696076
http://www.ncbi.nlm.nih.gov/pubmed/17140647
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://dx.doi.org/10.1164/rccm.201111-2061OC
http://www.ncbi.nlm.nih.gov/pubmed/22538805
http://dx.doi.org/10.1016/j.stem.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/18371451
http://www.ncbi.nlm.nih.gov/pubmed/1310055
http://www.ncbi.nlm.nih.gov/pubmed/9246601
http://www.ncbi.nlm.nih.gov/pubmed/9498966
http://dx.doi.org/10.1093/bioinformatics/btp644
http://www.ncbi.nlm.nih.gov/pubmed/19933162
http://www.ncbi.nlm.nih.gov/pubmed/10589677


1

Supplemental Table 1. Top 200 SNPs From Discovery GWAS Carried Forward for Replication.

SNP Chr. Chr.
Location

Gene
Symbol

SNP
Location

LOCCS LODO Combined
P Value‡(mL) P value (mL) P value

rs201260 6 10102375 OFCC1 intronic 175.8 4.29X10-04 121.8 8.49X10-04 2.34X10-06

rs17035810 4 158293953 GLRB intronic 215.1 8.82X10-03 228.4 5.59X10-05 6.28X10-06

rs6084432 20 3591653 GFRA4 intronic 200.0 2.42X10-03 199.3 4.31X10-04 7.41X10-06

rs12567014 1 61619670 NFIA intronic 116.0 8.73X10-02 285.2 1.13X10-06 1.27X10-05

rs829696 2 30504584 199.5 1.06X10-03 170.2 2.31X10-03 1.46X10-05

rs1561629 12 60686406 FAM19A2 intronic 349.9 7.02X10-03 331.3 2.56X10-04 1.57X10-05

rs6027801 20 58762495 233.3 8.52X10-03 200.9 2.64X10-04 2.01X10-05

rs2433642 12 22883808 140.8 3.60X10-03 128.0 1.11X10-03 2.55X10-05

rs3813383 7 22200338 RAPGEF5 intronic 151.1 1.44X10-02 199.7 2.48X10-04 3.58X10-05

rs9381279 6 44107675 148.6 1.69X10-02 209.9 2.03X10-04 3.73X10-05

rs10505027 8 103445553 UBR5 intronic 157.3 8.17X10-02 266.9 1.08X10-05 4.60X10-05

rs7047552 9 25646011 213.4 7.26X10-03 174.3 1.01X10-03 4.99X10-05

rs8086752 18 41262585 SLC14A2 intronic 181.7 2.52X10-04 80.2 2.71X10-02 5.67X10-05

rs6547580 2 84980703 -235.2 5.93X10-05 -68.6 6.39X10-02 5.72X10-05

rs16941252 15 86439010 NTRK3 intronic 152.2 3.33X10-02 235.8 1.58X10-04 7.41X10-05

rs17172171 7 43197029 HECW1 intronic 242.5 1.29X10-02 190.4 7.85X10-04 7.73X10-05

rs7500931 16 49837325 178.4 3.75X10-04 73.2 2.69X10-02 7.75X10-05

rs953977 13 39598622 -149.7 5.57X10-03 -116.2 2.49X10-03 8.15X10-05

rs12504273 4 152768562 FAM160A1 intronic 215.3 2.01X10-02 283.1 4.35X10-04 8.19X10-05

rs2958089 3 112483706 151.0 4.42X10-02 348.8 1.06X10-04 8.20X10-05

rs1718125 12 120077402 P2RX7 intronic 225.4 1.74X10-03 135.0 8.61X10-03 8.41X10-05

rs7020934 9 34251117 KIF24 intronic -192.4 5.44X10-04 -81.4 2.44X10-02 9.40X10-05

rs4984338 15 90446375 SLCO3A1 intronic -294.9 1.26X10-04 -80.2 6.26X10-02 9.69X10-05

rs4483828 15 97892693 222.1 2.95X10-06 20.5 2.95X10-01 1.13X10-04

rs855399 6 10155458 OFCC1 intronic -156.3 8.79X10-03 -128.4 2.11X10-03 1.14X10-04

rs10500202 7 151212341 142.7 6.66X10-02 455.0 7.27X10-05 1.15X10-04

rs2892978 7 20275903 -101.5 3.70X10-02 -143.8 2.45X10-04 1.16X10-04

rs956578 9 108945434 190.0 1.16X10-02 168.8 1.54X10-03 1.18X10-04

rs227811 6 44779065 -259.1 5.05X10-03 -173.9 4.56X10-03 1.27X10-04

rs17130969 1 90328738 86.3 1.22X10-01 255.8 1.99X10-05 1.31X10-04
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rs10733789 10 64618690 JMJD1C intronic 180.4 4.00X10-04 82.4 4.18X10-02 1.39X10-04

rs2454909 16 31318449 ITGAD intronic 200.9 1.02X10-02 147.6 2.26X10-03 1.41X10-04

rs10114302 9 137858802 CAMSAP1 intronic -261.0 1.62X10-03 -131.7 1.68X10-02 1.57X10-04

rs2692341 17 10783644 183.7 6.62X10-03 185.9 4.35X10-03 1.59X10-04

rs1316453 17 74922454 RBFOX3 intronic 105.9 2.01X10-02 141.3 1.10X10-03 1.68X10-04

rs1420987 16 49940531 -139.1 3.79X10-03 -116.9 9.05X10-03 1.82X10-04

rs1653583 12 120083035 P2RX7 intronic 227.8 8.58X10-03 177.6 3.85X10-03 1.85X10-04

rs7257553 19 44738703 136.6 6.66X10-03 132.4 5.28X10-03 1.90X10-04

rs9938025 16 70579542 PKD1L3 intronic 165.0 6.31X10-04 70.5 4.15X10-02 1.98X10-04

rs1473070 4 184429031 WWC2 intronic 156.3 1.12X10-03 77.8 2.85X10-02 2.04X10-04

rs149340 13 49959045 DLEU1 intronic 217.3 1.41X10-04 59.8 1.03X10-01 2.14X10-04

rs10892640 11 120294718 GRIK4 intronic 178.3 2.82X10-04 58.7 7.85X10-02 2.41X10-04

rs6103533 20 42017812 TOX2 intronic -190.8 6.81X10-04 -70.4 4.72X10-02 2.45X10-04

rs2244964 5 10316725 CCT5 intronic -103.5 6.11X10-02 -148.1 2.74X10-04 2.48X10-04

rs11875257 18 6946393 LAMA1 intronic 76.9 8.12X10-02 154.3 1.58X10-04 2.56X10-04

rs10768011 11 33594964 KIAA1549L intronic 129.2 1.04X10-02 106.4 4.61X10-03 2.65X10-04

rs4787348 16 26002100 HS3ST4 intronic -249.4 2.78X10-03 -147.2 1.76X10-02 2.65X10-04

rs13297172 9 7468453 118.7 7.31X10-02 257.0 2.30X10-04 2.83X10-04

rs693250 18 58792327 PHLPP1 intronic 49.9 3.28X10-01 358.4 2.25X10-06 2.85X10-04

rs4314501 6 57966759 -157.0 2.62X10-03 -92.4 2.02X10-02 2.90X10-04

rs12505156 4 119334814 NDST3 intronic 110.4 7.48X10-02 180.7 2.29X10-04 2.91X10-04

rs4075464 16 81706187 CDH13 intronic -174.4 7.46X10-04 -71.9 5.26X10-02 3.01X10-04

rs10267957 7 34980824 DPY19L1 intronic 106.7 3.24X10-02 187.0 1.14X10-03 3.03X10-04

rs4478536 8 129433393 199.6 5.24X10-03 133.6 1.17X10-02 3.15X10-04

rs409228 3 41040417 74.7 8.50X10-02 140.2 1.95X10-04 3.16X10-04

rs3799936 6 62400202 KHDRBS2 intronic -162.4 2.78X10-03 -100.9 2.09X10-02 3.16X10-04

rs2076530 6 32471794 BTNL2 missense -194.9 1.25X10-04 -41.7 1.43X10-01 3.24X10-04

rs9315923 13 41968894 -121.0 1.50X10-02 -118.0 3.78X10-03 3.28X10-04

rs201247 6 10122547 OFCC1 intronic -130.3 1.10X10-02 -115.4 5.53X10-03 3.30X10-04

rs13165359 5 40271560 218.1 8.16X10-03 163.8 7.83X10-03 3.32X10-04

rs7082582 10 113981387 146.9 7.46X10-03 98.1 8.90X10-03 3.41X10-04

rs12148280 15 55563118 CGNL1 intronic 235.9 7.63X10-03 137.3 9.22X10-03 3.60X10-04

rs12965086 18 5727924 275.7 5.42X10-03 162.8 1.30X10-02 3.61X10-04

rs6054464 20 6620360 153.1 2.33X10-03 73.1 2.75X10-02 3.63X10-04
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rs2827784 21 23261439 181.0 6.07X10-04 66.7 6.97X10-02 3.66X10-04

rs4121759 11 100596067 -295.0 7.75X10-04 -119.0 6.03X10-02 3.67X10-04

rs13242837 7 19166849 153.9 3.12X10-03 97.8 2.23X10-02 3.75X10-04

rs9787186 1 90876473 159.1 6.99X10-03 126.0 1.08X10-02 3.85X10-04

rs2090380 4 154205775 -125.7 6.92X10-02 -164.8 4.12X10-04 3.88X10-04

rs1020407 2 209912715 98.5 3.23X10-02 157.5 1.64X10-03 3.97X10-04

rs1538515 9 12257378 123.7 3.60X10-02 121.8 1.39X10-03 4.00X10-04

rs17011040 2 124660578 CNTNAP5 intronic -205.4 5.64X10-04 -64.5 7.79X10-02 4.00X10-04

rs1464615 3 47628706 SMARCC1 intronic 140.2 7.27X10-02 274.2 3.90X10-04 4.00X10-04

rs11243356 9 133213012 163.4 3.75X10-02 161.5 1.31X10-03 4.00X10-04

rs17412577 1 100882019 RP11-
84O12.4 intronic 172.1 4.49X10-02 276.8 9.75X10-04 4.04X10-04

rs4815931 20 6626538 139.8 5.70X10-03 89.6 1.40X10-02 4.05X10-04

rs10519404 4 138094899 153.9 5.71X10-03 104.7 1.43X10-02 4.13X10-04

rs13204006 6 22054591 CASC15 intronic 207.8 2.57X10-03 88.4 2.91X10-02 4.19X10-04

rs8075188 17 66898753 -207.2 3.65X10-04 -52.1 1.03X10-01 4.21X10-04

rs3753539 1 169982808 84.8 7.55X10-02 148.8 3.91X10-04 4.23X10-04

rs11124763 2 40891407 -100.1 2.64X10-02 -111.0 2.44X10-03 4.28X10-04

rs2697684 4 17045056 181.1 5.29X10-04 75.8 8.68X10-02 4.40X10-04

rs9555776 13 110608828 ARHGEF7 intronic 111.8 1.14X10-01 258.6 1.76X10-04 4.56X10-04

rs723488 11 123352074 203.3 1.66X10-03 77.1 4.41X10-02 4.63X10-04

rs9975358 21 33501442 186.4 6.01X10-03 116.4 1.63X10-02 4.91X10-04

rs7552560 1 22419877 166.2 1.16X10-03 67.8 5.98X10-02 5.00X10-04

rs2043516 15 86275791 NTRK3 intronic 113.2 2.25X10-02 145.9 3.76X10-03 5.06X10-04

rs784718 3 131169708 188.0 3.20X10-02 168.0 2.27X10-03 5.06X10-04

rs9396778 6 10084201 OFCC1 intronic 92.1 4.94X10-02 135.0 1.13X10-03 5.08X10-04

rs10223785 6 1933384 GMDS intronic -234.0 1.96X10-02 -230.7 4.62X10-03 5.14X10-04

rs967597 13 51389194 ATP7B intronic 89.9 4.14X10-02 133.6 1.59X10-03 5.24X10-04

rs3744311 17 67919451 LINC00673 intronic 76.0 8.52X10-02 128.5 4.18X10-04 5.24X10-04

rs4665609 2 23628257 KLHL29 intronic -143.9 2.31X10-03 -78.6 3.94X10-02 5.34X10-04

rs6483253 11 92946330 294.1 1.58X10-03 138.3 5.19X10-02 5.37X10-04

rs16945435 12 114277647 252.5 1.29X10-03 101.8 5.98X10-02 5.41X10-04

rs7794356 7 70376665 WBSCR17 intronic 214.7 2.86X10-04 47.8 1.39X10-01 5.48X10-04

rs10833416 11 20942913 NELL1 intronic 137.6 6.29X10-03 99.1 1.76X10-02 5.53X10-04
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rs3778995 7 2142397 MAD1L1 intronic 167.2 6.58X10-03 135.1 1.70X10-02 5.58X10-04

rs8060190 16 82235804 CDH13 intronic 27.2 3.78X10-01 268.7 4.23X10-06 5.62X10-04

rs12432376 14 25012669 146.0 8.64X10-03 110.8 1.33X10-02 5.70X10-04

rs6958192 7 49254669 -102.2 4.97X10-02 -117.1 1.33X10-03 5.74X10-04

rs3091249 20 41789167 GTSF1L upstream 101.6 7.16X10-02 213.3 7.00X10-04 5.85X10-04

rs915286 13 39593992 -110.8 1.39X10-02 -97.1 8.36X10-03 5.96X10-04

rs6838273 4 141167734 MAML3 intronic -159.2 3.30X10-02 -158.3 2.71X10-03 6.01X10-04

rs7105756 11 20939986 NELL1 intronic 134.0 8.56X10-03 94.9 1.42X10-02 6.03X10-04

rs6912306 6 108101021 109.2 7.48X10-02 184.5 6.73X10-04 6.04X10-04

rs6989782 8 9647948 TNKS intronic 112.9 2.49X10-02 123.9 4.16X10-03 6.13X10-04

rs7080649 10 4721081 57.4 1.50X10-01 144.3 1.41X10-04 6.19X10-04

rs9890937 17 4607257 -170.1 2.08X10-04 -43.0 1.74X10-01 6.26X10-04

rs13423991 2 29312813 ALK intronic 181.1 1.23X10-02 133.9 1.04X10-02 6.40X10-04

rs716890 4 43885151 KCTD8 intronic 122.4 3.85X10-02 162.5 2.34X10-03 6.41X10-04

rs6972154 7 30850798 FAM188B intronic -137.8 4.27X10-02 -177.3 2.04X10-03 6.54X10-04

rs9815806 3 27990474 164.5 9.48X10-03 134.9 1.44X10-02 6.69X10-04

rs1364805 4 107893297 55.1 1.57X10-01 153.9 1.45X10-04 6.82X10-04

rs6665581 1 169987769 61.2 1.28X10-01 148.6 2.49X10-04 6.83X10-04

rs4784274 16 50011624 -90.4 4.46X10-02 -103.0 2.02X10-03 6.85X10-04

rs7448746 5 92602250 -119.4 1.86X10-02 -96.2 6.95X10-03 6.87X10-04

rs10960478 9 12089364 44.2 2.55X10-01 184.8 3.43X10-05 7.11X10-04

rs1525636 7 122996065 NDUFA5 intronic -98.5 2.30X10-02 -108.7 5.55X10-03 7.12X10-04

rs199635 6 72282724 116.1 3.74X10-02 164.4 2.80X10-03 7.12X10-04

rs7988392 13 21680909 LINC00540 upstream 123.3 9.88X10-03 112.1 1.48X10-02 7.13X10-04

rs991183 4 124393085 SPATA5 intronic 161.6 1.55X10-02 134.8 9.09X10-03 7.19X10-04

rs2892380 10 7125663 66.3 2.32X10-01 242.0 4.91X10-05 7.19X10-04

rs2063492 4 184468459 WWC2 intronic 119.9 1.15X10-02 98.1 1.28X10-02 7.24X10-04

rs7175947 15 33168779 102.6 8.85X10-02 145.7 6.38X10-04 7.35X10-04

rs6044417 20 16765706 158.9 2.32X10-03 84.0 5.23X10-02 7.37X10-04

rs17521834 4 215449 ZNF876P intronic 152.9 9.14X10-02 223.5 6.08X10-04 7.44X10-04

rs1999437 9 79936404 -96.2 2.54X10-02 -92.5 5.18X10-03 7.48X10-04

rs4943464 13 36736294 -226.1 8.32X10-03 -138.6 1.87X10-02 7.61X10-04

rs1838733 5 58569149 PDE4D intronic -117.7 1.72X10-02 -94.1 8.63X10-03 7.63X10-04
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rs2204729 2 51657546 AC007682.
1 intronic -139.1 3.74X10-03 -81.7 3.83X10-02 7.74X10-04

rs1146815 13 67702749 -46.0 1.85X10-01 -136.6 1.14X10-04 7.77X10-04

rs17152064 10 126257749 LHPP intronic 130.0 1.14X10-01 185.2 4.15X10-04 7.93X10-04

rs6461599 7 21766984 DNAH11 intronic -207.4 4.54X10-03 -87.4 3.39X10-02 8.02X10-04

rs276420 13 39470070 87.3 5.83X10-02 110.3 1.61X10-03 8.04X10-04

rs10771512 12 29331503 FAR2 intronic 127.0 9.19X10-03 88.5 1.88X10-02 8.35X10-04

rs10935257 3 138819439 141.3 3.75X10-03 75.7 4.11X10-02 8.36X10-04

rs286969 5 153301961 84.4 7.69X10-02 131.2 1.05X10-03 8.51X10-04

rs3844038 18 41267039 SLC14A2 intronic 153.4 1.79X10-03 59.5 7.06X10-02 8.56X10-04

rs13434426 4 170184677 -195.8 1.30X10-02 -112.7 1.36X10-02 8.60X10-04

rs305009 15 67932812 -236.3 7.31X10-04 -58.8 1.20X10-01 8.63X10-04

rs1454398 2 52753920 131.8 2.46X10-02 98.2 6.54X10-03 8.73X10-04

rs10092705 8 9811668 202.4 7.13X10-03 96.3 2.52X10-02 8.81X10-04

rs12905620 15 22481471 -108.7 4.99X10-02 -139.5 2.43X10-03 8.99X10-04

rs4576132 5 158916817 -99.4 2.43X10-02 -101.6 6.99X10-03 9.12X10-04

rs6537519 10 50149830 -185.9 1.50X10-02 -120.8 1.25X10-02 9.15X10-04

rs1640881 16 6331875 RBFOX1 intronic -131.5 1.62X10-02 -96.7 1.14X10-02 9.18X10-04

rs1905760 9 7702066 129.4 8.50X10-03 78.9 2.26X10-02 9.27X10-04

rs3813086 18 46442790 MAPK4 intronic -76.4 7.53X10-02 -123.8 1.25X10-03 9.33X10-04

rs17641650 19 44770271 130.0 1.35X10-02 115.0 1.44X10-02 9.43X10-04

rs2216782 2 207884477 -153.3 7.40X10-03 -80.9 2.61X10-02 9.43X10-04

rs1146827 13 67717268 -41.8 2.06X10-01 -136.6 1.14X10-04 9.43X10-04

rs1077758 17 73120267 161.5 3.58X10-03 78.0 4.77X10-02 9.50X10-04

rs17011381 2 124770724 CNTNAP5 intronic -249.9 1.37X10-04 -38.3 2.61X10-01 9.60X10-04

rs8025430 15 51161318 -163.3 3.19X10-04 -35.0 1.90X10-01 9.69X10-04

rs7153719 14 82326527 -92.1 1.91X10-02 -91.6 1.01X10-02 9.76X10-04

rs1342806 1 191011435 128.8 9.22X10-03 88.9 2.21X10-02 9.78X10-04

rs2846662 18 465796 COLEC12 intronic -81.6 7.15X10-02 -122.3 1.50X10-03 9.95X10-04

rs6535574 4 149148251 ARHGAP10 intronic -231.1 1.71X10-04 -32.3 2.48X10-01 1.01X10-03

rs4833561 4 119266722 NDST3 intronic 63.7 1.94X10-01 192.7 1.57X10-04 1.02X10-03

rs9458345 6 162063314 PARK2 intronic -56.8 1.81X10-01 -177.5 1.90X10-04 1.02X10-03

rs1472931 2 234997470 141.7 1.30X10-02 118.4 1.63X10-02 1.02X10-03

rs4722957 7 29908509 WIPF3 intronic -63.8 1.16X10-01 -139.1 5.89X10-04 1.02X10-03



6

rs7757215 6 28320468 ZKSCAN4 3'utr -222.4 8.84X10-03 -121.5 2.41X10-02 1.02X10-03

rs9314794 9 73927257 GDA intronic -150.9 6.58X10-03 -86.4 3.15X10-02 1.03X10-03

rs6986543 8 128465498 LOC10193
0033 intronic -116.3 1.44X10-02 -83.0 1.49X10-02 1.04X10-03

rs9374658 6 117848188 ROS1 intronic -111.8 1.81X10-02 -90.9 1.18X10-02 1.05X10-03

rs13045227 20 59559552 CDH4 intronic 251.0 3.89X10-02 203.9 4.37X10-03 1.05X10-03

rs10484565 6 32903010 TAP2 3'utr -232.0 1.12X10-02 -189.5 1.98X10-02 1.05X10-03

rs17206578 11 84211479 DLG2 intronic -205.4 1.31X10-02 -230.8 1.72X10-02 1.07X10-03

rs639839 10 84353307 NRG3 intronic -189.9 5.88X10-03 -118.1 3.62X10-02 1.07X10-03

rs7749507 6 134471916 152.2 2.36X10-03 73.3 7.12X10-02 1.07X10-03

rs1014137 7 31590271 CCDC129 intronic -165.6 4.60X10-04 -37.4 1.74X10-01 1.08X10-03

rs7536709 1 232558682 -102.7 5.90X10-02 -120.2 2.38X10-03 1.09X10-03

rs2072020 6 112567341 LAMA4 intronic 102.8 7.36X10-02 137.6 1.64X10-03 1.10X10-03

rs2015808 15 90452315 SLCO3A1 intronic 131.1 9.44X10-03 86.2 2.44X10-02 1.10X10-03

rs7592297 2 206481747 91.4 4.09X10-02 101.3 4.36X10-03 1.11X10-03

rs12550796 8 138627496 124.7 6.57X10-02 176.2 2.03X10-03 1.11X10-03

rs12101550 15 90658346 -108.7 1.66X10-02 -86.3 1.39X10-02 1.12X10-03

rs284780 4 100523446 LOC10272
3576

downstrea
m 223.4 1.67X10-02 220.3 1.38X10-02 1.12X10-03

rs2025758 10 8881675 96.6 2.28X10-02 90.5 9.68X10-03 1.12X10-03

rs2303792 16 69088867 COG4 intronic 100.3 2.37X10-02 115.4 9.28X10-03 1.12X10-03

rs598444 18 2163591 67.3 9.94X10-02 130.4 9.48X10-04 1.13X10-03

rs1978759 10 131392438 MGMT intronic 155.4 2.09X10-02 104.0 1.08X10-02 1.13X10-03

rs9310356 3 76298335 ROBO2 intronic -122.5 3.40X10-02 -134.0 5.82X10-03 1.13X10-03

rs11044770 12 19732926 -174.7 1.06X10-02 -145.8 2.24X10-02 1.13X10-03

rs1997021 18 25930660 128.2 2.30X10-02 104.1 9.79X10-03 1.14X10-03

rs11563992 7 27347461 120.1 1.12X10-01 232.1 7.56X10-04 1.15X10-03

rs4907110 1 85143853 87.5 4.58X10-02 100.3 3.96X10-03 1.17X10-03

rs12513198 4 166501454 179.0 9.71X10-04 64.9 1.29X10-01 1.17X10-03

rs6102757 20 40339912 PTPRT intronic 148.4 8.42X10-03 91.2 2.90X10-02 1.18X10-03

rs11642627 16 6340689 RBFOX1 intronic -200.0 1.50X10-02 -120.1 1.65X10-02 1.18X10-03

rs1479457 12 23689385 SOX5 intronic -175.3 2.46X10-03 -74.2 7.51X10-02 1.18X10-03

rs3857946 8 125675435 MTSS1 intronic 160.3 5.20X10-02 170.2 3.30X10-03 1.19X10-03

rs1921045 12 80239063 PPFIA2 intronic 107.3 1.78X10-02 106.3 1.38X10-02 1.19X10-03
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rs4610277 4 5720825 EVC2 intronic -123.9 2.40X10-02 -105.8 9.82X10-03 1.20X10-03

rs11106513 12 91251187 -153.7 1.71X10-02 -113.8 1.47X10-02 1.20X10-03

rs5995172 22 34580704 RBFOX2 intronic -68.0 1.81X10-01 -181.1 2.50X10-04 1.20X10-03

rs6475448 9 20487142 MLLT3 intronic 186.7 1.22X10-04 23.7 3.08X10-01 1.22X10-03

rs4834827 4 121077628 RP11-
700N1.1 intronic -136.7 4.84X10-03 -60.4 4.81X10-02 1.23X10-03

Definition of abbreviations: “SNP” = single nucleotide polymorphism; “Chr.” = chromosome (1-22); “Chr. Location.” =
chromosomal position of listed SNP; “” = effect size (mL).
‡Liptak-combined P values for LOCCS and LODO.
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