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Abstract

Background: Most children diagnosed with asthma suffer from respiratory symptoms such as
cough, dyspnea, and wheezing which are also important markers of overall respiratory function.
A decade of genome-wide association studies (GWAS) have investigated the genetic
susceptibility of asthma diagnosis itself, but few have focused on important respiratory
symptoms that characterize childhood asthma.

Method: Using whole-genome sequencing (WGS) data for 894 asthmatic trios from a Costa
Rican cohort, we performed family-based association tests (FBATs) to assess the association
between genetic variants and multiple asthma-relevant respiratory phenotypes: cough, phlegm,
wheezing, exertional dyspnea, and exertional chest tightness. We tested whether genome-wide
significant associations replicated in two additional studies: 1) 286 WGS trios from the
Childhood Asthma Management Program (CAMP), and 2) 2691 African American (AA) current
or former smokers from the COPDGene study.

Results: In the 894 Costa Rican trios, we identified a genome-wide significant association
between exertional dyspnea and single nucleotide polymorphism (SNP) rs10165869, located on
chromosome 2q37.3 with a p value of 3.49x10 that was replicated in the CAMP cohort (p =
0.0222) with the same direction of association (combined p = 5.54x10™%), but was not
associated in the AA subjects from COPDGene. We also found suggestive evidence of a link
between SNP rs10165869 and the atypical chemokine receptor 3 (ACKR3) for the biological

interpretation.



Conclusion: We identified and replicated a novel association between exertional dyspnea and
SNP rs10165869 in childhood asthma which encourages to discover respiratory symptom

associated variants in various airway diseases.

Tweetable Abstract
Our family-based association study using WGS data suggests that the replicated SNP variant,
rs10165869 is linked with exertional dyspnea, likely through expression of ACKR3, among

children with asthma.



INTRODUCTION

Asthma is the most common chronic respiratory disease of childhood and it is characterized
by inflammation of the airways leading to airflow obstruction, and increased airway
responsiveness that is generally caused by innate and adaptive immune responses to inhaled
irritants and/or allergens [1]. The respiratory symptoms of an individual diagnosed with asthma
consist of cough, dyspnea, phlegm, wheezing, and chest tightness, all of which are important

markers of overall respiratory function and can signal asthma exacerbations [2].

Environmental exposures such as second-hand or personal exposure to tobacco smoke, viral
respiratory infections, air pollutants, and allergens can contribute to, but do not account for all
of these respiratory symptoms. Indeed, report or perception of respiratory symptoms differs
among children with similar peak expiratory flow rate or FEV1 (forced expiratory volume in 1
second), and such perceptual accuracy of lung function has been shown to further vary by
ethnicity [3]. Moreover, spirometry is usually measured at rest and therefore does not explain
exertional symptoms (e.g. dyspnea) due to expiratory flow limitation and dynamic
hyperinflation in response to exercise [4]. These data suggest that genetic variants may
influence respiratory symptoms in children and that the magnitude of the effect of such

variants may differ across ethnic groups.

To date, genome-wide association studies (GWASs) investigating the genetic susceptibility for
asthma have been limited to asthma affection status, lung function measures, asthma severity,
and response to asthma medications [5, 6]. Thus, GWAS of the respiratory symptom itself is

lacking, particularly in children. Moreover, while there have been some studies of mucus



hypersecretion in adult smokers and in general population-based cohorts, no such studies have

been conducted in individuals with asthma [7, 8].

In this study, we first performed a genome-wide association analysis using whole-genome
sequencing (WGS) data for five major respiratory symptoms in a family-based study of
childhood asthma in Costa Rica. Then, we attempted to replicate our findings in a WGS family-
based multiethnic study of childhood asthma in North America. As childhood asthma has been
associated with the development of chronic obstructive pulmonary disease (COPD), particularly
in African Americans (AA) [9], we further attempted to replicate our findings in the Costa Rican

study among African in the COPDGene study.



METHODS

GWAS Subjects

Subject recruitment and the study protocol for the Genetics of Asthma in Costa Rica Study
(GACRS) have been previously described in detail [10, 11]. In brief, the GACRS is a family-based
study of children with asthma and their parents (trios). All participants were aged 6 to 14 years
and had asthma diagnosed by a physician and at least 2 respiratory symptoms (wheezing,
cough, or dyspnea) or a history of asthma attacks in the previous year [12]. All participants also
had at least 6 great-grandparents born in the Central Valley of Costa Rica, to ensure their
descent from a founder population predominantly composed of Spaniards and Amerindians.
The population was considered to be a semi-genetic isolate with Spanish and Amerindian
ancestry due to topographical separation from the coasts and countries to the North and South
by mountain ranges.

We first attempted to replicate our findings in the GACRS in a family-based study of North
American children with asthma and their parents, including members of a diverse range of
ethnicities from the Childhood Asthma Management Program (CAMP). CAMP was a multicenter
clinical trial designed to determine the long-term effects of three inhaled treatments for
childhood asthma [13]. All of the participants had to have increased airway responsiveness (a
PCy0< 12.5 mg/ml of methacholine) and at least one of the following for at least six months in
the previous year: respiratory symptoms at least twice per week, usage of an inhaled
bronchodilator at least twice per week, or daily medication use for asthma. Children with
severe asthma or other chronic medical conditions were excluded. Compared with GACRS,

more participants in CAMP have moderate persistent asthma. We also attempted to replicate



our results in 2,691 current or former AA adult smokers in COPDGene. Subject recruitment and
the study protocol for COPDGene have been previously described in detail [14].

Written parental consent and/or the subject’s assent were obtained for each study protocol
and ancillary genetic testing. Study protocols were approved by local Institutional Review
Boards at each recruitment site for both studies, and by the Institutional Review Board of

Brigham and Women’s Hospital.

Whole-genome sequencing (WGS) data

WGS data were generated as part of the NHLBI Trans-Omics for Precision Medicine
(TOPMed) WGS Program. Details regarding the laboratory methods, data processing, and
quality control are described in the TOPMed website and in documents included in the TOPMed
accession released on the database of Genotypes (TopMed Acc. number: phs000988 &
phs001726) [15]. After evaluating genome-wide identity-by-descent (IBD) estimates generated
by KING (Kinship-Based Inference for Genome-wide Association Studies), WGS data for 894
Costa Rican trios (a total of 2682 subjects), 286 CAMP trios (a total of 858 subjects, European
American: African American: Latinos: others = 216: 28: 19: 23) and 2691 COPDGene AA subjects
were obtained respectively [16]. For variant quality control, single nucleotide polymorphisms
(SNPs) with Mendelian errors, genotyping rate (< 98%), allele frequency (< 1%) or deviations

from Hardy-Weinberg proportions (p < 10~%) were removed.

Respiratory Symptoms



In GACRS and CAMP study, questionnaires were used to obtain data on respiratory
symptoms, including usual cough, usual phlegm, wheezing without cold, exertional dyspnea,
and exertional chest tightness according to the standard practice in epidemiology studies of
children between the ages of 6-14. They were administered at the same time as spirometry
measurement and collection of blood samples. For each respiratory symptom, the child or
her/his parent (usually the mother) had to answer “Yes” to the following questions: “Does the
child usually have cough?”, “Is the child usually congested?”, “Is the child’s lung sounded
wheezy without cold or flu?”, “Has there been an occasion when the child had an attack of
shortness of breath when hurrying up on the level or walking up a slight hill?”, and “Has there
been an occasion when the child had an attack of chest tightness when hurrying up on the level

or walking up a slight hill?” respectively.

Statistical analysis

Demographic characteristics and clinical features between groups depending on specific
respiratory symptoms were compared using t-tests or Chi-square tests, as appropriate.
Association analysis was conducted using the family-based association test (FBAT) software
(version 2.04) under an additive genetic model adjusting for age, sex, body mass index (BMI),
lung function (FEV/FVC), logio(total IgE), and usage on systemic oral corticosteroids in the
previous year (as a proxy for asthma severity) [17]. For the top variants showing genome-wide
significance, haplotype-based analysis after the same adjustment was also done using FBAT. As
around 60-80% of the asthmatic subjects reported each respiratory symptom, the phenotype

information for respiratory symptoms could be mixed with asthma affection status. To



distinguish our associations from asthma-related associations, we investigated the
transmission-pattern in symptom-specific subgroups separately. Also, we analyzed the
association p-value for asthma affection status of the top significant variant.

In the COPDGene cohort, single-variant association test method
(https://genome.sph.umich.edu/wiki/EPACTS) was used after adjusting age, sex, Global Lung
Function Initiative-calculated spirometric Z-scores [18], pack-years of smoking, and top 6 PC
adjusting for population structure. We explored the association between the variant and gene
by Open Targets Genetics (https://genetics.opentargets.org) and summary-Predixcan [19] was
applied using cis-expression quantitative trait loci (eQTL) in lung tissue based on the GTEx
release version 8 database (https://www.gtexportal.org/home). Topologically associated
domains (TADs) in lung tissue were also checked in a three-dimensional genome browser (Hi-C
Unifying Genomic Interrogator, https://yunliweb.its.unc.edu/hugin). The R statistical software

(http://www.R-project.org) was used to evaluate these tests.



RESULTS

Descriptive characteristics of children with asthma

The characteristics of the 894 children with asthma who participated in the GACRS are
summarized in Table 1. The median age of study participants was 9.1 years, with the sex ratio
1:0.7 (male:female), and a median age of asthma onset of 2.0 years (range=0-12 years). Most
children (83.6%) had at least one positive skin test to allergens and their median FEV; (%
predicted) was 97.5%. In CAMP, study participants had a median age of 8.8 years with a sex
ratio of 1:0.5 (male:female) and a median age of asthma onset of 2.0 years (range= 0-11 years).

Table 2 shows the main characteristics of participants in the GACRS, according to the
presence of each respiratory symptom. Subjects having cough or phlegm were slightly shorter
than those without these symptoms, and children having exertional dyspnea or chest tightness
had a higher body mass index than those without such symptoms. As expected, airway hyper-
responsiveness and bronchodilator response were more common in children with wheezing,
exertional dyspnea, or chest tightness than in those without these symptoms. Children with
wheezing had more positive skin prick tests than those without wheezing, and children with
phlegm showed slightly higher eosinophil counts than those without phlegm. Subjects with
each respiratory symptom were likely to receive systemic corticosteroid medication compared

to those without symptoms.

GWAS of respiratory symptoms
Genome-wide FBAT results are displayed in quantile—quantile and Manhattan plots (Figure
1). In this analysis, SNP rs10165869 (located on chromosome 2g37.3) was associated with

exertional dyspnea (Z = 5.989, p = 2.16x10”), and this association remained significant even



after a Bonferroni correction for the five phenotypes tested (i.e. p-value smaller than 1.0x10®
or 5x10°® divided by 5). SNPs nearby rs10165869, including rs6725280, rs1865671, rs7607911,
and rs30102, and rs10168628had p-values that achieved genome-wide significance, ranging
from 3.77x10™ to 3.97x10°® (figure 1D). A haplotype-based test using all 6 SNPs was significantly
associated with exertional dyspnea (Z = 5.691, p = 1.30x10%, supplementary Table 1,
supplementary Figure 1) [20].

Using asthma affection status as the target phenotype, SNP rs10165869 is not significant
with a p-value of 0.247. The subgroup analysis including the GACRS children with or without the
exertional dyspnea symptom disclosed a different transmission behavior in both groups (Z =
3.744,p = 1.81x10*, Number of informative family =447 vs. Z=-4.704, p = 2.55x10°°, Number
of informative family = 120, respectively) which clearly demonstrated the association between
the minor allele (rs10165869) and exertional dyspnea.

The SNP, rs10165869 was replicated for exertional dyspnea in the ethnically diverse CAMP
study (Z = 2.266, p = 0.023). A meta-analysis of data from the GACRS and CAMP yielded a

combined p-value of 3.28x107*°

. The corresponding subgroup analysis in CAMP showed the
same pattern as in GACRS (Z =1.353, p =0.176 vs. Z = -1.844, p = 0.065, respectively). Another
subgroup analysis depending on ethnicities was also performed (supplementary Table 2).

Besides, rs10165869 was also marginally associated in the AA subjects from COPDGene cohort

but with the opposite effect direction (Z=-1.811, p = 0.070)

SNP rs10165869 and potential gene, atypical chemokine receptor 3 (ACKR3)
The set of potential genes functionally implicated by SNP rs10165869 are ACKR3, COPSS,

1QCA1, and COL6A3 from highest to lowest. Summary-Predixcan analysis in chromosome 2



suggested that only ACKR3 expression in lung tissue remains after Bonferroni correction (Z =
478, p = 1.72x10°, supplementary Table 3). The Hi-C Unifying Genomic Interrogator also
captured a significant association between ACKR3 and rs10165869 in lung tissue after

Bonferroni correction (p < 1.0x10™!, supplementary Figure 2).



DISCUSSIONS

To our knowledge, this is the first family-based association study of the five major respiratory
symptoms in childhood asthma, using WGS data. In this analysis, we identified SNP rs10165869
as a novel locus for exertional dyspnea among Costa Rican children with asthma, with
replication in the independent and ethnically diverse CAMP study. Dose-response slope to
methacholine across the cohort did not show any association with the locus after the same
adjustment (p = 0.380), even though it was associated with both exertional phenotypes at
baseline (Table2). Given that dyspnea in childhood asthma is influenced by sex [21], we

performed a sex interaction analysis on SNP rs10165869 but it was not significant (p = 0.320).

ACKR3, also known as C-X-C chemokine receptor type 7 (CXCR7) is a G protein-coupled
receptor (GPCR) for CXCL12, a chemokine that is involved in the inflammatory process
regulating leukocyte extravasation into inflamed tissues [22, 23]. A CXCL12 has been found in
high concentrations in bronchoalveolar lavage (BAL) from subjects with asthma, in whom BAL
CXCL12 is correlated with circulating leukocytes, thus suggesting a role in airway inflammation
and airway hyper-responsiveness [22]. Initially, CXCR4 had long been investigated as the only
GPCR for CXCL12 until it was shown that ACKR3 has about 10-fold higher binding affinity for
CXCL12 [23]. In the murine model having the characteristic features of asthma, knockdown of
ACKR3 by lentiviral delivery system in the lung reduces mucus secretion, allergic airway
inflammation, serum allergen-specific IgE production, T-cell cytokine production, and airway

hyper-responsiveness [24]. The predominant role of ACKR3 in CXCL12/CXCR4/ACKR3 axis



contributing to airway inflammation was also shown on the pulmonary epithelium,

polymorphonuclear neutrophil (PMN), and transepithelial PMN migration [25].

Apart from inflammatory conditions, CXCL12 and ACKR3 are highly expressed under hypoxic
conditions in proangiogenic environments such as various tumors, where CXCL12 enhances
angiogenesis through ACKR3 activation [22, 26]. It was also shown that ACKR3 expression
responds more sensitively to hypoxia for up to 48 hours compared to CXCR4 especially in lung
endothelial cells shown in supplementary Figure 3 [27]. Endothelial cell dysfunction in the
pathogenesis regeneration under alveolar hypoxia similar to that found in lung disease is chiefly
mediated by ACKR3 [28]. In the GTEx database, the estimated effect of top SNPs including
rs10165869 is mediated by increased expression of ACKR3 in lung tissue (supplementary Table
3). Taken together, the role of ACKR3 on pulmonary epithelial and endothelial cells in the
preclinical studies supports that the variant’s effect (rs10165869) on the up-regulation of
ACKR3 in the lung could lead to more severe dyspnea symptom compared to asthma patients
with wild type where exertional dyspnea means hypoxic condition due to chronic
asthma. Previous GWAS also suggested an important role for rs7607316 and rs144060362 near
the ACKR3 region as genetic risk factors for airflow obstruction related to COPD (p = 3x10°°,
2x10°° respectively) [29, 30]. Therefore, we also attempted to replicate the significant finding
between the SNP and its phenotype to a broader range of older adult disease, COPD, but the

reported association was not present in this population.

Our study has several limitations. First, answers to questions about respiratory symptoms are

subjective and thus influenced by both the perception of symptoms and recall bias. However,



the misclassification seemingly non-differential, may lead to the null or weaker associations
than what actually exist. Moreover, these concerns are ameliorated by replication of our results
for exertional dyspnea in an independent multi-ethnic cohort of children living in a different
geographic location. Second, this is a cross-sectional analysis. Although genotypes do not vary
over time, we are unable to assess the temporal stability or variable severity of the reported
symptoms in children with asthma. Third, we lack data on the use of controller medications for
asthma in the GACRS, which would affect respiratory symptoms. Despite these challenges, our
analysis highlights the significance of symptom-based GWAS to identify the genetic
determinants of respiratory symptoms after adjusting the confounders such as lung function

and asthma severity.

In conclusion, our study identified that SNP rs10165869 is linked with exertional dyspnea
among children with asthma fostering a better understanding who could be free of exertional
dyspnea. We hope that it would encourage to discover a wider range of phenotypes underlying

respiratory symptom associated variants in various airway diseases.
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Table 1. Demographic characteristics and clinical features of Costa Rican subjects (N=894) and
CAMP (N=286). Mean (SD) or N (%) is shown.

Costa Rican Study subjects CAMP study subjects P value
Age 9.28+1.86 8.90+*2.16 7.59x10°2
Male gender 528 (59.06) 193 (67.48) 0.0134
Body mass index, kg/m2 18.45+3.92 18.24 +3.28 0.357
Spirometric measure
FEVy, L 1.80+0.52 1.65+0.47 1.03x107
FEV (% of predicted) 98.87+£16.84 92.82+£13.40 1.17x107
FEV./FVC, % 84.36+7.79 79.69 £ 8.07 2.20x10™°
FEV1/FVC (% of predicted) 94.87 + 8.70 90.36 + 8.94 5.36x10 "
Bro';fi;‘:‘:)i;igirr]ze;é’\;’fse a 5.58 £ 10.20 10.86 +9.49 7.50x10°"°
Logio Dose response siope 1.15+0.54 0.97 +0.47 1.92x107
from saline
Blood tests
Total serum IgE, IU/mL 725.26 + 898.96 1084.29 + 1945.05 2.87x10°
Eosinophil, count/mm2 553.84 + 403.93 511.96 + 425.43 0.148
No. of positive skin tests to 3.08+1.82 5.56 + 4.20 2.20x10

allergens




Table 2. Demographic characteristics and clinical features between groups according to respiratory symptoms among children
. Mean (SD) or N (%) is shown.

who participated in the Genetics of Asthma in Costa Rica Study

Cough Phlegm Wheezing Exertional Exertional
Dyspnea Chest tightness
No Yes p value No Yes P value No Yes P value No Yes P value No Yes P value
\ 190 704 414 479 105 789 193 701 266 624
(21.25) (78.75) (46.31) (53.58) (11.74)  (88.26) (21.59) (78.41) (29.75)  (69.80)
9.49+ 9.22+ 952+ 9.07+ . 928% 9.28+ 9.19+ 9.30¢ 9.08 9.35¢
hge 1.84 1.86 0.0773 1.87 (183 0710 1.84 1.86 0.972 1.94 1.84 0.466 1.77 1.89 0.0428
112 416 247 281 61 467 124 404 157 369
Male gend 1 0.815 0.914 0.116 1
ale gender (58.95)  (59.09) (59.66)  (58.66) (58.10)  (59.19) (64.25)  (57.63) (59.02)  (59.13)
, 135+ 132+ B 135+ 132+ . 132+ 133+ 132z 133z 132 133+
Height, m o1 (0.12) 1.84x10 o1 o1 5.13x10 o o1 0.563 013 o1 0.301 o1 o1 0.139
. 1867+ 1839+ 1875+ 1820+ 1834+ 1847+ 17.86+ 1862+ 1801+  1863+%
Body mass index, kg/m2 4.28 381 0.413 4.08 3.76 0.0347 3.85 3.03 0.756 354 4.00 0.0114 3.08 3.89 0.0335
L 133+ 1.09+ 116+ 112+ 111+ 114+ 115 114+ 111+ 115+
No. of older siblings 143 127 0.0366 128 133 0.656 135 131 0.784 127 132 0.912 130 132 0.640
Spirometric measure
85.17+  84.14% 84.56+ 8420+ 84.80+ 8430+ 8491+ 8421+ 8489+ 8410
0,
FEVI/RVC, % 7.53 7.85 0.0967 8.25 7.37 0.495 6.72 7.92 0.492 7.68 7.82 0.266 7.73 7.81 0.161
FEV1/FVC (% of 9584t 9461t 9517+ 9464+ 9533+ 0481+ 9557+  94.68¢ 9539+ 9460t
predicted) 8.49 8.74 0.0805 9.29 8.16 0.369 7.72 8.82 0.525 8.51 8.75 0.204 8.60 8.74 0.212
Absolute response to 9533+  82.61¢ 83.28t  86.84+ 6352+ 8812+ 7424+ 8841+ 7339t  90.39¢
bronchodilator, mL 124.61 139.98 0.230 143.08 131.34 0.703 101.68 14053  °003% 125.28 139.85 0.180 133.75 138.37 0.0897
Dose-response slope to  28.94+  27.21¢% 2810t 2717+ 2223+  2835% 2217+  29.03+ 2144+  3030% B
0.603 0.747 0.0901 0.0267 9.08x10
methacholine, umol 36.59 40.58 39.11 40.37 31.92 40.74 33.16 41.27 28.64 43.54 *
the provocating dose 1.69+ 1.84+ 1.69+ 191+ 243 + 171+ 2.20+ 171+ 2,18+ 1.67
(PD20) of 20% fall of FEV1 2.21 2.35 0.504 2.36 2.30 0.276 2.86 2.22 0.0379 2.79 2.18 0.0747 2.63 2.18 0.0298
Blood tests
73146+ 72350+ 72868+ 71337+ 58352+ 744.19+ 67434+  739.24+ 676.38+  749.62+
Total IgE, 1U/mL 0.921 0.799 0.0770 0.334 0.237
otal serum IgE, IU/m 982.71 875.80 (927.43)  853.38 863.08  902.50 793.46  925.88 797.89  940.18
N ) 132 531 303 359 71 592 141 522 194 467
Positive IgE to dust mite (69.47) (75.43) 0.103 (73.19) (74.95) 0.606 (67.62)  (75.03) 0.120 (73.06) (74.47) 0.716 (72.93)  (74.84) 0.556
80 307 179 207 35 355 306 104 282
Positive IgE to cockroach 0.750 1 0.0350  81(41.97 0.714 0.100
ositive Igk To cockroac (42.11)  (43.61) (43.24)  (43.21) (33.33)  (44.61) (L97) " (43.65) (39.10)  (45.19)
67 267 155 178 29 305 272 88 244
Positive IgE t i 0.571 0.962 0.0343  62(32.12 0.111 0.105
ositive Tt to ascarls (35.26) (37.93) (37.44) (37.16) (27.62)  (38.66) (3212) 30 g9 (33.08)  (39.10)
o 2 50354+ 567.39% 517.06+  582.96 ¢ 49511+ 561.62+ 529.81+  560.45+ 537.91+ 563.57+
Eosinophil, count/mm 382.75 408.66 0.0481 374.41 424.11 0.0151 436.92  399.01 0.147 406.98 403.14 0.361 407.68  402.16 0.394
No. of positive skin tests to 3.01+ 3.10+ 312+ 3.06 £ 2.57 ¢ 3.15+ 3 3.15+ 3.06 + 3.18 3.04 +
allergens 1.86 1.81 0.554 1.81 1.83 0.623 1.96 179 ~ >40x10 1.74 1.84 0.531 1.85 1.80 0.335
No. of systemic |
, ) Sten 135 567 B 308 393 4 67 635 . 137 565 5.42x10 193 505 4
corticosteroid medication (71.05) (80.54) 6.41x10 (74.40) (82.05) 7.08x10 (63.81) (80.48) 1.56x10 (70.98) (80.60) 3 (72.56) (80.93) 7.13x10

last year




Figure legends

Figure 1. GWAS in 894 Costa Rican trios for the respiratory symptoms such as cough (A),
phlegm (B), wheezing without cold (C), exertional dyspnea (D), and exertional chest tightness
(E), shown in Quantile-Quantile plot and Manhattan plot. The red line corresponds to a
Bonferroni-corrected threshold for total 5 tests (p-value = 1.0x10®), and the blue line means

genome-wide significant (p-value = 5x10%).

Supplementary Figure 1. Regional plot for an exertional dyspnea-associated locus in 400 kb
upstream and downstream regions. Purple diamond represents the top-ranked SNP,
rs10165869 and other SNPs are colored according to their r” value in relation to that SNP. The
recombination rate correlations and LD map were estimated on the basis of the 1000 Genomes

Project EUR datasets.

Supplementary Figure 2. Regions of chromatin contact for rs10165869 in lung tissue. Blue
lines reflect -log(p-value) for the one-tailed test of whether observed Hi-C counts (black lines)
were greater than the expected number of Hi-C counts (solid red lines). ACKR3 is significantly
associated with rs10165869 after tissue-specific False Discovery Rate (FDR, dashed red) and

Bonferroni (dashed purple) corrections.

Supplementary Figure 3. CXCR4 (A) and ACKR3 (B) expression in pulmonary and cardiac

microvascular endothelial cell (human) response to hypoxia in vitro: time course up to 48 hours
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Supplementary Table 1. Haplotype-based test using the genome-wide significant SNPs
such as rs10165869, rs6725280, rs7607911, rs1865671, rs30102, and rs10168628 where Al

and A2 haplotype mean all minor and major alleles of 6 SNPs respectively.

Haplotype frequency family numbers S-E(S) Var(S) z P value
Al 0.278 482 77.501 185.445 5.691 1.30E-08
A2 0.651 520 -77.616 197.655 -5.521 3.38E-08

Supplementary Table 2. The genome-wide significant SNPs in Costa Rican WGS data and

the replication of CAMP WGS data.

Chr Position Al A2 rsID afreq fam S.E.S. Var.S. z p value

2 236932637 A G rsl0165869 0.309 561  80.428 180.341 5989  2.16E-09

2 236940120 T  C  rs6725280  0.288 562  78.13 175486 5.898  3.77E-09

GACRS 2 236935080 G A rs1865671  0.289 564  77.151 174379 5842  5.27E-09
(,ﬁf&, 2 236929711 T C  rs7607911 0302 569  78.083 179.342 5831  5.66E-09
2 236908895 C G rs30102 0304 584 76225 180.017 5681  1.37E-08
2 236933062 A G rsl0168628 0.336 606  76.898  196.043 5492  3.97E-08
2 236932637 A G rsl0165869 0.284 170 18726  68.288  2.266  0.023445
camp 2 236940120 T C  rs6725280 0267 168  12.27  66.679 1503  0.132928
trios 2 236935080 G A rsl865671 0271 172 13423  68.014 1.628  0.103599
ij;,zf;’: 2 236929711 T C  rs7607911  0.285 172  17.435 68467  2.107  0.035107
60.42%) 5 736908895 C G rs30102 0275 168 16441  67.900 1995  0.046018
2 236933062 A G  rsl0168628 0338 197 16772  79.905 1.876  0.060621
2 236932637 A G  rsl0165869 0308 135  13.77 56454  1.833  0.066847
European 2 236940120 T C  rs6725280 0287 136 827 55512 111  0.266992
American 2 236935080 G A  rs1865671 0288 137 8958 55985 1197  0.231227
é’;_fpilei’; 2 236929711 T C  rs7607911 0306 136  12.479  56.197  1.665  0.095979
61.21%) ;236908895 C G rs30102 0296 134 10408 55471 1397  0.162271
2 236933062 A G rsl0168628 0.346 149  14.093  63.622 1767  0.07726
2 236932637 A G  rsl0165869 0.116 11 0887 3375 0483  0.629201
African 2 236940120 T C  rs6725280 0089 8 0531  2.633 0328  0.743281
American 3 236935080 G A  rs1865671  0.107 10 0396  3.135 0224  0.822818
;VNS;:;: 2 236929711 T C  rs7607911 0116 11 0887  3.375 0483  0.629201
55.56%) ;236908895 C G rs30102  0.098 9 1.022 2873 0603  0.546546
2 236933062 A G rsl0168628 0.196 14  -2.765 5023  -1234  0.217362




2 236932637 A G rs10165869  0.365 10 0.719 3.004 0415  0.678384
_ 2 236940120 T C rs6725280  0.355 10 0.118 3079  0.067  0.946339
(L,‘;‘ET;S 2 236935080 G A rs1865671  0.368 11 0.719 3.44 0.387  0.698392
%V;Fig‘;a): 2 236929711 T C rs7607911  0.368 11 0.719 3.44 0.387  0.698392
T 2 236908895 C G rs30102 0.355 10 1.141 3.261 0.632  0.527503

2 236933062 A G  rs10168628  0.421 13 -1.496 4047  -0.744 0.4571
2 236932637 A G  rs10165869  0.228 14 3.35 5.455 1.435  0.151425
2 236940120 T c rs6725280  0.228 14 3.35 5.455 1.435  0.151425
(?\,t:igs 2 236935080 G A rs1865671  0.228 14 3.35 5.455 1.435  0.151425
dVSP“‘:a 2 236929711 T C rs7607911  0.228 14 3.35 5.455 1.435  0.151425
36:52% 2 236908895 C G rs30102 0.228 15 3.87 6.294 1.542 0.12297
2 236933062 A G  rs10168628  0.370 21 6.94 7.213 2.584  0.009767

Supplementary Table 3. Top genes in chromosome 2 by summary-Predixcan analysis using
lung tissues based on GTEx Analysis Release V8 (dbGaP Accession phs000424.v8.p2)

Gene Gene name z p value
ENSG00000144476.5 ACKR3 478 1.72E-06
ENSG00000115902.10 SLC1A4 3.38 7.27E-04
ENSG00000130294.15 KIF1A 2.89 3.83E-03
ENSG00000136689.18 ILIRN 2.87 4.08E-03
ENSG00000171150.7 SOCS5 -2.72 6.61E-03

Supplementary Table 4. Significant cis-eQTLs of top SNPs for ACKR3 (ENSG00000144476.5)
in lung tissues. Data Source: GTEx Analysis Release V8 (dbGaP Accession phs000424.v8.p2)

rsiD T-statistic normalized effect size p value
rs10165869_G -2.2 -0.097 0.025
rs6725280_C -2.6 -0.12 0.0091
rs1865671_A -2.6 -0.11 0.0097
rs7607911_C -2.5 -0.1 0.015
rs30102_C 1.9 0.084 0.052
rs10168628_G -2 -0.082 0.046
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