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Abstract

Background: Severe asthma exacerbations are a major cause of asthma morbidity and increased
healthcare costs. Several studies have shown racial and ethnic differences in asthma exacerbation

rates. We aimed to identify genetic variants associated with severe exacerbations in two high-risk

populations for asthma.

Methods: A genome-wide association study of asthma in children and youth with severe
exacerbations was performed in 1283 exacerbators and 2027 controls without asthma of Latino
ancestry. Independent suggestive variants (P< 5 x 1075) were selected for replication in 448
African Americans exacerbators and 595 controls. Case-only analyses were performed comparing
the exacerbators with additional 898 Latinos and 524 African Americans asthma patients without
exacerbations, while adjusting by treatment category as a proxy of asthma severity. We analyzed
the functionality of associated variants with in silico methods and by correlating genotypes with
methylation levels in whole blood in a subset of 473 Latinos.

Results: We identified two genome-wide significant associations for susceptibility to asthma
with severe exacerbations, including a novel locus located at chromosome 2p21 (rs4952375, odds
ratio = 1.39, P= 3.8 x 1078), which was also associated with asthma exacerbations in a case-only
analysis (odds ratio = 1.25, £=1.95 x 10~3). This polymorphism is an expression quantitative trait
locus of the long intergenic non-protein coding RNA 1913 (L/NC01913) in lung tissues (P=1.3 x
10~7) and influences methylation levels of the protein kinase domain-containing cytoplasmic
(PKDCC) gene in whole-blood cells (P=9.8 x 1075).

Conclusion: We identified a novel susceptibility locus for severe asthma exacerbations in
Hispanic/Latino and African American youths with functional effects in gene expression and
methylation status of neighboring genes.

Keywords

African American; asthma; ethnic differences; exacerbations; gene expression; genome-wide
association study; Hispanic; Latino; methylation; single nucleotide polymorphism; susceptibility

1| INTRODUCTION

Asthma is a chronic inflammatory disease influenced by both genetic and environmental
factors. Despite treatment with controller medications, some patients experience severe
asthma exacerbations, which are defined as episodes requiring emergency care,
hospitalizations, or the use of systemic corticosteroids to prevent a serious or fatal out-come.
1 These can be triggered by environmental influences, such as viral infections, fungal
allergens, or air pollution.2 Genetic factors also predispose patients to higher susceptibility
to asthma exacerbations.2 In children, these exacerbations are associated with lower quality
of life,3 a progressive loss of lung function,* and an increase in their parents’ work absence.®
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Therefore, asthma exacerbations represent a major component of the economic burden of
asthma.

Among pediatric populations in the United States, asthma prevalence and asthma-related
emergency department or urgent care center visits are highest in African American and
Puerto Rican populations.® Moreover, African ancestry has been associated with a higher
risk of developing asthma among African Americans’ and Puerto Ricans,® as well as with an
increased risk of exacerbations among African Americans.®10 These data point to a genetic
component potentially contributing to the disparities in asthma exacerbations.

The genetic determinants of severe asthma exacerbations have been studied mostly in
European populations, focusing on genes previously associated with asthma susceptibility
through candidate gene association studies.1? The only four genome-wide association
studies (GWAS) focused on asthma exacerbations performed to date suggest that loci for
exacerbations differ from those of asthma susceptibility.12-1°> One GWAS analyzed extreme
phenotypes by comparing exacerbators and children without asthma and revealed a novel
locus at the cadherin-related family member 3 (CDHR3) gene, not associated in any GWAS
focused on asthma susceptibility.12 The other three GWAS of asthma exacerbations
performed case-only analyses, comparing asthma patients with and without exacerbations.
One study identified several single nucleotide polymorphisms (SNPs) in alpha-T-cat-enin
(CTNNAJS) significantly associated with asthma exacerbations at genome-wide significant
level.13 Two studies flagged CMTR114 and APOBEC3B-APOBEC3CY as suggestively
associated with asthma exacerbations despite treatment with inhaled corticosteroids.

We hypothesized that a GWAS comparing asthma patients with severe exacerbations with
non-asthmatic controls could reveal novel specific association signals in two high-risk
populations for asthma. We aimed to identify genetic variants associated with severe asthma
exacerbations in Hispanics/Latinos and African Americans.

2| METHODS

2.1| Study populations

The Genes-Environments and Admixture in Latino Americans (GALA I1) and the Study of
African Americans, Asthma, Genes, and Environments (SAGE) are two case-control studies
of pediatric asthma in minority populations of the United States.16 Both studies were
approved by the Human Research Protection Program Institutional Review Board of the
University of California, San Francisco. Participants/parents provided written assent/
consent, respectively. Asthma was defined by physician diagnosis, use of controller or
rescue medication, and report of symptoms in the 2 years preceding enrollment. Controls
were excluded if they reported asthma, rhinitis, hay fever, allergy, or eczema, wheezing,
shortness of breath, or use of medication for allergies. Asthma exacerbations were defined as
the presence of any of the following asthma-related events in the 12 months before
enrollment: administration of oral corticosteroids (OCS), seeking emergency care, and
hospitalizations.! A total of 1283 exacerbators and 2027 controls from GALA 11 were
analyzed in the discovery stage. In the replication stage, 448 exacerbators and 595 controls

Pediatr Allergy Immunol. Author manuscript; available in PMC 2021 February 17.
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from SAGE were included. Additionally, asthma patients without exacerbations (898 from
GALA Il and 524 from SAGE) were used as controls in case-only analyses.

2.2 | Genotyping and imputation

Genotyping was conducted with the Axiom LAT1 array and with the Axiom LAT1 Array
Plus HLA (Affymetrix), and the SNPs and individuals resulting from the intersection of the
two arrays were subjected to quality control. The Haplotype Reference Consortium (HRC)1?
r1.1 was used as imputation reference panel. Quality control and imputation are detailed in
the Supporting Information.

2.3 | Statistical analysis

The association between 9 737 707 SNPs with minor allele frequency (MAF) =1% and
imputation quality score /2 > 0.3, and asthma with severe exacerbations was tested through
logistic regression models using EPACTS 3.2.6,18 with correction for age, sex, and the first
two genotype principal components (PCs), which explained most genetic variation (Figure
S1). Conditional analyses were performed with GCTA-COJO v1.92.219 using the default
options to identify independent variants (/2 < 0.9) within 10 Mb distance from the lead SNP
at each locus with suggestive level of significance (P< 5 x 107%). These variants were
examined for replication in SAGE, and shared variants were meta-analyzed with
METASOFT.20 Random or fixed-effects models were chosen based on the heterogeneity
estimated by Cochrane’s Q test. Genome-wide significance was declared with A< 5 x 1078
after the meta-analysis across both stages.

To refine the SNPs whose effect was driven by severe asthma exacerbations or asthma, we
conducted a case-only analysis by comparing exacerbators and non-exacerbators with
correction for age, sex, two PCs, and disease severity defined based on treatment category
(Table 1). For the region associated with asthma exacerbations in this analysis, fine mapping
was conducted within 1 Mb flanking the lead SNP in Latinos using three imputation panels:
HRC, 1000 Genomes Project (LKGP) Phase 111, and the Consortium on Asthma among
African-Ancestry Populations in the Americas (CAAPA). For each SNP, imputed dosages
were selected based on the highest /2.

In secondary analyses, we evaluated the association of the most significant SNP with lung
function measurements by regression models adjusted for the first two PCs and asthma
status. Moreover, we performed stratified analyses to assess the potential confounding effect
of atopic comorbidities and asthma control. See Supporting Information for more details.

2.4 Methylation quantitative trait loci (cis-meQTL) analysis

We performed a c/is-methylation quantitative trait locus (meQTL) analysis in 473 GALA 11
whole-blood samples (236 asthma cases and 237 controls) profiled with the Infinium
HumanMethylation450 BeadChip array (lllumina, Inc). We tested for association with the
M-values within 500 kb of the most strongly associated SNP with correction for sex, asthma,
exacerbations, African and Native American ancestries, and inferred white cell counts. A
false discovery rate (FDR) of 5% was used to declare significance accounting for the

Pediatr Allergy Immunol. Author manuscript; available in PMC 2021 February 17.
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multiple comparisons performed. Detailed procedures are provided in the Supporting
Information.

25| In silico functional evaluation

Functional annotation was conducted with HaploReg v4.221 based on linkage disequilibrium
(LD) data of admixed American populations from the 1KGP. Evidence of expression
quantitative trait loci (eQTLs) was searched in the Genotype-Tissue Expression (GTEXx)?2
v8.

3| RESULTS

3.1| Characteristics of study populations

The demographics and clinical characteristics of participants included in the analysis are
shown in Table 1. Among asthma cases, Latinos sought unexpected asthma care more often
than African Americans, while hospitalizations and OCS use were more frequent in African
Americans.

3.2 | Discovery in Latinos from GALA Il

The quantile-quantile plot showed slight genomic inflation (Figure S2A, Agc = 1.02), which
was driven by the strong association signals in LD at the known asthma locus 17g12-g21
(Figure S2B). A total of 171 SNPs were suggestively associated with severe exacerbations
(P<5 % 107%) (Figure 1; Table S1). From these, conditional analyses identified 12
independent SNPs with imputation quality /2 values ranging from 0.91 to 1.00 (Table 2), of
which rs12946510 at the GRB7/IKZF3region showed the strongest association (odds ratio
[OR] for T allele = 0.68, 95% confidence interval [CI]:0.60-0.76, P= 6.82 x 10~11),

3.3| Replication in African Americans from SAGE and meta-analysis

Of the 12 SNPs selected for replication, 3 SNPs were unsuitable for replication in African
Americans due to their low frequency in this population (MAF <1%). From the remaining
SNPs (Table 2), rs4952375 at the 2p21 region near L/NC01913replicated (OR for A allele =
1.53, 95% CI: 1.12-2.08, P=7.43 x 1073). A combined meta-analysis resulted in two
genome-wide significant associations for rs12946510 (OR for C allele = 0.71, 95% ClI:
0.64-0.79, P=1.12 x 10710) and rs4952375 (OR for A allele = 1.39, 95% ClI: 1.23-1.56, P
=3.79 x 1078) (Figure 2). We next assessed these two genome-wide significant associations
in a case-only meta-analysis (n = 3139) including exacerbators and non-exacerbators (Table
S2). The SNP rs4952375 was associated with increased risk of severe exacerbations among
asthma patients (OR for A allele = 1.25, 95% CI: 1.09-1.44, £=1.95 x 1073). However,
rs12946510 showed no association in the case-only analysis, suggesting that its effect is
likely driven by asthma rather than severe exacerbations. The results of case-only analyses
of the suggestive associations identified in the discovery are also provided in Table S2.

3.4 | Fine mapping of 2p21 and assessment of additional phenotypes

Since rs4952375 was associated with asthma exacerbations in the case-control and the case-
only analyses and has not been identified by previous GWAS, we performed fine mapping

Pediatr Allergy Immunol. Author manuscript; available in PMC 2021 February 17.
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with additional imputation reference panels. Despite increasing the number of variants
analyzed from 4817 to 6906 (27.8% and 2.4% exclusive of 1IKGP and CAAPA,
respectively), no additional genome-wide or suggestively associated SNPs were found
(Figure S3).

Further meta-analyses for asthma-related traits were conducted for the SNP rs4952375
(Table S3). We first evaluated whether the association found for asthma with exacerbations
differed by asthma control status, stratifying the exacerbators as well controlled or poorly
controlled and comparing them with the controls. Although the association was only
significant among poorly controlled exacerbators, no heterogeneity was found for the effect
of rs4952375 among the two groups when compared to the controls (Cochran’s Q £=0.263
and £=0.988 for GALA Il and SAGE, respectively). Additionally, given that almost half of
the asthma patients reported eczema or rhinitis, we assessed whether atopic comorbidities
could be a confounder performing stratified analyses (Table S3). No heterogeneity for the
effect of rs4952375 was found between exacerbators with these morbidities vs controls or
exacerbators without them when compared to controls (Cochran’s Q 2= 0.842 for both
studies). Moreover, rs4952375 was not associated with predicted baseline forced expiratory
volume in one second (FEV1), forced vital capacity (FVC), or the FEV1/FVC ratio, in an
analysis corrected for asthma status and the top two PCs (Table S3).

3.5] Functional analysis of the associated variant

In a subset of GALA |1 participants with methylation data available, we identified
rs4952375 as a cissmeQTL for the CpG site cg17892159, which lies near the protein kinase
domain-containing cytoplasmic (PKDCC) gene. Carriers of the risk allele showed increased
methylation levels for cg17892159 (P=9.79 x 107°; FDR = 1.3%) (Figure 3A).

Additionally, rs4952375 is a lung eQTL for the uncharacterized long intergenic non-coding
RNA (IncRNA) 1913 (L/NC01913) in the GTEXx database (= 1.3 x 1077). Lung
LINCO01913 expression increases when the risk allele is present (Figure 3B). Furthermore,
this variant is in high LD (/2 = 0.8) with 31 lung eQTLs for L/NC01913 (Table S4).

3.6 | Validation of associations identified by previous GWAS

We assessed previous associations reported for asthma exacerbations'! and moderate-to-
severe asthma?3 for validation in GALA Il and SAGE. We replicated the association of
GSDMB and IKZF3at genome-wide significant level and 10 additional SNPs at nominal
level with asthma with severe exacerbations (Table S5). However, only the SNP rs1837253
from 7S5LPwas also nominally associated with severe exacerbations in a case-only analysis
(Table S6).

4| DISCUSSION

To our knowledge, this is the first GWAS of asthma with severe exacerbations in Latino and
African American children and youth. We performed a two-stage GWAS and identified a
novel locus for susceptibility to asthma with exacerbations that reached genome-wide
significance in the combined meta-analysis. The strongest association at chromosome 2p21
is located at rs4952375, which was also associated with severe asthma exacerbations in a

Pediatr Allergy Immunol. Author manuscript; available in PMC 2021 February 17.
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case-only meta-analysis of Latinos and African Americans. The sentinel SNP rs4952375 and
its variants in LD (/2= 0.8) are located nearby L/NC01913. Specifically, rs4952375 is
located 87.8 kb away from the 5’UTR of L/NC01913. In fact, the SNP rs4952375 and their
proxies in LD regulate gene expression of the long non-coding RNA L/NC01913in the
lung. We found that the A allele of rs4952375 is associated with a higher risk of asthma
exacerbations and increased gene expression of L/NC01913in the lung. Long non-protein
coding RNAs have been previously implicated in asthma phenotypes and other lung diseases
as they interact with microRNAs and transcription factors involved in different biologic
processes.24 Our results suggest that IncRNAs could also contribute to the pathogenesis of
asthma exacerbations, although the mechanism involving L/NC01913in asthma remains
unknown.

Our findings indicate that rs4952375 is also a meQTL for a CpG site annotated to PKDCC, a
gene located 258 kb away from the associated marker. Genetic variation from PKDCC or its
neighbor gene encoding for the echinoderm microtubule-associated protein-like 4 (EML4)
has been associated with lung function measurements2® and atopy.28 However, those
polymorphisms were not associated with severe asthma exacerbations in our study and are
not in LD with rs4952375 (Table S7), suggesting that they are independent association
signals. Likewise, rs4952375 was not associated with lung function measurements in our
study and did not show differences between severe exacerbators with or without atopic
comorbidities.

PKDCC is a tyrosine-protein Kinase that regulates cell adhesion through signal transduction,
27 including phosphorylation of AMAP1,28 which is involved in airway remodeling and
whose activity is increased during exacerbations in relation to the exacerbation severity.2
Based on the biologic processes ontology described in the database Open Targets,30 PKDCC
is involved in cell differentiation, lung alveolus development, multicellular organism growth,
and bone mineralization. Furthermore, mice deficient in Pkdcc show lung abnormalities.30
Our results suggest that the risk allele for asthma exacerbations is associated with higher
methylation levels of PKDCC, which would imply that its gene expression could be
downregulated in individuals with asthma exacerbations.

Hispanics/Latinos are descendants of the admixture of European, African, and Native
American populations, with large variability in the ancestral proportions depending on the
historical events that each particular subgroup has undergone.3! On the other hand, African
Americans derive from the admixture of European and African populations, with large
proportions of African ancestry, with mean values ranging from 73% to 93%.31 The high
asthma prevalence among African-admixed individuals, particularly in developed countries,
6-10 suggests a shared genetic basis that may be a risk factor for asthma under environmental
influences that are absent in non-Westernized societies.® In this work, we leveraged this
specific genetic background to identify a novel locus for severe asthma exacerbations. Given
the different ancestral composition, the risk allele of rs4952375 was more frequent in
Latinos than in African Americans (22.7% vs 10.1%), in agreement with 1KGP (Figure S4).
However, the association had consistent effects in both populations.

Pediatr Allergy Immunol. Author manuscript; available in PMC 2021 February 17.
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We also attempted to validate previous SNPs associated with asthma exacerbations or
moderate-to-severe asthma in Latinos and African Americans. Although we found
replication of several associations, no evidence of association was detected with severe
asthma exacerbations in a case-only analysis, except for one SNP, suggesting that the effect
of those variants is due to asthma susceptibility rather than exacerbations. Therefore, our
findings suggest that the genetic determinants of severe exacerbations may differ from those
involved in moderate-to-severe asthma. Alternatively, the lack of replication could be due to
the differences in the characteristics of the patients analyzed in the current study compared
to Shrine et al,23 in terms of ancestry, age, and study design. Of note, the SNPs rs6967330,
located in the human rhinovirus C receptor CDHR3 gene and previously associated with
asthma with severe exacerbations,2 did not replicate in our study, which could reflect
different pathogenic mechanisms between the two studies, which differed in age, ethnicity,
and definition of exacerbations.

We acknowledge some limitations in this study. First, reporting of asthma exacerbations was
retrospective in both studies, which could introduce some imprecision into the phenotypes
analyzed. Second, the fact that several SNPs are in strong LD in the region complicates the
identification of the causal variant(s). Third, asthma is a complex disease resulting from the
interaction between genetic and environmental exposures, which could be critical for the
development of exacerbations, and those exposures were not addressed in our study. Fourth,
limited functional data were available within the samples analyzed. However, data available
on public databases (GTEx?2 and OpenTargets30) provided evidence about the functional
role of the associated variant regulating gene expression and the importance of the PKDCC
in lung development based on knockout mice models.

On the other hand, this study has several strengths. Foremost, this is the first GWAS of
asthma with severe exacerbations specifically focused on minority racial/ethnic groups at
high risk of asthma morbidity and underrepresented in biomedical studies. Second, we
showed that examining a specific asthma phenotype revealed genetic variants that have not
been identified by previous GWAS of asthma susceptibility on the same populations. Third,
we performed an in-depth fine mapping of the region of interest using a combination of
three different panels and assessed the association with several clinical subtypes.

In summary, we conducted a GWAS of asthma with severe exacerbations in Hispanic/Latino
and African American children and youth. Our study identified a novel genome-wide
significant association for severe asthma exacerbations on chromosome 2p21. The
associated variant is a lung eQTL for the L/NC01913gene and is also a whole-blood
meQTL of a CpG site annotated to PKDCC. Additional functional follow-up is required to
confirm the role of this locus in asthma exacerbations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Message

The first genomic analysis comparing asthma cases with severe exacerbations against
controls performed in Hispanic/Latino and African American revealed a novel genome-
wide significant susceptibility locus. The associat-edvariant demonstrated to have
functional consequences in methylation and gene expression in blood and lung tissue,
respectively. Our results provide two different gene targets of interest for asthma
exacerbations whose specific role should be further explored in future functional analysis.
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FIGURE 1.
Manhattan plot of the GWAS for GALA Il (represented as -log10 P-value on the y~axis)

along the chromosomes (x-axis). The suggestive significance threshold for replication is
indicated by the gray line (P=5 x 1075). GALA I, Genes-Environments and Admixture in
Latino Americans; GWAS, genome-wide association studies
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FIGURE 2.
Regional plot of association in the discovery phase for the novel association detected at

2p21. The statistical significance of association results (~log10 P-value) is represented for
each SNP as a dot (left y~axis) and recombination rate (right y~axis) by chromosome
position (x-axis). SNPs are colored to show their LD with the top hit based on the pairwise
7 values from the American admixed populations of the 1KGP. LD, linkage disequilibrium:;
SNP, single nucleotide polymorphism
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FIGURE 3.
Functional analysis of the rs4952375. A, Boxplot of blood methylation levels at cg17892159

annotated to PKDCC by rs4952375 genotype in a subset of GALA |1 subjects (n = 473). B,
Gene expression levels of L/NC01913in lung tissue by genotype at rs4952375 indicating
that this SNP is an eQTL, based on data obtained from GTEX (n = 450). Abbreviations:
eQTL, expression quantitative trait loci; GALA |1, Genes-Environments and Admixture in
Latino Americans; SNP, single nucleotide polymorphism
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