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SUMMARY

The Trans-National Asthma Genetic Consortium (TAGC) identified 878 SNPs associated with
asthma. We hypothesized that those SNPs affect asthma risk by regulating gene expression in
airway epithelium, and conducted expression quantitative trait loci (eQTL) and mediation analyses
to identify direct associations between the SNPs and expression levels of cis-genes (within 1

Mb) in nasal (airway) epithelium from Puerto Rican children with (n=228) and without (n=241)
asthma. We then tested whether genes whose expression is associated with TAGC SNPs are
differentially expressed (DE) in atopic asthma. We identified 1,150 direct associations between
418 TAGC SNPs and the expression of 55 cis-genes. Most SNPs regulate distant cis-genes
(average distance ~200 kb). Our mediation analysis showed that 4,571 (89.2%) of 5,119 (direct
and indirect) SNP-gene expression associations are mediated by methylation. Of 114 genes whose
expression is associated with TAGC SNPs, 54 are DE in atopic asthma, including novel and
previously reported genes. In an independent cohort of 72 African American children, 50 of the 54
DE genes were available, and 21 (42%) were also DE in atopic asthma. Thus, we show that many
TAGC SNPs are associated with expression of distant cis-genes in airway epithelium, and that

this is predominantly mediated by DNA methylation. Moreover, nearly half of the genes whose
expression in airway epithelium is associated with TAGC SNPs are also DE in atopic asthma. Our
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findings support a key role of regulation of airway epithelial gene expression on atopic asthma in

children.
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Over the last twelve years, many genome-wide association studies (GWAS) have been
conducted to identify susceptibility variants for asthma [1-5]. The Trans-National Asthma
Genetic Consortium (TAGC) recently conducted a large meta-analysis of GWAS [3],
identifying 878 SNPs associated with asthma at 18 loci. The mechanisms underlying such
associations are largely unknown but may include effects on gene expression that alter
airway epithelial integrity and function.

Studying bronchial airway epithelium, while ideal, requires a bronchoscopy. Both DNA
methylation and gene expression in nasal epithelium are well correlated with those in
bronchial epithelium, and thus sampling nasal epithelial cells provides a safer and more
feasible alternative to sampling the bronchial epithelium for studies of airway epithelial
“omics” and asthma [6].

We hypothesized that SNPs identified in the TAGC meta-analysis of asthma (heretofore
called “TAGC SNPs”) affect gene expression in airway epithelium, and that DNA
methylation would mediate some of the effects of TAGC SNPs on gene expression.

We tested these hypotheses using genomic, DNA methylation, and RNA-sequencing data
in nasal (airway) epithelium from Puerto Rican children and adolescents — a group
disproportionately affected with asthma [7].

The Epigenetic Variation and Childhood Asthma in Puerto Ricans study (EVA-PR) is

a case-control study of asthma in Puerto Ricans aged 9 to 20 years [7], in whom we
assessed genome-wide genotypes (using the HumanOmni2.5 BeadChip platform, Illumina,
San Diego, CA), and genome-wide DNA methylation (using the HumanMethylation450
BeadChip, lllumina) and RNA sequencing (using the Illumina NextSeq 500 platform) in
nasal epithelium, as previously described [7]. SNPs and RNA-seq data were available for
our eQTL analysis in 469 subjects with (n=228) and without (n=249) asthma. We analyzed
c/s-eQTL due to limited power for a trans-eQTL analysis. After quality control, we tested
869 SNPs and 471 c/s genes (whose TSS were located <1 Mb from the SNP), comprising
30,855 SNPs-gene pairs. We identified 1,150 SNP-gene expression associations for 418
SNPs and 55 genes located at nine loci (FDR-P <0.05). We denote these SNPs as “eQTL
SNPs” and these genes as “eQTL genes”.

Of 46 genes reported in the TAGC meta-analysis of GWAS as “nearby” (defined as the gene
in which the SNP is located and the previous and next genes; for intergenic SNPs, as the
previous and next genes) their 18 lead SNPs[3], only five had expression levels in nasal
epithelium that were significantly associated with the lead SNPs in our analysis. Moreover,
of the 188 asthma-susceptibility SNPs (P < 1078) in the GWAS catalog [8], only 9 were
associated with expression of nearby genes in our eQTL analysis.
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We then assessed the position of each eQTL SNP relative to their paired gene. If a SNP was
associated with expression of multiple genes, it was considered for each of the associated
genes. Only 31 of 1,150 SNPs (2.7%) were located within a gene (Figure 1A). The average
distance between eQTL SNPs and the TSS of their paired genes was 232,450 bp (Figure
1B), suggesting that most of the SNPs of interest regulate expression of genes that are in ¢/s
but not “nearby”.

Next, we evaluated whether eQTL SNPs are located in enhancer regions, known to regulate
expression of distant genes. We used enhancers and their target genes in lung tissue from
http://www.enhanceratlas.org, finding that five of our 418 eQTL SNPs were located in
enhancer regions of their target genes. Interestingly, all of those target genes were identified
as asthma-susceptibility genes in prior GWAS, such as HLA genes [9], GSDMB [4]
MED24[10], STARD3[10], and SLC22A5]5]. Our findings, together with those from
prior studies, suggest that SNPs can affect asthma by regulating expression of distant
disease-susceptibility genes, possibly by regulating enhancer activity.

We analyzed RNA-sequencing data from 157 subjects with atopic asthma (the most common
type of childhood asthma) and 101 non-atopic non-asthmatic controls, finding that 24 of

the 55 eQTL genes in nasal epithelium were differentially expressed (DE) in atopic asthma
(genome-wide FDR-P < 0.05). Such DE genes include ten genes previously reported in
GWAS of asthma (HLA-DRBI, HLA-DQA1, ERBBZ2, PGAPS3, IL33, NDFIP1, MICB,
DEXI[2],HLA-DQ, and SLC22A5[5]) and 14 genes not previously reported, likely due to
the distance between each SNP and the reported asthma-susceptibility gene.

Given the degree of association between TAGC SNPs and DNA methylation in nasal
epithelium, we tested whether SNPs regulate gene expression through methylation. After
conducting the Sobel test1® of mediation effects, we identified 12,035 trios with significant
mediation effects (FDR-P < 0.05), comprising 4,571 SNP-gene expression pairs. Of the 418
eQTL SNPs, 366 (88%) were associated with gene expression through methylation (Figure
1C). Moreover, we identified 91 additional TAGC SNPs that were associated with gene
expression solely through indirect effects of methylation. Thus, 509 (59%) of the 869 TAGC
SNPs regulated ci/s-gene expression in nasal epithelium (directly or indirectly), and most
(89.8%) of these SNPs regulated expression through DNA methylation (Figure 1D).

Of 114 genes whose expression was associated with SNPs through methylation, 54 (47-4%)
were also associated with atopic asthma (genome-wide FDR P <0-05). As an example, data
for HLA-DQAZ are shown in Figure 1E. Through the mediation analysis, we identified

30 additional DE genes in atopic asthma, some of which have been previously reported

in GWAS (/KZF3[1, 111, PSORS1C3[11], ORMDL3[12], and /LIRL1[3]). We also
identified novel genes: while C3and C5 have been associated with allergic asthma [13], C2
has not; and SHROOM!1 has been associated with sarcoidosis in children [14], but not with
asthma.

Through eQTL and mediation analysis, we identified 64 DE genes that were directly and/or
indirectly associated with TAGC SNPs. We tested whether genes that were DE in atopic
asthma in EVA-PR were also differentially expressed in a cohort of 72 African American

Eur Respir J. Author manuscript; available in PMC 2022 March 18.


http://www.enhanceratlas.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

Page 4

children with and without atopic asthma, using publicly available data (GSE65205)[15].
Data were available for 50 of the 64 DE genes of interest in GSE65205: despite small
sample size, 21 (42%) of the 50 genes were also DE in atopic asthma in African Americans
at P < 0.05, mostly in the same direction of association as in EVA-PR.

To summarize, the vast majority of the 418 eQTL SNPs were located outside genes, and
most were associated with expression of distant c/is-genes. Of the 55 eQTL genes, 24
(~44%) were DE genes in atopic asthma. Of all 5,119 SNP-gene expression associations
in EVA-PR, 4,571 (86.8%) were mediated by methylation. We cannot infer temporal
relationships in this cross-sectional study, and thus some methylation signals could be
disease-induced (caused by atopic asthma). However, our findings suggest that some
methylation changes in airway epithelium (due to genetic variation and environmental
factors) could affect the development or progression of asthma by regulating gene
expression.

The variance in asthma liability explained by 878 TAGC SNPs was estimated to be 3.5% 2.
However, the estimated effects of the TAGC SNPs would be much larger if both direct and
indirect associations with gene expression in airway epithelium were considered.

In conclusion, a high proportion of asthma-susceptibility SNPs identified in a meta-analysis
of GWAS were associated with cis-expression and cis-methylation of genes in nasal
(airway) epithelium, but most genes whose expression was affected were not nearby the
corresponding SNPs of interest. Most SNP-gene expression associations were mediated by
DNA methylation, supporting a strong regulatory role of methylation on gene expression

in airway epithelium. Consistent with a key role of airway epithelium in the pathogenesis
of childhood asthma, nearly half of the genes whose expression in airway epithelium was
associated with TAGC SNPs were also DE genes in atopic asthma.
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Figure 1. eQTL and mediation analysis of 869 TAGC SNPs
(A) Percentage of eQTL SNPs that are located outside (blue) or inside (orange) of their

paired gene region (Promoter — 5’UTR). When SNPs were associated with expression of
multiple genes, they were counted multiple times. (B) Histogram of distance between eQTL
SNPs and transcription start site of their associated genes (in Kb). (C) Venn diagram of the
number of SNPs associated with gene expression (eQTL) (pink) and the number of SNPs
associated with gene expression through mediation by methylation (blue). To test mediation
effects of methylation between SNPs and gene expression, the Sobel test was conducted

(at FDR-P < 0.05). (D) Composition of TAGC GWAS SNPs according to whether they are
associated with cis-gene expression (left) and composition of the SNPs that regulate c/s-gene

Eur Respir J. Author manuscript; available in PMC 2022 March 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kim et al.

Page 7

expression, according to whether they are directly associated with gene expression (eQTL
only) or indirectly associated with gene expression through mediation effects of methylation.
(E) An example of a SNP that is indirectly associated with HLA-DQAZ gene expression
through DNA methylation, and the gene is differentially expressed in atopic asthma. 1.
Violin plots of the relationship between the eQTL SNP and an associated methylation probe
(red, homozygous major allele; green, heterozygous; blue, homozygous minor allele) 2.
Scatter plots of the relationship between DNA methylation and expression of the gene. 3.
Violin plots of data from atopic asthmatic vs. those from non-atopic non-asthmatic controls
against differential gene expression.
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