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To the Editor

The 1721 asthma-susceptibility locus, identified through genome-wide association studies,
contains the zona pellucida binding protein 2 (ZPBP2), gasdermin B (GSDMB), and
ORMDL sphingolipid biosynthesis requlator 3(ORMDL.3) genes.! The single nucleotide
polymorphisms (SNPs) associated with asthma in this region are correlated with increased
expression of both GSDMB and ORMDL 3.2 However, genetic risk factors alone cannot
account for the overall risk for developing asthma nor explain the observed increases in
asthma prevalence over the past three decades. Indeed, epidemiologic studies support a
substantial role for environmental factors in the development of asthma, such as early life
exposure to tobacco smoke and respiratory viral infections, both of which have also been
shown to modify the genetic risk attributable to the 17g21 locus.3# One possible mechanism
by which environmental exposures may alter genetic risk is through epigenetic
modifications, such as DNA methylation. One recent, small study demonstrated an
association between asthma and differential methylation of ORMDL 3 from peripheral blood
leukocytes in children; however, these findings have not been replicated.> Furthermore, gene
expression of GSDMB and ORMDL 3 has been associated with CpG methylation in a larger
population.® To understand better the relative contribution of CpG methylation and asthma-
associated SNPs in the cis-regulation of 17921 candidate gene expression, we performed an
integrative genomic analysis in two large, racially diverse cohorts collected as part of the
Asthma BioRepository for Integrative Genomic Exploration (Asthma BRIDGE) study.’
Genotype, gene-expression and methylation were available for 293 and 264 non-overlapping
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subjects with data from whole blood (WB) and CD4™ T cells, respectively. Detailed methods
and characteristics of the study population (Table E1) as well as an overview of the main
findings (Figure E1) can be found in this article’s Online Repository at www.jacionline.org
(Table E1).

Our analysis of c/s-regulatory variants was limited to within 50 kb of ZPBP2, GSDMB and
ORMDL 3 as those further away have not been associated with asthma-risk. The 17g21
region under study showed a remarkable degree of architectural similarity between the WB
and CD4™* cohorts, both with respect to correlation of minor allele frequency (Pearson
correlation coefficient of 0.941, 95% CI 0.928-0.952, p-value < 2.2E-16) and pairwise
linkage disequilibrium (LD, r"2; Pearson correlation coefficient of 0.928, 95% CI
0.927-0.928, p-value < 2.2E-16), despite being compromised of different proportions of
European Americans, African Americans and Hispanics (Table E1). We first confirmed the
association between SNP genotype and target gene expression through expression
quantitative trait loci (eQTL) mapping. Of the 1638 SNP-gene expression probes pairs
tested, 117 SNPs were significantly associated with ORMDL3 and 127 with GSDMB in
both WB and CD4" T-cells at a false discovery rate (FDR) of less than 0.05. Figure 1A
shows the overlap of eQTL SNPs across tissues and genes, and demonstrates that a plurality
of SNPs (n=73) was associated with expression of both genes in both cohorts. Most
significant eQTLs identified were in strong LD (data not shown) and included the most
commonly replicated asthma-susceptibility SNP (rs7216389; Figure 1B) and the putative
functional variants affecting CTCF (rs12936231) and transcription factor (rs8076131 and
rs4065275) binding (Table E2).2:8

We next evaluated the effect of methylation on gene expression for CpG sites within 50 kb
of the target genes, a total of 265 CpG-gene expression probe pairs. Five CpG sites
(cg12655416, cg22144450, cg18711369, cg10909506, cg26162295) were significantly
associated with ORMDL 3 expression in both the WB and CD4* T cell cohorts. These five
sites and a sixth (cg24910161) were also associated with GSDMB expression in both
groups, with increased methylation at these sites associated with decreased expression of
ORMDL3and GSDMB (Figure 2). Furthermore, we found evidence of strong correlation
between these six CpG sites, two of which are upstream of gasdermin A (GSDMA) and four
within the ORMDL 3 gene body.

Given that both genotype and methylation were associated with gene expression at this
locus, we next evaluated the relationship between 1721 SNPs and CpG sites. Testing of
9,207 CpG-SNP pairs within 50 kb of each other across the region identified 1,505
significant associations, representing various combinations between 19 CpG sites and 310
SNPs, present in both the WB and CD4* cohorts. Notably, these 310 methylation QTL
(mQTL) SNPs included all 171 replicated eQTL SNPs in our cohorts. The six expression-
associated CpG sites were associated with 196 mQTL SNPs, most of which were eQTL
SNPs as well (164/196 [84%]). Thus, there was a strong association between SNPs and CpG
sites associated with gene expression for the 17921 locus. Importantly, these associations
were robust to several sensitivity analyses, including tests for confounding by residual
population stratification and asthma affection status (by repeated analysis restricting either to
subjects from only the major racial subgroup in each cohort, or those with asthma,

J Allergy Clin Immunol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kothari et al.

Page 4

respectively). In addition, to determine if our observed associations extended to neighboring
genes, we expanded the region under study to include /KZF3, GSDMA and PSMD3 but no
additional associations were detected.

In light of the considerable associations among SNPs, CpGs, and gene expression, we then
performed causal inference testing (CIT)? to evaluate whether the observed SNP eQTL
effects could be attributed to the associated methylation marks, or whether genetic and
epigenetic marks impact target gene expression independently. We limited this analysis to
the subset of SNPs and CpG sites significantly associated with the gene expression probes
for GSDMB and ORMDL 3in both cohorts. Of 1343 gene expression probe-SNP-CpG
combinations tested, 862 (64%) supported methylation as a potential mediator of the eQTL
effect (overall CIT FDR < 0.05 in both cohorts). These associations included all 127 SNPs
and six CpG sites associated with GSDMB, as well as all 117 SNPs and five CpG sites
associated with ORMDL3. Thus, regardless of which SNP was considered by the CIT, its
effects on target gene expression could be mediated by at least one associated CpG site. This
is exemplified for the three putative functional variants (rs12936231, rs8076131 and
rs4065275) and the most replicated asthma-susceptibility variant (rs7216389) in Table E3 in
the Online Repository. In addition, Figure E2 in the Online Repository demonstrates how the
correlation between ORMDL 3 gene expression and cg12655416 methylation differs by
rs12936231 genotype. Furthermore, the CIT suggests that CpG methylation influences gene
expression independent of genotype as shown in Table E3.

Given the strong correlations of methylation at the tested CpG sites and the extensive LD at
17921, the CIT could not localize the putative regulatory signals to one specific SNP-CpG
combination. Nonetheless, our results demonstrated a higher percentage of eQTL SNPs
showing evidence of mediation through CpG sites within the ORMDL 3 gene body
(cg10909506, cg12655416, cg18711369, and cg22144450) compared with those upstream
of GSDMA (cg24910161 and ¢g26162295). Indeed, the four CpG sites found within
ORMDL 3 were found to mediate the observed eQTL associations.

In conclusion, our population-based integrative genomics analysis of the 17q21 asthma-
susceptibility locus illustrates the complex relationship between sequence variation, CpG
methylation and target gene expression. We show, in two well-powered, independent cohorts
that (i) local CpG methylation mediates a proportion, but not all, of the functional effects of
cis-acting asthma-susceptibility regulatory variants on GSDMB and ORMDL 3 gene
expression; and that in addition to these effects, (ii) residual differences in CpG methylation
not explained by SNP genotype, also influence target gene expression. /n vitro studies that
dissociate and isolate the genetic and epigenetic determinants of GSDMB and ORMDL3
expression could confirm these observations, could determine if these findings are applicable
to other cells and tissues associated with asthma, and would motivate epigenetic
manipulation of this locus as a potential therapeutic strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Capsule Summary

An integrative analysis of genotype, methylation and gene expression of the 17921 locus
reveals complex interactions with CpG methylation functioning as an intermediary of the
genotypic effect on ORMDL3and GSDMB transcription.
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Figure 1.
Summary of 17q21 eQTL analyses.

A. Main bar graph (black vertical bars) denotes counts of SNPs significantly associated
(FDR < 0.05) with ORMDL 3 or GSDMB expression in CD4* T cells or whole blood (WB).
The vertical gray line and dot graph directly underneath denotes the count of significant SNP
common to combinations of tested groups, with combinations indicated by connected
circles. The gray bar graph on the bottom left shows the number of eQTLs for the specified
groups. Plot generated with upset function from “UpSetR’ R package.

B. Box plots for gene expression for GSDMB (top) and ORMDL 3 (bottom) according to
rs7216389 genotype in whole blood (left; C/C [n=52], C/T [n=131], T/T [n=105]) and CD4"*
T cells (right; C/C [n=27], C/T [n=115], T/T [n=122]).
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Correlation of CpG methylation with GSDMB and ORMDL 3 gene expression. Scatter plots

of residuals, after adjusting for covariates, for gene expression of GSDMB (top panel) and

ORMDL 3 (bottom panel) and methylation of selected CpG sites in whole blood (black open

circles) and CD4* T cell (black open triangles) cohorts. Linear regression fits for whole

blood (solid lines) and CD4* T cell cohorts (dashed lines) are provided.
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