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Abstract

Background—A recent genome-wide association study (GWAS) identified 99 loci that contain
genetic risk variants shared between asthma, hay fever and eczema. Many more risk loci shared
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between these common allergic diseases remain to be discovered, which could point to new
therapeutic opportunities.

Objective—To identify novel risk loci shared between asthma, hay fever and eczema by applying
a gene-based test of association to results from a published GWAS that included data from
360,838 individuals.

Methods—We used approximate conditional analysis to adjust the results from the published
GWAS for the effects of the top risk variants identified in that study. We then analysed the
adjusted GWAS results with the EUGENE gene-based approach, which combines evidence for
association with disease risk across regulatory variants identified in different tissues. Novel gene-
based associations were followed up in an independent sample of 233,898 individuals from the
UK Biobank study.

Results—Of the 19,432 genes tested, 30 had a significant gene-based association at a
Bonferroni-corrected P-value of 2.5x1075. Of these, 20 were also significantly associated
(P<0.05/30=0.0016) with disease risk in the replication sample, including 19 that were located in
11 loci not reported to contain allergy risk variants in previous GWAS. Amongst these were nine
genes with a known function that is directly relevant to allergic disease: FOSL2, VVPRBP, IPCEF1,
PRR5L, NCF4, APOBR, IL.27, ATXNZL and LAT. For four genes (e.g. ATXNZL), a genetically-
determined decrease in gene expression was associated with decreased allergy risk, and therefore
drugs that inhibit gene expression or function are predicted to ameliorate disease symptoms. The
opposite directional effect was observed for 14 genes, including /.27, a cytokine known to
suppress Th2 responses.

Conclusion—Using a gene-based approach, we identified 11 risk loci for allergic disease that
were not reported in previous GWAS. Functional studies that investigate the contribution of the 19
associated genes to the pathophysiology of allergic disease and assess their therapeutic potential
are warranted.

INTRODUCTION

The strong genetic correlations between asthma, hay fever and eczema estimated from twin
studies'®, in combination with the highly polygenic architecture of these diseases, predict
that many hundreds if not thousands of genetic risk factors are shared between these three
common allergic diseases. Motivated by this prediction, we recently performed a genome-
wide association study (GWAS) designed to identify genetic risk variants that are shared
between asthma, hay fever and eczema 8. In that GWAS, cases (/7=180,129) were defined as
individuals who reported having suffered from one or more allergic disease, while controls
(m7=180,709) were individuals who reported never having suffered from any of these
diseases. We identified 136 single nucleotide polymorphisms (SNPs) located in 99 loci (/.e.
genomic regions located > 1Mb apart) that were independently associated with disease risk
at a genome-wide significance-threshold of A<3x1078, a threshold that corrects for the
number of SNPs tested 7. In our study, we often observed that multiple independent genetic
variants within one locus contributed to disease risk — this was the case for 18 of the 99 risk
loci identified.
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Larger GWAS of this multi-disease phenotype are underway and are expected to identify
more risk variants shared between asthma, hay fever and eczema. Here, we report results
from another approach that increases power to identify novel risk loci: gene-based instead of
SNP-based association analysis. Different gene-based tests have been developed, including
VEGAS 8 MAGMA ? and fastBAT 0. For each gene in the genome, these methods
combine in a single test the evidence for association with a disease across multiple SNPs,
which are typically selected because they are located in or near that gene (e.g. within 100
kb). These methods improve power over the alternative approach of testing each SNP at a
time (as is done in a GWAS) when multiple SNPs near a gene are independently associated
with disease risk. However, not all SNPs near a gene are directly relevant to its function. For
example, only some SNPs influence variation in gene expression levels — these are
commonly referred to as expression quantitative trait loci (eQTL). On the other hand, eQTL
have a greater probability of being associated with common diseases and traits 1. Motivated
by these observations, an additional suite of gene-based methods has been developed
recently that only include in the association test functional SNPs, such as eQTL. These
include, for example, PrediXcan 12, EUGENE 13 and S-PrediXcan 14. We developed
EUGENE because it was not possible with other methods to combine in the same
association test information from eQTL identified in different tissues. This feature is
important because multiple tissue types play a role in allergic disease pathophysiology and
tissue-specific eQTL are common 15, Furthermore, EUGENE also considers regulatory
variants with different mechanisms of action, for example, variants that affect splicing but
not overall transcription levels. This increased resolution is expected to increase our ability
to identify genes that are causally-related to common diseases 16.

The aims of the present study were to (1) identify novel risk loci shared between asthma,
hay fever and eczema by applying EUGENE to results from our previous GWAS 6; and (2)
follow up the top gene-based associations in an independent replication sample ascertained
from the UK Biobank study?’.

METHODS

Adjusting GWAS results for the effects of genome-wide significant SNPs

The starting point for this study was a GWAS of allergic disease reported recently by
Ferreira et al. ®, which included 360,838 individuals from 13 studies: UK Biobank,
23andMe, GERA, CATSS, NTR, LifeLines, TWINGENE, ALSPAC, SALTY, GENEVA,
AAGC, GENUFAD-SHIP-1 and GENUFAD-SHIP-2 (demographics in Table E1 in this
article’s Online Repository). In that study, single-SNP results were corrected for an inflation
factor that reflected technical biases and/or population stratification (specifically, an LD-
score regression intercept18 of 1.04). After that correction, there were 136 variants
independently associated with allergic disease in Ferreira et al. ©. Because our aim was to
identify new allergy risk loci, we first applied approximate conditional analyses as
implemented in the GCTA tool 1° to the summary statistics of Ferreira et al. © to adjust the
single-SNP results for the effects of the 136 risk variants (a detailed justification for
performing conditional analysis prior to the gene-based analysis is provided in the Online
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Repository). In the conditional analysis, linkage disequilibrium (LD) between SNPs was
estimated using genotype data from 5,000 individuals from the UK Biobank study?’.

Gene-based analysis of the adjusted GWAS results

To identify novel risk loci shared between asthma, hay fever and eczema, we analysed the
adjusted GWAS results with EUGENE13, a gene-based approach that is applicable to
summary statistics (/.e. it does not require individual-level genetic data for subjects included
in the GWAS) and combines evidence for association with disease risk across eQTL
identified in different tissues. The latter feature is important because multiple tissue types
play a role in allergic disease pathophysiology and tissue-specific eQTL are common 15,

We identified eQTL based on information from 39 published eQTL studies conducted in 19
tissues or cell types relevant to allergic disease (Table E2 in this article’s Online Repository).
For each eQTL study, we (i) downloaded the original publication tables containing results
for the eQTL reported; (ii) extracted the SNP identifier, gene name, association P-value and
directional effect (if available; beta/z-score and effect allele) for all reported eQTL; and (iii)
excluded eQTL located >1 Mb of the respective gene (i.e. franseQTL) and/or with an
association ~>2.3x1079, a conservative threshold that corrects for 21,742 genes in the
genome, each tested for association with 1,000 SNPs (as suggested by others 20-22) We did
not include #ranseQTLs in the analysis because often these are thought to involve indirect
effects 23, for example, where a SNP influences the expression of a gene in ¢is, which in turn
affects the expression of many other genes in trans.

Having identified a list of ¢/iseQTL for a given gene from published studies, we then
reduced that list to a set of eQTL in low LD with each other (specifically, with an /2<0.1)
using the --clump procedure in PLINK v1.90 24, For a given gene, we refer to these as
“independent eQTL”, although we recognise that some pairs of eQTL will not be in linkage
equilibrium. LD was estimated based on genetic data from individuals of European descent
from the 1000 Genomes Project 23 (n=294, release 20130502_v5a). Clumping was not
performed separately for each tissue or study, but rather applied to the overall list of eQTL
obtained after considering information from all tissues/studies. If an eQTL was identified in
multiple tissues/studies, the clumping procedure was performed using the smallest ~-value
reported for that eQTL across all tissues/studies. A file
(ASTHMA.20170517.eqtl.proxies.list) containing the independent eQTL identified per gene
is available at https://genepi.gimr.edu.au/staff/manuelF/eugene/main.html.

For each gene, EUGENE extracts single-SNP association results for each independent eQTL
(or, if not available, for a proxy with 2>0.8) from the GWAS summary statistics, sums the
association chi-square values across those eQTL, and estimates the significance of the
resulting sum test statistic using Satterthwaite’s approximation, which accounts for the LD
between eQTL. This approximation was originally implemented by Bakshi et al. 10 in the
GCTA-fastBAT module and is now also available in EUGENE. LD between eQTL was
estimated based on data from 294 Europeans from the 1000 Genomes Project (release
20130502_v5a). The significance threshold required to achieve experiment-wide
significance was set at 2< 0.05/N genes tested.
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Replication of significant gene-based associations in an independent sample

To confirm novel gene-based associations, we analysed an independent sample of unrelated
individuals of European descent from the UK Biobank study 7. The approach used to select
individuals for analysis was very similar to that described in detail previously 6. Briefly, we
(1) downloaded array (805,426 variants) and imputed (92,693,895 variants) genetic data for
the entire UK Biobank study, comprising 488,377 individuals, in June 2017; (2) pruned the
array data down to a set of 29,446 independent SNPs that had comparable (~>0.005) allele
frequencies between Europeans of the 1000 Genomes Project (CEU, FIN, GBR and TSI
groups) and the UK Biobank individuals of European descent included in the Ferreira et al.
GWAS 6; (3) merged the pruned dataset with data from 1,092 individuals of known ancestry
from the 1000 Genomes Project (release 20130502_v5a); (4) performed multi-dimensional
scaling (MDS) analysis of identity-by-state allele sharing separately for each of 32 groups of
~16,000 individuals (to be computationally feasible), including those from the 1000
Genomes Project; (5) identified and removed individuals who did not cluster closely (within
5 standard deviations of MDS components 1 and 2) to individuals of European ancestry
from the 1000 Genomes Project, resulting in 461,885 individuals; (6) identified and removed
any individuals included in, or related to (7.e. with a kinship coefficient that indicates 3rd
degree relatedness or closer; based on file ukb1007_rel s488374.dat), the 138,354
individuals of the UK Biobank study included in Ferreira et al. 6, as well as individuals (i)
with genetically-inferred sex different from self-reported sex, (ii) who were outliers for SNP
missingness or genome-wide heterozygosity levels, and/or (iii) with >10 third-degree
relatives, resulting in 244,395 individuals.

For each individual, allergic disease status was defined as previously described for the UK
Biobank study in detail . To classify asthma status, we combined information from three
sources: (1) touchscreen questionnaire (data-field 6152); (2) Non-cancer illness code, self-
reported during verbal interview (data-field 20002); (3) main (data-field 41202) and
secondary (data-field 41204) ICD10 diagnoses. Specifically, inclusion criteria for cases
were: (i) a report of “Asthma” in field 6152 and a code for asthma (1111) in field 20002; or
(ii) an ICD10 code for asthma in fields 41202 or 41204. Exclusion criteria for cases were: (i)
a report of COPD in fields 6152 or 20002; or (ii) other self-reported respiratory diseases in
field 20002. Inclusion criteria for controls were no report of asthma in fields 6152, 20002,
41202 and 41204. Exclusion criteria for controls were the same as for cases (no COPD or
other self-reported respiratory diseases). To classify hay fever status, we used the same three
sources of information. Specifically, inclusion criteria for cases were: (i) a report of “Hay
fever, allergic rhinitis or eczema” in field 6152 and a code for hay fever (1387) in field
20002; or (ii) an ICD10 code for hay fever in fields 41202 or 41204. Inclusion criteria for
controls were no report of hay fever in fields 6152, 20002, 41202 and 41204. The eczema
phenotype was created very similarly to the hay fever phenotype. Inclusion criteria for cases
were: (i) a report of “Hay fever, allergic rhinitis or eczema” in field 6152 and a code for
eczema (1452) in field 20002; or (ii) an ICD10 code for eczema in fields 41202 or 41204.
Inclusion criteria for controls were no report of eczema in fields 6152, 20002, 41202 and
41204. To create the overall allergic disease phenotype used for analysis, cases were
individuals classified as suffering from at least one condition (asthma and/or hay fever
and/or eczema), as described above. Controls were individuals classified as not having
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suffered from all three conditions. Using this approach, the 244,395 individuals selected for
analysis (see above) included 71,807 allergic disease cases, 162,091 allergic disease controls
and 10,497 individuals with a missing phenotype.

SNPTEST was then used to test the association between disease status and imputed
genotype data for eQTL of genes selected for replication; age, sex and SNP chip were
included as covariates. We only analysed SNPs imputed based on the Haplotype Reference
Consortium panel, given that variants imputed from the UK10K + 1000 Genomes panel
were not mapped correctly. We also tested the association with 1.2 million HapMap3 SNPs
in order to estimate the degree of inflation in test statistics arising because of unaccounted
technical biases, using the LD Score approach?®. We observed an LD Score intercept of
1.09, which was used to adjust the association results for the eQTL tested. Lastly, EUGENE
was used as described above to perform the gene-based analysis for all genes selected for
replication.

analyses contrasting individuals suffering from a single allergic disease

The case-control phenotype analysed in our GWAS8 combined information from asthma,
hay fever and eczema, and so was expected to improve power to identify risk variants shared
between, but not specific to any of, the three diseases 26. To understand if gene-based
associations discovered through the analysis of that multiple-disease phenotype were indeed
likely to represent risk factors shared across allergic diseases, we performed case-only
association analyses as described in detail previously 6. First, we tested the association
between eQTL of selected genes with three phenotypes that contrasted three non-
overlapping groups of adults who suffered from a single allergic disease: asthma only cases
(91; n=12,268) vs. hay fever only cases (g2; 7=33,305); asthma only cases (g1) vs. eczema
only cases (g3; 7=6,276); and hay fever only cases (g2) vs. eczema only cases (g3). For a
given eQTL, results from these analyses indicate if the risk allele is more (odds ratio [OR]
>1) or less (OR<1) common in e.g. group 1 (g1) when compared to group 2 (g2). For
example, if an eQTL contributed similarly to the risks of asthma and hay fever but not
eczema, then one would expect an OR~1 in the asthma only vs. hay fever only comparison,
but an OR>1 in the asthma vs. eczema and hay fever vs. eczema analyses. Second, for each
gene and phenotype tested, we combined the association results across eQTL using
EUGENE as we did in the analysis of the adjusted GWAS results described above.

This study was approved by the Human Ethics Committee of the QIMR Berghofer Medical
Research Institute.

Identification of novel risk loci for allergic disease through gene-based association

analysis

An overview of the analytical approach used is shown in Figure 1. To identify novel risk loci
shared between asthma, hay fever and eczema, we first adjusted the association results from
Ferreira et al. ® for the 136 genome-wide significant SNPs (/.e. with A<3x1078) identified in
that study using approximate conditional analysis (Figure 2A). In the resulting adjusted

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 April 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ferreira et al. Page 7

GWAS, as expected there were no SNPs associated with disease risk at A<3x1078 and
located >1Mb from the loci reported in Ferreira et al. 6. On the other hand, four SNPs
located in loci reported in that study (in/near CADM3, SLC39A8, LRRC43and KLF5) were
genome-wide significant in the conditional but not in the original analyses, consistent with
the presence of additional secondary association signals at those established risk loci (Figure
2B). Importantly, there was an enrichment in significant SNP associations in the adjusted
GWAS (Figure E1 in the Online Repository), suggesting that many of these associations are
likely to represent true-positive findings.

To identify loci that were likely to contain true-positive associations, we applied the
EUGENE gene-based approach 13 to the adjusted GWAS results. Specifically, we tested the
association between disease risk and 19,432 genes (or other types of transcripts, such as long
non-coding RNAs [IncRNA]) that were reported to have one or more independent eQTL in
19 tissues or cell types relevant to allergic disease (Table E2 in this article’s Online
Repository), including whole blood, lung, skin and individual immune cell types.

We identified 30 significant gene-based associations at a Bonferroni-corrected ~-value of
2.5x1076, which were located in 18 loci (Table 1). The specific eQTL included in the gene-
based test for each of these 30 genes are listed in Table E3 in this article’s Online
Repository. For 21 genes, the association P-value obtained with the gene-based test was
more significant than the P-value obtained with the individual eQTL most associated with
disease risk (Figure 3), indicating that multiple eQTL for the same gene were associated
with disease risk (range 2 to 7 associated eQTL per gene; Table 1). For eight genes, the
difference in significance between the most associated individual eQTL and the gene-based
test exceeded one order of magnitude (Figure 3). The most extreme example of this was the
SPNS1 gene on chromosome 16p11.2 (gene-based P=3.5x1079 versus best individual eQTL
P=4.8x107), for which 6 of the 15 eQTL tested (identified in five tissues) were nominally
associated with disease risk (Table E4 in this article’s Online Repository).

Replication of significant gene-based associations in an independent sample

Next, we performed a replication study to determine which of the 30 significant gene-based
associations were likely to represent true-positive findings. To this end, we first identified
71,807 cases and 162,091 controls genotyped by the UK Biobank study!’ who were
unrelated to individuals from our initial GWAS 6. We then used EUGENE to test the
association in this independent sample between case-control status and each of the 30 genes
identified above.

There were 20 significant gene-based associations at a conservative significance threshold
that accounts for the 30 genes tested (£<0.05/30=0.0016; Table 1). These included 19 genes
located in 11 loci not implicated in allergic disease in previous GWAS: OR10J5
(chromosome 1923.2); RP11-5341.20.5(1932.1); FOSL2(2p23.2); RBM15B and VPRBP
(3p21.2); IPCEFI (6025.2); AC004893.11 (7q22.1); PRR5L (11p13); NSMCEI (16p12.1);
SPNS1 and seven other nearby genes (16p11.2); PVALB and NCF4(22g12.3). Of note, nine
of these genes have a known function that is directly relevant to the pathophysiology of
allergic disease (Table 2).
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Predicted directional effect of gene expression on disease risk

Association

Because the gene-based approach used focuses exclusively on eQTL, which in turn are
associated with the expression of specific genes, we were able to identify in a single analysis
both novel risk loci as well as the likely gene(s) underlying each association. Furthermore,
often (but not always) the directional effect of an eQTL on gene expression can be obtained
from published eQTL studies. Based on this information, for each gene, we determined if
the allergy-protective allele of eQTL included in the gene-based test was associated with
increased or decreased gene expression. This is important because drugs that mimic the
directional effect of the allergy-protective allele on gene expression might be expected to
attenuate (rather than exacerbate) allergic disease symptoms.

When we performed this analysis for the 20 genes with a significant (A<0.0016) association
in the replication study, we found that for 14 genes the allergy protective allele was
associated with increased gene expression (Table E5 in this article’s Online Repository).
This includes, for example, the long non-coding RNA RP11-534L 20.5, for which
information from six different tissues (including blood, lung and skin) indicates that
increased gene expression has a protective effect on disease risk. On the other hand, for four
genes (AC004893.11, ATXNZL, NSMCE1, RP11-24N18.1) the allergy protective allele was
associated with decreased gene expression, while for two genes eQTL directional effects
were conflicting between studies (/PCEF1, SULT1AI).

analyses contrasting individuals suffering from a single allergic disease

The multiple-disease case-control phenotype analysed in our GWAS® maximizes power to
identify risk variants that are shared between asthma, hay fever and eczema28. As such, we
expected the 11 novel risk loci identified above to have comparable effects on the three
individual diseases. To address this possibility, we tested the association between the 20
genes in those 11 loci and three phenotypes that compared three non-overlapping groups of
adults who suffered from a single allergic disease: (1) asthma only cases (/7=12,268) versus
hay fever only cases (/7=33,305); (2) asthma only cases versus eczema only cases (/7=6,276);
and (3) hay fever only cases versus eczema only cases. After correcting for the number of
tests performed (A<0.05/(20 genes x 3 phenotypes)=0.0008), no single gene had a significant
association in the asthma versus hay fever, asthma versus eczema or hay fever versus eczema
analyses (Table E6). Even at a nominal £<0.05, which does not correct for multiple testing,
only three genes (in two loci) had a significant association in these analyses: OR10J5,
RP11-264B17.4 and LAT. These results indicate that most (if not all) of the 11 novel risk
loci identified in this study do not have differential effects on the three individual diseases.

DISCUSSION

By analyzing results from our previous GWAS 6 with a gene-based test of association,
followed by replication of top findings in an independent sample, we identified 11 loci that
contain previously unrecognized genetic risk variants for allergic disease. Results from case-
only association analyses indicate that these loci have similar effects on asthma, hay fever
and eczema risk.
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The 11 novel risk loci were not reported in the original GWAS because they did not contain
any single SNP associated with disease risk at a significance threshold that accounted for the
number of SNPs tested. We were able to identify these loci in the present study for two main
reasons. First, by testing individual genes rather than SNPs, the multiple testing burden was
greatly reduced; this translated into a less stringent threshold required to declare genome-
wide significance (P-value of 2.5x1076 instead of 3x1078), which increases power. Second,
most of these loci (7 out of 11) contain genes for which multiple independent eQTL were
individually associated with disease risk. Under this scenario, the gene-based test used
improves power over the alternative approach of testing individual eQTL separately. Overall,
our results support the use of gene-based eQTL-centric approaches to identify novel risk loci
for human diseases and traits, as reported by others 10. 27,

Our results point to 19 genes as being the likely candidates underlying the association
between the 11 new loci and allergic disease risk. We stress, however, that functional studies
are now required to confirm that the expression of these genes (1) is determined by (not
simply associated with) the eQTL included in the respective gene-based test; and (2)
influences disease pathophysiology. In other words, for given locus, we cannot exclude the
possibility that a gene with a significant association is not causally-related to disease
pathophysiology. Instead, for example, it might simply share eQTL with a nearby causal
gene that was not identified in our analysis. We highlight one possible example of this. We
observed a genome-wide significant association with a single gene in the 1g23.2 locus: the
olfactory receptor gene OR10J5(P=2.3x1075). This gene is thought to regulate lipid
accumulation 28, and so could plausibly contribute to the pathophysiology of allergic
disease. However, there were four additional genes within 1 Mb of OR10J5that had a
statistically (albeit not genome-wide) significant gene-based association in our discovery
analysis: FCERIA (P=1.2x1075), DARC (P=0.0005), /F/16 (P=0.009) and PYHIN1
(P=0.03), the latter reported previously to contain asthma risk variants in populations of
African ancestry 29, The association with the first two replicated in the independent UKB
sample: P=4.8x107" and P=0.0001, respectively. Therefore, it is possible that FCER1A
and/or DARC represent causal gene(s) underlying the observed association at this locus.
Both are biologically plausible candidate allergy risk genes, encoding respectively the alpha
subunit of the high-affinity 1gE receptor and an atypical chemokine receptor 30, Why did our
analysis identify OR10J5and not, for example, FCER1A? The gene-based test for OR10J5
included three eQTL (see Table E2 in this article’s Online Repository), all individually
associated (P<0.05) with disease risk; the strongest disease association was observed for
eQTL rs2427838 (single-SNP P=1.0x1075). On the other hand, the gene-based test for
FCERIA included these same three eQTL (/.e. these eQTL were shared between OR10J5
and FCER1A) plus an additional six independent eQTL, none of which were individually
associated with disease risk. Because the additional eQTL tested for FCER1A were not
associated with disease risk, the resulting gene-based association was weaker when
compared to OR10J5. An interesting question is why some but not all eQTL of FCERIA
(and other genes) are associated with disease risk; it could be, for example, that disease
associations are restricted to eQTL that influence gene expression in a specific subset of
immune cells, or to eQTL that influence multiple relevant genes. Future studies that address
this question are warranted.

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 April 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ferreira et al.

Page 10

With the caveat in mind that significant gene-based associations pinpoint causal risk loci but
not necessarily the right causal gene(s), we note that nine of the 19 genes located in novel
risk loci encode proteins with a known function that is directly relevant to allergic disease
(Table 2). For example, FOSL2is involved in B cell and epidermal differentiation 3132,
Furthermore, it has a critical yet complex role in Th17 differentiation and function 33: on the
one hand, it represses Th17 signature genes (e.g. /L17A), but on the other hand, it promotes
the expression of genes that drive Th17 maintenance and survival (e.g. /L6R) 33. When we
compared the directional effect of FOSL2eQTL between disease risk and gene expression,
we found that the allele associated with reduced disease risk was associated with increased
gene expression. These genetic findings suggest that increased FOSL 2 expression results in
attenuated allergic inflammatory responses. Consistent with this possibility, deletion of a
FOSL Zrepressor in mice decreased the capacity of CD4+ T cells to develop into the pro-
inflammatory T follicular helper cell lineage following immunization with ovalbumin, viral
infection, or in the context of low-grade chronic inflammation34. Based on these
observations, we suggest that therapeutic strategies that increase FOSL 2 expression should
be considered for the treatment of allergic diseases.

Another example of a gene identified in our analysis and previously implicated in the
pathophysiology of allergic disease was /L27. This was one of eight genes identified on
chromosome 16p11.2, a region that overlaps a large (~0.45 Mb) and common (49%
frequency in Europeans) genomic inversion previously reported to be associated with the
joint occurrence of asthma and obesity 3°. Of the two eQTL included in the gene-based test
for /.27, one (rs7191548) is in high LD (/2=0.72) with a SNP that tags the inversion
(rs4788101), suggesting that the association observed with /L27in our study is partly
explained by that large structural variant. IL-27 has been shown to suppress Th2 responses
36,37 and so has been suggested as a potential new therapy for asthma. However, to our
knowledge, no clinical trials have been performed to test this possibility. Our observation
that, for both /L27eQTL tested, the allele associated with reduced disease risk was
associated with increased gene expression in blood provides further support for an anti-
inflammatory effect of IL-27 for the treatment of allergic conditions.

Lastly, we identified four significant gene-based associations with non-coding RNAs of
unknown function. Of these, the INCRNA RP11-534L20.5is of particular interest, as it is
located in close proximity (8kb) to /KBKE, a regulator of the NF-kappaB pathway that plays
arole in immune-related mechanisms 38 39, Using data from release v7 of the GTEx
project40, we found a highly significant positive correlation in gene expression between
RP11-5341.20.5and /KBKE in the skin (P=10711), with a weaker but consistent effect in
blood and lung (not shown). Such an association could arise, for example, if RP11-534L20.5
regulates the expression of /KBKE or if both transcripts share a regulatory element.
Consistent with the latter hypothesis, the 5" end of RP11-534L.20.5 overlaps a peak of
H3K27 acetylation (a mark for active enhancers) in multiple cell lines and physically
interacts with the /KBKE promoter in a B-cell line 41. Further studies are warranted to
investigate the function of RP11-534L.20.5, as well as the other non-coding RNAs identified
in our analysis.
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Two additional caveats should be considered when interpreting results from our study. First,
our original GWAS 6 included only individuals of European ancestry, and so it is unclear if
the risk loci identified in our current study extend to individuals of other ancestries. Second,
the association analyses performed to compare individuals suffering from a single allergic
disease were based on a relatively small sample size, and so it is possible that the lack of
significant associations reflects the lower power of these analyses.

In conclusion, we identified significant and reproducible gene-based associations with 19
genes located in 11 loci not previously reported in GWAS of allergic disease. Our genetic
findings suggest that drugs that target these genes might have an increased probability of
success if prioritised for clinical development 42, Our results further demonstrate the utility
of applying gene-based tests of association to results from existing GWAS.
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Figure 1.

Outline of analytical approach used.

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 April 29.

Page 15



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ferreira et al.

Page 16

A. Ferreira et al. (2017) smgle—SNP GWAS

°
=
S s
o
o
o 3 ’
Q

0

- & B T 6 e f e & & I 4 o % & &t e2szay X
Chromosome
B. Single-SNP GWAS adjusted for top 136 SNP associations

B [LRRC43]
s [CADM3] [SLC39A8] B gKLF5-[]-KLF12
3
S s
a
S
D 3 ’
o

o

- « © « 46 & & & & & - & © % L @ L 2oy X
Chromosome
C. Gene-based analysis of adjusted GWAS results
APOEH \

9 1&7\&

= RP11-534L20.5 Pl ECEF1 PTPLA SYLTTAl \\ FRRY ors
RBM15B RP11-264B17.4 \ T P.

3 CAZE:OJS/ NERER / AC004893 ﬁso.lvmaﬁ RP11-24N LM; 'CCA”?‘??CE&“PVALB
S \ § eFoSL2 TICAM2 . @PRRSL N8 amyO1
&,
o
> 3
o

o

14
15
16
174
18
19
20
21
22
X

T T T T T T T T T T T T
- o © - o © ~ © @ ° - o~ o

Chromosome

Figure 2. Summary of association results between allergic disease status and single SNPs or
individual genes

(A) Single-SNP association results published by Ferreira et al. 6. (B) Single-SNP association
results obtained after adjusting the results of Ferreira et al. for the effect of the 136 genome-
wide significant associations reported in that study. Variants in four loci (in CADMS3,
SLC39A8, L RRC43 and between KLF5and KLF12) were genome-wide significant (/.e.
P<3x1078) in the adjusted but not in the original GWAS results, and so represent secondary
single-SNP association signals in loci identified in Ferreira et al. 6. (C) Gene-based
association results obtained for 19,432 genes after applying the EUGENE approach to
results from the adjusted GWAS. Genes with a gene-based association A<2.5x107% are
listed, with font color reflecting the evidence for association with those genes in the UK
Biobank replication study: green - £<0.0016 (/.e. significant after correcting for 30 genes
tested); blue - 0.0016</<0.05 (/.e. nominally significant); and black - £>0.05 (/.e. not
significant).
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Figure 3. Comparison of results obtained with single-SNP and gene-based analyses for the 30
genes with a significant gene-based P-value (i.e. P<2.5><1O_6) in the discovery study

For each gene, the x-axis shows the statistical evidence for association (-log10A~-value)
obtained with the eQTL most strongly associated with disease risk. The y~axis shows the
evidence for association (~log10A~-value) obtained for each gene with the EUGENE gene-
based approach. Gene names are shown for eight genes for which the latter was at least one
order of magnitude more significant than the former. The color of each circle indicates the
number of independent eQTL for that gene that were individually associated with disease
risk at a A<0.05: black (one associated eQTL), green (two), yellow (three) and red (three or
more).
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