
Susceptibility genes for lung diseases
in the major histocompatibility complex
revealed by lung expression quantitative
trait loci analysis

To the Editor:

The major histocompatibility complex (MHC) has been linked with hundreds of diseases [1]. The MHC is
one of the most complex regions of the human genome, because of the high gene density, extended
linkage disequilibrium (LD) and sequence diversity [2]. Recent genome-wide association studies (GWAS)
have identified polymorphisms located in the MHC that are associated with lung diseases and related
traits: asthma, cystic fibrosis, idiopathic interstitial pneumonia, lung cancer and lung function. However,
due to the limitations of GWAS and tissue-specific characteristics of gene expression [3], the causal genes
and genetic mechanisms mediating the heritable risk within this locus remain to be found.

The present study has two goals: 1) to identify lung expression quantitative trait loci (eQTL) within the
MHC region; and 2) to identify new susceptibility genes for lung diseases/traits by overlaying lung eQTL
results and MHC single nucleotide polymorphisms (SNPs) previously associated with lung function and
respiratory diseases. Susceptibility alleles for respiratory diseases that function as strong lung eQTL should
facilitate the biological interpretation of GWAS results and the identification of causal genes in loci with
high gene density and high LD such as the MHC.

Study subjects and lung specimens have been described previously [4]. Subjects were from three academic
sites: Laval University (Quebec, Canada), University of British-Columbia (Vancouver, Canada) and
Groningen University (Groningen, the Netherlands), henceforth referred to as Laval, UBC and Groningen,
respectively. Genome-wide gene expression and genotyping profiles were obtained using a custom
Affymetrix array (GPL10379; Affymetrix, Santa Clara, CA, USA) and the Illumina Human1M-Duo
BeadChip array (Illumina, Inc., San Diego, CA, USA), respectively. Only subjects that passed genotyping and
gene expression quality controls [5] were included in this study. Subjects with missing values for smoking
status were also excluded, leaving 409, 287 and 342 subjects from Laval, UBC and Groningen, respectively.

The borders of the extended MHC (xMHC) were defined [1] and delimited by two genes on chromosome 6:
HIST1H2AA and KIFC1. The expressions of all probe sets located within this region were analysed, which
included 271 probe sets covering 212 transcripts. 6872 genotyped SNPs were available in the three datasets.
Lung eQTL in the xMHC region were identified with expression data adjusted for age, sex and smoking
status [5]. Association tests between adjusted expression traits and SNPs were performed using quantitative
association tests implemented in PLINK (http://pngu.mgh.harvard.edu/purcell/plink/). Each possible
combination of genotyped SNP and probe set located in the xMHC was tested in the Laval, UBC and
Groningen datasets separately. eQTL were considered significant if they passed Bonferroni correction in
Laval (0.05/(271 probe sets×6872 SNPs); p-values ⩽2.68×10−08) and were replicated (p-value ⩽0.05) in UBC
and Groningen. Local- and distant-acting eQTL were defined using a 1 Mb threshold between the SNP and
transcriptional start site positions.

A total of 5790 significant lung eQTL were detected in the xMHC. The eQTL consisted of 2807 SNPs (663
are independent, r2<0.8) and 66 associated probe sets interrogating 50 transcripts. The majority of eQTL
were local (n=5516), but 274 distant-acting eQTL were found. GWAS SNPs located in the xMHC and
associated with lung diseases/traits were further investigated. The NHGRI-EBI (National Human Genome
Research Institute-European Bioinformatics Institute) Catalog of published GWAS was downloaded
(www.ebi.ac.uk/gwas/; date last accessed March 19, 2015) and hits located in the xMHC were isolated. Five
lung diseases/traits were considered: asthma, cystic fibrosis lung disease severity, idiopathic interstitial
pneumonia, lung cancer and lung function. Overall, a total of 27 risk associated genetic variants were
considered, with GWAS p-values ranging from 4×10−6 and 4×10−23. The eQTL significant threshold in
Laval was set at a p-value of ⩽6.83×10−06 (0.05/(271 probe sets×27 SNPs)).

Among the 27 GWAS SNPs associated with lung diseases in the xMHC, 14 were associated with the
expression levels of at least one transcript in Laval (figure 1a) and the same direction of effect was
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FIGURE 1 Lung expression quantitative trait loci (eQTL) in the extended major histocompatibility complex (xMHC) for genome-wide association study (GWAS)-nominated single nucleotide
polymorphisms (SNPs) of lung diseases and traits. a) Graphical representation of significant lung eQTL identified in the xMHC considering only GWAS-associated SNPs for lung diseases
(asthma, lung cancer and interstitial lung disease) and lung function. The outer border of the circle is the chromosomal position in Mb. xMHC sub-regions are colour coded (green:
extended class I; yellow: classical class I; orange: classical class III; blue: classical class II; red: extended class II). SNPs and transcripts are colour coded according to their
GWAS-associated trait or disease (green: pulmonary function; blue: lung cancer; orange: interstitial lung disease; red: asthma). Transcripts in black are associated with GWAS SNPs of two
different traits or diseases. Black arrow heads represent the location of eQTL-genes. b–f ) Boxplots of gene expression levels in the lung according to genotype groups. The y-axis shows the
mRNA expression levels. The x-axis represents the three genotype groups for the SNP with the number of individuals in parenthesis. The risk allele identified in GWAS is shown in red. Box
boundaries, whiskers and centre mark in boxplots represent the first and third quartiles, the most extreme data point which is no more than 1.5 times the interquartile range, and the
median, respectively. The left, centre and right panels show the results for Laval, University of British Columbia (UBC) and Groningen samples, respectively. b) Lung cancer-associated SNP
rs7767099 (BTN3A2). c) Asthma-associated SNP rs9273349 (CDSN). d) Asthma-associated SNP rs9273349 (AGPAT1). e) Lung function-associated SNP rs2855812 (MICB). f ) Interstitial lung
disease-associated SNP rs3132946 (AGPAT1).
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observed in the two replication sets. 19 unique eQTL were found with SNPs previously associated with
asthma (six SNPs; eight transcripts), two with idiopathic interstitial pneumonia (one SNP; two transcripts),
four with lung cancer (two SNPs; four transcripts), 13 with lung function (five SNPs; 10 transcripts), and
none with cystic fibrosis lung disease severity. The most relevant lung eQTL are illustrated in figure 1.

For lung cancer, rs7767099 was associated with mRNA expression of BTN3A2 encoding the butyrophilin,
subfamily 3, member A2. The surrogate risk-allele of rs7767099 in LD with the lung cancer-related SNP
rs4324798 [6] was associated with lower mRNA expression levels of BTN3A2 (figure 1b). BTN3A2 was
previously associated with ovarian cancer [7]. The same risk allele (rs7767099-T) was also associated with
higher expression of ZFP57 encoding the transcriptional repressor zinc finger protein 57 (eQTL p-values Laval
3.36×10−10, UBC 5.03×10−17 and Groningen 4.95×10−18). ZFP57 is known to induce IGF2 expression [8] and
high protein expression of IGF2 is associated with a lower survival rate in lung cancer [9].

For asthma, the risk allele (rs9273349-C) was associated with lowered mRNA expression levels of CDSN
(corneodesmosin) (figure 1c). This gene has been associated with skin diseases [10]. Genetic variants in
this gene may alter the skin barrier contributing to allergic sensitisation and allergic asthma akin to the
filaggrin gene [11]. The same risk variant was also associated with lowered expression levels of AGPAT1
encoding 1-acylglycerol-3-phosphate O-acyltransferase 1 (figure 1d). AGPAT1 is an enzyme converting
lysophosphatidic acid (LPA) into phosphatidic acid. The autotaxin–LPA pathway was recently associated
with allergic lung inflammation [12].

The variant associated with lower lung function (rs2855812-T) was associated with higher mRNA
expression of MICB encoding the MHC class I polypeptide-related sequence B (figure 1e). MICB encodes
a ligand for the NKG2D type II receptor, which is a key mediator of cigarette smoke-stimulated natural
killer cell hyperresponsiveness [13]. Higher levels of MICB may predispose individuals to greater
inflammation due to the constant activation of the NKG2D receptor.

Finally, the idiopathic interstitial pneumonia risk allele (rs3132946-A) was associated with higher
expression of AGPAT1 (figure 1f). Accordingly, the risk variants for asthma (rs9273349) and idiopathic
interstitial pneumonia (rs3132946) have an opposite direction of effect on the expression of AGPAT1 in
lung tissue (figures 1d and 1f). These two SNPs are in low LD in our datasets (max r2=0.17). Elevated
levels of LPA and/or autotaxin have been observed in bronchoalveolar lavage [14] and lung [15] of
patients with idiopathic interstitial pneumonia. The risk-associated genetic variants for idiopathic
interstitial pneumonia in the xMHC may thus be mediated through AGPAT1.

This study has limitations. The eQTL obtained in this study are derived from nontumour lung
parenchymal samples. A proportion of eQTL are cell type- and tissue-specific [3]. Whole lung tissues
contained multiple cell types and many eQTL in less prevalent cellular types will not be detected. eQTL
are also known to be influenced by disease states. In this study, the majority of patients had lung cancer,
but patients with other lung diseases were also included in the replication sets.

In conclusion, integration of lung specific eQTL located in the xMHC with results from previous GWAS
for lung diseases/traits has revealed new susceptibility genes for lung cancer (BTN3A2 and ZFP57), asthma
(AGPAT1 and CDSN), lung function (MICB) and idiopathic interstitial pneumonia (AGPAT1). This study
provides significant new information concerning our understanding of the complex regulatory mechanism
governing the xMHC region and sheds light on the mechanisms underlying GWAS loci for lung diseases
identified in this region.
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