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PID1 is associated to a respiratory endotype related to occupational exposures to irritants

niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

aspects of the examinations involved: interviewers, technicians for lung function testing and skin prick tests, blood sampling, IgE determinations, coders, those involved in quality control, data and sample management and all those who supervised the study in all centres. The authors are grateful to the three CIC-Inserm of Necker, Grenoble and Marseille who supported the study and in which participants were examined. They are also grateful to the biobanks in Lille (CIC Inserm), and at Annemasse (Etablissement Français du sang) where biological samples are stored.

They are indebted to all the individuals who participated, without whom the study would not have been possible.

The EGEA study and inclusion criteria have been described in detail previously [START_REF] Kauffmann | Epidemiologic Study of the Genetics and Environment of Asthma, Bronchial Hyperresponsiveness, and Atopy. Phenotype Issues[END_REF]. The EGEA is a French case-control and family-based study started in 1990s with two follow-ups over 20 years. The first EGEA survey (EGEA1) included cases with asthma recruited in five chest clinics, their first-degree relatives and population-based controls (n=2047). A first follow-up of the participants was completed in 2003-2007 (EGEA2), including 1602 subjects, almost exclusively adults (98%) with complete examination including lung function tests, skin prick test to 12 aeroallergens, and blood samples. At each survey, all participants answered a questionnaire based on international standardized tools to evaluate asthma, and to determine respiratory and allergic symptoms, treatments, occupational history and environmental exposures. Occupational exposure to irritants during the current or last held job was assessed by the updated Occupational Asthma-specific Job-Exposure Matrix (three levels of exposure: no/medium/high) (2). Ethical approval was obtained from the relevant institutional review board committees (Cochin Port-Royal Hospital and Necker-Enfants Malades Hospital, Paris). Participants signed a written informed consent.

Respiratory endotypes

Five respiratory endotypes, previously described in detail by Nadif et al. (3), have been identified using a cluster analysis based on demographic, clinical, functional and biological characteristics: two endotypes among never-asthmatics (NA): NA1 (n=166) predominantly asymptomatic; NA2 (n=489) predominantly with respiratory symptoms, and three endotypes among current asthmatics (CA): CA1 (n=53) predominantly characterized by adult-onset asthma with poor lung function, use of asthma treatments, cough and phlegm, asthma exacerbations, high neutrophil count and high FlOPs level; CA2 (n=219) predominantly with asthma, allergic sensitization and high IgE level.

Genotyping

The EGEA participants were genotyped using Illumina 610 Quad array at the Centre National de Génotypage (CNG, Evry, France) as part of the European Gabriel consortium asthma GWAS [START_REF] Moffatt | A Large-Scale, Consortium-Based Genomewide Association Study of Asthma[END_REF]. Stringent quality control criteria were used to select both individuals and genotyped SNPs for analysis as previously described (4). Five hundreds and nine participants out of the 542 participants from NA1 and CA1 endotypes (94%) were genotyped. Imputations of non-genotyped SNPs were performed using HapMap2 CEU haplotypes as reference panel.

Imputed SNPs were kept for analysis if their imputation quality score (rsq) was greater than or equal to 0.9.

Selection of genes

The gene selection was based on the first step of the pathway-based approach described previously [START_REF] Rava | Selection of genes for gene-environment interaction studies: a candidate pathway-based strategy using asthma as an example[END_REF]. We selected from the Gene Ontology (GO) database 602 genes involved in the "response to oxidative stress" pathways (GO: 0006979) that we have enriched by biological knowledge and literature reviews, resulting in a list of 625 genes. After excluding duplicates, 597 genes and 6265 corresponding SNPs located within these genes were selected.

To keep the number of tests reasonable and thus increase the power, we examined only the SNPs located within the limits of the genes.

Analysis with genotyped data

To study the associations between SNPs located in genes involved in the response to oxidative stress and the endotype CA1 (vs. NA1), we performed logistic regression using STATA v14.1 with the cluster (within family) and robust variance option of the logit function, to take into account familial dependency between individuals. All models included the principal components (PCs) accounting for within-France diversity. After selection of SNPs with size of affected and unaffected subjects per genotype (effective ≥ 10), 4715 SNPs belonging to 422 genes were analyzed.

To account for multiple testing, the Bonferroni corrected significance p-value threshold applied to the Meff (effective number of independent tests after discarding dependence due to linkage disequilibrium (LD) between the SNPs ( 6)) was calculated for the 4715 SNPs. The Meff was estimated to 2185 and thus the significance p threshold equal to 0.05 / 2185 = 2.3E-05.

To check the robustness of the results regarding the possible bias due to small sample size (for some SNPs, the size per genotype expected under the null hypothesis of no association was too small (<5) in CA1), we conducted different tests specific to small sample size including exact logistic regression and Firth logistic regression, an approach equivalent to penalizing the likelihood by the Jeffreys invariant prior [START_REF] Firth | Bias Reduction of Maximum Likelihood[END_REF][START_REF] Wang | Firth logistic regression for rare variant association tests[END_REF]. Because with these tests, familial correlation was not accounted for, we compared these results with those obtained by the previous regression logistic, but without cluster and robust variance option.

To check the specificity of the associated SNPs with the endotype CA1, we also investigated the associations between these SNPs and the other endotypes CA2 and CA3 (vs. NA1).

For each of the 422 genes, associations with the endotype CA1 (vs. NA1) were also investigated at the gene level by using the versatile gene-based test (Versatile Gene-based Association Study ( 9)). The gene-based statistic was defined as the best SNP test statistic (or min p-value) using the results of logistic regression. The correlation between these statistics due to the LD between SNPs is taken into account by computing an empirical p-value through Monte-Carlo simulations using the linkage disequilibrium pattern of HapMap CEU (Utah residents with ancestry from northern and western Europe) reference sample. The empirical pvalues were then adjusted for multiple testing using the Bonferroni correction (significance p threshold = 0.05/422 = 1.2E-04).

Analyses with imputed data from HapMap phase 2 population CEU

The regions around the SNPs showing significant association with the endotype CA1 (vs. NA1) were more finely studied using the imputed SNPs (imputation from HapMap 2 CEU) spanning 5kb on each side of each associated SNP.

Stratification on occupational exposure to irritant agents

For the 10 top SNPs associated with CA1, we conducted association analyses separately in two groups: in participants who had high occupational exposure to irritants and in those who had no exposure. Performing formal interaction test was not possible because of too small sample size after stratification in two groups.

eQTLs, functional annotations and chemical-gene/protein interactions

We investigated whether the SNPs (or their proxies, r 2 ≥0.8) associated with the endotype CA1 were cis-expression quantitative trait loci (cis-eQTLs). We used the eQTL browser databases like the Genotype-Tissue Expression project (GTEx) and includes e-QTL data from many tissues [START_REF] Kamat | PhenoScanner V2: an expanded tool for searching human genotype-phenotype associations[END_REF][START_REF] Staley | PhenoScanner: a database of human genotype-phenotype associations[END_REF]. No eQTL was found. Furthermore, functional annotations of these SNPs (or proxies) were done using the HaploReg v4.1 tool (https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php). HaploReg annotates SNPs in terms of colocalisation with regulatory elements, such as promoter and enhancer marks, DNase I hypersensitivity sites and transcription factor (TF) and proteinbinding sites, based on Roadmap Epigenomics data and Encyclopedia of DNA Elements data (Table E2). E3). 

Finally

  , curated (chemical-gene interactions | chemical-disease | gene-disease) data were retrieved from the Comparative Toxicogenomics database (CTD) (12), MDI Biological Laboratory, Salisbury Cove, Maine, and NC State University, Raleigh, North Carolina. Word Wide Web (URL: http://ctdbase.org/) [May, 2019]). CTD is a database that aims to advance understanding about how environmental exposures affect human health (Table

Table E3 : Chemical retrieved from the Comparative Toxicogenomics Database (CTD, URL: http://ctdbase.org/, Davis et al. 2021

 E3 Prenatal diesel exhaust exposure disrupts the DNA methylation profile in the brain of mouse offspring. J Toxicol Sci. 2015 Feb;40(1):1-11.

	NA1)							
									(12)) and interacting with PID1
	SNP gene.	A1/A2		EAF	OR (95% CI)	z		p
	rs4973171 Chemical name	A/G	Gene	0.51	0.72 (0.48-1.10) Interactions	-1.51 Organism		0.13	References
									Song MK, et al. Transcriptome Profile Analysis of Saturated
	rs10171191 Aldehydes	A/G PID1		0.49	1.38 (0.91-2.10) Aldehydes results in increased expression of PID1 mRNA	1.51 Homo sapiens		0.13 Aliphatic Aldehydes Reveals Carbon Number-Specific Molecules Involved in Pulmonary Toxicity. Chem Res Toxicol. 2014 Jul
	rs10171051	A/C		0.75	0.73 (0.43-1.25)	-1.16		0.25 25;27:1362-70.
									Song MK, et al. Integrated analysis of microRNA and mRNA
	rs10183571 rs2396617 Butyraldehyde	C/T PID1 A/G		0.49 0.15	1.38 (0.91-2.10) Butyraldehyde results in increased expression of PID1 mRNA 0.35 (0.22-0.56)	1.51 Homo sapiens -4.40	0.13 expression profiles highlights aldehyde-induced inflammatory responses in cells relevant for lung toxicity. Toxicology. 2015 Aug 1.10E-05 6;334:111-21.
	rs2396618 rs10804349 Propionaldehyde	A/G G/T PID1		0.15 0.11	0.35 (0.22-0.56) 1.00 (0.57-1.77) Propionaldehyde results in increased expression of PID1 mRNA	-4.40 0.01 Homo sapiens	1.10E-05 1.00 Song MK, et al. Integrated analysis of microRNA and mRNA expression profiles highlights aldehyde-induced inflammatory responses in cells relevant for lung toxicity. Toxicology. 2015 Aug 6;334:111-21.
	rs1419958 rs1419959 Carbon Tetrachloride PID1 G/T G/T		0.85 0.40	0.35 (0.22-0.56) 0.62 (0.41-0.94) Carbon Tetrachloride results in decreased expression of PID1 mRNA	-4.40 -2.26 Rattus norvegicus 1.10E-05 0.02 Zhang H, et al. Transcriptomic analyses reveal the molecular mechanisms of schisandrin B alleviatesCCl-induced liver fibrosis in rats by RNA-sequencing. ChemBiol Interact. 2019 May 28;309:108675.
	rs12477036 Methyl cellosolve	A/G PID1		0.11	1.54 (0.75-3.18) Methyl cellosolve results in increased expression	1.18 Rattus norvegicus	Yuan X, et al. Finding maximal transcriptome differences between 0.24 reprotoxic and non-reprotoxic phthalate responses in rat testis. J
	rs12694800 rs1419960 Phthalic Acids	C/T A/G PID1		0.60 0.49	1.61 (1.07-2.44) of PID1 mRNA 1.38 (0.91-2.10) Phthalic Acids results in increased expression of PID1 mRNA	2.27 1.51 Rattus norvegicus	ApplToxicol. 2011 Jul;31(5):421-30. 0.02 0.13 Yuan X, et al. Finding maximal transcriptome differences between reprotoxic and non-reprotoxic phthalate responses in rat testis. J ApplToxicol. 2011 Jul;31(5):421-30.
	rs12470314 rs13035964 Pentanal	C/T A/G PID1		0.11 0.94	1.54 (0.75-3.18) 0.21 (0.03-1.48) Pentanal results in increased expression of PID1 mRNA	1.17 -1.57 Homo sapiens		Song MK, et al. Integrated analysis of microRNA and mRNA 0.24 expression profiles highlights aldehyde-induced inflammatory responses in cells relevant for lung toxicity. Toxicology. 2015 Aug 0.12 6;334:111-21.
	rs17676334 Ethanol	C/G PID1		0.11	1.53 (0.74-3.17) Ethanol affects the expression of and affects the splicing	1.14 Mus musculus		O'Brien MA, et al. Ethanol-Induced Behavioral Sensitization Alters 0.26 the Synaptic Transcriptome and Exon Utilization in DBA/2J Mice.
	rs1362256	C/T		0.44	0.63 (0.42-0.95) of PID1 mRNA Vehicle Emissions results in	-2.18		Front Genet. 2018;9:402. 0.03 Tachibana K, et al.
	Significant result in bold. Vehicle Emissions	PID1			increased methylation	Mus musculus	
						of PID1 gene		
	SNP: Single nucleotide polymorphism; A1/A2: baseline/effect allele; EAF: Effect allele frequency estimated from the
	reference panel 1000G (European population); OR: odds ratio; CI: confidence interval.		

 PID1 gene involved in oxidative stress associated with a distinct asthma endotype.

 Potential interaction between PID1 and occupational exposure Association found in unexposed participants but not in those exposed to irritants.

 Interest of asthma endotypes in genetic study to discover new susceptibility genes. 

Genes involved in