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Ethics statement

The ARIC study has been approved by Institutional Review Boards (IRB) at all participating institutions: University of North Carolina at Chapel Hill IRB, Johns Hopkins University IRB, University of Minnesota IRB, and University of Mississippi Medical Center IRB. Study participants provided written informed consent at all study visits.

Written consent of the 1958BC was obtained from participants for the use of information in medical studies. The 45-year biomedical survey and genetic studies were approved by the South-East Multi-Centre Research Ethics Committee (ref: 01/1/44) and the joint UCL/UCLH Committees on the Ethics of Human Research. More information is available at https://cls.ucl.ac.uk/wp-content/uploads/2017/07/NCDS-Ethical-review-and-Consent-2014.pdf.

The FHS was reviewed and approved by the Boston University Medical Center IRB and informed consent was obtained from all participants.

Participants of HABC were recruited in the designated zip code areas surrounding Pittsburgh and Memphis. The institutional review boards at both sites approved the study.

The NFBC1966 have approved by the University of Oulu Ethnics Committee and the ethnical Committee of Northern Ostrobothnia Hospital District. Participants were provided written informed consent. 

Written informed consent was obtained from all MESA study participants upon their arrival at the study clinic for each study examination. The institutional review boards of the six field centers and the National Heart, Lung and Blood Institute have approved the study protocol. In addition, the Institutional Review Board at the University of Virginia reviewed and approved our team’s access to MESA data for the analyses presented here.

The RS has been approved by the institutional review board (Medical Ethics Committee) of the Erasmus Medical Center (registration number MEC 02.1015) and by the Dutch Ministry of Health, Welfare and Sports (Population Screening Act WBO, license number 1071272-159521-PG). The approval has been renewed every 5 years, as well as with the introduction of major new elements in the study (e.g., MRI investigations). The Rotterdam Study Personal Registration Data collection is filed with the Erasmus MC Data Protection Officer under registration number EMC1712001. The Rotterdam Study has been entered into the Netherlands National Trial Register (NTR; www.trialregister.nl) and into the WHO International Clinical Trials Registry Platform (ICTRP; www.who.int/ictrp/network/primary/en/) under shared catalogue number NTR6831. All participants provided written informed consent to participate in the study and to have their information obtained from treating physicians.

The CHS is a population-based cohort study of risk factors for cardiovascular disease in adults 65 years of age or older conducted across four field centers (NCT00005133 and NCT00149435). The CHS was approved by institutional review committees at each site and individuals in the present analysis gave informed consent including consent to use of genetic information for the study of cardiovascular disease.

The KORA-F4 study was approved by the ethics committee of the Bavarian Medical Association (EK Nr. 06068), and written informed consent has been given by all participants.

The AGES was approved by the National Bioethics Committee in Iceland that acts as the Institutional Review Board for the Icelandic Heart Association (approval number: VSN-00-063), and by the National Institute on Aging Intramural Institutional Review Board. A multistage consent is obtained in AGES to cover participation, use of specimens and DNA, and access to administrative records. All requests to merge AGES data with administrative, genealogic, hospital, or nationally maintained databases are reviewed by the Icelandic Data Protection Committee. Release of data for analysis is governed by rules created by these bodies to protect the privacy of Icelandic participants.

The NEO study was approved by the medical ethical committee of the Leiden University Medical Center (LUMC). Eligible participants were given detailed written information on the study, in addition to an oral explanation at the study site. Participants have given written informed consent for participation in the study, for storage of urine and blood samples, and for obtaining medical records and information on vital status during follow-up.

SHIP is a prospective longitudinal population-based cohort study in Mecklenburg-West Pomerania, Northern Germany assessing the prevalence and incidence of common diseases and their risk factors. All participants provided written informed consent. The study was approved by the ethics committee of the University Medicine Greifswald and carried out in accordance with its regulations.

Ethics permission for the Lothian Birth Cohort 1936 (LBC1936) was obtained from the Multi-Centre Research Ethics Committee for Scotland (MREC/01/0/56) and the Lothian Research Ethics Committee (LREC/2003/2/29). All participants gave informed consent.

The UK Biobank received ethics approval from the National Health Service
National Research Ethics Service (Ref 11/NW/0382, Ref (2016 renewal): 16/NW/0274). All participants provided written informed consent.

Gene-based interaction only and joint test
The gene-by-environment interaction model for p SNV is as follows:

where  is ranked-based inverse-normal transformed lung function trait for individual ,  the additive genotype for the jth SNV in the gene, and  are the smoking variable and the covariate vector (including intercept) for individual i.  is the interaction between the jth SNV and smoking for individual i.  and  are the regression coefficients of the model. For the interaction only test, we test the null hypothesis that no SNV had interaction effects on , i.e., versus the alternative hypothesis . For joint test, we test whether at least one SNV had either main or interaction effects, i.e., = 0 versus the alternative hypothesis    or  RareGE is a variance-component test, in which  are assumed to be random effects with mean 0 and covariance matrix  and  are assumed to be random effects with mean 0 and covariance matrix . It boils down to testing the variance parameters  to be zero (interaction) and  or  to be zero (joint).

Single SNP-based interaction and joint test
When investigating a single SNP, we used the following model:

For the interaction only test, we test whether the SNV had an interaction effect on  via Wald test, i.e.,= 0. For joint test, we test whether the SNV had either a main or an interaction effect via likelihood ratio test, i.e., .  

Revised rareGE for family-design studies
The rareGE test was originally proposed for studies with independent samples (Chen, Meigs, & Dupuis, 2014a). To jointly test genetic main effect and gene-by-environment interaction for FHS with a family-based design, we modified the rareGE test with an additional random intercept. Specifically, we fitted a linear mixed model on quantitative outcomes under the null hypothesis, using a random intercept with covariance structure proportional to the kinship matrix to model correlation among family members (Chen, Meigs, & Dupuis, 2014b), then computed the variance component test statistic for the genetic main effects and gene-smoking interactions separately, and used a Monte Carlo method to compute the joint test p-value via numerical integration (Chen et al., 2014a)
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Figure S1. Quantile-quantile plots for the six pairs of combinations of smoking variables and pulmonary function measures in the discovery stage. 
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Figure S2. Single-variant based joint tests for GPR126 (Current smoking vs FEV1/FVC ratio).
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Figure S3. Single-variant based joint tests for GPR126 (Ever smoking vs FEV1/FVC ratio).
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Figure S4. Single-variant based interaction tests for PDE3B. The leading rare variant rs61736639 is also within the range of CYP2R1.
[image: ]Figure S5. Single-variant based joint tests for PDE3B. The leading rare variant rs61736639 is also within the range of CYP2R1.rs142935352




	


















Table S1. Study-specific Inflation factors for different combinations of the smoking status and spirometric measures of lung functions. Deleted studies are marked in boldface.

	Smoking Status
	Outcome
	Study
	Inflation factor (interaction)
	Inflation factor (joint)

	Current
	FVC
	ARIC
	1.27
	1.26

	Current
	FVC
	AGES
	1.27
	1.18

	Current
	FVC
	1958BC
	0.89
	1.00

	Current
	FVC
	NFBC1966
	1.12
	1.10

	Current
	FVC
	RS
	0.94
	1.08

	Current
	FVC
	SHIP
	0.85
	1.03

	Current
	FVC
	FHS
	NA
	1.15

	Current
	FVC
	CHS
	1.27
	1.27

	Current
	FVC
	NEO
	1.12
	1.16

	Current
	FVC
	HABC
	1.08
	1.10

	Current
	FVC
	KORA
	1.34
	1.19

	Current
	FVC
	LBC1936
	1.59
	1.55

	Current
	FVC
	MESA
	1.42
	1.36

	Current
	FEV1
	ARIC
	1.38
	1.36

	Current
	FEV1
	AGES
	1.53
	1.32

	Current
	FEV1
	1958BC
	0.93
	1.02

	Current
	FEV1
	NFBC1966
	1.18
	1.11

	Current
	FEV1
	RS
	1.51
	1.45

	Current
	FEV1
	SHIP
	0.96
	1.07

	Current
	FEV1
	FHS
	NA
	1.21

	Current
	FEV1
	CHS
	1.31
	1.31

	Current
	FEV1
	NEO
	1.15
	1.10

	Current
	FEV1
	HABC
	0.92
	1.02

	Current
	FEV1
	KORA
	1.35
	1.19

	Current
	FEV1
	LBC1936
	1.82
	1.69

	Current
	FEV1
	MESA
	1.55
	1.42

	Current
	Ratio
	ARIC
	1.26
	1.24

	Current
	Ratio
	AGES
	0.93
	0.98

	Current
	Ratio
	1958BC
	1.13
	1.16

	Current
	Ratio
	NFBC1966
	0.91
	0.96

	Current
	Ratio
	RS
	1.26
	1.28

	Current
	Ratio
	SHIP
	1.03
	1.12

	Current
	Ratio
	FHS
	NA
	1.06

	Current
	Ratio
	CHS
	1.29
	1.26

	Smoking Status
	Outcome
	Study
	Inflation factor (interaction)
	Inflation factor (joint)

	Current
	Ratio
	NEO
	1.02
	1.04

	Current
	Ratio
	HABC
	0.9
	1.01

	Current
	Ratio
	KORA
	1.29
	1.10

	Current
	Ratio
	LBC1936
	1.16
	1.23

	Current
	Ratio
	MESA
	1.46
	1.42

	Ever
	FVC
	ARIC
	1.03
	1.11

	Ever
	FVC
	AGES
	0.96
	0.96

	Ever
	FVC
	1958BC
	0.98
	1.05

	Ever
	FVC
	NFBC1966
	1.05
	0.97

	Ever
	FVC
	RS
	0.84
	1.05

	Ever
	FVC
	SHIP
	1
	1.11

	Ever
	FVC
	FHS
	NA
	1.02

	Ever
	FVC
	CHS
	0.95
	1.06

	Ever
	FVC
	NEO
	0.93
	1.01

	Ever
	FVC
	HABC
	0.94
	1.03

	Ever
	FVC
	KORA
	0.99
	0.98

	Ever
	FVC
	LBC1936
	0.95
	1.08

	Ever
	FVC
	MESA
	0.94
	1.04

	Ever
	FEV1
	ARIC
	1.08
	1.16

	Ever
	FEV1
	AGES
	0.96
	0.99

	Ever
	FEV1
	1958BC
	0.96
	1.01

	Ever
	FEV1
	NFBC1966
	1.08
	1.02

	Ever
	FEV1
	RS
	0.71
	0.97

	Ever
	FEV1
	SHIP
	0.97
	1.03

	Ever
	FEV1
	FHS
	NA
	1.00

	Ever
	FEV1
	CHS
	0.91
	1.02

	Ever
	FEV1
	NEO
	0.86
	0.91

	Ever
	FEV1
	HABC
	0.8
	0.92

	Ever
	FEV1
	KORA
	0.94
	1.00

	Ever
	FEV1
	LBC1936
	0.94
	1.07

	Ever
	FEV1
	MESA
	0.87
	0.98

	Ever
	Ratio
	ARIC
	0.98
	1.06

	Ever
	Ratio
	AGES
	1.04
	1.05

	Ever
	Ratio
	1958BC
	1.04
	1.10

	Ever
	Ratio
	NFBC1966
	1.02
	0.96

	Ever
	Ratio
	RS
	0.85
	1.06

	Smoking Status
	Outcome
	Study
	Inflation factor (interaction)
	Inflation factor (joint)

	Ever
	Ratio
	SHIP
	0.96
	1.06

	Ever
	Ratio
	FHS
	NA
	1.00

	Ever
	Ratio
	CHS
	0.96
	1.05

	Ever
	Ratio
	NEO
	0.95
	1.03

	Ever
	Ratio
	HABC
	0.87
	0.97

	Ever
	Ratio
	KORA
	0.93
	0.93

	Ever
	Ratio
	LBC1936
	0.88
	1.09

	Ever
	Ratio
	MESA
	0.96
	1.17



Table S2. Genotyping array for the participating studies
	Study
	Genotyping platform

	ARIC
	HumanExome BeadChip v1.0

	FHS
	HumanExome BeadChip v1.0

	1958BC
	Illumina HiSeq 2500

	RS
	HumanExome BeadChip v1.0

	SHIP
	HumanExome BeadChip v1.0

	NFBC1966
	Illumina HiSeq 2000

	NEO
	Illumina Infinium HumanCoreExome-12v1.0BeadChip

	CHS
	HumanExome BeadChip v1.0

	AGES
	HumanExome BeadChip v1.0

	LBC1936
	HumanExome BeadChip v1.0

	KORA
	HumanExome BeadChip v1.0

	MESA
	HumanExome BeadChip v1.0

	HABC
	HumanExome BeadChip v1.0

	UK BiLEVE
	Affymetrix Axiom UK BiLEVE array

	UK Biobank
	Affymetrix Axiom UK Biobank array




Table S3. Top 5 genes for gene-by-smoking interaction analysis. P-value is the meta-analyzed p-value from the interaction only test and cMAC is the mean of MAC across studies.
	Smoking status
	Outcome
	Gene
	P-value 
(interaction)
	cMAC

	Current
	FEV1
	FATE1
	1.09E-05
	11.60

	Current
	FEV1
	C12orf66
	3.16E-05
	11.40

	Current
	FEV1
	PADI2
	6.98E-05
	70.59

	Current
	FEV1
	PDE3B
	7.06E-06
	132.44

	Current
	FEV1
	LCORL
	7.26E-05
	139.30

	Current
	FVC
	GNA14
	2.10E-05
	55.81

	Current
	FVC
	HCK
	4.38E-05
	175.81

	Current
	FVC
	CCR2
	6.66E-06
	16.63

	Current
	FVC
	ZDHHC12
	8.93E-05
	22.78

	Current
	FVC
	ALDH3A1
	9.38E-05
	133.31

	Current
	Ratio
	D4S234E
	1.05E-05
	51.43

	Current
	Ratio
	GLB1L2
	4.19E-05
	389.62

	Current
	Ratio
	MAN2B1
	4.97E-05
	204.34

	Current
	Ratio
	SHROOM2
	5.13E-05
	167.90

	Current
	Ratio
	SLCO5A1
	6.81E-06
	245.63

	Ever
	FEV1
	KIAA1147
	1.45E-04
	54.25

	Ever
	FEV1
	DCTD
	1.66E-04
	23.83

	Ever
	FEV1
	RASL12
	1.85E-04
	24.38

	Ever
	FEV1
	MYO18A
	4.48E-05
	120.84

	Ever
	FEV1
	NOM1
	5.21E-05
	115.08

	Ever
	FVC
	NPAS4
	1.03E-04
	90.85

	Ever
	FVC
	CXorf30
	1.05E-04
	5.67

	Ever
	FVC
	TTC3
	1.84E-04
	772.25

	Ever
	FVC
	ANO2
	2.86E-04
	148.24

	Ever
	FVC
	WDR54
	2.98E-04
	74.91

	Ever
	Ratio
	ASXL2
	1.44E-04
	209.54

	Ever
	Ratio
	KARS
	1.53E-04
	64.08

	Ever
	Ratio
	FAM98A
	1.78E-04
	145.40

	Ever
	Ratio
	ZNF527
	1.97E-04
	5.33

	Ever
	Ratio
	ARHGEF33
	2.30E-04
	173.11




Table S4. Top 5 genes for gene-by-smoking interaction analysis. P-value is the meta-analyzed p-value from the joint test and cMAC is the mean of MAC across studies.
	Smoking status
	Outcome
	Gene
	P-value 
(joint)
	cMAC

	Current
	FEV1
	FATE1
	2.36E-06
	11.60

	Current
	FEV1
	PDE3B
	2.93E-07
	132.44

	Current
	FEV1
	ASNSD1
	4.89E-05
	99.25

	Current
	FEV1
	CCDC18
	4.99E-05
	204.71

	Current
	FEV1
	RBM41
	6.23E-06
	12.29

	Current
	FVC
	RPAP2
	1.37E-05
	53.00

	Current
	FVC
	PDP2
	1.91E-05
	36.00

	Current
	FVC
	ZNF180
	2.75E-05
	209.70

	Current
	FVC
	C8orf85
	6.30E-05
	18.00

	Current
	FVC
	GABRG3
	7.67E-05
	164.25

	Current
	Ratio
	GPR126
	1.89E-09
	263.84

	Current
	Ratio
	GRIK4
	3.45E-05
	91.09

	Current
	Ratio
	ATP13A2
	4.31E-05
	176.46

	Current
	Ratio
	PDE9A
	5.55E-05
	113.15

	Current
	Ratio
	D4S234E
	7.63E-05
	51.43

	Ever
	FEV1
	MYO18A
	2.44E-05
	120.84

	Ever
	FEV1
	ZSCAN10
	2.86E-05
	80.61

	Ever
	FEV1
	ZNF736
	4.38E-05
	64.60

	Ever
	FEV1
	GPR156
	4.61E-05
	75.42

	Ever
	FEV1
	HLA-DQA2
	8.81E-05
	191.63

	Ever
	FVC
	ACTL7B
	1.15E-04
	57.67

	Ever
	FVC
	NFATC1
	1.29E-04
	54.11

	Ever
	FVC
	GPR18
	1.29E-04
	60.11

	Ever
	FVC
	RPAP2
	1.79E-05
	53.00

	Ever
	FVC
	PDP2
	9.30E-05
	36.00

	Ever
	Ratio
	ARHGEF33
	1.28E-04
	173.11

	Ever
	Ratio
	PCDHA10
	1.92E-04
	16.50

	Ever
	Ratio
	CALML5
	1.81E-05
	55.80

	Ever
	Ratio
	GPR126
	2.76E-08
	263.84

	Ever
	Ratio
	ITGA7
	5.59E-05
	196.77




Reference
Chen, H., Meigs, J. B., & Dupuis, J. (2014a). Incorporating gene-environment interaction in testing for association with rare genetic variants. Human Heredity, 78(2), 81–90. https://doi.org/10.1159/000363347
Chen, H., Meigs, J. B., & Dupuis, J. (2013). Sequence Kernel Association Test for Quantitative Traits in Family Samples. Genetic Epidemiology, 37(2), 196–204.
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