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Gene-environment interactions  

• Genetic effects are not constant for all subjects 

• While genetic materials are inborn, 
environmental exposures can be changed 

 

2 



Single-nucleotide polymorphism (SNP) 
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Variation in DNA sequence 
 
Changes in adenine (A), 
thymine (T), cytosine (C), 
or guanine (G) 

https://isogg.org/wiki/Single-nucleotide_polymorphism 
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Three possible genotypes in a SNP 

• For example, if a SNP has two alleles 
A and G 

 

AA  (0, 0 allele of G) 

AG  (1, 1 allele of G) 

GG  (2, 2 alleles of G) 
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Gene: a chromosomal region 
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Gene A Gene B 

https://medium.com/sanogenetics/snp-of-the-week-77753b4aea87 
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Phenotype 

• A trait of interest 

Height 

Body mass index (BMI) 

Body fat percentage 

Blood pressure levels 

Disease status 
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Three scales of G x E interaction analysis 

• SNP x E interaction analysis 

whether 𝑝 < 5 × 10−8 (0.05/1,000,000)  

• Gene x E interaction analysis 

whether 𝑝 < 2.5 × 10−6   (0.05/20,000) 

• GRS x E interaction analysis 

GRS: Genetic risk score 

whether 𝑝 < 0.05   (0.05/1) 
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GRS: Genetic risk score 

• A linear combination of effect alleles 

 

 

 

 

• Unweighted GRS (if all  𝛽𝑗
 =1) 

• Weighted GRS (usually weighted by effect sizes) 
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𝐺𝑅𝑆𝑖 =  𝛽𝑗
 𝐺𝑖𝑗

𝐿

𝑗=1

 

0, 1, 2 
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Ahmad S et al., PLoS Genet 2013;9:e1003607. 

The number of BMI-increasing 
alleles in 12 SNPs 

inactive 

active 
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European ancestry (78 %)  
Asians (10 %) 
Africans (2 %) 



External genome-wide association studies 
(GWASs) may not be available, especially for 
non-European ethnicity. 
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97 BMI-associated SNPs (p < 5x10-8) 
Locke AE et al. Nature, 2015; 518(7538):197–206 (for European ancestry) 
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In Taiwan 
Biobank 
(n=18,424) 

BMI Body fat % Waist 
circumfere
nce 

Hip 
circumfere
nce 

Waist-to-
hip ratio 

Number of 
SNPs with  
p < 5x10-8 

 

1 0 0 0 0 

Number of 
SNPs with  
p < 0.05 
 

29 20 28 22 12 



We need to build weights according to our data. 
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Dai et al. Biometrika, 2012;99(4):929-44 

𝑔 𝐸 𝑌 = 𝛽0 + 𝛽𝑆𝑁𝑃,𝑖𝑆𝑁𝑃𝑖 + 𝜷𝑪𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔   
 
𝑔 𝐸 𝑌 =  𝛾0 + 𝛾𝑆𝑁𝑃,𝑖𝑆𝑁𝑃𝑖 + 𝜸𝑪𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 + 𝛾𝐸𝐸 + 𝛾𝐼𝑛𝑡,𝑖𝑆𝑁𝑃𝑖 × 𝐸         
 

Under 𝐻0: 𝛾𝐼𝑛𝑡,𝑖 = 0, the maximum likelihood 

estimate 𝛽 𝑆𝑁𝑃,𝑖 , is asymptotically independent to 𝛾 𝐼𝑛𝑡,𝑖 



Gene-based GxE interaction approach 
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Adjust for non-genetic covariates 

𝑔 𝐸 𝑌𝑖 = 𝛼0 + 𝜶′𝑿𝒊 , 𝑖 = 1, ⋯ , 𝑛 
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Gender, age, smoking status, 
ancestry principal components 

𝜇0𝑖 = 𝛼0 + 𝜶′ 𝑿𝒊 (for continuous 𝑌𝑖) or 

 𝜇0𝑖 =
𝑒𝑥𝑝 𝛼0 +𝜶′ 𝑿𝒊

1+𝑒𝑥𝑝 𝛼0 +𝜶′ 𝑿𝒊
 (for binary 𝑌𝑖) 



Covariate-adjusted phenotype 
 

 
𝜀𝑖 = 𝑌𝑖 − 𝜇0𝑖  
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𝑔 𝐸 𝜀𝑖 = 𝛽0 +  𝛽𝑗𝐺𝑖𝑗
𝐿
𝑗=1   

0, 1, 2 



Filtering stage 
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 𝜷 =
𝑎𝑟𝑔𝑚𝑖𝑛

 𝜷
 𝜀𝑖 − 𝛽0 −  𝛽𝑗𝐺𝑖𝑗

𝐿

𝑗=1

2
𝑛

𝑖=1

+ 𝜆  𝛽𝑗
2

𝐿

𝑗=1

 

Ridge regression (RIDGE) 

LASSO (Least Absolute Shrinkage and Selection Operator) 

𝜷 =
𝑎𝑟𝑔𝑚𝑖𝑛

 𝜷
 𝜀𝑖 − 𝛽0 −  𝛽𝑗𝐺𝑖𝑗

𝐿

𝑗=1

2
𝑛

𝑖=1

+ 𝜆  𝛽𝑗

𝐿

𝑗=1
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LASSO and Ridge 

Hastie, Trevor, Tibshirani, Robert and Friedman, Jerome. 
[“The Elements of Statistical Learning”]. Second Edtion, 
Springer Series in Statistics 



 

 

𝜷 =
𝑎𝑟𝑔𝑚𝑖𝑛

 𝜷
 𝜀𝑖 − 𝛽0 −  𝛽𝑗𝐺𝑖𝑗

𝐿

𝑗=1

2
𝑛

𝑖=1

+ 𝜆  
1

2
1 − 𝛼 𝛽𝑗

2 + 𝛼 𝛽𝑗

𝐿

𝑗=1

 

 

 𝛼 = 0, RIDGE 

 𝛼 = 1, LASSO 

 𝛼 = 1/2, ENET 
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ENET (Elastic net) 

𝐺𝑅𝑆𝑖 =  𝛽𝑗
 𝐺𝑖𝑗

𝐿

𝑗=1

 

0, 1, 2 

10-fold cross validation to select 𝜆 that leads to 
the minimum MSE (mean squared error) 



Testing stage 
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𝑔 𝐸 𝑌𝑖 = 𝛾0 + 𝛾𝐺𝐺𝑅𝑆𝑖 + 𝛾𝐸𝐸𝑖 + 𝛾𝐼𝑛𝑡𝐺𝑅𝑆𝑖 × 𝐸𝑖 +𝜸𝑪′𝑿𝒊 , 𝑖 = 1, ⋯ , 𝑛 
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By testing 𝐻0: 𝛾𝐼𝑛𝑡 = 0 𝑣𝑠. 𝐻1: 𝛾𝐼𝑛𝑡 ≠ 0, we 
evaluate whether GxE exists. 

If 𝛾 𝐼𝑛𝑡 > 0, E exacerbates the adverse influence of a candidate gene. 

If 𝛾 𝐼𝑛𝑡 < 0, E attenuates the adverse influence of a candidate gene. 



Competing methods 
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SBERIA  (Jiao et al. 2013, Genet. Epidemiol.)  
(Set-Based gene-EnviRonment InterAction test) 

𝑔 𝐸 𝑌𝑖 = 𝛽0 + 𝛽𝑗𝐺𝑖𝑗 + 𝜷𝑪
′ 𝑿𝒊  
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𝐺𝑅𝑆𝑖 =  𝐼 𝑝𝑗 < 0.1 𝑠𝑖𝑔𝑛 𝛽𝑗
 𝐺𝑖𝑗

𝐿

𝑗=1

 

𝐻0:  𝛽𝑗 = 0 𝑣𝑠. 𝐻1:  𝛽𝑗 ≠ 0   One SNP at a time 

𝑔 𝐸 𝑌𝑖 = 𝛾0 +  𝛾𝐺𝑗
𝐺𝑖𝑗

𝐿

𝑗=1

+ 𝛾𝐸𝐸𝑖 + 𝛾𝐼𝑛𝑡𝐺𝑅𝑆𝑖 × 𝐸𝑖 +𝜸𝑪′𝑿𝒊 



iSKAT (Lin X.Y. et al. 2016, Biometrics)  
interaction Sequence Kernel Association Test 

𝑔 𝐸 𝑌𝑖 = 𝛿0 +  𝛿𝐺𝑗
𝐺𝑖𝑗

𝐿

𝑗=1

+ 𝛿𝐸𝐸𝑖 +  𝛿𝐼𝑛𝑡𝑗
𝐺𝑖𝑗𝐸𝑖

𝐿

𝑗=1

+ 𝜹𝑪′𝑿𝒊 

 

Assuming 𝛿𝐼𝑛𝑡𝑗
𝑠 𝑗 = 1, ⋯ , 𝐿  follow a distribution with a mean 

of 0 and a variance of 𝜏 

 

𝐻0: 𝜏 = 0 vs. 𝐻1: 𝜏 > 0 
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Adaptive Combination of Bayes Factors 
(ADABF) Method  (Lin W.Y. et al. 2019, Front. Genet.) 

𝑔 𝐸 𝑌𝑖 = 𝛿0 + 𝛿𝐺𝑗
𝐺𝑖𝑗 + 𝛿𝐸𝐸𝑖 + 𝛿𝐼𝑛𝑡𝑗

𝐺𝑖𝑗𝐸𝑖 + 𝜹𝑪
′ 𝑿𝒊 

     

𝐻0: 𝛿𝐼𝑛𝑡𝑗
= 0 vs. 𝐻1: 𝛿𝐼𝑛𝑡𝑗

≠ 0 
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Bayes factor 
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 
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BF quantifies the ‘relative’ evidence in favor of H1.  
 

H0                    H1                     
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(1) (2) ( )LBF BF BF  Sort 

Significance score 



ADABF 

• The significance scores will be compared with 
their counterparts from resampling replicates 
(under H0) 

• The R source code can be downloaded from 
http://homepage.ntu.edu.tw/~linwy/ADABFG
EPoly.html 
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Simulation Study 
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Taiwan Biobank 

• 18,424 unrelated subjects (9,093 males and 
9,331 females) 

• Three genes were drawn for simulations: 

TNNT3 (48 SNPs) 

RFX3 (95 SNPs) 

FTO (242 SNPs) 
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Power evaluation 

𝑌𝑖 =  𝛽𝐺𝑑
𝐺𝑖𝑑

4

𝑑=1
+ 𝛽𝐸𝐸𝑖 +  𝛽𝐼𝑛𝑡𝑑

𝐺𝑖𝑑

𝐷

𝑑=1
𝐸𝑖 + 𝜀𝑖 
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Power given a significance level of 0.05, for continuous traits and 𝑃 𝐸 = 1 = 0.2 



In the filtering stage 

𝑌𝑖 =  𝛽𝐺𝑑
𝐺𝑖𝑑

4

𝑑=1
+ 𝛽𝐸𝐸𝑖 +  𝛽𝐼𝑛𝑡𝑑

𝐺𝑖𝑑

𝐷

𝑑=1
𝐸𝑖 + 𝜀𝑖 

35 



36 



Power evaluation 

𝑌𝑖 =  𝛽𝐺𝑑
𝐺𝑖𝑑

4

𝑑=1
+ 𝛽𝐸𝐸𝑖 +  𝛽𝐼𝑛𝑡𝑑

𝐺𝑖𝑑

𝐷

𝑑=1
𝐸𝑖 + 𝜀𝑖 
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38 



39 



Power evaluation 

𝑌𝑖 =  𝛽𝐺𝑑
𝐺𝑖𝑑

4

𝑑=1
+ 𝛽𝐸𝐸𝑖 +  𝛽𝐼𝑛𝑡𝑑

𝐺𝑖𝑑

𝐷

𝑑=1
𝐸𝑖 + 𝜀𝑖 
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Application to the Taiwan Biobank (TWB) 
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Taiwan Biobank: Since October 2012  

Taiwan residents aged 30 to 70 years 



FTO x exercise interaction on obesity 

• The fat mass and obesity-associated (FTO) gene 

• Chromosome 16 (53,737,875 - 54,148,379) 

• 242 SNPs (minor allele frequency > 1%) 

• Regular exercise: 30 minutes of exercise 3 times 
a week 

• Covariates: sex, age, educational attainment, 
drinking status, smoking status, and the first 10 
ancestry principal components (PCs). 
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Exercise attenuates the adverse influence of FTO. 
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18,424 

10,764 

7,652 

8 subjects did not 
respond to this question 



FGF5 x WHR interaction on blood pressure 

• The fibroblast growth factor 5 (FGF5) gene 

• Chromosome 4 (81,187,742 - 81,212,171) 

• 38 SNPs (minor allele frequency > 1%) 

• WHR: waist-hip ratio 

• Covariates: sex, age, drinking status, smoking 
status, and the first 10 ancestry PCs. 
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舒張壓 

收縮壓 

The FGF5 gene has a stronger effect on blood 
pressure in Han Chinese with a higher waist-hip ratio  



Summary 

• Not only provides a p-value for a GxE test  

• But also knows how E modifies the 
adverse effect of a gene 

• We look forward to performing genome-
wide GxE analyses on a larger TWB 
cohort 
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Thanks for your attention! 
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