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Gene-Environment Interaction



Learning Objectives

•Understand how studying gene-environment interaction may 
contribute to our understanding of disease aetiology and 
illustrate this concept using at least one established example.

•Recognise the major challenges in studying gene-environment 
associations. 



Outline

➢ Gene-Environment Interaction
• Conceptual Overview
• Rationale
• Challenges
• Study designs
• Established Examples



Definitions of gene-environment interaction

➢ “Variation in the measure of effect of an environmental risk factor 
on an outcome according to genotype”

➢ ‘’Joint effect of one or more genes with one or more 
environmental factors that cannot be readily explained by their 
separate marginal effects’’

➢ Examples:  Individuals with different genotypes could differ in terms of:  
• Susceptibility to the health effects of exposures such as diet, smoking, 

drinking, sedentary lifestyle, etc.
• Responses to life events such as trauma 
• Responses to medications (pharmacogenomics)

Thomas D. Nat Rev Gen 2010;259-272



Types of gene-environment interaction (I)

Model Interpretation

No interaction The same effect of the exposure on the outcome in 
individuals with different genotypes

Statistical interaction A departure from a pure main effects model observed in 
one or a few studies

Positive interaction or 
synergism

Greater effect of the exposure on the outcome in 
individuals with a genotype of interest than in 
individuals with other genotypes

Negative interaction or 
antagonism

Smaller effect of the exposure on the outcome in 
individuals with a genotype of interest than in 
individuals with other genotypes

Multiplicative interaction Interaction observed in multiplicative/relative measures 
of effect (e.g., OR, RR, HR, etc.)

Additive interaction Interaction observed in additive/absolute measures of 
effect (e.g., RD, etc.)



Types of gene-environment interaction (II)

Model Interpretation

Quantitative interaction Interaction in which the effects of the exposure on the 
outcome go in the same direction for different 
genotypes, but differ in magnitude

Qualitative interaction Interaction in which the effects of the exposure on the 
outcome go in opposite directions (e.g., deleterious in 
carriers and protective in non-carriers) for different 
genotypes

Biological or causal interaction An interaction that is present in nature (and is supported 
by the totality of the evidence)



Uses of gene-environment interaction

➢ Understanding biological mechanisms and pathways
• Tobacco smoking – NAT2 – bladder cancer

➢ Understanding heterogeneity in results across studies
➢ Identifying novel genes acting only through interactions

• Could explain missing heritability (e.g., genetic susceptibility to air pollution 
in childhood asthma)

➢ Predicting individual risk of disease or prognosis
• Optimal mammographic screening interval for BRCA1 or BRCA2 mutation 

carriers
• Folate supplementation for colorectal cancer risk could depend on MTHFR

➢ Choosing the best treatment for an individual based on genetic 
predisposition
• Statins – SLCO1B1 - cardiomyopathy



Models of gene-environment interaction

Hunter DJ. Nat Rev Gen 2005;287-298



Challenges of gene-environment 
interaction

➢ Exposure assessment
• Multidimensional, time-varying exposures
• Interactions will be biased only if measurement errors are differentially 

related to both exposure and genotype

➢ Sample size and power
• Sample size requirements can be enormous
• Some of the poor replication ability of GxE interactions are due to 

underpowered studies

➢ Heterogeneity and replication



Example of Sample Size Issue for detecting ONE interaction for 
a dichotomous trait and a 10% exposure prevalence

Hunter DJ. Nat Rev Gen 2005;287-298



Study designs for gene-environment 
interaction (I)

Thomas D. Nat Rev Gen 2010;259-272



Study designs for gene-environment 
interaction (I)

Thomas D. Nat Rev Gen 2010;259-272

• GxE: Standard interaction test 1DF:
Logit(Pr(D=1|G))=β0+βGG+βEE+βGxEGxE+βCC

• E|G (case only): E|G association in cases e.g. case-only analysis
Logit(Pr(G=g|E,D=1))=β0+βEE+βCC



Study designs for gene-environment 
interaction (II)



Study designs for gene-environment 
interaction (III)

Thomas D. Nat Rev Gen 2010;259-272



GxE Interaction: Testing for Additive/Multiplicative Effects

Stratum Cases Controls

Gene (G+),
Environment (E+)

a b

Gene (G+),
No Environment (E-)

c d

No Gene (G-),
Environment (E+)

e f

No Gene (G-), 
No Environment (E-)

g h



Identifying GxE Interaction

Strata Cases Controls

G+E+ a b

G+E- c d

G-E+ e f

G-E- g h

Odds Ratio (OR)

ah / bg

ch / dg

eh / fg

1 (Ref)



GxE Interaction: 
4 groups defined by genotype and exposure

COHORT STUDY: G+ E+ G+ E- G- E+ G- E-

Affected a b e f

Unaffected c d g h

Risk a/(a+c) b/(b+d) e/(e+g) f/(f+h)

Relative risk RRG+ = a/(a+c)
b/(b+d)

RRG-= e/(e+g)
f/(f+h)

Risk difference RDG+ =  a/(a+c) – b/(b+d) RDG-= e/(e+g) – f/(f+h)

Test for interaction:  Is the effect of the exposure on the outcome the 

same in people with and without the high-risk genotype?

Multiplicative scale:  No interaction implies RRG+= RRG-

Additive scale:  No interaction implies RDG+= RDG-



Example: Factor V Leiden Mutations, Oral 
Contraceptive Use, and Venous Thrombosis

Strata Cases Controls

G+E+ 25 2

G+E- 10 4

G-E+ 84 63

G-E- 36 100

OR

34.7

6.9

3.7

Reference

Total  155          169
Vanderbroucke et al., The Lancet 1994



OR Interaction =

34.7 / 6.9 x 3.7 = 1.4

Strata OR

G+E+ 34.7

G+E- 6.9 

G-E+ 3.7

G-E- Ref

Factor V Leiden Mutations, Oral Contraceptive 
Use, and Venous Thrombosis

Evidence for Interaction?

Risk of thrombosis in women using OCs is much greater among 
those with Factor V Leiden Mutations than those without



Examples of gene-environment 
interactions

Hunter DJ. Nat Rev Gen 2005;287-298



Examples of ‘established’ GxE 
Interactions

➢ Have any GXE Interactions been identified with 
certainty?
• Few Established Examples to Date

o Phenylketonuria
o Lactose Intolerance
o Smoking, NAT2 and Bladder Cancer
o Coffee, GRIN2A, and Parkinson’s Disease?



Phenylketonuria

• Mental retardation and 
seizures

• 1/15,000 live births
o 1/100,000 in Finland
o 1/2,600 in Turkey

• Mutations in Phenylalanine 
Hydroxylase (PAH) (G)

• Dietary Phenylalanine (E)

• Both are necessary
• Neither is sufficient for 

disease



Phenylketonuria: Example of Gene-Nutrition Interaction



Common variation in metabolizing genes could modify 
the effects of arylamine exposure

Metabolism of aromatic amines and bladder carcinogenesis

Strong in vitro 
and in vivo 
evidence that 
interaction 
exists



NAT2 slow acetylation increases bladder cancer risk by 40%

OR=1.4 95%CI (1.2-1.6)
GSTM1 deletion increases bladder cancer risk by 50%

OR=1.5 95%CI (1.3-1.6)

Increase 

risk

Decrease 

risk

Increase 

risk

Decrease 

risk



7.5

4.1

0.9
5.2

2.4
Ref.

Current Former Never

NAT2 Slow

NAT2 Rapid /Intermediate

O
d

d
s 

ra
ti

o

Smoking status

NAT2 slow acetylators are at higher risk of developing bladder 
cancer from smoking

Garcia-Closas M et al. Lancet, 2005; 366: 649-658.

Joint effect of smoking and NAT2 acetylation on 

bladder cancer risk: Spanish Bladder Cancer Study



Coffee, GRIN2A and Parkinson’s Disease?

•Coffee shown to be inversely associated with PD in observational studies 
(though not all benefit equally)

•Conducted GWAS (>800,000 SNPs; agnostic)

•1,458 persons with PD and 931 without PD from the NeuroGenetics Research 
Consortium (NGRC),

•GRIN2A as a novel PD modifier gene. GRIN2A encodes a subunit of the NMDA-
glutamate-receptor which is well known for regulating excitatory 
neurotransmission in the brain and for controlling movement and behaviour.

•Proof of concept that inclusion of environmental factors can help identify genes 
that are missed in GWAS.

Hamza TH, et al. (2011) Genome-Wide Gene-Environment Study Identifies Glutamate Receptor Gene GRIN2A as a 
Parkinson's Disease Modifier Gene via Interaction with Coffee. PLoS Genet 7(8): e1002237.



GWAS in heavy coffee-drinkers.

Hamza TH, Chen H, Hill-Burns EM, Rhodes SL, et al. (2011) Genome-Wide Gene-Environment Study Identifies 
Glutamate Receptor Gene GRIN2A as a Parkinson's Disease Modifier Gene via Interaction with Coffee. PLoS Genet 
7(8): e1002237. doi:10.1371/journal.pgen.1002237
http://www.plosgenetics.org/article/info:doi/10.1371/journal.pgen.1002237

http://www.plosgenetics.org/article/info:doi/10.1371/journal.pgen.1002237


GWAS in light coffee-drinkers

Hamza TH, Chen H, Hill-Burns EM, Rhodes SL, et al. (2011) Genome-Wide Gene-Environment Study Identifies 
Glutamate Receptor Gene GRIN2A as a Parkinson's Disease Modifier Gene via Interaction with Coffee. PLoS Genet 
7(8): e1002237. doi:10.1371/journal.pgen.1002237
http://www.plosgenetics.org/article/info:doi/10.1371/journal.pgen.1002237

No Signal from GRIN2A

http://www.plosgenetics.org/article/info:doi/10.1371/journal.pgen.1002237


Breast and Prostate Cancer Cohort Consortium 
(BPC3)

http://epi.grants.cancer.gov/BPC3/structure.html



BPC3 cohorts

Hunter DJ, et al. Nat Rev Cancer 2005;5:977-85



BPC3: GxE interaction studies for prostate cancer



BPC3: GxE 
interaction studies 
for prostate cancer



GxE Interaction: Epigenetics

•The study of reversible heritable changes in gene function that occur without a 
change in the sequence of nuclear DNA (focus of today’s talk has been non-
reversible heritable changes….)

•Gene-regulatory information that is not expressed in DNA sequences but that is 
transmitted from one generation (of cells or organisms) to the next (e.g. as 
methylation changes to DNA structure)

•Strongly influenced by environmental exposures such as diet (in utero nutrition 
etc)

•Likely to influence GxE interactions….future studies may incorporate epigenetic 
data into GxE estimations….and beyond. 



One-carbon metabolism and 

dietary methyl donors

DNA 
methylation

SAM S-adenosylmethionine

Various dietary micronutrients can 
impact DNA methylation (e.g. Folate, 
choline, Vitamin B)



The Dutch Famine: 1944-45

•September – November 1944:  German administration placed embargo on all food 
transports to the western Netherlands. 

•Unusually harsh and early winter froze canals, Much agricultural land became battlefields 
and was destroyed

•People of the Western Netherlands subsisted on <1000 calories/day, Typical daily rations 
consisted of potatoes, bread, and sugar beets. 

•More than 4.5 million people affected. Deaths of 18,000 Dutch people were attributed to 
malnutrition as the primary cause and in many more as a contributing factor.

•May 1945: famine ended with the liberation of the country by the Allies. But the famine’s 
legacy lived on. 
•Long-lasting effects on infant mortality, infant birth size, mental health, and the 
development of chronic diseases such as diabetes, obesity, and coronary heart disease and 
neurological conditions including schizophrenia and depression

•Associations dependent on sex of the exposed individual and timing of the exposure during 
gestation

•Grandchildren of women who were pregnant during the famine were also smaller than 
average
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