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Epigenetics



Epigenetics

Epigenetics= The study of molecular mechanisms that influence the 
activity of gene expression and that are transmitted across cell 
division. 

[definition by Bird 2007 Nature]

• epi- (Greek: επί- over, above)

• epigenetics= “Above Genetics”
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Genome: the DNA sequence

GWAS: Which variants in the DNA sequence

are associated with a trait/disease?

Epigenome: The collection of epigenetic marks* that 

regulate gene expression

Epigenome-wide association studies (EWAS)

Which epigenetic marks are associated with a 

trait/disease?
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* e.g. DNA methylation, histone modifications, microRNAs



Epigenome: can be dynamic

Programmed epigenetic changes (development and 
tissue differentiation)

Substantial changes in DNA methylation with ageing

Changes in response environment/exposures (e.g. 
cigarette smoke)

Genome: very stable throughout life (exception: de 
novo mutations)
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Kundaje, A, et al. "Integrative analysis of 111 reference human epigenomes." Nature 518.7539 (2015): 317-330.

Each cell has its own epigenome



DNA methylation 
• The covalent attachment of methyl-groups to DNA
• In host human cell types: only at cytosine bases next to 

guanine (CpG sites) 
- at promoters: usually represses gene expression
- in gene bodies: may regulate alternative splicing
- at enhancers  - strongest relation to expression

• Most studied epigenetic mark in epigenome-wide 
association studies (stable molecular mark: no fresh tissue 
required)

CH3 – methyl



Sequencing
• E.g. Bisulphite (BS) sequencing 

Measuring genome-wide methylation 

Illumina 850k array in brief
• > 850,000 methylation sites
• high coverage of enhancer 

regions 
• ENCODE open chromatin
• ENCODE transcription factor 

binding sites

Illumina 450 array in brief
• 485,000 methylation sites (of the ~30 million CpGs)
• covers 99% of RefSeq genes
• average of 17 CpG sites per gene 
• promoter, 5'UTR, first exon, gene body, and 3'UTR. 

• Cost-effective
options

• Often used in EWAS

PRACTICAL



DNA methylation data

Illumina 450k array data on peripheral blood
• For > 450.000 sites: 
• methylation level: proportion of methylated alleles.
• Continuous trait, range: 0-1
• This is because DNA extracted from blood comes from many different 

cells
• In some cells, the position may be methylated, while it is 

unmethylated in others

When looking at the methylation level at 1 location in 1 sample:
• 0= all DNA in the sample was not methylated at this position
• 1= all DNA in the sample was methylated at this position

• Distribution of the methylation level at 1 CpG site (chromosome X)
• In women, 1 X chromosome is methylated (X-chromosome

inactivation)



Epigenome-wide association studies (EWAS)

Aim: To identify genomic regions whose epigenetic regulation:

• Differs between disease cases and controls (or correlates with a continuous trait)

• Differs between people with different lifestyles

Since 1-2 years: large-scale EWAS meta-analysis projects

-DNA from peripheral tissues (blood, buccal)



• 2623 Bonferroni significant (current vs never smokers), 18 760 CpGs at false 
discovery rate <0.05. 

• N=15 907 



Variation in DNA methylation between people

1. McRae et al Genome Biology (2014).  2. van Dongen J. et al. Nature Communications (2016).

• Twin studies:  Average heritability of methylation levels in adults across 450.000 
sites in the genome~19% 
(Illumina 450k array, peripheral blood, refs 1,2)

• DNA-sequence contributes to its own regulation
• Environment accounts for a large part of variation between people



van Dongen J. et al. Nature Communications (2016).

~10% of genome-wide methylation sites in whole blood (Illumina 450k array): 
variance components change with age

Age

Total variance of DNA methylation (Vp)

Genetic variance (Va)

Environmental 
variance (Ve)

Heritability of DNA methylation

=
V𝑎

Va + Ve



Practical: effects of smoking on the methylome

• Perform an EWAS of smoking in monozygotic twin pairs discordant for smoking status (current smoker & never 
smoker)

• Analysis: paired t-test in R

• AIM: To identify DNA methylation differences between smokers and non-smokers

Which genomic locations are differentially methylated in smokers?

Methylation data: Illlumina 450k array 

• Methylation level residuals (adjusted for several covariates including white blood cell counts)

• Based on a real methylation dataset (subset of probes and twins) from the Netherlands Twin Register

• Quality control of the dataset is described in van Dongen et al 2016 Nature Communications.

Phenotype data
White blood cell counts: percentage of monocytes, neutrophils, basophils, 
lymphocytes, and eosinophils
 Are there differences in white blood cell counts between the smoking and the
non-smoking twin?



mkdir EWAS

cd EWAS

cp -r /faculty/jenny/2017/friday/* .

Open the R-script in R studio



White blood cell counts

• Twins who smoke tend to have lower levels of monocytes
• Different white blood cell types each have distinct methylation patterns
• Therefore, when comparing DNA methylation (in whole blood) between smokers and non-smokers, it is 

important to correct for white blood cell counts!



Illumina 450k array annotation file

UCSC_RefGene_Group: Location of CpG site within gene
• TSS200 = within 200 bp of transcriptional start site

• TSS1500= within 1500 bp of transcriptional start site

• 1stExon

• 3'UTR   

• Body= gene body



Bonferroni threshold (1 x 10-7)

FDR 5%

• In which genes are the top hits located?
• What is the function of the gene 

associated with the CpG with the lowest
p-value (look up online, e.g. NCBI, 
OMIM)







• 2623 Bonferroni significant (current vs never smokers), 18 760 CpGs at false discovery rate <0.05. 

• N=15 907 

“Genes annotated to these CpGs were enriched for associations with several smoking-related traits 
in genome-wide studies including pulmonary function, cancers, inflammatory diseases, and heart 
disease.”



• Is the methylation level at our smoking-associated CpGs associated
with gene expression in cis?

• Is the methylation level at our smoking-associated CpGs influenced by
SNPs (methylation QTLs)?



http://genenetwork.nl/biosqtlbrowser/

N= 3,841 individuals



Query our top CpG (cg05575921)



Concluding remarks

• DNA methylation –> potential molecular intermediate of environmental exposures and genetic
variants

• Causality: see Vink et al 2015

• additional data from former smokers allows to examine reversibility of smoking effects

• Reversible genes: gene expression/methylation goes back to the level of non-smokers in individuals
who quit smoking 

 This is in line with a causal effect of smoking on DNA methylation/gene expression


