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Epigenome regulates gene expression via chromosomal alteration 
that does not involve changes in the DNA sequence

Ref: Mol Psychiatry 25, 1718–1748 (2020) 2



DNA methylation is a stable, heritable chemical modification

De novo methylation

maintenance methylation
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● predominantly in CpG (Cytosine-phosphate-Guanine) 
dinucleotides in metazoan genomes

○ ~28M CpGs in humans
○ 60–80% methylated in somatic cells

● CpGs in CG-dense regions are CpG islands 
(CGIs)

○ 200-2000 bp with >50% GC-content
○ CGIs tend to be in promoters,         

unmethylated for transcribed genes

● non-CpG methylation has been mainly observed 
in hESCs and neuronal cells in humans  

○ CHH, CHG where H = A, C or T

5mC in the genome
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Tissue specific gene regulation
Suppression of transposable elements

Essential for normal development
Genomic imprinting
X-chromosome inactivation

Ageing
● Global hypomethylation is proportional to 

age

Cancer
● Global hypomethylation and  locus-specific 

hypermethylation of CpG islands 

Key functions of DNA methylation 
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DNAM measurement

C > T  Bisulfite conversion

Select 
region
s

Differentiate mC from C DNA 
amplification

Methylation Array

DNA Sequencing
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● Used for both array and sequencing

●    C → U → (PCR)  →T
● mC → C → (PCR)  →C

Bisulfite conversion
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DNA Methylation Array :  Human Methylation BeadChip

2008 2011 2016 2023

27K Array

25K probes
CGI in 
promoters and 
cancer genes

450K

485K probes
+
CGI shores & shelves
99% RefSeq genes
FANTOM4 promoters
MHC region
enhancers

867K probes
+
FANTOM5 enhancers
miRNA promoters

EPICv1 EPICv2

935K probes
+
ENCODE open chromatin 
FANTOM5 enhancers
Superenhancers
Common cancer driver 
mutations

77.63% homologous to 
v1
200K new probes
>99% correlation in 
methylation values with 
v1 Ref: 

https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-024-1002
7-5
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DNA Methylation Array :  Human Methylation BeadChip

Ref: https://doi.org/10.1080/15592294.2023.2185742 9



✓ genome-wide
✓ single nucleotide 

resolution

✓ low cost, ease of use
✓ widely used in 

population scale 
studies

✓ high reproducibility 
and reliability

✓ compatible with 
FFPE tissues

✓ a few non CpG 
probes

✓ well established 
bioinformatics 
solutions

DNA Methylation Array :  Human Methylation BeadChip

“cg”: CpG cytosine methylation probes; “ch”: non-CG cytosine methylation probes; “rs”: common 
SNP probes; “nv”: probes for somatic mutations found in cancer; and “ct”: quality control probes. 
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Infinium Bead Technology: Type I and Type II probes
● Silica bead affixed with oligonucleotide containing    

50 base probe sequence
CTACAAATACGACACCCGCAACCCATATTTCATATATTATCTCATTTAAT

● Bisulfite converted - DNA is hybridised to the 
probe 

● Single base extension of the probe with fluorescence 
ddNTP

● Fluorescence signal detects the C as thymine (T) 
if originally unmethylated or C if methylated.

● Infinium-I chemistry has one color channel & two 
bead types

○ Methylated (M) and Unmethylated (U) 
beads

● Infinium-II uses one bead type and two color 
channels 

○ green for M, red for U 11



Beta value
● Bounded value 

between 0 to 1
● Fraction of cells 

with a methylated C
● Easier to interpret

M value
● Log ratio between 

M and U intensities
● +M value, M > U
● - M value, M < U
● Used in statistical 

model testing

Measurement of Methylation Values
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Analysis Pipeline
as of 2018

SeSAMe 13

https://www.bioconductor.org/packages/release/bioc/html/sesame.html


● Raw IDAT files are in folder named after chip ID
● Red/Green signal intensity files per sample

● IDAT file name format
5975827018_R06C02_Grn.idat  

5975827018_R06C02_Red.idat

<chip barcode>_<chip position>_<channel>

● Sample annotation CSV file

Import raw methylation data
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Median intensity of M vs U
Beta value distribution
Probes detection P value
Internal control probes

Bisulfite conversion
Hybridization
Extension
Negative controls

Gender check

Quality Control to flag poor quality and outlier samples

qc <- getQC(MSet)
plotQC(qc)
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Median intensity of M vs U
Beta value distribution
Probes detection P value
Internal control probes

Bisulfite conversion
Hybridization
Extension
Negative controls

Gender check

Quality Control to flag poor quality and outlier samples

phenoData <- pData(MSet)
densityPlot(MSet, sampGroups = phenoData$Sample_Group)
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Quality Control to flag poor quality and outlier samples
Median intensity of M vs U
Beta value distribution
Probes detection P value
Internal control probes

Bisulfite conversion
Hybridization
Extension
Negative controls

Gender check
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Quality Control to flag poor quality and outlier samples
Median intensity of M vs U
Beta value distribution
Probes detection P value
Internal control probes

Bisulfite conversion
Hybridization
Extension
Negative controls

Gender check
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https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/infinium_assays/infinium_hd_methylation/beadarray-controls-reporter-user-guide-1000000004009-00.pdf


Quality Control to flag poor quality and outlier samples
Median intensity of M vs U
Beta value distribution
Probes detection P value
Internal control probes

Bisulfite conversion
Hybridization
Extension
Negative controls

Gender check
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https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/infinium_assays/infinium_hd_methylation/beadarray-controls-reporter-user-guide-1000000004009-00.pdf


Quality Control to flag mislabelled samples
Median intensity of M vs U
Beta value distribution
Probes detection P value
Internal control probes

Bisulfite conversion
Hybridization
Extension
Negative controls

Gender check

predictedSex <- getSex(GRset, cutoff = -2)$predictedSex
plotSex(getSex(GRset, cutoff = -2))
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remove probes with high detection P value
median P > 0.01 across samples, P > 0.01 in nth% of samples

remove probes overlapping SNPs 

minfi::dropLociWithSnps

MAF > 0.05 

drop probes in X, Y chromosome 
remove cross reactive probes

Probe Filtering
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https://rdrr.io/bioc/minfi/man/getAnnotation.html
https://github.com/markgene/maxprobes


Within array:
● Dye bias correction
● Background correction
● Type I/II probe bias correction

Across array:
● starting material
● labelling efficiency

Preprocessing, correction and normalisation
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Normalisation in minfi

Dye 
Bias

Background
Correction

Type I/II
Probe bias

Within array
normalisatio
n

Across array
normalisatio
n

preprocessRaw - - - - -

preprocessIllumina ✔ ✔ - ✔ ✔

preprocessSWAN - - ✔ ✔ -

preprocessQuantil
e

- - ✔ ✔ ✔

preprocessNoob ✔ ✔ - - -

preprocessFunnor
m

✔ ✔ ✔ ✔ ✔
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● Perform a statistical test to find any significant 
association between the methylation state of a 
CpG and the phenotype of interest

○ T-test, ANOVA
○ Wilcoxon rank-sum, Kruskall Wallis test, Fisher’s exact 

test
○ Linear model, logistic regression, mixed effects model, 

Beta Binomial

● minfi uses limma functionality
○ Use M-values

● Phenotype could be categorical or continuous
○ cancer vs normal, between tissue types, 

smokers vs not
○ age, blood pressure, BMI

● Other sources of variation can be accounted for
○ E.g., plate-to-plate, lot-to-lot variance
○ covariate in the model 
○ ComBat
○ SVA (Surrogate Variable Analysis)
○ RUVSeq

Differentially Methylated Probes (DMPs)
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DMRs can be defined:
heuristically / De novo

Bumphunter, DMRcate, 
ProbeLasso, comb-p

functional units
CpG islands, gene bodies, 

promoters

Differentially Methylated Regions (DMRs)
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https://academic.oup.com/ije/article/41/1/200/650955?login=true
https://epigeneticsandchromatin.biomedcentral.com/articles/10.1186/1756-8935-8-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4304833/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3496335/


WGBS

26



Sequencing-based methylation profiling

*MCA: methylated CpG island amplification; *HELP: HpaII tiny fragment enrichment by ligation-mediated PCR; *MSCC: methylation-sensitive cut counting; *MeDIP-seq: methylated DNA 
immunoprecipitation; *MIRA: methylated CpG island recovery assay; *RRBS: reduced representation bisulfite sequencing; *WGBS: whole genome bisulfite sequencing; *BSPP: bisulfite padlock probes.
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https://www.cd-genomics.com/medip-sequencing.html
https://www.cd-genomics.com/reduced-representation-bisulfite-sequencing.html
https://www.cd-genomics.com/whole-genome-bisulfite-sequencing.html


2 different PCR products and 4 different sequence strands from one genomic locus
Each of these 4 sequence strands can theoretically exist in any possible conversion 
state

Read mapping of bisulfite treated DNA

Ref: https://www.nature.com/articles/nmeth.1828 28

Challenges:
● BS treatment renders reduced 

genome complexity
● BS treated reads are very different 

from the           reference 
sequence

● Up to 4 read alignment needed per 
locus



3 letter alignment of BS-converted reads

C>T G>A
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BS-seq output* is a BAM with methylation tags

methylation
call
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*after alignment



BS-seq output* is %Methylation of a cytosine
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% Methylation

*after alignment and methylation 
calling



Analysis 
pipeline
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nf-core/methylse
q 



nf-core/methylseq is a bioinformatics analysis pipeline for BS-seq 
data
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Analysis 
pipeline
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Exercise for 
today

nf-core/methylse
q 



Quality control:  base call quality
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Trim reads of low quality base 
calls and adapter sequence

● to increase mapping
● to avoid false M calls



mapped Quality control - end repair bias
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Bisulfite conversion efficiency
● non CpG sites in mammalian genome* 

should 
have > 99.5% conversion in a good 

experiment
● Spike-in controls e.g., phage Lambda

DNA degradation during bisulfite conversion
● unique alignment rates
● read length after trimming

Remove C>T SNPs

Deduplication
● recommended for WGBS, not for RRBS

mapped Quality control

37



Analysis workflow for WGBS data
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Analysis workflow for WGBS data
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Analysis workflow for WGBS data
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Analysis workflow for WGBS data
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Analysis workflow for WGBS data

42



Analysis workflow for WGBS data
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Remove CpGs with little variation
Remove CpGs that overlap C>T SNPs

No replicates: Fisher’s exact test

With replicates:
Logistic regression
Beta Binomial

Overdispersion correction
Covariates can be included in the model

Differential Methylation
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