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Outline

1. DNA methylation & EWAS
2.Post-EWAS analyses

* Overrepresentation & Gene Set Enrichment
Analyses

* Otherenrichment analyses

* Molecular quantitative trait loci

* Celltype proportions deconvolution & analyses
 Result annotation with genomics databases
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DNA methylation

* Epigenetic marks that do not involve a change sequence and regulate
gene expression.

* Addition of a CH; to cytosines (5mC) within CpG.

* Essential for cell type differentiation & development.

* Highly cell-type-specific.

* Influenced by genotype & environmental exposures (i.e., smoking ).

* DNAm changes with age.
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Epigenome-wide Association Studies (EWAS)
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https://en.wikipedia.org/wiki/Epigenome-wide_association_study




Overrepresentation &
Gene Set Enrichment Analyses

* Gain a systems-level understanding of the changes in
methylation/expression by examining the pathways or gene sets
involved.

* Gene sets and pathways are pre-defined in exiting databases (GO,
Kegg, Molecular Signatures Database (MSigDB).

 General approaches: Over-Representation Analysis & Functional Class
Scoring.

Molecular Profile Data

Enriched Sets

Forhhwwal pho SHTTICHE DMAC TRATIO GINTS

{ L— -
'

Gene Set Database

httis://www.isea-msiidb.ori/isea/index.'|si/ /I\\‘


https://www.gsea-msigdb.org/gsea/index.jsp

Overrepresentation &
Gene Set Enrichment Analyses

GENE&!;‘;OO,OEPGY About Ontology Annotations Downloads Help (@) v f ALLIANCE

of GENOME RESOURCES
£ FOUNDING MEMBER

Current release 2024-01-17: 42,442 GO terms | 7,655,937 annotations
1,637,348 gene products | 5,387 species (see statistics)

THE GENE ONTOLOGY RESOURCE

GO Enrichment Analysis

The mission of the GO Consortium is to develop a comprehensive, computational 9

model of biological systems, ranging from the molecular to the organism level,
ey - T ’ Powered by PANTHER
across the multiplicity of species in the tree of life.

The Gene Ontology (GO) knowledgebase is the world’s largest source of information
on the functions of genes. This knowledge is both human-readable and machine-

readable, and is a foundation for computational analysis of large-scale molecular

biology and genetics experiments in biomedical research.

https://geneontology.org
https://bioconductor.org/packages/release/data/annotation/html/GO.db.html

https://www.genome.jp/kegg/
https://www.bioconductor.org/packages//2.12/data/annotation/htmU/KEGG.db.html
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https://www.genome.jp/kegg/

The Molecular Signhatures Database

34,550 gene sets
9 collections

Human & mouse

(MSigDB)

Human Collections

H

hallmark gene sets are coherently
expressed signatures derived by aggregating
many MSigDB gene sets to represent well-
defined biological states or processes.

C5

ontology gene sets consist of genes
annotated by the same ontology term.

C1

positional gene sets corresponding to
human chromosome cytogenetic bands.

Cé6

oncogenic signature gene sets defined
directly from microarray gene expression
data from cancer gene perturbations.

C2

curated gene sets from online pathway
databases, publications in PubMed, and
knowledge of domain experts.

C7

immunologic signature gene
sets represent cell states and perturbations
within the immune system.

C3

regulatory target gene sets based on
gene target predictions for microRNA seed
sequences and predicted transcription factor
binding sites.

C8

cell type signature gene sets curated
from cluster markers identified in single-cell
sequencing studies of human tissue.

C4

computational gene sets defined by
mining large collections of cancer-oriented
expression data.

https://www.gsea-msigdb.org/gsea/msigdb
https://bioconductor.org/packages/release/data/experiment/vignettes/msigdb/inst/doc/msigdb.html
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Gene set enrichment analysis for
DNA methylation data

* Methylation occurs anywhere on the genome and is not as directly related to
expression.

* How to assign CpGs tp genes?

* Annotate CpGs to genes >differentially methylated >gene list for enrichment.

Probe number bias:
genes # numbers of CpGs.

Multiple annotation bias:

Gene 2 = {I}——— (I
CpG annotated to >1 gene. ene
o B
e :md? T 0.15
.r q.brm:dian::!() 5 )
- L ] “E
sco-:‘;“lp >
R Bioconductor Y g o0
S o011 ¥ K
' . g Il g
MissMethyl::gseameth L 2 £ oo
200~ S D
ChAMP::ebGSEA e AN
SR S & o0 | B
MehylGSA O e e B e
R PP PERPE PP B P P P D P 0 10 20 30
No. CpGs per gene No. CpGs per gene (binned)



missMethyl

e CpG listenrichment based on Wallenius’ noncentral
hypergeometric test.

* Accounts for probe number and multi-gene biases using weights.

* Can subset the CpG list to specific genomic regions (i.e. promoters).

« gometh: List CpGs with GO.db and Kegg .db annotation packages

« gsameth: List CpGs with other gene sets.

 goregion: List DMRs with GO.db and Kegg .db annotation packages

e gsaregion: List DMRs with other gene sets.

> gometh(sigcpgs,all.cpg=NULL,collection = c("GO", "KEGG"),
array.type="450K",pTlot.bias = FALSE,prior.prob = TRUE,
anno = NULL,equiv.cpg = TRUE,fract.counts = TRUE,
genomic.features = c("ALL", "TSS200", "TSS1500", "Body'",
"lstExon", "3'UTR", "5'UTR","ExonBnd"),sig.genes = FALSE)

https://bioconductor.org/packages/release/bioc/html/missMethyl.html
http://oshlacklab.com/methyl-geneset-testing/index.html
Maksimovic et al. 2021 Genome Biology (PMID: 34103055)
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https://bioconductor.org/packages/release/bioc/html/missMethyl.html
http://oshlacklab.com/methyl-geneset-testing/index.html

ebGSEA
m\)‘--- 1. champ.load fi __.

* Adapts a global test to directly

rank genes by overall g
differential methylation level
(using all CpGs for that gene).
* champ.GSEA
am v CXD

> champ.GSEA(beta=myNorm, arraytype="450K",adjPval=0.05, _ fT
method="ebayes",cores=5) L

6 DIVIRGUI b,

5. champ.DMP 7. champ.DMR

9. champ.GSEA

https://github.com/aet21/ebGSEA
https://www.bioconductor.org/packages/release/bioc/html/ChAMP.html

Dong et al. 2019 Bioinformatics (PMID: 30715212)
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https://github.com/aet21/ebGSEA
https://www.bioconductor.org/packages/release/bioc/html/ChAMP.html

eFORGE

* Experimentally derived ol ® . °
Functional element Overlap S . . ' . B
analysis of ReGions from INPUT N ..7-:'.°--',’::‘-{':-:.-3."-'."..1:-':-‘
EWAS. Genomic regions

e Standalone (Perl/python) &
web-based tool.

« Detects enrichment of 8 1 ST

S | | et e
DNase | hypersensitive sites 0 FORGE =1 1 | : _ _ENCODE _
& chromatin states O 5\ er’} Chr&)m;tin SOLUEPRINT
reference samples (tissues, i
primary cell types, & cell
lines) S .

* Input CpG probes or bed S ... . ..
file. OUTPUT % oo ofENes o B e oo o ¢ oHRR e oS

Cell types

https://eforge.altiusinstitute.org/

https://eforge-tf.altiusinstitute.org/ Breeze et al 2016 Cell Rep. PMID: 27851974;
) Breeze et al 2019 Bioinformatics PMID: 31161210.
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https://eforge.altiusinstitute.org/
https://eforge-tf.altiusinstitute.org/

CELligY1 531

, Paste data: FS
cgl2962778
cgl63@3562
CEl6501235
cg18580858
cgl8712919
Cgl8854666
cg21792432
CE22681096
Cg25859899 v
Cg26989163
Cg27443224 Y/
eFO RGE Clear bex
. . Upload file: | Browse... | No file selected.
A Tool for Identifying Cell e e LR |
Type-Specific Signal in
Epigenomic Data Input Options
Input file format: |Probe list v |
Mame (optional): [
Web version max. 1K probes Platform: (umina 850k EPIC array v |
Analysis Options
Analyse data from: |Consolidated Roadmap Epigenomics - DHS v
Proximity: |1 kb window v |
Depletion: O
Background repetitions (100-1000): |].UUU
https://eforge.altiusinstitute.org/  Sionifcance threshold
strict: [o.01 |
Marginal: |o.05 |

Breeze et al 2016 Cell Rep. PMID: 27851974; -
Breeze et al 2019 Bioinformatics PMID: 31161210. [Run|

B



eFORGE

Match 1000 times i

485,512 probes

Published EWAS

Gene relationship

Overla Overla ¢ .
P VErSR CpG island relationship
* TOmeT 1 PRoRatel N
‘. daidh aikisesiako sl l
R . v

DNaséVﬁatébéts from ENCODE or Roadmap

Express enrichment R
as —log10(p value) S
of the EWAS MVPs 5
compared to the .
dsOkarrayprobes “iIIINLLNLNNG  *Manhattan plot rom

' RO i BMI Dick et al. EWAS,

1 Lancet, 2014
https://eforge.altiusinstitute.org/?documentation Breeze etal 2016 Cell Rep. PMID: 27851974
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GREAT: Genomic Regions Enrichment of
Annotations Tool

GREAT: Genomic Regions Enrichment of Annotations Tool
GREAT. predicts functions of cis-regulatory regions.

1. Input: A set of Genomic Regions
(such as transcription factor binding events
identified by ChiP-Seq).

2. GREAT associates both proximal and distal
input Genomic Regions with their putative
target genes.

3. GREAT uses gene Annotations from
numerous ontologies to associate genomic
regions with annotations.

4. GREAT calculates statistical Enrichments for
associations between Genomic Regions
and Annotations.

5. OQutput: Annotation terms that are
significantly associated with the set of input
Genomic Regions.

6. Users can create UCSC custom tracks from
term-enriched subsets of Genomic Regions.
Any track can be directly submitted to
GREAT from the UCSC Table Browser.

http://great.stanford.edu/public/html/splash.php

Example: YSRF ChiP-Seq called peaks

LA

1 1 L |

genome

" Gene transcription start site

2 Association

C yy9 Ay C ¥ CyyC
A\ L N W w2
A Ontology agnorar:‘on (e.g. ‘ai:r'n binding”) P
C v 9 C Ly C
s L L W

= Regulatory domains of all genes annotated with A

_L_Lig-h

n =& genomic regions

p =105 of genome snnotated with A

pvalue, Jeuq. "actin Binding}

SKF peaks regulate
genes involved in:

GREAT,

results

k=4 genamic regions regulate genes
annotated with A

-= Probability,, (kx4 | =6, p=05)
Ontology term p-value
Actin cytoskeleton 1 o?

FOS gene family 10_“:

TRAIL signaling 10

create tracks

— UCSC Genome
—

submit tracks Browser

MclLean et al 2010 Nat Biotechnol. PMID: 20436461
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EEE al, Overview News Use GREAT Demo Video HowtoCite Help

Species Assembly @ Human: GRCh38 (UC5C hg38, Dec. 2013)
(O Human: GRCh37 (UCSC hg19, Feb. 2009)
() Mouse: GRCm38 (UCSC mm10, Dec. 2011)
() Mouse: NCBI build 37 (UCSC mm39, Jul. 2007)
Can | use a different species or assembly?

Testregions () BEDfile: | Browse... No file selected.
(® BED data:

:Wnar' should my test regions file contain ?
How can [ create a test set from a UCSC Genome Browser annotation frack?

Background @ Whole genome

regions
(O BED file: | Browse... No file selected.
(O BED data:
4
When should | use a background set?
What should my background regions file contain?
http://great.stanford.edu/public/htmU/splash.ph McLean et al 2010 Cell Rep. PMID: 27851974
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EWAS Toolkit
EWAS Open Platform

1put
Probe Set from
450K/850K '8

Integrated Analysis

Motif Analysis Genomic Location Goho
ASSAGGAARL — Ontology

Probe Set

Public Reported ]

- Result

® Online Interpretable ey Downloadable
Result ) Compressed File
https://ngdc.cncb.ac.cn/ewas/ Xioni et al 2022. Nucleic Acids Res. PMID: 71 8<\i




EWAS Toolkit
EWAS Open Platform

Web toolkit for epigenome-wide association studies

REVERPL Data Resources Computing Analysis Data Network

China National Center for Bloinformation

EWAS Atlas Browse =@ EWAS Toolkit & Downloads Il Statistics B Ap| & Help i EWAS Data Hub

@EWAS Open Platform

‘) EWAS~ TOOIKIt @ EWAS Open Platform

a web toolkit for epigenome-wide association study

Enrichment & Annotation Network Visualization Correcting Batch Effects - GMQN

Input File ©: #Example File Trait From EWAS Atlas:
No file selected. [ v ]
Input Probe ID: Clear Input
€g23201812 i
cg18014789 |
cg11532433 Input Job ID:
902091781 [ ']
cg11252953 o
cg01323777 4

#example: vitamin B12 supplementation related DMP (PMID:29135286)
Background: ® 450K O EPIC/850K O Others

https://ngdc.cncb.ac.cn/ewas/ Xiong et al 2022. Nucleic Acids Res. PMID: 34718752
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EWAS Toolkit
EWAS Open Platform

EWAS Atlas Browse = S EWAS Toolkit X Downloads il Statistics B p\p| W Help i EWAS Data Hub

@EWAS Open Platform

Trait v Genomic Location v Gene Ontology v KEGG Pathway +* Chromatin State + Histone Modification +* Tissue Expression Regulation «* Motif «*

Gene Ontology Enrichment

ovulation

nuclear receptor binding

protein phosphatase 1 binding

hair cycle process

COP9 =ignalosome assembly

histone H4-K16 acetylation

GTPase activator activity

telethonin binding

negative regulation of transcription, DNA-templated
nuclear body l :

regulation of Golgi organization

Toll-like receptor binding

regulation of synaptic vesicle cycle

positive regulation of GTPase activity |_.

vesicle organization

granular component

detection of muscle stretch

muscle alpha-actinin binding

bis(5'-adenosyl)-triphosphatase activity

nucleosome ]

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
p value

Xiong et al 2022. Nucleic Acids Res. PMID: 34718752
https://ngdc.cncb.ac.cn/ewas/documentation#/toolkit
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Outline

* Molecular quantitative trait loci
* Celltype proportions deconvolution & analyses

* Result annotation with other genomics
databases

B



Molecular Quantitative Trait Loci
(molQTL)

* Methylation quantitative trait loci (meQTL)

e =45% of CpGs in 450K array
SNP  %Meth.

™M ™M m [ﬁlﬁ]ﬁ] AA 30

ACEBTEBAC - v AG 3
NP
— cis window bp —r GG 45

Molecular Quantitative Traits

SNP > methylation MQTL or meQTLs

SNP > gene expression eQTLs

5mC - expression eQTM

Villicana and Bell 2021. Genome Biol. PMID: 33931130
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Methylation Quantitative Trait Loci

"

06 - Sample_Group
. 0
.

0.5 1

0.4 4

cg17416722
o
w

0.2 1

0.1 1

+> @

AA AB B8
rs9271155

00 -

Campagna et al 2021 Clin Epigenetics. PMID: 34863305.
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Genetics of DNA Methylation
Consortium (GoDMCQC)

* A multi-cohort meta-analysis of blood meQTLs
« >32,851 participants

* Database http://mgtldb.godmc.org.uk/

* API http://api.godmc.org.uk/v0.1

GoDMC Home Search Cohorts Resources API About

Cis and trans meta-analysis results from genome-wide scans of
420,509 DNA methylation sites

Example searches:
rs7105015
snp:6:16000000-17000000
€g24851651
€pg:6:16000000-17000000
€g19104072,cg16950941

http://www.godmc.org.uk/ Min et al 2021 Nat Genet. PMID: 34493871
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http://mqtldb.godmc.org.uk/

The Genotype-Tissue Expression (GTEX)

« Ongoing effort to build a comprehensive public IS .,
resource to study tissue-specific gene S | T
expression and regulation. z\

« Samples were collected from 54 non-diseased

tissue sites across nearly 1000 individuals. —— / coospans —
Eg‘:e,m*;ﬁ:{ VAT 11|11 IO 11511 (o7
V% /'H'E'EE'E‘ 7 P 715 G Lo LT Y+ [ ] 5 oL [

) GTEX Portal

Home Downloads~ Expression- Single Cell= QTL- |GV Browser Tissues & Histology -

o S

Genotype (genetic makeup)

https://gtexportal.org/home/

Trazine Bigbané

The GTEx Consortium. Science. 2015 May 8;348(6235):648-60
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The Genotype-Tissue Expression (GTEX)
Project
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https://gtexportal.org/home/

https://gtexportal.org/home/downloads/adult-gtex/qtl
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DNA methylation QTL mapping across
diverse human tissues

mapping Gene links to traits

: GWAS
= ° \
gl : g o S
Sample -matched \ 8 : ®
£

gene expression Expression
\ Chr (Mb) /

Multi-tissue DNAm array profiles Oliantitative / Glallzation \
e o ‘ , trait eQTMs

DNAmM

Muscle ' Lung
Breast skeletal
mammary

GWAS
association

; mQTLs
Hssle Methylated \ Ohva mp _ 8 4
CpG sites Y & _ . * Functional maps 'cg 3
4 NRE * PV N
‘ Sample-matched a Target gene]
A\ genotypes Enhance C .
SRS AT TT AT AA S e
/ Multi-context g% :
. ulti-contex 38
Tees eQTLs eQTLs | oniimpmtmlitnss

5 * e ® m Chr (Mb)
3
S RN
TT AT AA
Prostate Colon Whole
transverse blood

https://gtexportal.org/home/downloads/egtex/methylation

Oliva et al. 2022 Nat Gen. PMID: 36510025
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QTLbase

http://www.mulinlab.org/qtlbase Zheng et al 2020 Nucleic Acids Res PMID: 31598699
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Outline

* Celltype proportions deconvolution & analyses

* Result annotation with other genomics
databases
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Cellular Heterogeneity in EWAS

Sample 1 Sample 2
®) *-C@ | @%
* Most biological samples are _ '*%C 8@(.&0
mixtures of cells with distinct &C&}& é‘acﬁt}&

methylat|on pattel’nS. 50% methylated 60% methylated
« EWAS aim to identify DMPs, cell GC@ GCG
type proportions may also vary 8@@%0 Sﬁb%c
between cases and controls. %GG ' %G &
Cec eS¢
* Cell-type deconvolution methods: 50% methyiated 60% methylated
 Reference-free © Gce% éot%
 Reference-based g%@; C %@G G
Cog Co¢g
55% methylated 60% methylated

R packages: EpiDISH, RefFreeEWAS ® GG C@
Wihe ik
cb¢

God
Houseman et al. 2012 Bioinformatics 22568884 €%¢g

Houseman et al. 2019 Bioinformatics PMID: 27358049 55% methylated 70% methylated
Zheng et al 2018. Nat Methods. PMID: 30504870.
PMID: 28749184
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Cell proportion estimates in analyses

1. Reference-based cell type deconvolution using immune cell DMRs (e.g. 2. Use cell type proportion estimates in analyses of outcome
Houseman method) or phenotype of interest.
Examples:
i. Compare cell type proportions in cases with controls
08 ¢ L Case
5 8 il @ Control
— )
. , 06 -
Bio-specimen Cell-type specific % g 5.
Sl Lokl et B methylation data [ IS & gdsd L v &
= 'g : %% o o .
ETS W S g 0‘2 L} s + 8 ‘
=
: Sl8,528e
“ o0 - STessdr 3
i S e T s
L ) \ ) C Ch |l == 00Y¥YX
v r §8333833882%
Samples 1...n Avg. beta-value per cell type COOUOae
ii. Calculate cell type ratio (e.g. NLR), and test association
of NLR with variables of interest (e.g. survival)

Result: a matrix of samples with estimated immune cell type proportions Proportion of Granulocytes

—_ LR Proportion of Lymphocytes
iii. Testrelation of cell type proportion (e.g. CD8) or ratio
- Gran, | Mono, | B-cell, | CDA4T, | CD8T, | NK, with survival outcome (e.g. overall survival)
- & + @ High CD8
8- | Gran, | Mono, | B-cell, | CD4T, | CD8T, | NK, 2 24 b
o} 2
£ g8 7
0] 3 %
.> °
Gran, | Mono,, | B-cell, | CDAT, | CD8T, | NK, % o
- &
L Y J S T T T T 1
Immune proportion estimates for samples 1...n 0 200 400 000 800 1000

Titus etal 2017 Hum Mol Genet. PMID: 28977446 R
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Identification of differentially methylated
cell types in EWAS

CellDMC flowchart: identification of DMCTs

Cell-type (CT)
fractions
1 m! 2. Fit model with
) I‘c'-B interaction terms between — - =
1. Cell-ype fraction 5 0.6 phenotype and CT fractions = . |
estimation 0.4 for all cell types =¥ o~
> 53 : > .|
0.2 = TeThagon
sl CT fraction
0
»,
S C‘f‘rbc.-{b 3. Inference and rankings
of DMCTs per cell type
s . g Cel-ype fraction
Samples adjustment
DNAm Adij. p
DNAmM Ret Pheno [EE—— Rankings
[} 1 G!Jﬂ'll'ﬂl
ctCpG1 CpG1 Disease 1|6]|6
0.8 w1
ctCpG2 CpG2 08 2 (1]1
0.6 CpG3 ) 3a|l2|56
ciCpG3 0.6
0.4 CpG4 6|53
04
ciCpG4
CpGbh 51 4|4
0.2 P 0.2
ciCpG5s 0 CpGB 0 43|2
o~ * g *, )
&l 2 > & d O L

EpiDISH::CellDMC

Samples

Zheng et al 2018. Nat Methods. PMID: 30504870.
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Outline

* Result annotation with other genomics
databases
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EWAS Catalog

Search

EWAS Catalog g

. The MRC-IEU catalog of epigenome-wide association studies

Search

‘ Enter CpG, gene, region, trait, EFO term, author name or PMID Q

Examples: cg00029284, chr12:111731203, FTO, 6:15000000-25000000, body mass index, 27040690.

+Advanced

Data last updated: 2023-12-22

https://www.ewascatalog.org/

B



EWAS Atlas
EWAS Open Platform

iiﬂ’!@fgﬁq:ﬂ:\ Data Resources  Computing Analysis  Data Network  Standards

E";'-.'A‘S Atlas Browse == EWAS Tookit X Downloads il Statistics B AP @ Help  Jlt EWAS Data Hub

EV/AS Open Platform

EWAS AtIaS@ EWAS Open Platform Number of Publications

A knowledgebase of epigenome-wide association studies

smoking, AHRR, cg05575921

Associations Traits Cohorts

% 675,142 @ 797 (‘8 3,613

Tissues/Cells Studies Publications

218 5_ 1705 !J 1078

Last update: new EWAS on metabolic syndrome (MeiS) has been added online on January 5, 2024
New Database: EVAS Data Hub (A data hub of DNA methylation array data and metadata) Follow us: @EWAS_Open_Platform
New Toolkit: EVAS Toolkit (A web toolkit for epigenome-wide association study) Cite: EWAS Open Platform: integrated data, knowledge and toolkit for epigenome-wide association study. Nucleic Acids Res. 2021
[PMID=34718752]
EWAS Atlas: a curated knowledgebase of epigenome-wide association studies. Nucleic Acids Res. 2019 [PMID=30364969]

https://ngdc.cncb.ac.cn/ewas/ Xiong et al 2022. Nucleic Acids Res. PMID: 34718752
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Public genomics data repositories

Ce0

Gene Expression Omnibus

https://www.ncbi.nlm.nih.gov/geo/

@ArrayExpress;

https://www.ebi.ac.uk/biostudies/arrayexpress

https://bioconductor.org/packag
es/release/bioc/html/GEOquery.
html

WAS Data Hu b@ EWAS Open Platform

A data hub of DNA methylation array data and metadata

https://ngdc.cncb.ac.cn/ewas/datahub/index
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Questions
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