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Voineagu et al, Nature, 2011 
Pidsley et al, Genome Biology, 2014 

Functional annotation of 
human brain genome 

Genomics 
(GWAS) 

Epigenomics 
(5mC, 5hmC, histone modifications) 

Transcriptomics 
(RNA-seq) 

Human brain tissue 
Biomarkers 
Clinical cohorts 
Animal models 
Cell models (iPSC) 
Genome editing 
Single-cell profiling 

Systems-level analyses 

Integrated –omics approach: heterogeneous etiology, 
convergent molecular pathology 

Lunnon et al, Nature Neuroscience, 2014 

Function 
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A suite of epigenetic modifications 
act to fine-tune genomic function 

Zhou et al (2011) 
Addi6onal	DNA	modifica6ons:	5hmC,	5fC,	5cC	
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Roadmap Epigenomics Consortium, Nature, 2015 

PsychENCODE Consortium, Nature Neuroscience, 2016 

Regulatory elements 
 
Enhancers 
 
Generate hypotheses  
about function 

Functional annotation of regulatory 
variation in the genome 
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Multi-centre clinical cohorts 
UCL (n = 675) 

ABER (n = 971) 
KCL (n = 801) 

CARDIFF (n = 950) 
DUBLIN (n = 713) 

EDIN (n = 540) 

Integrated genetic-epigenetic analysis of schizophrenia 

SZ-
discordant 

monozygotic 
twin pairs  
(n = 99 
pairs) 

Adult post-
mortem brain 

(matched PFC, 
striatum, 

hippocampus, 
cerebellum) 

Human fetal 
brain (23 to 184 

days post-
conception)  

(n = 179) 

•  Differences in DNA methylation associated with 
schizophrenia 

•  Differences in DNA methylation associated with 
high polygenic burden for schizophrenia 

•  Epigenetic consequences of genetic variants 
associated with schizophrenia 

•  Illumina 450K/EPIC DNA methylation data 
•  Genotype data (imputed to 1000G phase 3) 
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Dopamine	D2S	
Receptor-mediated	
MAPK	signaling	

Serotonin	receptor	

Axon	guidance	

Pidsley et al, Genome Biology, 2014 
Viana et al, in review 

PFC 
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Schizophrenia-associated differentially methylated regions 
– consistent signals across different brain regions 

Viana et al, in review 

RPH3AL:	
calcium-
dependent	
exocytosis	

 7 



GRMI

KALRN

SRRT

CRHRX

LOXLX

MICALI

DPPB

SLCXEAE

DNMTDA
CAMKXD

HLA-L

KIAAXDXO

ABLIMX SHANKI

PACSINX

RICHI

PPPIRIC

CALMDEPHBB

BRD6

UNCU6A

KIRRELD

PVRLX

CACNAXC

CPLXD;LMANXL

LHPP

INTSX

RGSXI

PRKDC

MMPXE

CUXI

CTBPX
RIMBPI

ITPKA
GNAOX

MEGFXXTMEMXDID

PITPNMI

LRFNI

VOPPX

GLTSCRX

IGHMBPI

TMEMUBB;SAPSX

CPSFX

MUCB

TSNAREX

VPS3D

X XO-E XO-X6 XO-IO

Key for node colour

Rbest p-value within 3kb of gene coding region in largest 
GWAS to date CSchizophrenia Working Group of the 
Psychiatric Genomics Consortium Nature IOX6)

Pidsley et al, Genome Biology, 2014 
Viana et al, in review 

PFC co-methylated modules associated 
with schizophrenia 
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Normal	Brain	Development	

Mutations	
Polygenic	variation	
Environmental	insults	
Stochastic	factors	

Neurodevelopmental origins of mental illness

Schizophrenia	
	
	
	
	
	
	
Autism	
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179 human fetal brain samples profiled for DNA methylation 
 
100 male, 79 females 
23 to 184 days post-conception 
DPC calculated by Carnegie staging and fetal foot length 
	

Fetal brain tissue from 191 elective abortions 
DNA	methyla6on	
DNA	hydroxymethyla6on	
RNA-seq	(Nick	Bray)	
Gene6c	varia6on	
Single-cell	transcriptomics	
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>28,000 DMPs (annotated to >5,000 genes) significantly associated with fetal brain 
development

H
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Spiers et al (2015) http:epigenetics.iop.kcl.ac.uk/fetalbrain	
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fetal brain.

 12 



re
la
6v
e	
en

ric
hm

en
t	=

	0
.2
6,
	p
	<
3.
34
E-
92
		

re
la
6v
e	
en

ric
hm

en
t	=

	0
.3
0,
	p
	<
	3
.3
4E
-9
2	

re
la
6v
e	
en

ric
hm

en
t	=

	0
.3
4,
	p
	<
3.
34
E-
92

	

The distribution and direction of fetal brain dDMPs is not equal across genomic 
regions…
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~30% of top-
ranked dDMPs 
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dynamically-
expressed 
during brain 
development 
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There are autosomal sex differences …
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There are autosomal sex differences and distinct sex-specific developmental 
trajectories in the human fetal brain methylome
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There are distinct modules of co-methylated loci in 
the developing human brain…
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…which are highly enriched for neurodevelopmental 
processes.
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Brain development DMPs are enriched in genes linked to 
neurodevelopmental disorders 
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DNA hydroxymethylation (5hmC) is highly dynamic across 
brain development at individual loci 

Spiers et al (in preparation) 
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Hannon et al (in preparation) 

cerebellum 

cortical 

striatum 

Temporal and spatial patterns of co-methylation in the human brain 
across the life-course 

N = 1,426 
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–  1 body, 1 genome: all you need is a blood sample 
–  1 life, 1 genome: you are born with the genome you 

die with 
–  Any lifestyle, 1 genome: it doesn’t matter what 

you’re exposed to 
–  Any disease, 1 genome: no reverse causation 
–  A well annotated reference genome and catalogue 

of polymorphic variants  
–  Methods that do as they say on the box and give 

results that are easy to interpret 
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To	what	extent	can	
easily-accessible	
peripheral	6ssues/
cells	(e.g.	whole	
blood,	saliva,	buccal)	
be	used	as	a	proxy	for	
inaccessible	6ssues/
cells	(i.e.	brain)?	

 28 



Profiled five matched tissues from ~100 individuals 
Illumina 450K array 
	
	
	
Whole	Blood	(pre-mortem)	
Cerebellum	
Superior	Temporal	Gyrus	
Entorhinal	Cortex	
Prefrontal	Cortex	

DramaHcally	
more	variaHon	

between	
Hssues	within	
an	individual	
than	between	
individuals	

within	a	Hssue	
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The important question for epigenetic 
epidemiology / biomarker research: is inter-
individual variation correlated across tissues? 
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hKp://epigeneHcs.iop.kcl.ac.uk/bloodbrain/	

 31 



Small numbers 
Inappropriate tissues/cells 
Candidate gene focused 

Sub-optimal study designs 
Hype and over-interpretation  

Longitudinal	prospec6ve	
sampling	from	(before)	
birth	of	disease	relevant	
6ssues	/	cells	(in	MZ	twins	
who	become	discordant	

for	disease)…	
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Aryl	hydrocarbon	receptor	
repressor	(AHRR)	

F2RL3	

GFI1	

Blood SZ EWAS – Phase 1 (UCL) 
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Smoking EWAS 

Aryl	hydrocarbon	receptor	
repressor	(AHRR)	

Smoking	EWAS	

US population: 25-30% 
Schizophrenics: 70-90% 
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Can	we	infer	smoking	status	from	DNA	methyla6on	data?	

Phase	1	 Phase	2	
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Non-smokers	vs	
Smokers	

DNAm	age	

Cell	counts	(blood	and	brain)	
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Blood SZ EWAS – Phase 1 (UCL) – model controlling for sex, age, cell counts, 
smoking 25 DMPs with P < 1x10-7 

1,223 DMPs with P < 5 x 10-5 
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Using principal components to test for additional 
confounding in data 
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166 human fetal brain samples with 
genetic and DNA methylation data 
 
56-166 days post-conception 
 
Prefrontal cortex, striatum and 
cerebellum samples from adult brain 
 
16,809 mQTLs at a conservative 
Bonferroni-corrected significance 
threshold of P < 3.69x10-13  
 
Imputation to 1,000 genomes project 
identified an additional 256,040 
mQTLs 
 
Median DNA methylation change per 
allele across all identified mQTLs = 
6.69% (interquartile range = 
3.17%-8.96%)  
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The majority of fetal brain mQTLs (96.3%) involve 
SNPs and DNA methylation sites on the same 
chromosome  epigenetics.iop.kcl.ac.uk/mQTL 
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Trans-mQTLs in the developing human brain  

~700 inter-chromosomal 
(trans) mQTLs (P < 
3.69x10-13) 
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There is a high-correlation of mQTL effects between 
fetal brain and adult brain regions… 
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…and opposite-effect effects across tissues and 
developmental stage. 

Fetal	brain																		Adult	cortex															Adult	striatum										Adult	cerebellum	
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SNPs associated with DNA methylation are more 
significantly associated with gene expression than 
non-mQTL variants. 

Fetal brain mQTL 
Not mQTL 

Wilcoxon rank sum test P < 2.2x10-16  

eQTL	data	from	
BRAINIAC	(Mike	
Weale)	
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Highly-significant enrichment of genome-wide 
significant schizophrenia risk variants amongst fetal 
brain mQTLs  

P = 3.0x10-6	
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Bayesian co-localization analysis across 105 
autosomal regions associated with schizophrenia  

•  posterior probabilities for 65 regions (involving 296 DNA methylation sites in 
306 pairs) were supportive of a co-localized association signal for both 
schizophrenia and DNA methylation in that region  

•  26 of these pairs (covering 15 regions associated with schizophrenia) strongly 
supportive for both schizophrenia and DNA methylation being associated with 
the same causal variant  

RPEL1

NT5C2

CNNM2

AS3MT

BORCS7−ASMT

BORCS7

CYP17A1

WBP1L

rs11191419

chr10:104535135 105006335

SNPs

450K Probes

SCZ GWAS signal
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Bayesian co-localization approaches to identify 
variants associated with both disease and genomic 
regulation 
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SMR analysis for SZ / DNA methylation 

Brain 
 
 
 
 
 
 
 
 
Blood 

Green	=	probes	that	pass	both	steps	of	the	SMR	analysis	(pleiotropy	not	LD)	
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Increased polygenic risk burden in schizophrenia 
brain samples 
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Increased polygenic risk burden in schizophrenia 
blood samples 

P = 3.34x10-27 P = 2.09x10-31 

Phase 1 - UCL Phase 2 - Aberdeen 
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Examples of PRS-associated DNA methylation in 
brain 

Viana et al (in review) 

Striatum	 Cross-brain	region	model	
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DMPs	associated	with	schizophrenia	diagnosis	are	
disHnct	from	those	associated	with	polygenic	burden	

Schizophrenia	EWAS	

Polygenic	
risk	score	

EWAS	

PRS-associated	
varia6on	does	not	
appear	to	be	
mediated	by	mQTL	
effects	
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