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• Disease-associated variants 
and disease heritability are 
concentrated in regulatory 
elements, such as enhancers 
and promoters 

• Goal: to determine which
enhancers and promoters 
are most important

(Maurano et al. 2012 Science; Trynka et al. 2013 Nat Genet; Pickrell 2014 AJHG; 
Finucane et al. 2015 Nat Genet)

Enhancers and promoters impact disease
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expression. In addition, we study the role of regulatory regions in human
disease by relating our epigenomic annotations to genetic variants asso-
ciated with common traits and disorders. These analyses demonstrate
the importance and wide applicability of our data resource, and lead to
important insights into epigenomics, differentiation and disease. Specific
highlights of our findings are given below.
. Histone mark combinations show distinct levels of DNA methyla-

tion and accessibility, and predict differences in RNA expression
levels that are not reflected in either accessibility or methylation.

. Megabase-scale regions with distinct epigenomic signatures show
strong differences in activity, gene density and nuclear lamina asso-
ciations, suggesting distinct chromosomal domains.

. Approximately 5% of each reference epigenome shows enhancer and
promoter signatures, which are twofold enriched for evolutionarily
conserved non-exonic elements on average.

. Epigenomic data sets can be imputed at high resolution from exist-
ing data, completing missing marks in additional cell types, and
providing a more robust signal even for observed data sets.

. Dynamics of epigenomic marks in their relevant chromatin states
allow a data-driven approach to learn biologically meaningful rela-
tionships between cell types, tissues and lineages.

. Enhancers with coordinated activity patterns across tissues are enriched
for common gene functions and human phenotypes, suggesting that
they represent coordinately regulated modules.

. Regulatory motifs are enriched in tissue-specific enhancers, enhancer
modules and DNA accessibility footprints, providing an important
resource for gene-regulatory studies.

. Genetic variants associated with diverse traits show epigenomic enrich-
ments in trait-relevant tissues, providing an important resource for
understanding the molecular basis of human disease.

Reference epigenome mapping across tissues and cell types
The REMCs generated a total of 2,805 genome-wide data sets, includ-
ing 1,821 histone modification data sets, 360 DNA accessibility data sets,

277 DNA methylation data sets, and 166 RNA-seq data sets, encom-
passing a total of 150.21 billion mapped sequencing reads correspond-
ing to 3,174-fold coverage of the human genome.

Here, we focus on a subset of 1,936 data sets (Fig. 2) comprising 111
reference epigenomes (Fig. 2a–d), which we define as having a core set
of five histone modification marks (Fig. 2e). The five marks consist of:
histone H3 lysine 4 trimethylation (H3K4me3), associated with pro-
moter regions10,24; H3 lysine 4 monomethylation (H3K4me1), associ-
ated with enhancer regions10; H3 lysine 36 trimethylation (H3K36me3),
associated with transcribed regions; H3 lysine 27 trimethylation
(H3K27me3), associated with Polycomb repression25; and H3 lysine 9
trimethylation (H3K9me3), associated with heterochromatin regions26.
Selected epigenomes also contain a subset of additional epigenomic
marks, including: acetylation marks H3K27ac and H3K9ac, associated
with increased activation of enhancer and promoter regions27–29 (Fig. 2f);
DNase hypersensitivity7,18, denoting regions of accessible chromatin
commonly associated with regulator binding (Fig. 2g); DNA methyla-
tion, typically associated with repressed regulatory regions or active gene
transcripts4,30 and profiled using whole-genome bisulfite sequencing
(WGBS)19, reduced-representation bisulfite sequencing (RRBS)20, and
mCRF-combined31 methylation-sensitive restriction enzyme (MRE)22

and immunoprecipitation based21 assays (Fig. 2h); and RNA expres-
sion levels8, measured using RNA-seq and gene expression microarrays
(Fig. 2i). Our definition of 111 reference epigenomes is very similar to
that used by the International Human Epigenome Consortium (IHEC),
which required RNA-seq, WGBS and H3K27ac that are only available
in a subset of epigenomes here. Lastly, an additional 16 histone modi-
fication marks on average were profiled across 7 deeply covered cell
types (Fig. 2j).

We jointly processed and analysed our 111 reference epigenomes
with 16 additional epigenomes from ENCODE9,23. We generated genome-
wide normalized coverage tracks, peaks and broad enriched domains
for ChIP-seq and DNase-seq7,32, normalized gene expression values for
RNA-seq33, and fractional methylation levels for each CpG site31,34,35.
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Figure 1 | Tissues and cell types profiled in the Roadmap Epigenomics
Consortium. Primary tissues and cell types representative of all major lineages
in the human body were profiled, including multiple brain, heart, muscle,
gastrointestinal tract, adipose, skin and reproductive samples, as well as

immune lineages, ES cells and iPS cells, and differentiated lineages derived from
ES cells. Box colours match groups shown in Fig. 2b. Epigenome identifiers
(EIDs, Fig. 2c) for each sample are shown in Extended Data Fig. 1.
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Reference panel (1000G) Functional annotationsGWAS summary statistics

(not only top GWAS hits)

Annotation Enrichment Annotation Effect Size
(       )⌧⇤c

Conditional on other annotations
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(Finucane et al. 2015 Nat Genet, Gazal et al. 2017 Nat Genet)

Stratified LD Score Regression (S-LDSC)

is a method to partition disease heritability

S-LDSC with baseline-LD model 

(75 functional annotations)

Enrichment = Prop. h/
Prop. SNPs



Summary of datasets analyzed

We utilize summary statistics for 41 independent traits 

and diseases (!"=320K).

– UK Biobank summary statistics are publicly available

– Enrichment and τ* is meta-analyzed over 41 traits

Results are obtained by conditioning on the baseline-LD 

model (75 functional annotations) and enhancer and 

promoter annotations

(Gazal et al. 2017 Nat Genet; Loh et al. 2018 Nat Genet; 
Hormozdiari et al. 2018 Nat Genet)
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• Annotated enhancers and promoters using 
histone marks H3K27ac and H3K4me3

• 20 mammalian liver genomes
• Used only biologically reproducible peaks 

present in two or more replicates 

Enhancer and promoter annotations

(Villar et al. 2015 Cell)
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Human enhancers and promoters are 
enriched for disease heritability
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• Enhancers were 2.6x enriched 
(p=2.5e-12)

• Promoters were 4.6x enriched 
(p=3.2e-17)

(Villar et al. 2015 Cell) Results meta-analyzed across 41 traits
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Outline
①Enhancers and promoters with ancient sequence age

②Functionally conserved enhancers and promoters

③Promoters of loss-of-function intolerant genes

④All of the above are informative in a joint model
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Underlying sequence age
• Date the underlying sequence age of human enhancers and promoters
• Young (< 160 MYA), intermediate (~160 MYA), ancient (> 160 MYA)
• 16% of enhancers are ancient, 28% of promoters are ancient

(Marnetto et al. 2018 AJHG)

promoter enhancer

ancient intermediateyoung

Ancient promoter Intermediate enhancer
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Heritability enrichment is concentrated in 
human elements with ancient sequence age

• Ancient human enhancers were 
9.3x enriched, compared to 2.7x 
for all human enhancers (p=4e-
15 for difference)

• Ancient human promoters were 
14.3x enriched,  compared to 
4.9x for all human promoters 
(p=2e-18 for difference)

(Hujoel et al. 2018 bioRxiv)
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Results meta-analyzed across 41 traits
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Outline
①Enhancers and promoters with ancient sequence age

②Functionally conserved enhancers and promoters

③Promoters of loss-of-function intolerant genes

④All of the above are informative in a joint model
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Conserved function across species
• Determine the number of mammalian species in which the human 

enhancer and promoter were also functional in 
• conserved = conserved function in ≥ 5 of 9 other mammalian species
• Promoters tend to be more conserved (53% vs. 16%) 

(Villar et al. 2015 Cell; Vermunt et al. 2016 Nat Neuro; Trizzino et al. 2017 Genome Res)

promoter enhancer

Conserved 
promoter Non-conserved enhancer

Non-conserved 
promoter

promoter
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Heritability enrichment is concentrated in 
functionally conserved enhancers and promoters

• Conserved human enhancers 
were 4.6x enriched, compared to 
2.4x for all human enhancers 
(p=3e-12 for difference)

• Conserved human promoters 
were 5.1x enriched, compared to 
4.5x for all human promoters 
(p=0.022 for difference) 

Results meta-analyzed across 41 traits
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Outline
①Enhancers and promoters with ancient sequence age

②Functionally conserved enhancers and promoters

③Promoters of loss-of-function intolerant genes

④All of the above are informative in a joint model
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Target gene
• Identify the target gene of human promoters

• Genes looked at:
– ExAC loss-of-function (LoF) intolerant genes
– Ancient genes (emerged before the vertebrates split; ~500 MYA)
– Genes with a mouse ortholog

(Domazet-Loso and Tautz 2008 Mol. Biol. Evol; 
Neme and Tautz 2013 BMC Genomics; Gao et al. 2018 Cell; Lek et al. 2016 Nature)

promoter geneTSS

< 5kb
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Heritability enrichment is concentrated in 
human promoters of ExAC LoF intolerant genes
• 16% of human promoters are 

promoters of ExAC Lof intolerant genes
• Promoters of ExAC genes were 12.4x 

enriched, compared to 5.1x for all 
promoters (p=9e-16 for the difference)

• Annotations for promoters of ancient 
genes or genes with a mouse ortholog 
were not conditionally significant

Results meta-analyzed across 41 traits
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Outline
①Enhancers and promoters with ancient sequence age

②Functionally conserved enhancers and promoters

③Promoters of loss-of-function intolerant genes

④All of the above are informative in a joint model
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Included annotations relating to:
– Sequence age: enhancer/promoter w/ ancient sequence age
– Conserved function: enhancer/promoter conservation count
– Target gene: promoter of ExAC LoF intolerant genes

Iteratively removed annotations that were not 
conditionally significant (adjusting for multiple testing; 
based on !"∗ p-value)

Obtaining final joint model
18



Final model included

– Ancient enhancer

– Enhancer conservation count

– Ancient promoter

– Promoter of ExAC LoF

intolerant gene 
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Sequence age, conserved function, and target 

gene each provide unique information: !"∗

Results meta-analyzed across 41 traits
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!"∗: the proportionate change in per-SNP h2 per one s.d. increase in the value of the annotation



• Enrichment remains consistent 
with previous models

• Within both enhancers and 
promoters, heritability is 
particularly concentrated 
within elements with ancient 
sequence age  
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Sequence age, conserved function, and target 
gene provide unique information: enrichment

Results meta-analyzed across 41 traits
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• GERP RS score: a larger score is 
indicative of stronger negative 
selection

• Larger proportion of SNPs under 
stronger negative selection within 
elements that are more enriched

• Similar results for other measures of 
negative selection

Negative selection metrics 
mirror these findings

(Gazal et al. 2017 Nat Genet; 
Davydov et al. 2010 PLoS Comput Biol) 0
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Conclusions
• Heritability enrichment within human enhancers and promoters is 

concentrated:
– In elements with ancient sequence age 
– In elements with conserved function across many species
– In promoters of ExAC LoF intolerant genes

• The mean value of several measures of negative selection within 
these genomic annotations mirrored all of these findings.
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