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phenotype association, to enable fine mapping of causative variants. The NDA coexpres-

sion approach identifies new genetic variants associated with specific traits, including an

association between the regulation of the OCT1 cation transporter and genetic variants

underlying circulating cholesterol levels. NDA strongly implicates particular cell types and

tissues in disease pathogenesis. For example, distinct groupings of disease-associated reg-

ulatory regions implicate two distinct biological processes in the pathogenesis of ulcerative

colitis; a further two separate processes are implicated in Crohn’s disease. Thus, our func-

tional analysis of genetic predisposition to disease defines new distinct disease endotypes.

We predict that patients with a preponderance of susceptibility variants in each group are

likely to respond differently to pharmacological therapy. Together, these findings enable a

deeper biological understanding of the causal basis of complex traits.

Author summary

We discover that genetic variants associated with specific diseases have more in common
with each other than we have previously seen. Specifically, variants associated with the
same disease tend to be in parts of the genome that are turned on or off in similar complex
patterns across many different cell types. We discover that genetic variants associated with
specific diseases are found within regulatory elements that share patterns of expression.
Specifically, variants associated with the same disease tend to be in parts of the genome
that are turned on or off together in similar complex patterns across many different cell
types. Knowing this helps us to find new variants associated with some diseases, and to
better understand the genetic causes of other diseases. Furthermore, we discover that the
genetic causes of inflammatory bowel disease fall into two distinct patterns, indicating
that two aetiologically-distinct endotypes of this condition exist. Unlike other methods to
learn about disease mechanisms from genetic information, our approach does not require
any knowledge or assumptions about the genes themselves–it depends only on the pat-
terns in which parts of the genome are activated in different cell types.

Introduction
Genome-wide association studies (GWAS) have considerable untapped potential to reveal
new mechanisms of disease[1]. Variants associated with disease are over-represented in regu-
latory, rather than protein-coding, sequence; this enrichment is particularly strong in promot-
ers and enhancers[2–4]. There is emerging evidence that gene products associated with a
specific disease participate in the same pathway or process[5], and therefore share transcrip-
tional control[6].

We have recently shown that cell-type specific patterns of activity at multiple alternative
promoters[7] and enhancers[3] can be identified using cap-analysis of gene expression
(CAGE) to detect capped RNA transcripts, including mRNAs, lncRNAs and eRNAs[3,5]. In
the FANTOM5 project, we used CAGE to locate transcription start sites at single-base resolu-
tion and quantified the activity of 267,225 regulatory regions in 1824 human samples (primary
cells, tissues, and cells following various perturbations)[8].

Unlike analysis of chromatin modifications or accessibility, the CAGE sequencing used in
FANTOM5 combines extremely high resolution in three relevant dimensions: maximal spatial
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resolution on the genome, quantification of activity (transcript expression) over a wide
dynamic range, and high biological resolution–quantifying activity in a much wider range of
cell types and conditions than any previous study of regulatory variation[2,4]. Since a majority
of human protein-coding genes have multiple promoters[5] with distinct transcriptional regu-
lation, CAGE also provides a more detailed survey of transcriptional regulation than microar-
ray or RNAseq resources. Heritability of traits studied by some GWAS is substantially
enriched in these FANTOM5 promoters[9][10].

Genes that are coexpressed are more likely to share common biology[11,12]. Similarly, reg-
ulatory regions that share activity patterns are more likely to contribute to the same biological
pathways[5]. We have previously shown transcriptional activity of regulatory elements (both
promoters and enhancers[3]) is associated with variable levels of expression arising at these
elements in different cell types and tissues[5]. Informative regulatory networks can be derived
from predicted transcription factor interactions with FANTOM5 regulatory regions[6]. We
therefore use transcript expression here as a surrogate for transcriptional regulatory activity.

In contrast to previous studies[6,13,14], we sought to explore the similarities in activity at
disease-associated sets of regulatory regions, rather than genes, and independent of transcrip-
tion factor binding predictions.

In order to determine whether coexpression of regulatory elements can provide additional
information to prioritise genome-wide associations that would otherwise fall below genome-
wide significance, we developed network density analysis (NDA). The NDA method combines
genetic signals (disease association in a GWAS) with functional signals (correlation in pro-
moter and enhancer-associated transcript levels measured by CAGE across numerous cell
types and tissues, Fig 1), by mapping genetic signals onto a pairwise coexpression network of
regulatory regions, and then quantifying the density of genetic signals within the network.
Every expressed regulatory region that contains a GWAS SNP associated with a given trait is
assigned a score quantifying its proximity in the network to every other regulatory region con-
taining a GWAS SNP for that trait. We then identified specific cell types and tissues in which
there is preferential activity of regulatory elements associated with selected disease-related phe-
notypes, thereby providing appropriate cell culture models for critical disease processes.

Methods

Regulatory regions
For the purpose of this analysis, promoters identified in the FANTOM5 dataset were defined
as the region from -300 bases to +100 bases from a transcription start site[15]. Previous analy-
sis demonstrated that this covers the areas of maximal sequence conservation across species
and the core region of transcription factor binding. Enhancers are widely transcribed across
the human genome (eRNAs). Since eRNA TSS are considerably longer than promoter TSS
(median length(IQR) 272(173–367) vs 15(9–26)), enhancers were defined by the range covered
by eRNA transcription start sites.

Coexpression algorithm
For each GWAS study, SNPs were identified that lie within either a functional promoter or
enhancer. Any promoter or enhancer that contained a variant putatively associated with a
given phenotype was considered to be candidate phenotype-associated regulatory region. A
pairwise matrix was then generated from the full FANTOM5 dataset of promoters and
enhancers, in which each node is a regulatory region, and edges reflect the similarity in activity
(expression) patterns arising at these regulatory regions, across different cell types and tissues.
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To test the hypothesis that regulatory regions genetically associated with a given phenotype
are more likely to share activity patterns, we devised the NDA method, which quantifies the
strength of coexpression among a chosen pool of putative phenotype-associated regulatory
regions. This approach avoids arbitrary cut-offs between clusters (or “communities”) of nodes,
and yields a single value for each node, quantifying the closeness with all other nodes in a par-
ticular subset (network density). NDA was used to integrate the putative association between a
regulatory sequence and the phenotype of interest (indicated by the presence of a phenotype-
associated SNP), with the coexpression similarity between this node with other nodes that are
also putatively associated with the same phenotype.

Principle of network density analysis (NDA)
NDA integrates information from two distinct and independent sources: the relationships
between nodes in the network, and the choice of subset. In the present work, nodes are

Fig 1. Use of NDA to detect coexpression. (a) A subset of regulatory elements is identified containing disease-associated SNPs. (b) The strength of the links between
pairs of these regulatory regions is quantified, first as the Spearman correlation, then as the –���10 p-value quantifying the probability, specific to this regulatory region,
of a Spearman correlation of at least this strength arising by chance. This is determined from the empirical distribution of correlations between this regulatory region
and all other regulatory regions in the entire network of all regulatory regions in the genome. (c) The subset of regulatory regions containing disease-associated SNPs
form an unexpectedly dense grouping in the network, but this may not be visible in a two-dimensional representation (for illustration, this network shows all
correlations between regulatory regions with Spearman �> 0.7, layout generated by the FMMM algorithm). The NDA score assigned to any one node is the sum of the
links it shares with other nodes in the chosen subset (see Supplementary Methods for a full explanation). d) NDA scores from the input subset of regulatory elements are
compared with NDA scores from permuted subsets of regulatory elements in order to quantify the false discovery rate (FDR).

https://doi.org/10.1371/journal.pcbi.1005934.g001
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