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Abstract

Understanding the interaction between human genome regulatory elements and tran-
scription factors is fundamental to elucidate the structure of gene regulatory networks.
Here we present CONREL, a web application that allows for the exploration of func-
tionally annotated transcriptional ‘consensus’ regulatory elements at different levels
of abstraction. CONREL provides an extensive collection of consensus promoters,
enhancers and active enhancers for 198 cell-lines across 38 tissue types, which are also
combined to provide global consensuses. In addition, 1000 Genomes Project genotype
data and the ‘total binding affinity’ of thousands of transcription factor binding motifs at
genomic regulatory elements is fully combined and exploited to characterize and anno-
tate functional properties of our collection. Comparison with other available resources
highlights the strengths and advantages of CONREL. CONREL can be used to explore
genomic loci, specific genes or genomic regions of interest across different cell lines
and tissue types. The resource is freely available at https://bcglab.cibio.unitn.it/conrel.

Introduction gene regulatory networks. Recently, genome-wide chro-

matin annotations have permitted the mapping of putative

Cis-regulatory elements are genomic regions of DNA that regulatory elements across multiple human cell types by

concur to the regulation of the transcription of nearby combining patterns of different combinations of histone

genes. Promoters initiate transcription of a gene, are
located near the transcription start site (TSS) of a gene and
encompass relatively short sequences. Enhancers, instead,
influence the transcription of genes and can be located
upstream, downstream, within the introns or relatively far
away from the gene(s) itself.

Transcriptional regulation is usually mediated by inter-
actions of multiple transcription factors (TFs) and knowl-
edge of specific interaction between TFs and regulatory

elements is fundamental to understand the topology of

© The Author(s) 2020. Published by Oxford University Press.

modifications. It has been shown that specific patterns of
histone modifications define specific regulatory elements
(1-4). Trimethylation of H3 lysine 4 (H3K4me3) occurs
at regulatory elements primarily associated with promot-
ers/transcription starts. Instead, monomethylation of H3
lysine 4 (H3K4mel) occurs at regulatory elements asso-
ciated with enhancers and other distal elements. Acetyla-
tion of H3 lysine 27 (H3K27ac) marks active regulatory
elements and can be used to distinguish active enhancers

from their inactive counterparts.
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The Encyclopedia of DNA Elements (ENCODE) (5) and
the NIH Roadmap Epigenomics Program (Roadmap) (6)
were established with the aim of building and delineat-
ing all human genome functional elements. Both projects
have performed a large number of sequence-based studies
to map functional elements, and all the data they have
generated so far, which is mostly derived from ChIP-seq
experiments, are publicly accessible through the ENCODE
website (www.encodeproject.org), fully incorporated and
standardized. Many tools and methods have been devel-
oped over the years to explore these ChIP-seq data col-
lections. Most of the available resources allow to explore
the landscape of regulatory elements (usually promoters
and/or enhancers) by means of single cell-line/tissue his-
tone markers ChIP-seq experiments (7-9) or by their global
aggregation and integration (5,10). In addition, other
resources exploit instead TF ChIP-seq data to explore
potential TF:DNA interactions (11, 12).

TFs are a class of proteins essential for controlling dif-
ferent genetic programs. TFs directly interpret the genome,
bind the DNA at either enhancer or promoter regions in
a sequence-specific manner and regulate transcription. TF
binding sites are short and usually degenerated sequences.
The human genome encodes for thousands of different
TFs, which can have more than 1000-fold preference for
specific binding sequences compared to other sequences.
A single TF can regulate different genes in different cell
types indicating that gene regulatory networks are dynamic
even within the same organism. DNA-binding specificity
for a TF is commonly summarized as a motif model repre-
senting the set of genomic sequences bound by the TE This
model is commonly represented as a positional frequency
matrix (PFM), which specifies the frequency distribution of
the four nucleotides in each position of specific TF binding
sites, and is typically used to assign a score that expresses
the degree of similarity between the DNA sequence and
the TE. While most computational approaches to date pre-
dict a TF:DNA interaction when the score derived from
the PFM is above a given cutoff, other cutoff-free methods
that use PFMs to predict TF binding have been proposed
(13,14). Among these, an effective measure considers the
total binding affinity (TBA) of a sequence (15, 16), whereby
the affinity of a regulatory element for a specific TF is
evaluated considering the whole sequence, hence correctly
keeping into account both high- and low-affinity sites.

In this work, we present CONREL, a web applica-
tion that enables the exploration of regulatory elements
across the human genome. Regulatory elements are built
using a ‘consensus’ approach by computing the agreement
of histone mark annotations across multiple experiments.
For each ‘consensus regulatory element’ (CRE), CONREL
provides annotations of which TFs have enriched TBAs.

While CREs allows to better characterize regulatory ele-
ments that are conserved among multiple experiments, cell
lines and tissue types, the TBA approach allows to measure
a one-to-one relationship between a TF and a CRE.

Briefly, ENCODE peak regions data across sample repli-
cates and multiple experiments for the same cell line are
combined, and ‘consensus regions’ for each cell line are
computed integrating also TSS data. Then, data of cell lines
originated from the same tissue are combined to obtain a
landscape of ‘tissue consensus regions’ and data of all cell
lines are combined to obtain an overall landscape of ‘global
consensus regions’. Finally, tissue and global regions are
characterized by identifying all TFs showing enriched TBA
and by determining the fraction of common alleles among
1000 Genomes Project individuals that support TFs TBA
enrichment. To the best of our knowledge, none of the
available resources provide regulatory elements description
at multiple levels of abstraction. In addition, a compre-
hensive landscape of TF TBAs across the human genome
regulatory elements is still missing.

CONREL can be hence used to characterize and explore
regulatory elements and their functional properties across
any genomic locus, gene or genomic region of interest

across different cell lines and tissue types.

Implementation

Identification of CREs

To identify consensus regions for transcriptional regula-
tory elements of the human genome, the computational
workflow depicted in Figure 1 was implemented and used.

ChIP-seq data from ENCODE (based on hg19 assem-
bly) was downloaded for all cell lines with H3K4mel,
H3K4me3 or H3K27ac histone markers peak data avail-
able. Data available as of September 2018 was downloaded
for both narrowPeak and broadPeak formats.

Peaks from the broadPeak collection were filtered con-
sidering only peaks with reported P-value smaller than
0.01. No filters were applied to peaks from narrowPeak
collection, since all peaks had a P-value smaller than 0.01.
Peak files were then converted into BrowserExtensibleData
(BED) format files in which each peak region is repre-
sented with information about the chromosome and the
start/end positions of the corresponding genomic region
(BED3 format files).

For each marker, peak regions from sample replicates,
if available, were merged considering only overlapping
regions, retaining hence replicates intersection. Resulting
peak regions for different experiments of the same cell line
were then combined considering only overlapping regions
present in at least two (when available) experiments and
retaining the merge of these overlaps. Consensus regions for
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Figure 1. CONREL workflow to generate consensus regions and TBAs annotations.

each cell line were finally computed based on the markers
available for that particular cell line, considering three types
of regulatory elements. Specifically, consensus regions
for ‘promoters’ were defined considering all the regions
occupied by H3K4me3, within a window of 1 kb around
a TSS. Consensus regions for ‘enhancers’ were defined
considering regions occupied by H3K4mel, depleted of
H3K4me3, and with distance greater than 1 kb from TSS.
Enhancer regions were considered ‘active’ if overlapped by
at least one H3K27ac peak region. Note that if, for exam-
ple, only the marker H3K4me3 was available for a cell line,
then only the consensus regions for promoters were com-
puted. All analysis was performed using BEDTools (17)
intersect and merge commands with default parameters.

TSS data were downloaded from UCSC Genome
Browser (SwitchGear Genomics Transcription Start Sites
track) and only TSS with a score >10 were retained;
TSS data with low stringency score (score < 10 by UCSC
Genome Browser definition) were excluded.

For all three types of transcriptional regulatory elements
considered here, we also characterized tissue and global
CREs. Tissue consensuses were computed by merging con-
sensus regions across cell lines that originated from the
same tissue, while global consensuses were computed by
merging consensus regions across all considered cell lines.
In both cases, the consensus was computed considering all
regions overlapping in at least two cell lines and retaining
the union of the resulting overlapping regions.

CREs were computed considering narrow and broad
peak collections separately. A summary of cell lines and
tissues for both narrow and broad peak data that were
considered in this work is reported in Supplementary
Table 1.

TBA scores at CREs

The TBA is a method used to describe the affinity of a
DNA sequence for a TF described by a PFM with a single
score, taking into account binding sites of all possible
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affinities, and weighting them based on a physical model
of TF:DNA interactions. TBA was first introduced and
applied to study transcriptional regulation in yeast (15, 16)
and recently used to study the evolution of cis-regulatory
elements in humans (18) and to detect and characterize
Expression quantitative trait loci (eQTL) (19, 20).

Formally, the TBA ay, of a sequence r for a PFM w is
given by:

L—I+1 i

!
W iy 1 P Wl—'+1a”'+'—1
am,_Zmax H js Vitj— 71—[ j i+j )

b,r ,
=1 P (b.7iyj-1) 1 b7"¢+/1

where [ is the length of the PFM w, L is the length of
the sequence r,7; is the nucleotide at the position i of the

sequence 7 on the plus strand, 7; is the nucleotide in the
same position but on the other strand, P (w,7;) is the prob-
ability to observe the given nucleotide 7; at the position j of
the PFM w and P (b,r;) is the background probability to
observe the same nucleotide 7;

To characterize TBA scores across all our CREs, 5424
unique TF DNA-binding sites motifs from Jaspar (21),
hPDI (22), SwissRegulon (23) and HOCOMOCO (24)
public databases and from TRANSFAC Professional
database (25) were collected in the form of PFM and
mined.

TBA scores were computed for all TF PFMs across all
tissue-specific and global CREs. For each combination of
TF PFM and CRE, we computed both a TBA score consid-
ering the CRE sequence described by the human reference
genome (hg19) and a set of TBA scores computed on
all common alleles identified from 1000 Genomes Project
individuals. Specifically, phased 1000 Genomes Project
SNP genotypes (release 20130502; 2504 individuals) were
first downloaded and combined with the human reference
genome to build the overall landscape of alleles observed
at the CRE. Then, allele frequencies were computed and
only common alleles with an observed frequency >1% were
retained and used to compute the fraction of common
alleles with significant TF TBA score.

Statistical significance of a TBA score for a TF PFM at a
specific CRE was calculated using a permutation approach.

Considering the huge amount of TBA scores we computed
across all global and tissue CREs (7= 5.6e10), an ad hoc
strategy was needed to reduce the overall computational
cost of TBA significance calculation. After determining
the linear correlation that exists between TBA scores and
target sequence lengths (Supplementary Figure 1), all com-
puted TBA scores were normalized with respect to the
corresponding CRE length and significance of the score
was determined by comparing the TBA value against a
PFM-specific reference distribution of normalized TBA
scores computed across 100K random genomic regions of
different lengths; 5424 reference distributions were com-
puted, one for each TF PFM. In particular, TBA normalized
score thresholds for different P-value cutoffs (from 5e-02
to 1e-05) were pre-computed from the reference distri-
bution and rapidly used to determine TBA significance
at the different cutoffs. Note that the P-value cutoff at
1e-05, which is set as default cutoff in CONREL, allows for
stringent multiple hypothesis correction at a specific CRE;
more relaxed P-value cutoffs can be set for exploratory
analyses.

Results

Landscape of transcriptional CREs

Using more than 1000 ChIP-seq experiment data from
ENCODE, CONREL provides an extensive collection of
global and specific CREs for 38 tissue types and 198 differ-
ent cell lines. CRE collections have been created considering
narrow and broad peak data separately.

A summary of the number of global CREs and the per-
centage of genome spanned by the identified regions for
promoters, enhancers and active enhancers for both narrow
and broad peaks is reported in Table 1. The same statistics
for tissue and cell line CREs are reported in Supplemen-
tary Table 2. Global CRE promoters span about 1% of the
human genome with tissue- and cell-line-level CRE promot-
ers that variably span from 0.27% to 0.67% of the genome.
For CRE enhancers and active enhancers, instead, while
global consensuses span, respectively, around 30%-40%
and 15%-20% of the human genome, tissue- and cell-
line-level CREs have a large variability, with consensuses

Table 1. Number of consensus regulatory elements and corresponding fraction of the human genome covered for CONREL

global consensus regions computed using both narrow and broad peak data and for ENCODE and RoadMap data collections

Promoters Enhancers Active enhancers
No. of regions % No. of regions % No. of regions %
Global narrowPeak 25512 0.80 716 249 30.63 290 424 15.92
Global broadPeak 28 307 0.96 303 125 42.10 115 720 22.62
ENCODE 70292 NA 399 124 NA NA NA
RoadMap 81232 1.44 NA NA 2 328 936 12.64
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Figure 2. (A) Jaccard similarity of CREs derived from narrow versus broad peak data. Similarity is shown for global and tissue CRE promoters,
enhancers and active enhancers. Intensity of red color is proportional to the similarity index, while gray color indicates no comparison available.
(B) Distribution of the number of TF presenting a specific enrichment fraction across 1000 Genomes Project common alleles for CRE promoters and
active enhancers. Since the majority of TFs present a TBA enrichment fraction equal to 1, only TFs with TBA enrichment fraction <1 are depicted in

the distribution.

spanning from 0.005% to 15% of the genome. Direct com-
parison between CREs obtained from narrow and broad
peak data (Figure 2A) shows that while global CREs are
reasonably similar across the different regulatory element
types, tissue CREs have good similarities for promoters but
poor similarities for enhancers and active enhancers. This
directly reflects the low and variable number of experiments
available for specific tissue types across narrow and broad
data collections as single experiments are indeed available
for some tissues.

The length distributions of global CREs are reported in
Supplementary Figure 2. Supplementary Table 3, instead,
reports summary statistics of tissue- and cell-line-level
CRE:s length distributions.

Table 1 also reports global regulatory element anno-
tations from ENCODE and RoadMap projects. Of note,
although we observe a variability in the number of glob-
ally annotated regions across the three annotations, the
percentage of the genome covered by the regions is compa-
rable. Importantly, CONREL is the only among the three
annotations that provides data at tissue and cell-line levels.

Global and allele-specific distribution of
transcription binding affinities across CREs

A summary of the mean number of TF with enriched TBA
per CRE and the percentage of regions with enriched TF
for each type of CRE across different P-value cutoffs is

reported in Table 2. The same statistics for tissue CREs
are reported in Supplementary Table 4 and Supplementary
Table 5, respectively.

Considering broad peak data, when using the most strin-
gent statistical cutoff, we found enriched TBAs in about
95% of promoters, 85% of enhancers and 95% of active
enhancers. Considering narrow peak data, instead, we
observed lower percentages with enriched TBAs in about
80% of promoters, 60% of enhancers and 70% of active
enhancers. Considering the more relaxed statistic, enriched
TBAs were found in all CREs.

Across all common CRE:s alleles that we characterized
using 1000 Genomes Project genotype data, we were able
to identify TF TBAs that are enriched or depleted in only
a fraction of alleles, highlighting the potential presence of
allele-specific regulatory mechanisms. For example, consid-
ering global CREs, we found about 1% and 4% of regions,
respectively, in promoters and active enhancers, with TF
TBAs enriched in less than 10% of 1000 Genomes Projects
common alleles using the most stringent significance cut-
off. Complete distribution of TF TBAs enrichment in CRE
promoters and active enhancers is shown in Figure 2B.

Web-interface implementation and
usage example

CONREL has been implemented in R v3.6.1 and R package
‘Shiny v1.3.2> running on the ‘Shiny-server v1.5.12.933
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Table 2. Mean number and range of TFs with enriched TBAs at promoter, enhancer and active enhancer CREs at different

significance cutoff, and percentage of CREs with enriched TF TBAs (N = narrowPeak and B = broadPeak)

TBA significance Promoters

Enhancers Active enhancers

P-value cutoff Mean number of CREs % Mean number of CREs % Mean number of CREs %
TF (min, max) TF (min, max) TF (min, max)

N 1e-02 281 (0, 694) 100 256 (18, 1098) 100 286 (23, 1066) 100
1e-03 125 (0, 417) 99.9 94 (0, 806) 99.8 116 (0, 778) 99.8
le-04 76 (0, 310) 93.7 53 (0, 694) 84.2 70 (0, 663) 86.5
le-05 51 (0, 246) 83.9 34 (0, 618) 59 46 (0, 575) 68.5

B le-02 302 (30, 694) 100 431 (23, 1124) 100 522 (24, 834) 100
1e-03 140 (0, 417) 100 231 (0, 837) 99.9 299 (0, 834) 100
1le-04 86 (0, 310) 97.8 164 (0, 707) 93.3 218 (0, 713) 98
1e-05 56 (0, 246) 94.7 123 (0, 630) 84.4 166 (0, 630) 95.6

(http://www.rstudio.com/shiny). The interface is accessed
through a web browser. Several R packages are utilized in
the background processes, including ‘shinyDashBoardPlus’
for designing the interface, “TnT” for generating the genome
browser, ‘biovizBase’ and ‘GenomicFeatures’ for providing
a set of utilities for genomic data, ‘EnsDb.Hsapiens.v75’
and ‘EnsDb.Hsapiens.v86’ for providing, respectively,
genomic annotations for GRCh37 and GRCh38 human
reference genome builds.

CONREL is deployed on a virtual server with 4GB
RAM, 40 GB of disk and 2 CPUs running the Ubuntu 16.04
LTS Linux operating system and containerized in a Singu-
larity image. The Singularity image is also available for the
download, together with a set of configuration scripts, to
run application on a local server. The web-interface source
code is available at https://github.com/cibiobcg/CONREL.

The resource provides a user web-interface that, ones
defined the gene name or the genomic region of inter-
est (Figure 3A), requires to select at least three inputs
(Figure 3B): (i) either narrow or broad peaks format, (ii)
at least one type of regulatory element and (iii) at least
one CRE (out of all available CREs). When cell-line
CREs option is activated, a selection tree with specific
cell lines divided by tissue of origin is shown and can be
used to simplify the selection of all cell lines of interest
(Figure 3C). All other inputs are optional. Easily selectable
parameters include the TBA significance (default: 1e-05)
and two parameters to select which TF PFMs to include
in the analysis (Figure 3D); specifically, by setting the
minimum number of sequences defining a PFM (default:
50) and the maximum fraction of CREs for an enriched
PFM (default: 0.50), the user can avoid the inclusion of
low-confidence PFMs that might be recurrently enriched
across CREs.

The genome browser tab is shown when a user
selects a genomic coordinate or a gene symbol. As an
example, Figure 4 displays the promoter region of the
prostate-specific antigen, or KLK3 gene, the global CRE

promoters and the tissue and cell line prostate CRE
promoters. The genomic window can be navigated moving
and zooming +1 Mbp before and after the genomic coor-
dinates loaded. Genes, transcripts and consensus regions
can be selected to visualize more information. In particu-
lar, when a CRE is selected, the bottom panels show the
genomic coordinates, the strand of the region, the number
of experiments used to build the consensus and all informa-
tion regarding TF TBA enrichments. In the example shown
in Figure 4, TBA enrichments for androgen receptor (AR)
PFMs are searched and found at significance cutoff less
than or equal to 0.01 using the special ‘search’ function-
ality; of note, TBA enrichment of AR at that significance is
mostly observed in only half of the common 1000 Genomes
Project alleles, suggesting the importance of SNPs in shap-
ing the specific PEM score across the promoter region. In
addition, AR is a TF regulating KLK3 transcript levels
and, interestingly, AR-negative prostate cancer PC3 cell
line does not present a promoter annotation for KLK3 gene,
hence indicating the absence of ChIP-seq signal supporting
the presence of a promoter for KLK3 gene.

The interface further provides links to generate the
DNA sequence of the displayed genomic window and to
copy of download the selected consensus region infor-
mation or the TBA info using different file formats
(CSV, Excel or PDF).

Comparison with other regulatory
elements resources

In the absence of a ‘gold-standard’ to test our CREs, we
decided to compare our global annotations against regula-
tory elements provided by other available resources. Specif-
ically, we considered SCREEN (5), Ensembl (7) and Gene-
Hancer (10) for promoters and EnhancerAtlas (8), DENdb
(9), SCREEN, Ensembl and GeneHancer for enhancers.
All regulatory region collections were converted to BED
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format and when needed coordinates were converted to
human genome GRCh37 using liftOver tool and chain file
from UCSC Genome Browser. We performed an asymmet-
rical pairwise comparison calculating for each resource pair
two different coefficients: the percentage of regions of one
resource that overlap the regions of the other resource and
the ratio between the size of the genome covered by both
resources divided by size of the genome covered by one or
the other resource.

As shown in Figure SA, the pairwise comparison reveals
an average of ~75% promoters overlapping across all
resource comparisons (excluding Ensembl), indicating an
overall good concordance among the promoter annotations
provided by most resources. In addition, genome cover-
age analysis reveals a level of concordance that reflects the
differences in the size of the genome that is covered by

the four annotations (~1% for CONREL, ~2% for Gene-
Hancer and Ensembl and ~0.3% for SCREEN, Supple-
mentary Table 6). Of note, CONREL is the only resource
providing promoter annotations at three resolution levels
(global, tissue and cell line) and distinguishing between
narrow and broad peak data-derived annotations. Indeed,
while Ensembl provides global and also single experiments
resolution levels, only global annotations are provided by
SCREEN and GeneHancer.

Comparison of enhancer annotations reveals a good
concordance between CONREL and the other resources,
both in terms of overlapping and of common fraction of
genome coverage (Figure 5B,C), but overall higher hetero-
geneity is observed among the different resources. While
genome coverage of CONREL enhancers (~30%) and
active enhancers (~20%) is more conservative with respect
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to EnhancerAtlas (~55%) and DENdb (~45%) enhancers
(Supplementary Table 6), enhancers from SCREEN, Gene-
Hancer and Ensembl are the most conservative ones,
with an overall genome coverage of about 10%. While
strong conservative annotations might reduce the presence
of artifacts, the concordance between SCREEN, Gene-
Hancer and Ensembl is not optimal, suggesting a potential
divergence in the functional characterization of genomic
regions/positions when these three resources are used. Of
note, as shown in Figure 5D, CONREL active enhancers
have on average the highest representation across all other
resources. In addition, also in this case CONREL is the only
resource providing enhancer annotations at three resolu-
tion levels and distinguishing between narrow and broad
peak data-derived annotations.

To keep track of the relationships between our CREs
and regulatory elements provided by the other resources
considered here, we annotated our consensus regions
with all the identified overlapping. Specifically, browsing
global CREs with our web application will highlight which

other resources provide support for the specific regulatory
elements.

Concordance of TBA annotations and
transcriptional regulatory networks resources

To investigate to what extent our TBA annotations are able
to capture transcriptional regulatory networks, a list of
manually curated transcriptional regulatory relationships
from the sentence-based text mining TRRUST database
(26) was retrieved, and only relationships involving TFs
present in our data collection were retained. We then
considered our global promoter and active enhancer CREs
and extracted the list of closest protein-coding genes of
all CREs enriching a motif of a TF present in TRRUST
while considering the most stringent P-value cutoff (1e-05).
Overall, TBA annotations of our global promoter CREs
were able to explain about 15% of TRRUST relationships
(Figure 6A). This percentage increased to 35.5% when
also TBA annotations of our global active enhancer CREs
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Figure 5. Comparison of CONREL CREs with other regulatory elements resources. (A) One-to-one comparison between CONREL, GeneHancer,
Ensembl and SCREEN promoters. Each cell in the top matrix indicates the percentage of promoters annotated in the corresponding row resource
that have an overlapping with the promoters annotated in the corresponding column resource. Each cell in the bottom matrix indicates the fraction
of the genome covered by the promoters annotated in the corresponding row resource that is also captured by the promoters annotated in the cor-
responding column resource. (B) One-to-one comparison between CONREL, GeneHancer, Ensembl, EnhancerAtlas, DENdb and SCREEN enhancers.
(C) One-to-one comparison between CONREL active enhancer and GeneHancer, Ensembl, EnhancerAtlas, DENdb and SCREEN enhancers. (D) Aver-
age percentage of CONREL active enhancer and GeneHancer, Ensembl, EnhancerAtlas, DENdb and SCREEN enhancers that have overlapping with
each of the other resources.
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CONREL active enhancers

narrowPeaks CONREL active enhancers

COMREL promoters
narrowPeaks

CONREL active enhancers
broadPeaks

CONREL promoters COMNREL promoters

broadPeaks

TRRUST

TRRUST

Figure 6. TRRUST transcriptional regulatory relationships captured by CONREL. (A) Cumulative fraction of TRRUST relationships captured by
CONREL promoters, considering CREs from broadPeaks data and additional CREs from narrowPeaks data. (B) Cumulative fraction of TRRUST rela-
tionships captured by CONREL active enhancers, considering CREs from broadPeaks and additional CREs from narrowPeaks data. (C) Cumulative
fraction of TRRUST relationships captured by CONREL promoters and additionally by active enhancers.

described in TRRUST (~7300), the percentage of TRRUST
relationships that CONREL is able to capture is statistically
significant. Specifically, by using a permutation approach

were considered (Figure 6B,C). Although the number of
relationships retrieved using CONREL TBA annotations
is much higher (Table 2) with respect to the relationships
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where TRRUST regulators and targets are rewired ran-
domly 1000 times, intersections observed in Figure 6 result
statistically enriched both for CONREL global CREs pro-
moters (P<0.001 for both broad and narrow peak data)
and CONREL global CREs active enhancers (P=0.001
and P=0.012, respectively, for narrow and broad peak
data).

Overall, despite TRRUST and CONREL are built from
very different input data, the obtained results suggest that
CONREL can be also used to explore the topology of
transcriptional regulatory networks.

Conclusion

In this work, we presented CONREL, a web application
that allows for the exploration of transcriptional CREs
and that provides information about TF:DNA interactions
through the use of TF TBAs. Built from ENCODE ChIP-
seq peak data, CONREL provides an extensive collection
of promoters, enhancers and active enhancers, defined
by combining H3K4me1l, H3K4me3 and H3K27ac his-
tone markers. While many resources have been developed
over the years to explore the landscape of regulatory ele-
ments from ENCODE ChIP-seq data, CONREL is the
only resource aggregating ChIP-seq experiments at differ-
ent abstraction levels, hence providing a unique collection
of CREs for 198 cell lines and 38 tissue types, also com-
bined to provide global consensuses. The low similarity
we observed at tissue and cell-line levels for narrow ver-
sus broad peak CREs, on one hand, points out to the
need of expanding the number of input experiments to bet-
ter characterize consensus regions at these levels and, on
the other hand, highlights the effectiveness of CONREL in
integrating in a unique graphic environment CREs of dif-
ferent types, format and level of abstraction to more deeply
explore the genomic structure of these regions.

For each regulatory element, the application provides
collections of TFs that show enriched TBAs at different
significance thresholds and can hence be used to elucidate
regulatory mechanisms at specific regions. In addition, the
landscape of TF TBA enrichment frequencies across com-
mon alleles in 1000 Genomes Project individuals is also
provided for each regulatory element, allowing to identify
TFs that might play a role in transcripts regulation only
in a fraction of individuals. Further, the comparison with
TRRUST database suggests that CONREL TBA annota-
tions can be used to explore the structure and topology of
transcriptional regulatory networks.

CONREL has been implemented as R Shiny applica-
tion and provides a simple interface to navigate the data.
Future development of the application will be devoted
to the inclusion of additional ChIP-seq experiments from

other resources to improve the confidence of CREs and the
inclusion of additional transcriptional regulatory element
types. In addition, we will also investigate approaches to
improve the graphical interface experience to allow more
insightful exploration of TF:DNA interactions.

Supplementary Data

Supplementary data are available at Database Online.
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