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ABSTRACT

The Encyclopedia of DNA Elements (ENCODE) Data
Coordinating Center has developed the ENCODE
Portal database and website as the source for the
data and metadata generated by the ENCODE Con-
sortium. Two principles have motivated the design.
First, experimental protocols, analytical procedures
and the data themselves should be made publicly
accessible through a coherent, web-based search
and download interface. Second, the same interface
should serve carefully curated metadata that record
the provenance of the data and justify its interpre-
tation in biological terms. Since its initial release in
2013 and in response to recommendations from con-
sortium members and the wider community of sci-
entists who use the Portal to access ENCODE data,
the Portal has been regularly updated to better re-
flect these design principles. Here we report on these
updates, including results from new experiments,
uniformly-processed data from other projects, new
visualization tools and more comprehensive meta-
data to describe experiments and analyses. Addi-
tionally, the Portal is now home to meta(data) from
related projects including Genomics of Gene Regu-
lation, Roadmap Epigenome Project, Model organ-
ism ENCODE (modENCODE) and modERN. The Por-
tal now makes available over 13000 datasets and their
accompanying metadata and can be accessed at:
https://www.encodeproject.org/.

INTRODUCTION

The sequencing and annotation of the human genome is
an ongoing community effort and is made possible by the

collective approaches of several large consortia and indi-
viduals. In 2003, the NHGRI formed the Encyclopedia of
DNA Elements (ENCODE) project with the aim of bring-
ing together a variety of experimental and computational
labs to identify biochemically active regions in the human
and mouse genomes utilizing a variety of high-throughput
approaches (1). This corpus of data provides an astounding
resource for annotation, curation and functional character-
ization in the human and mouse genomes in a large variety
of sample types (2,3).

The ENCODE Data Coordinating Center (DCC) is a
centralized resource composed of individuals that possess
the technical and scientific expertise to work with scientists,
computational analysts and engineers. We work collabora-
tively to bring transparency in the methods used to pro-
mote data dissemination, interoperability, standardization
and reproducibility. In concert with the submitting labs,
we perform substantial curation and vetting of the data
deposited into the DCC leading to uniform reporting of
(meta)data metrics, across labs and as a function of time.

To date, ENCODE alone has produced over 9000 high-
throughput sequencing libraries from assays such as: RNA-
Seq, chromatin immunoprecipitation (ChIP)-Seq (Tran-
scription Factors and Histone Modifications), ATAC-Seq,
DNase-Seq and assays designed to capture chromosomal
conformations (ChIA-PET and Hi-C) (4). The flexibility in-
herent in these assays and sequencing platforms allows for
the rapid development of protocols and optimizations but
creates challenges with respect to accurately tracking and
reporting metadata to discern important and distinct fea-
tures underlying the creation of each dataset.

Although the ENCODE Portal was designed to accom-
modate the data from the ENCODE project, it has become
a continually evolving resource and now includes metadata
and data from related genomics projects like The Roadmap
Epigenomes Project (REMC, (5,6)) and modENCODE (7-
9). We are also the primary DCC for the modERN and
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Genomics of Gene Regulation (GGR, https://www.genome.
gov/27561317/genomics-of-gene-regulation/) projects.

THE PORTAL
New data at the ENCODE Portal

To date, there are over 13000 datasets available through the
Portal from human, mouse, Drosophila and Caenorhabdi-
tis elegans assayed under a variety of different physiolog-
ical conditions, (Figure 1), totaling over 500 terabytes of
data. The Portal landing page has an interactive user inter-
face that illustrates the breakdown of the data according
to project, organism, biological sample type and assay for
quick access. As a genomic data resource, we provide per-
sistent identifiers that can be used to access even revoked or
archived data.

New Portal views

To make finding data easier, we have expanded the summary
views from a simple list view to a data matrix and report
table. The data matrix condenses the experiments into an
array of sample types versus assays conducted on a given
sample type, (Figure 2). The faceted browsing interface on
the left and top let you select for (blue highlight) and against
(red highlight) different features of the data throughout all
the available views. The results appear in the matrix on
the right and indicate the number of experiments that fall
within the chosen set of parameters. Lists of individual ex-
periments can then be accessed by navigating the matrix and
clicking on desired cells or by clicking on the list icon in the
upper left-hand corner of the matrix view (Figure 2). Collec-
tively, this allows the end-user to get a high-level overview
of the data structure.

Metadata structure and download

Metadata is captured in JavaScript Object Notation
(JSON), a lightweight data interchange format that is easy
for humans to read and machines to parse. Metadata ta-
bles for datasets can be downloaded in (.tsv) format via
the interface (Figure 3) and also obtained programmati-
cally through the REST API (https://www.encodeproject.
org/help/rest-api/). These tables are an excellent way to ob-
tain and report the unique accession numbers and accom-
panying metadata for datasets used in downstream analyses
and publications.

New data visualization

The DCC has previously developed methods to create on-
the-fly track hubs that can be displayed at the UCSC
Genome Browser (10). We have now expanded that feature
to the ENSEMBL browser, allowing ready visualization of
the data (Figure 4, (11)). Additionally, the DCC has incor-
porated the BioDalliance Browser (12) which runs as an
embedded JavaScript object enabling us to include it in our
Portal without the need to link to or rely on external sources.
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Data maintenance, updates and versioning

The data comes from actively funded projects at the DCC
and is largely not static - but ‘living’. Data and metadata
from the submitting labs is vetted, processed, and released
to the public (in most cases) prior to publication (13). The
DCC is equipped to rapidly batch reprocess several data
types against newer reference genome assemblies as they are
made available in addition to accepting data reprocessed
externally. We also work with groups to incorporate im-
proved data generated with newer or refined protocols on
previously assayed samples. Moreover, as community vet-
ting and ongoing curation of the data take place and issues
are identified, the DCC receives requests to change the sta-
tus (delete, revoke, archive, replaced) of some datasets. Ac-
cordingly, we have developed a system to append a ‘status’
to various datasets (Supplementary Table S3) that appears
alongside the data. ‘Submitted’ datasets are only visible to
the submitting lab and generally in a partial state of com-
pliance pending additional information. ‘Released’ data are
available to the public. ‘Revoked’ is used to indicate data
that was previously released but over time has proven to be
problematic and the submitting labs wish to revoke it from
the public sphere. ‘Archived’ is generally used to indicate
data that is not problematic but which are not necessarily
the most current or up-to-date. ‘Replaced’ is used to consol-
idate unintentional data duplications (methods described in
Gabdank et al., in preparation).

Portal software maintenance, updates and versioning

The genomics field is rapidly moving and consequently the
ENCODE Portal is always in an active state of manage-
ment and development. New data types, pipelines, metadata
properties and ways of interacting with the data are con-
tinually being devised and improved upon. The Portal has
seen many revisions since its launch in 2013 with new soft-
ware releases occurring on average every three weeks (14).
The release version can be found in the lower left corner
of the Portal. Labs can keep abreast of the updates by sub-
scribing to or following the DCC communication resources
listed in Supplementary Table S4. The software is fully open
source and has been adopted by the 4D-Nucleome Project
(4DN, (15)) and Clinical Genome Resource (ClinGen, (16))
projects. It is available to download, install, report issues, or
pull request at https://github.com/ENCODE-DCC/.

ENCODE PIPELINES

A central focus of the ENCODE project over the last few
years has been on building pipelines through which data
can be processed in a standardized and centralized fash-
ion. The individual pipelines themselves are built within
and arise from the ENCODE production labs. They are
then vetted through collaborative working groups and de-
livered to the DCC. DCC performs extensive testing, hard-
ening, and validation of the software, converting it into a
production application. The pipelines are maintained in the
DCC GitHub repository (https://github.com/ENCODE-
DCC) and have been implemented implements on the
DNAnexus (dnanexus.com) cloud platform. The pipelines
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Figure 1. The Portal Landing Page. The Portal landing page is arranged to make it easy to navigate and dig into particular data types. In addition to the
drop-down menu bar on top, there is a keyword search function—through which genes, cell lines and other ontological terms can be queried and datasets
scored with those properties retrieved. Clickable bars allow the user to navigate to data derived from a particular organism, sample type, project and/or

assay. A quick link to the Data Matrix is also available.

are therefore accessible to the larger community for un-
restricted use on compatible datasets. The DCC has tar-
geted pipelines that support heavily employed assays for
currently funded projects, including: RNA-Seq, ChIP-Seq,
DNA Accessibility (DNase-Seq and ATAC-Seq assays).
The flowcharts outlining the various pipelines the DCC cur-
rently has are shown in Supplementary Figures S1-14. A list
of URLs on the Portal describing the pipelines can be found
in Supplementary Table S2.

Reprocessing of ENCODE data

One advantage of having centralized processing pipelines is
that the data can be batch re-processed in a consistent fash-
ion. This avoids the common problem of variation in pro-
cessing that often add undefined variability in the results.
Accordingly, the ENCODE human data that were origi-
nally collected and mapped in a non-standard fashion to
earlier assemblies in prior project phases has now been re-
processed using the ENCODE unified processing pipelines
onto a consistent hgl9 (GRCh37) reference genome assem-
bly and the updated GRCh38 reference. Similarly, mouse
data previously mapped to mm9 have also been reprocessed
onto the latest assembly, mm10. To find data on the Portal
mapped against various assemblies navigate to an Experi-
ment page and select the Files tab toggle down, Figure 5). A
similar effort is underway for Roadmap Epigenomics data.

Pipeline quality control metrics

A standard output of all the pipelines includes a basic as-
sessment of quality metrics. These will vary with respect to
the particular assay and pipeline but include things such as:
mapping rate, percentage of the reads that are unique map-
pers, Pearson and Spearman correlations of expression val-
ues of annotated genes, irreproducible discovery rate (IDR)
of peak calls, etc. These values are imported into the Portal
and accessible from the File Association Graphs and stored
as metadata (Figure 5) and displayed on relevant file pages.
Additionally, several of these values are used to determine
the automated quality audits that enable us to create the
badges that are applied to the datasets.

Modeling of mapping and analysis pipelines

The DCC deals with a variety of data types, some of which
we are unable to process through the ENCODE uniform
pipelines. In these cases, the production labs will submit
both raw and processed data. To ensure that end-users are
able to access the computational methods used in the gener-
ation of that data—the DCC works with the submitting labs
to model the pipeline used to produce the processed files,
collecting extensive information on the utilized software
tools, versions and parameters underlying each file. These
information are initially captured in unstructured PDF files
provided by the submitting labs and are appended to the ex-
periments where they are available for download. The infor-
mation is further culled out and put into structured meta-
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Figure 2. The Data Matrix. Screenshot of the Data Matrix. To the left of the matrix are faceted search bars that can be used to positively selected (blue)
and negatively select (red) for certain data types on several metadata properties. The matrix itself correspond to a count (with links) to datasets done on
certain sample types by certain assays. Clicking on the count—takes the user to a list of the datasets, as does clicking on the ‘list’ icon. Metadata for the
data displayed in the Data Matrix and be obtained by clicking on the ‘report’ icon and downloaded in .tsv format.

data that is subsequently used to create a File Association
Graph (Figure 5) showing the files and the methods through
which they are derived, transformed and modified for each
experiment.

Mapping reference files

The Portal provides a mechanism to download and
track Genome Reference files (and other annotation
sets, l.e. gene annotations, spike-in sequences, black-
list regions...) that are bundled into mapping refer-
ences used by the pipelines. Additionally, the DCC also
works with various groups (Genome Reference Consor-
tium (https://www.ncbi.nlm.nih.gov/grc), GA4GH (http://
genomicsandhealth.org/), GENCODE (17), etc.) to keep
abreast of any changes to reference files be it: versions,
file formats, etc. so that we can quickly adapt and modify
pipelines accordingly. As with all the data files at the DCC,
each distinct reference file gets a unique accession ID that is
reported in the File Association Graphs provided on each
Experiment page and captured as metadata in the file ob-
ject JSON, so end-users know which genetic background
a given dataset has been processed against (https://www.
encodeproject.org/data-standards/reference-sequences/).

Pipeline future directions

As new assays are continually developed and refined, we
work with the production labs to co-develop scalable, con-
sistent and robust pipelines that can be implemented in a
platform-independent fashion and run on the bolus of their
data. Presently, we are working on pipelines and concomi-
tant quality assessments for the following assays: ATAC-
Seq, 3D chromosome conformation (Hi-C and ChIA-PET)
and to continue to expand upon the existing RNA-Seq,
ChIP-Seq and DNase-Seq pipelines to capture additional
properties and features applicable to current methods. Ef-
forts are currently underway to develop a generic pipeline
framework using Docker and WDL to allow seamless run-
ning of ENCODE and other compatible pipelines on any
compute cloud or compatible HPC cluster.

ENCODE DATA STANDARDS AND QUALITY CON-
TROL

To ensure that the data available on the Portal is of high
integrity and maximally useful, we have worked with EN-
CODE Consortium member labs to develop: (i) Experimen-
tal guidelines, (ii) Data standards and (iii) Automate data
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Figure 3. Metadata Download. Illustrating the utility of the ‘reports’ tab to select various metadata properties for data subsets and download that into a

table.

audits and badges to report the overall adherence to the
quality standards for each dataset.

Experiment guidelines

The ENCODE Consortium has set up some general exper-
imental guidelines to help unify and streamline data collec-
tion and processing within the DCC framework in a high-
throughput way. These include things like having two repli-
cates for ChIP-Seq experiments so that peak calling and
IDR can be calculated using the DCC pipelines, etc.

Standards

The ENCODE consortium has devised a series of stan-
dards for the core data types. The aim of the standards is
to provide bins for the automated auditing and badging

of the datasets according to certain thresholds. These in-
clude values such as: minimum number of reads, minimum
read length, ranges of (ir)reproducible scores (IDR, Pear-
son, Spearman), etc. A current list of data standards can be
found at (https://www.encodeproject.org/data-standards/).

Automated audits and badges

To guide end-users in browsing and selection of datasets,
we have developed a system of automated audits that rip
through the data and badge it according to: (i) the com-
pletion and accuracy of the reported metadata, and (ii)
the results of the quality metrics output from the process-
ing pipelines. A current list of audits and badges applied
to the datasets audits page (https://www.encodeproject.org/
data-standards/audits/). These appear in the Portal along-
side each of the datasets (Figure 6), and users can filter the
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Figure 7. Antibody characterizations. Example of an Antibody Characterization page for antibody lot (ENCAB615WUN). Antibody lot pages are findable
via the drop-down menu. For each lot, various aspects of metadata are displayed including: the Lot number, product, ID, host, targets, etc. At the bottom
of the page, the user will find links to experiments done using that lot. Different antibody lots can be found by navigating the faceted search bar on the left.
The classification for different lots and its eligibility status for data collection is displayed using a colored dot, the legend of which is shown. Molecular
and Biochemical evidence gathered by the labs to test individual lots in various sample types is displayed as well.
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data using the audits tabs in the faceted search function to
identify subsets of interest.

Antibody characterizations

A considerable amount of data on the Portal comes from
ChIP-Seq and RNA-binding protein (¢CLIP) experiments,
assays that rely on antibodies; reagents that can suffer from
cross-reactivity, variability in behavior and lack of speci-
ficity (18,19). To be able to better assess the specificity of
the binding peaks being called, the ENCODE Consortium
devoted a large effort towards conducting biochemical an-
tibody characterizations and classifying the data across dif-
ferent metrics depending—in part, on the quality of the an-
tibody characterizations. To date, over 2000 different anti-
body lots used in the DNA/RNA binding protein and his-
tone modification data collections have been biochemically
characterized by the consortium, with the available sup-
porting characterizations for each antibody lot, its review
outcome, and its reliant experiments available through the
Portal (Figure 7). Together these characterization data are
available through the Portal and to the best of our knowl-
edge provide the first ever systematic large-scale assessment
of commercial antibodies.

FUTURE DIRECTIONS

The DCC continues to be focused on working with groups
at the forefront of genomics and technology to develop
methods to capture and convey key metadata properties un-
derlying the creation of the early-access data house in the
Portal. Future efforts will continue to be focused on iden-
tification and analysis of functional elements: (i) increasing
and simplifying the user experience; (ii) Working to auto-
mate methods to facilitate data deposition; (iii) Pipeline au-
tomation and improvements, support for the integrated En-
cyclopedia of DNA Elements; and (iv) incorporating addi-
tional levels of curation and the results of functional testing
and screens for active loci under various conditions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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