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ABSTRACT

Epigenome-Wide Association Study (EWAS) has be-
come increasingly significant in identifying the as-
sociations between epigenetic variations and differ-
ent biological traits. In this study, we develop EWAS
Atlas (http://bigd.big.ac.cn/ewas), a curated knowl-
edgebase of EWAS that provides a comprehensive
collection of EWAS knowledge. Unlike extant data-
oriented epigenetic resources, EWAS Atlas features
manual curation of EWAS knowledge from extensive
publications. In the current implementation, EWAS
Atlas focuses on DNA methylation—one of the key
epigenetic marks; it integrates a large number of 329
172 high-quality EWAS associations, involving 112
tissues/cell lines and covering 305 traits, 1830 co-
horts and 390 ontology entities, which are completely
based on manual curation from 649 studies reported
in 401 publications. In addition, it is equipped with
a powerful trait enrichment analysis tool, which is
capabile of profiling trait-trait and trait-epigenome re-
lationships. Future developments include regular cu-
ration of recent EWAS publications, incorporation of
more epigenetic marks and possible integration of
EWAS with GWAS. Collectively, EWAS Atlas is dedi-
cated to the curation, integration and standardization
of EWAS knowledge and has the great potential to
help researchers dissect molecular mechanisms of
epigenetic modifications associated with biological
traits.

INTRODUCTION

Epigenome-Wide Association Study (EWAS) has become
a powerful approach to identify epigenetic variations asso-
ciated with biological traits (1,2). With the rapid advance-
ment of high-throughput sequencing technologies, epige-
netic variations—especially variations in DNA methyla-
tion, have been extensively reported to be associated with
a wide range of traits in human, including not only pheno-
types and diseases, but also behaviors and environmental
exposures. Specifically, phenotypic traits, such as aging and
Body Mass Index (BMI), have been found to be strongly
associated with DNA methylation (3,4). Environmental ex-
posures and behaviors, such as air pollution and smoking,
can affect global as well as gene-specific DNA methylation
(5,6). Furthermore, some disease-related epigenetic signa-
tures have been used as early diagnostic and/or prognostic
biomarkers (7-9). As a growing body of EWAS evidence
supports the use of epigenetic modifications as biomark-
ers for human healthcare and disease treatment, it is thus
highly needed to have a comprehensive collection of EWAS
knowledge by integrating associations of epigenetic varia-
tions with diverse biological traits.

Toward this end, valuable efforts have been made in de-
veloping epigenetic databases that integrate different types
of epigenetic data. However, none of them is specialized
for integrating EWAS knowledge as well as associated in-
formation. For example, DiseaseMeth and MethHC col-
lect annotations of aberrant DNA methylation only in hu-
man diseases, ignoring associations with other important
phenotypes, behaviors and environmental exposures (10—
12). MethBank and International Human Epigenome Con-
sortium (IHEC) only incorporate epigenome data, with-
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out collecting associations of epigenetic data with traits
(13-15). GWAS Catalog, a popular resource of genetic re-
search, focuses only on published Genome-Wide Associa-
tion Study (GWAS) data (16,17). Moreover, to our knowl-
edge (as of 20 September 2018), there are two unpub-
lished database resources, namely, EWAS Catalog (http:
/Iwww.ewascatalog.org/) and EWASADb (http://www.bioapp.
org/ewasdb/), which are devoted to the integration of EWAS
associations. However, the former seems still under con-
struction (as accessed on 20 September 2018) and the lat-
ter provides summary-level EWAS information for differ-
ent traits or genes. Although more and more studies have
shown the significant potential of epigenetic modifications
in precision medicine, there still lacks a specialized resource
for systematically integrating EWAS associations, especially
considering the ever-increasing number of EWAS publica-
tions (Figure 1).

Here we present EWAS Atlas (http://bigd.big.ac.cn/
ewas/), a curated knowledgebase of EWAS. As one of core
resources in the BIG Data Center (18-20), EWAS Atlas is
devoted to providing a comprehensive collection of high-
quality EWAS associations in support of systematic inves-
tigations of complex molecular mechanisms associated with
different biological traits. Unlike extant data-oriented epi-
genetic resources, EWAS Atlas features manual curation of
EWAS knowledge from extensive publications and accord-
ingly incorporates a large number of high-quality EWAS
data and a diversity of traits and ontology entities. EWAS
Atlas provides open access to all curated data and thus
would serve as a valuable resource for the global research
community.

IMPLEMENTATION

EWAS Atlas is built with Spring boot (http://spring.io/),
a mature and convention-over-configuration Model-View-
Controller (MVC) framework, deployed in a Centos Linux
6.4 environment. In the back-end part, EWAS data is
stored in MySQL (https://www.mysql.com/), a free and
popular relational database management system. The web
pages are constructed using HTMLS5 and rendered using
Thymeleaf (https://www.thymeleaf.org/). Front-end inter-
faces are built using Bootstrap (https://getbootstrap.com/)
with JQuery (https://jquery.com/) to provide responsive
and user-friendly web pages. Furthermore, ECharts (http:
/lecharts.baidu.com/) is used to provide interactive charting
and data visualization. The trait enrichment tool is imple-
mented by Python 3.5 (https://www.python.org/).

DATA CURATION AND DATABASE CONTENTS

To provide high-quality information curated from EWAS
publications, we set up a standardized curation process in-
volving three major steps, viz., literature search, study cu-
ration and association curation (Figure 2). First, we per-
form literature search in PubMed using pre-defined key-
words. Publications are eligible for inclusion in EWAS At-
las only if they contain necessary description on involved
traits and significant EWAS associations. Consequently, a
total of 401 publications are qualified and their other basic
information (e.g. abstract, citation) are obtained automat-
ically through Europe PMC API (https://europepmc.org/

developers/) (21). The second is study curation, viz., man-
ual curation of detailed study information from publica-
tions, including trait name(s), brief description of case and
control groups, clinical and pathological characteristics of
study populations. To unify the representation of biolog-
ical traits, entities are mapped to the standardized terms
in Experimental Factor Ontology (EFO) (22), which com-
bines parts of several biological ontologies, such as Disease
Ontology (DO) and Gene Ontology (GO). Finally, we con-
duct association curation to manually collect information
of eligible associations (that should have P-value < 1.0E—
4 or adjusted P-value < 0.05), including correlations be-
tween DNA methylation levels and experimental variables
as well as their ranks in specific studies. Furthermore, con-
sidering various annotation systems adopted by different
array platforms, all probes in 27K, 450K and 850K are re-
annotated based on GENCODE release 28 (GRCh37) to
maintain their consistency (23). The data curation in EWAS
Atlas can be achieved by multiple curators through user-
friendly web interfaces, enabling collaborative curation and
enhancing the efficiency of the curation process.

Based on the standardized curation process, EWAS At-
las integrates a large collection of 329 172 high-quality as-
sociations manually curated from 649 studies reported in
401 publications, involving 112 tissues/cell lines and cov-
ering 305 traits, 1830 cohorts and 390 ontology terms.
Consequently, it is interestingly found according to the
current collection in EWAS Atlas that the most ex-
tensively studied trait is smoking, involving 49 stud-
ies and 26 996 associations (http://bigd.big.ac.cn/ewas/
browse?traitList=smoking) and that PTPRNZ2, which en-
codes receptor-type tyrosine-protein phosphatase, is asso-
ciated with >90 different traits (http://bigd.big.ac.cn/ewas/
browse?gene=PTPRN2). To facilitate users in browsing
these data, EWAS Atlas provides five panels, where data are
organized and presented in terms of trait, probe, gene, study
and publication, respectively.

The trait panel provides an overview of all collected
traits documented in EWAS Atlas. For each trait, both gen-
eral details (name and mapped EFO terms) and summary
data related to this trait are listed in a table form (Figure
3A). Specially, the percentages of biological different DNA
methylation signatures (hyper/hypo) and CpG island rela-
tions (island, shore, shelf, open sea) are displayed in a vi-
sualized way. One trait may have multiple related probes
that associate with different genes. To reveal biological pro-
cesses for a specific trait, all relevant genes are collected for
GO enrichment analysis. Thus, EWAS Atlas also provides
a list of significantly enriched GO terms. The probe panel
provides not only basic probe annotations (e.g. genomic co-
ordinate, related transcripts, CpG island relation), but also
summary-level descriptions of association data (e.g. occur-
rence frequency of a specific probe, percentages of hypo-
/hyper-methylation). For each probe, details of individual
associations, including study IDs, correlations, effect sizes
and associated traits, are presented in a tab-separated ta-
ble (Figure 3B). The gene panel contains not only gen-
eral information (e.g. gene 1D, genomic coordinate, tissue
expression) but also summary-level EWAS association in-
formation (e.g., percentages of associations on promoter
or gene body, related traits, number of associations). The
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Figure 1. (A) Statistics of EWAS publications. (B) Word cloud of traits.
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Figure 2. The curation model adopted by EWAS Atlas. It is noted that
eligible associations should have P-value < 1.0E-4 or adjusted P-value <
0.05.

study panel displays an overview of all EWAS studies, in-
volving reported traits as well as brief descriptions of case
and control groups. More importantly, an abundant col-
lection of clinical and pathological characteristics of study
populations, consisting of sample size, age, sex ratio and an-
cestry, are also curated from literature and integrated into
EWAS Atlas (Figure 3C). Additionally, publication with
its bibliographic details (title, year, journal, PubMed ID
and citation) are collectively summarized in the publication
panel (Figure 3D). In all four panels, hyperlinks to exter-
nal databases, such as Gene Expression Omnibus (GEO)
(24), European Nucleotide Archive (ENA) (25), PubMed,
are provided to offer convenient access to additional infor-
mation.

Powered by a large number of curated EWAS knowl-
edge, EWAS Atlas provides an online tool for trait en-
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richment analysis (TEA). It allows users to submit cus-
tomized probe(s)/trait as input and then explore trait-trait
and trait-epigenome relationships. In the current version,
the weighted Fisher’s exact test is used to calculate the
co-occurrence probability between input DNA methylation
probes and trait-related DNA methylation probes, where
the weight of each probe is the number of studies that re-
ported this probe-trait association and equals 1 if absent.
Based on this TEA tool, users can obtain TEA results, in-
cluding significantly enriched traits and ontology terms. For
example, when inputting reported DNA methylation sites
related with cardiovascular risk (data originally from (26)),
the TEA tool clearly shows that the most related trait is
smoking; this result is well consistent with previous find-
ings that smoking is one of the major cardiovascular risk
factors, demonstrating its great potential utility in profiling
the relationships among diverse traits (27,28).

To browse and query EWAS data in an efficient and
friendly manner, EWAS Atlas is equipped with multiple fil-
ters to enable users to easily find traits, probes, associations,
studies and publications of interest. Specifically, these fil-
ters cover a wide range of data items, including trait, gene
symbol, probe ID, ontology, genomic coordinate, study ID,
PMID, etc. As a consequence, it helps users to efficiently
narrow down the query results. In addition, EWAS Atlas
provides auto-suggestion functionality, which is able to pro-
vide a list of candidate terms according to users’ inputs.
To fully benefit the global scientific community, all relevant
data in EWAS Atlas are open access and publicly avail-
able at http://bigd.big.ac.cn/ewas/downloads. To ease data
downloading, all query results that are displayed in web
pages can be exported as a tab-delimited file. Furthermore,
in order to enable programmatic access to EWAS data, a
series of RESTful APIs (http://bigd.big.ac.cn/ewas/api) are
implemented for automatic data retrieval, simply by speci-
fying different types of identifiers (e.g. study ID, gene sym-
bol, PMID, probe ID).


http://bigd.big.ac.cn/ewas/downloads
http://bigd.big.ac.cn/ewas/api

D986 Nucleic Acids Research, 2019, Vol. 47, Database issue

A

D

[l CIEVTLH Hypermethylation | Hypomethylation | Not report
CpG tsianc: () X200 (XD X

= Show detail information or genome browser
Click on a hyperlink will use it as a search condition

Trait Type #Publications  #Studies #A

aging phenotype 19 19 20200

97 +

HH
HAd

Hyper: 50%

Hypo: 46%

NR: 4% CpG Island

[ CIELTLH Hypermethylation | Hypomethylation | Not report

+ Show detail information or genome browser
Click on a hyperlink will use it as a search condition

Correlations@ Location

1 + (D

Probe ID@ Studies

©g22736354 chr6: 18122719 4

R Ceroer o <arcr e ] Proncyos | Envnmeniaacor | saavir

Related genes
(transcript: pos to TSS)@

NHLRC1 (ENST00000340650: 199)

8t
<
'
<

CpG islands Related traits

Island

-
Promoter/Body:
PSP < Fopemotyaton ot pon

O o e [ Pronosee [ Ensmanncor] Sovavir

= Show detail information or genome browser
[¢* Jump to other related website
Click on hyperlink will use it as a search condition

Gene ID Locati Expression #Association Pr
NHLRC1 ) + 12
ENSG00000187566 (¢ chr6:18120671-

/Body

Correlations® #Related Traits

#y 32

4

Most Related traits
(#Associations)

aging (11)
B Acute Lymphoblastic Leukemia with t(1;...

54

18122918 prenatal co-exposure to mercury (Hg) and
smoking (1)
#= Trait enrichment: use probes in this trait as input for trait enrichment
< Show detail information or genome browser
[ Jump to other related website
Click on hyperlink will use it as a search condition
@y 2o
Study ID Trait Ontology® #Associations #Cohorts Source Case Control
ES00047 = aging %= aging [ 520 8+ mesenchymal stem cell,cervix,whole blood,ovarian cancer cell age
IL,P’ Jump to other related website
Click on hyperlink will use it as a search condition
@y 2.
PMID Title Year Journal Citation® Datasets
20219944  Age-dependent DNA methylation of genes that are suppressed in stem cells is a hallmark of cancer. [ 2010 Genome Res. 352 GSE20080 [
GSE20067 [
GSE19711 [

Figure 3. Screenshot of web pages for (A) Trait, (B) Probe, (C) Gene, (D) Study and (E) Publication.




DISCUSSION AND FUTURE DEVELOPMENTS

EWAS Atlas, to our knowledge, is the first knowledgebase
integrating a comprehensive collection of epigenome varia-
tions associated with phenotypes, diseases, behaviors and
environmental exposures. It features manual curation of
EWAS knowledge from extensive publications and accord-
ingly incorporates a large number of high-quality EWAS
data and a diversity of traits and ontology entities. Consid-
ering the great potential of epigenetic modifications in pre-
cision medicine, EWAS Atlas would be of great utility in dis-
secting complex molecular mechanisms associated with var-
ious diseases and promoting the development of novel diag-
nostics and therapeutics. With the rapid increase of EWAS
studies, future efforts include regular update to incorporate
EWAS associations from latest published literatures. Mean-
while, different types of epigenetic marks (e.g. RNA mod-
ification (29), histone modification) will be expanded and
included in EWAS Atlas. Moreover, efforts will be also de-
voted to linking EWAS associations with GWAS associa-
tions. We also call for worldwide collaborations to work to-
gether to build EWAS Atlas into a valuable resource cover-
ing more comprehensive associations and traits and further
providing potential guidance for human healthcare and dis-
ease treatment.
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