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ABSTRACT

Epigenetic alterations, including 5-methylcytosine
(5mC), 5-hydroxymethylcytosine (5hmC) and nucleo-
some positioning (NP), in cell-free DNA (cfDNA) have
been widely observed in human diseases, and many
available cfDNA-based epigenome-wide profiles ex-
hibit high sensitivity and specificity in disease de-
tection and classification. However, due to the lack
of efficient collection, standardized quality control,
and analysis procedures, efficiently integrating and
reusing these data remain considerable challenges.
Here, we introduce CFEA (http://www.bio-data.cn/
CFEA), a cell-free epigenome database dedicated to
three types of widely adopted epigenetic modifica-
tions (5mC, 5hmC and NP) involved in 27 human
diseases. We developed bioinformatic pipelines for
quality control and standard data processing and an
easy-to-use web interface to facilitate the query, visu-
alization and download of these cell-free epigenome
data. We also manually curated related biological and
clinical information for each profile, allowing users to
better browse and compare cfDNA epigenomes at a
specific stage (such as early- or metastasis-stage) of
cancer development. CFEA provides a comprehen-
sive and timely resource to the scientific commu-
nity and supports the development of liquid biopsy-
based biomarkers for various human diseases.

INTRODUCTION

Circulating cell-free DNA (cfDNA) is defined as extracellu-
lar nucleic acid fragments that are released into the blood-
stream by cell necrosis and apoptosis (1). Recent advances
in cfDNA-based liquid biopsy demonstrate that the abun-
dant genetic and epigenetic information carried in cfDNA
as non-invasive molecular signatures can revolutionize the
traditional screening and treatment of various human disor-
ders (2). Epigenetics provides an important molecular link
between genetic programming and environmental signals,
and such changes in the cfDNA and the somatic genomic
DNA (gDNA) from the tumor tissue of origin are highly
consistent in many disease models (3). Based on tissue speci-
ficity and stability, epigenetic alterations have already been
incorporated as valuable candidate biomarkers of human
diseases (4,5).

In recent years, three types of epigenetic variations,
namely, DNA methylation (5-methylcytosine, SmC), hy-
droxymethylation (5-hydroxymethylcytosine, ShmC) and
nucleosome positioning (NP), in cfDNA have been success-
fully detected in clinical samples by a range of genome-wide
approaches, demonstrating high clinical potential in disease
diagnosis, prognosis and/or treatment response (6). For ex-
ample, SmC biomarkers based on plasma cfDNA are sen-
sitive for early tumour detection in efforts for cancer inter-
ception (7). In addition to predicting cancer types, cfDNA
ShmC signatures are used to track tumour stages in human
cancers (8). Genome-wide NP maps of cfDNA are also em-
ployed to infer pathological states of multiple disease types

).
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At present, a large number of cfDNA-based epige-
netic profiles are available for facilitating the epigenome-
wide discovery of non-invasive biomarkers for different
types of neoplastic, chronic inflammatory and autoim-
mune diseases (10), and cross-data set analysis of these
epigenetic modifications for specific/multiple diseases is
very useful for discovering reliable non-invasive biomark-
ers. However, different DNA-based epigenomic modifica-
tions have their own features and are measured by differ-
ent experimental technologies. Indeed, even a single mod-
ification such as 5SmC in cfDNA may be measured using
five genome-wide technologies of whole-genome bisulfite
sequencing (WGBS), reduced representation bisulfite se-
quencing (RRBS), methylated DNA immunoprecipitation
sequencing (MeDIP-Seq), methyl-CpG binding domain-
based capture and sequencing (Methyl-Cap) and Infinium
Human Methylation 450K BeadChip (450K array) (11).
Moreover, various laboratories have used different bioin-
formatics tools and parameters to perform data analysis,
further complicating the situation. Therefore, it is difficult
for experimental biologists and clinicians to use these data
to perform integration and comparison analyses. To ob-
tain more reliable biomarkers, it is essential to evaluate and
analyse differences in disease-specific epigenetic changes be-
tween cfDNA and corresponding gDNA data (12), yet there
are no known resources for incorporating epigenome data
for both ¢fDNA and gDNA. In addition, biological and
clinical information has not been systematically or non-
intuitively annotated further hindered data mining and in-
terpretation in many disease datasets.

To address these challenges, we developed the cell-free
epigenome atlas (CFEA), a comprehensive public database
providing cfDNA-based epigenome profiles (SmC, ShmC
and NP) for 27 human diseases. All data in CFEA have
been uniformly processed by our reproducible bioinformat-
ics pipelines, integrating gDNA epigenome data as controls,
with manually curated biological and clinical information
for each sample. The user-friendly web interface provided
by CFEA can facilitate easy querying, visualization and
comparison of the collected data by the general scientific
community.

DATA COLLECTION AND DATABASE CONTENT

As shown in Figure 1, the raw datasets for cell-free
epigenomes from public data repositories were collected,
including NCBI Gene Expression Omnibus (GEO) (13),
Sequence Read Archive (SRA) (14), Genome Sequence
Archive (GSA) (15) and European Nucleotide Archive
(ENA) (16). Consistent analysis of cfDNA and gDNA from
solid tissue is important for determining valid epigenomic
biomarkers for a tissue of origin and disease type. To facil-
itate such comparison, we also gathered tissue epigenome
profiles of gDNA for patients with malignant tumours from
GEO and the Cancer Genome Atlas (TCGA) (17). All
CFEA data were uniformly quality controlled and pro-
cessed from raw sequencing data by streamlined pipelines.
In addition, we carefully reviewed the original publications
in PubMed and further manually curated matched experi-
mental and clinical information for each CFEA sample. For
each sample catalogued by CFEA, we collected the meta-
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data of 10 items including disease, gender, age, molecular
level (5SmC, ShmC, NP), detection method, cancer subtype,
cancer stage (benign, early, late, metastasis), American Joint
Commission on Cancer (AJCC) stage of cancer, treatment
before epigenomic profiling (yes, no, unknown), PubMed
ID of original literature. The missing values were marked
as NA in our database. These data may be useful for char-
acterizing cfDNA-based epigenomic alterations in human
diseases.

At present, CFEA contains a total of 1645 samples
(1520 cfDNA-based epigenomes and 125 gDNA-based
epigenomes) for three types of epigenetic information, SmcC,
ShmC and NP, in 27 types of human diseases (Supplemen-
tary Table S1). A majority (~85%) of the data available
in CFEA were generated using next-generation sequencing
technology. All of the reported cfDNA epigenome profiles
are from blood plasma or serum. Except for several chronic
inflammatory and autoimmune diseases, we found that a
majority of the cfDNA-based epigenomes were closely as-
sociated with diverse malignant tumours, and nearly 40%
of them were annotated with information regarding clinical
subtype or cancer development.

STANDARDIZED DATA PROCESSING

We developed the standard processing pipelines to pro-
cess these raw data based on open-source and widely
used bioinformatics tools (Figure 2). All the collected data
(>90 billion raw sequencing reads) were reproducibly pro-
cessed from raw sequencing data using our pipelines. For
sequencing-based data, we applied a set of quality con-
trol (QC) metrics to evaluate experimental quality before
read alignment. It is necessary to include QC steps in
our pipelines because >10% of the samples would fail to
pass our QC evaluation. We provided information on high-
throughput sequencing samples with low sequencing qual-
ity across different disease types and technologies as Sup-
plementary Table S2.

The bioinformatics pipeline of CFEA mainly includes
several sections. First, public sequencing data were down-
loaded in sra or fastq format. Second, we converted
sra format files to fastq format using the SRA toolkit
version 2.9.2 (14). Third, we performed quality evalu-
ation with fastqc software version 0.11.6 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/), and any
sequence in the fastq files that did not meet the cri-
teria, such as adaptors and overrepresented sequences,
were trimmed using trim_galore version 0.5.0 with de-
fault parameters (http://www.bioinformatics.babraham.ac.
uk/projects/trim-galore/). Subsequently, we used different
software programs based on experimental types and pro-
tocols. Data obtained using methods based on bisul-
fite conversion, including WGBS, RRBS, and MCTA,
were processed as follows. Trimmed WGBS and RRBS
reads were aligned to the reference genome using bis-
mark version 0.18.2 with default parameters (18). Bis-
mark_methylation_extractor program in the bismark toolset
was used to extract methylated CpG from aligned bam files.
Before alignment of MCTA-seq data, the primer sequences
including 6 bp at the 5’-end and 12 bp at the 3’-end of reads
were trimmed with custom scripts. The trimmed fastq files

220z 1equiadag 90 uo 1sanb Aq 0902GSS/0+A/LQ/8Y/91oIME U/ W00 dno-ojwapese//:sdny Wwoly papeojumoq


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/trim-galore/

D42 Nucleic Acids Research, 2020, Vol. 48, Database issue

Data acquisition CFEA pipelines

SRA — CFI

Modification-speicific browsers

m

A

B ks [ smc || shmc || nP
~ cfDNA-based * WGBS Lga‘-:—"__‘_‘_-—”‘:', — "’;‘9 L
§GSA ]
A * MeDIP-seq
- Ganome Saguance Archive IS e« MethylCap-seq + £z Cancer staga browser
[ " ; = M, Profiles of 1645 clinical
\ » 450K array samples [ Benign || Early ]| Late || Metastasis |
European Nucleotide Archive * 1520 cfDNA epigenomes
+ 125 gDNA epigenomes
m aDNA-based 5”::‘1 | Download
epigenome data S ShC-oRarsey -
(e Exparwsaians Ovrllh + hMe-Seal i BED Peaks BIGWIG signals
L ’ 27 disease types | | | |
+ malignant tumaors
THE Cancen GERomE ATLAS NP « autoimmune diseases ucse genome e
* OMA-seq « chronic inflammatory

Publffed -

Figure 1. A schematic view of the CFEA database. CFEA collects publicly available 5mC, 5ShmC, and NP of ¢fDNA epigenome data for 27 human
diseases from SRA, GSA, ENA and GEO. Disease-matched epigenome data for gDNA from the corresponding solid tissue were obtained from GEO
and TCGA. All CFEA data were uniformly quality controlled and processed by standard pipelines covering a broad range of experimental types. Clinical
and experimental information for each CFEA sample is manually curated. Users can search for modification-specific (SmC, ShmC and NP) browsers or
cancer-stage browsers via a combination of different options. Data can be downloaded in bed or wig format for further analysis and visualized using UCSC
genome browsers.
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Figure 2. Flow diagram of CFEA processing pipelines for the collected epigenome data generated using different technologies.
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were aligned to the reference genome using bismark 0.18.2
with the parameters ‘—bowtiel —non_directional —fastq —
phred33-quals’. Methylated CpG was extracted using bis-
mark_methylation_extractor script. The bigwig format files
for bisulfite conversion-based data were generated with cus-
tom scripts. Data from enrichment-based techniques, in-
cluding Methyl-Cap, MeDIP-seq, hMe-Seal and Seal-seq,
were aligned to the reference genome using bowtie2 ver-
sion 2.3.4.3 with default parameters (19). MACS2 version
2.1.1 (20) was used to perform peak calling from aligned
bam files with the parameters ‘-g hs —-nomodel —extsize 200
—call-summits’. The single-end reads and the pair end reads
of nucleosome positioning data were mapped to the refer-
ence genome using software bwa version 0.7.17 (21) with
command aln and sampe, respectively. Peak calling for the
resulting bam files was performed with DANPOS version
2.2.2 (22) with command dpos. For both enrichment-based
and nucleosome positioning data, the bigwig format files
were converted from the aligned bam files by MEDIPS R
package version 1.36.0 (23). All data were aligned to the
same reference genome (hgl9) to ensure that the samples
could be directly compared. For Illumina DNA methyla-
tion 450K array data, arrays were background and control
normalized, and beta-values were then calculated using the
raw iDAT files with the minfi package version 1.30.0 (24). A
more detailed description of our pipelines and source codes
are available on the CFEA website.

DATA QUERY, VISUALIZATION AND RETRIEVAL

CFEA provides four user-friendly browsers to facilitate
data browsing and searching. Because three different epige-
netic molecular levels were incorporated into CFEA, three
special browsers with respect to SmC, ShmC and NP of
c¢fDNA on the main page are provided. Users can click icons
to quickly search CFEA through corresponding browsers.
These browsers can be queried by a custom combination of
six dropdown menus, including diseases, detection methods,
source of DNA (plasma or serum), whether to show epige-
nomic data from gDNA for matched cancer tissues, whether
to show epigenomic data from cfDNA for healthy individ-
ual, interested gene or genomic region for visualization. To
ensure non-empty results in user searching, we use jQuery-
based scripts to filter the search options automatically. Ad-
ditionally, we developed a cancer-stage browser to facilitate
the search and analysis for epigenomes in cancer at differ-
ent stages (benign, early, late and metastasis) during cancer
development. Similar to the modification-specific browsers
described above, the cancer stage browser can be searched
using a custom combination of six menus, including can-
cer types, stages, detection methods, matched gDNA data,
matched healthy data, and interested gene/region.

By clicking the ‘search’ button in the CFEA browsers,
a dynamic table with sorting and filtering functions is
returned. Each row in the resulting table represents an
epigenome profile, and each column contains the sample-
specific meta information, including a unique sample identi-
fier assigned by our database, disease types, detection meth-
ods, gender, age, drug treatment, DNA type (cfDNA or
gDNA), read mapping ratios after QC, original literature
and a link to UCSC Genome Browser (25). Regarding
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the table resulting from the cancer-stage browser, we pro-
vide three more columns including information for clini-
cal stages and subtypes. By default, 10 entries of the table
are displayed, and the users can change the pagination at
the bottom to better display the results. To allow visualiza-
tion of multiple samples simultaneously or to compare the
epigenome profiles of cfDNA and gDNA, users can select
interesting samples and visualize them in batches by click-
ing the button on the top left of each data table. Users can
also set up custom UCSC Genome Browser sessions or up-
load their own data for comparison with CFEA data.

The download page provides users with bed (peak) and
bigwig (signal intensity) format data organized by catego-
rized lists of different epigenomic molecular levels and ex-
perimental technologies. Users can also retrieve bigwig for-
mat data from the resulting table of the search browsers.

IMPLEMENTATION

CFEA was implemented based on Struts 2 (version 1.0), a
java-based web development framework. The current ver-
sion of CFEA runs on an Apache Tomcat web server de-
ployed on a CentOS Linux server (version 7.5.1804), and its
web interfaces were developed based on HTML, CSS and
JavaScript. All data in CFEA are stored and managed by a
MySQL relational database (version 5.7.26).

SUMMARY AND FUTURE DIRECTIONS

CFEA is an online cfDNA-based epigenome data portal
that allows for the browsing and easy assessment of a large
amount of high-quality data for diverse human diseases. All
data collected by CFEA are processed by standard pipelines
covering a broad range of experimental types. Focusing on
malignant cancer, CFEA provides specialized browsers, al-
lowing clinicians or biologists to quickly retrieve relevant
clinical information and data for different stages during
cancer development. To achieve good comparison and in-
tegration, CFEA also provides interfaces for conveniently
visualizing and downloading the processed epigenome pro-
files from cfDNA and gDNA for diverse human diseases.
The development of new web tools for mining disease-
related cell-free epigenome profiles will advance our under-
standing of the nature of cfDNA and reveal useful preclini-
cal biomarkers. The field of liquid biopsy will continue to
grow rapidly, we will pay close attention to any updated
cfDNA-based epigenome data and process and store them
using standard pipelines once they become available.

DATA AVAILABILITY

The CFEA database is freely accessible for non-commercial
use at http://www.bio-data.cn/CFEA or http://128.1.137.
15/CFEA. Users are not required to register or login to ac-
cess any feature available in the database.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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