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Abstract

Here, we present a significant update to the MeDReaders database and webserver. The new MeDReaders 2.0 covers
interactions between transcription factors (TFs) and DNA cytosine modifications that arise during DNA methylation
and active demethylation, including 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC), and 5-carboxylcytosine (5caC). Based on TF-modified-DNA interactions curated from the literature, we
extended the original MeDReaders dataset by adding 257 TF-5mC-DNA, 160 TF-5hmC-DNA, 220 TF-5fC-DNA,
and 107 TF-5caC-DNA interactions. Using in silico approaches, we integrated whole-genome bisulfite sequencing
(WGBS) and TF ChiP-seq datasets from the ENCODE and NCBI GEO databases to predict 1,363 TF-5mC-DNA
interactions across six human cell lines and one mouse cell line. MeDReaders 2.0 provides a more comprehensive
resource for studying how DNA cytosine modifications regulate TF-DNA interactions and for designing related
experiments, such as those on dynamic DNA methylation and active demethylation. The updated website is
accessible at https://bioinfor.nefu.edu.cn/MeDReaders2.0/.
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Introduction

The classical view of DNA epigenetic modifications is
that they usually prevent transcription factors (TFs) from
binding to DNA [1-3]. TFs are traditionally considered
to bind to open chromatin regions lacking DNA modifi-
cations. Modifications on cis-regulatory elements, such
as 5-methylcytosine (5mC), can prevent TF binding or
recruitment [4—7]. Only a limited number of proteins
possess a specific mCpG-binding domain (MBD) that
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enables them to recognize and bind 5-methylcytosine-
modified DNA (5mC-DNA) in a sequence-independent
manner [8-10]. However, over the past 10 years, many
studies have reported that TFs can interact with 5mC-
DNA and that their selective binding to target DNA is
affected by DNA epigenetic modifications [11-13]. Fur-
ther in vivo and in vitro experiments have revealed the
widespread existence of TFs binding to 5mC-DNA. DNA
modifications, such as 5mC, can indeed alter the inter-
actions between TFs and DNA [14, 15]. They can affect
the DNA binding motifs as well as the binding affinity of
TFs. Some transcription factors, like KLF4 [16], Kaiso
[17], ZFP57 [18], and CEBPa [19], show a high affin-
ity for distinct 5mC-DNA sequences. It was also found
that the effect of epigenetic modifications on TF-DNA
affinity can be binary. With the development of technol-
ogy, additional epigenetic modifications beyond meth-
ylation have been explored. Various DNA modifications
can have differing impacts on the affinity of TF-DNA
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interactions [20-23]. For example, the OVOL2-DNA
interaction is significantly suppressed by modifications
such as 5-hydroxymethylcytosine (5ShmC), 5-formylcyto-
sine (5fC), and 5-carboxylcytosine (5caC). On the other
hand, carboxylation actually enhances the HMBOXI1-
DNA interaction. The identification and elucidation of
TFs involved in methylation-mediated biological pro-
cesses are critical steps in understanding the underly-
ing mechanisms. By studying these TFs, researchers can
gain valuable insights into how 5mC-DNA influences
gene regulation and cellular processes [24]. For example,
5mC-DNA imbalances can disrupt TF binding, leading
to dysregulated gene expression and thereby increasing
susceptibility to diseases [24, 25]. Ultimately, deciphering
these intricate mechanisms could lead to novel therapeu-
tic strategies and interventions to improve human health
[25].

To systematically decode these disease-relevant regula-
tory networks, advanced high-throughput technologies
have been rapidly developed and widely applied. With the
development of next-generation sequencing technolo-
gies and the accumulation of data, especially the appli-
cation of systematic evolution of ligands by exponential
enrichment (SELEX) [26], ChIP-BS-seq [27] and Digital
Affinity Profiling via Proximity Ligation (DAPPL) [28],
more epigenetic effects on TF-DNA interaction have
been discovered. This explosion of data necessitates a
more comprehensive and updated resource. Therefore,
we upgraded MeDReaders 1.0 to MeDReaders 2.0 in
two major ways [29]. First, leveraging newly released TF
ChIP-seq datasets and matched whole-genome bisulfite
sequencing (WGBS) data from public resources (e.g.,
ENCODE and GEO), we expanded our in silico pipeline
to predict TF-5mC-DNA interactions in additional cell
lines and increased the number of predicted TF-5mC-
DNA interaction records in the originally covered core
cell lines. Second, we extended the database to include
TF interactions with other cytosine DNA modifications
beyond 5mC—such as 5hmC, 5fC, and 5caC—by manu-
ally curating experimentally supported interactions from
the literature, including those identified by mass spec-
trometry (MS) and DAPPL. All updates are freely avail-
able at https://bioinfor.nefu.edu.cn/MeDReaders2.0/.

Materials and methods

Data sources

In MeDReaders 2.0, the updated TF—epigenetically mod-
ified DNA interaction data come from two sources. First,
we curated experimentally supported interactions from
the literature. In MeDReaders 1.0, only TF-5mC-DNA
interactions were collected from the literature [16-19,
26, 30-33], lacking TF interactions with other cytosine
modifications; therefore, in MeDReaders 2.0, we newly
curated 257 TF-5mC-DNA, 160 TF-5hmC-DNA, 220
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TF-5fC-DNA, and 107 TF-5caC-DNA interactions
from the literature [28, 34]. This diversity of cytosine
modifications enables a more comprehensive explanation
of the specificity of TF interactions during DNA meth-
ylation and active demethylation. Second, we updated
the TF-5mC-DNA interactions predicted by an in silico
pipeline. MeDReaders 1.0 predicted only 292 interac-
tions. With updates in the ENCODE and GEO databases
and the availability of more TF ChIP-seq and WGBS
datasets, MeDReaders 2.0 expanded the in silico predic-
tions to 1,363 TF-5mC-DNA interactions across six
human cell lines (GM12878: 146; H1-hESC: 58; HeLa: 54;
HepG2: 584; K562: 457; SK-N-SH: 59) and one mouse cell
line (E14: 5).

Database implementation

Based on in silico predicted TF-5mC-DNA interactions,
our study integrated TF ChIP-seq and WGBS data to
investigate the interplay between TF binding and DNA
methylation. We used ENCODE-processed ChIP-seq and
WGBS datasets [35-38]. TF binding regions identified
via ChIP-seq were comprehensively analyzed and cat-
egorized based on their corresponding methylation sta-
tus. Motif discovery and scanning were performed using
HOMER software, which generated a Position Prob-
ability Matrix (PPM) and subsequently converted it into
a Position Weight Matrix (PWM) for sequence scoring.
This PWM was employed in a dual-strand sliding win-
dow scan across TF peaks to pinpoint the best-matching
binding sequences. These best-hit sequences were then
aligned with WGBS-derived CpG coverage and meth-
ylation proportion data to extract specific CpG positions
and their methylation levels. To construct methylation-
aware motif logos, cytosines (C) at CpG sites exhibiting
high methylation levels were explicitly replaced with the
character ‘E! This sequence-level transformation cre-
ated a 5-letter sequence format (A/C/G/T/E). Finally,
position-specific frequencies were calculated from these
sequences, and customized motif logos were plotted to
visually represent highly methylated cytosines using the
‘E’ symbol.

The Python-based Flask framework is utilized for
website development due to its simplicity in design phi-
losophy and efficient development model. The web pages
are rendered using the Jinja2 template engine, while the
front-end and back-end communicate asynchronously
through AJAX technology. The Semantic UI framework
continues to be employed for designing and developing
the front-end interface.

Result

Usage and access

In the updated version, we have improved the user-
friendliness of the interface, making it convenient for
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users to browse, search, and download TF binding infor-
mation under various DNA epigenetic modifications. In
addition to expanding our coverage of 5mC-DNA data,
MeDReaders 2.0 now includes other cytosine modifica-
tions. We have visualized these different types of modi-
fications to help users easily distinguish between them
(Fig. 1A). Furthermore, the increasing availability of TF
ChIP-seq data has enabled the identification of more
TE-DNA interactions. The newly added TF-5mC-DNA
interactions, obtained via our in silico pipeline, are pri-
marily derived from the K562, HepG2, and GM12878 cell
lines. Remarkably, the number of predicted interactions
in these three cell lines has increased notably compared
to the original version [29] (Fig. 1B). Additionally, the
HeLa and SK-N-SH cell lines are newly covered in this
update.

In MeDReaders 2.0, in silico predictions of TF-
5mC-DNA interactions reveal both conserved and
cell-type-specific patterns. As shown in Fig. 1C, a sub-
set of TFs displays conserved interactions, with 13 TFs
shared across all six human cell lines. In contrast, many
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TF-5mC-DNA interactions are highly cell-type-specific.
For example, out of the 584 predicted TF-5mC-DNA
interactions in the HepG2 cell line, 341 involve TFs that
are observed exclusively in this cell type. These patterns
provide an opportunity to investigate the cell-type speci-
ficity of 5mC-modified DNA in shaping TF binding and
to gain insights into transcriptional regulation and cellu-
lar specificity.

Cytosine modification derivatives (such as 5hmC,
5fC, and 5caC) play a crucial role in the dynamic regu-
lation of DNA methylation. Recognizing their impor-
tance, our database has newly curated literature-derived
interactions between TFs and four distinct types of
cytosine-modified DNA. As illustrated in Fig. 1D, while
a substantial number of TFs can interact with multiple
types of modified DNA, many TFs also exhibit a remark-
able degree of modification specificity. For instance, out
of the 220 identified TF-5fC—-DNA interactions, 113 TFs
interact exclusively with 5fC. Similarly, among the 107
TF-5caC-DNA interactions, 32 TFs are uniquely bound
to 5caC. These findings provide a valuable foundation

B MEDreaders 2.0

MEDreaders 1.0

Reference(PMID)
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Fig. 1 Overview of data expansion and visualization in MeDReaders 2.0. A Web interface for TF-modified-cytosine-DNA interactions (5mC, 5hmC, 5fC,
5caC) curated from the literature. B Quantitative distribution of TF-5mC-DNA interactions predicted via the in silico pipeline across different cell lines in
MeDReaders 1.0 and 2.0. C Intersection of TFs involved in in silico predicted TF-5mC-DNA interactions across six human cell lines. D Venn diagram of
literature-curated TF-DNA interactions across four types of cytosine modifications
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for further investigating the regulatory roles of specific
cytosine modifications on TF binding during active DNA
demethylation. Ultimately, understanding these diverse
binding preferences will help shed light on the intricate
interplay between dynamic epigenetic modifications and
gene regulation.

Anticipating the rapid evolution of sequencing tech-
nologies and the continuous discovery of novel TE-DNA
interactions, MeDReaders 2.0 provides a “Submit” page
for users to upload new findings. All submitted data
undergo rigorous validation based on supporting infor-
mation, such as references (PMIDs) and experimental
details. Interactions directly validated by experiments
are promptly incorporated into the database. Meanwhile,
raw data from TF ChIP-seq and cell line WGBS will first
be processed through our established in silico pipeline
prior to database integration. Through this continuous
updating mechanism, we aim to provide a comprehen-
sive resource that helps researchers further elucidate the
mechanistic interplay between DNA modifications and
TFs.

Browsing the database

MeDReaders 2.0 includes eight functional pages, three
of which are dedicated to data presentation. The “High-
5mC (TFs)” page summarizes TF information curated
from the literature for high-5mC DNA. Users can explore
TFs of interest by selecting a species and a gene name.
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The information provided includes Ensembl Gene ID,
genomic location (coordinates), and motif informa-
tion. The “WGBS+ChIP-seq” page displays predicted
TF-5mC-DNA interactions derived from WGBS and
ChIP-seq data. A notable feature of this page is the inte-
gration of UCSC Genome Browser tracks, enabling users
to visualize the methylation status of TF-binding regions.
In addition, the “Multiple-modifications (TFs)” page pro-
vides information on TF binding to cytosine modifica-
tions, including 5mC, 5hmC, and 5fC, annotated using
MS. This page primarily presents TF identifier, modifica-
tion types, and chromosomal positions.

Searching the database

To facilitate the examination of the conservation and cell-
type specificity of TF binding to modified DNA, users can
access the “Search” page to view comprehensive bind-
ing information for a specific TFE. Figure 2 illustrates the
binding of the human TF ATF3 to modified DNA across
different cell lines. By clicking the “View” icon, users can
access detailed information, which is consistent with the
records on the “High-methyl (TFs)’, “WGBS+ChIP-seq’,
and “Multiple-modifications (TFs)” pages.

Future development

The growing body of evidence suggests that epigen-
etic modifications play a crucial role in gene regulation
by influencing transcription factor binding. However,
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comprehensive and systematic studies that examine the
detailed mechanisms underlying this regulation remain
limited. The updated MeDReaders database continues
to curate newly released datasets and published findings,
thereby providing valuable insights. As additional data
are integrated, MeDReaders will enable more precise
identification of cell-specific effects of epigenetic modi-
fications on TF binding. Moreover, incorporating addi-
tional epigenetic modifications into analyses of TF-DNA
interactions will facilitate deeper investigation of TF reg-
ulatory mechanisms during active DNA methylation and
demethylation dynamics.
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