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Abstract

methylated sites.

Activation of regulatory elements is thought to be inversely correlated with DNA methylation levels. Howeve
difficult to determine whether DNA methylation is compatible with chromatin accessibility or transcription fa
(TF) binding if assays are performed separately. We developed a fast, low-input, low sequencing depth me
EpiMethylTag, that combines ATAC-seq or ChIP-seq (M-ATAC or M-ChIP) with bisulfite conversion, to sim
examine accessibility/TF binding and methylation on the same DNA. Here we demonstrate that EpiMethy!T|
be used to study the functional interplay between chromatin accessibility and TF binding (CTCF and KLF4
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Introduction

The role of DNA methylation (DNAme) in gene regu-
lation has been widely described [1-4]. In general,
methylation is thought to reduce accessibility and
prohibit TF binding at enhancers and promoters [5,
6]. Nevertheless, TFs are also known to bind methyl-
ated DNA [2], but due to limitations in the tech-
niques available for this kind of analysis, few genome-
wide studies have been performed. As a result, we
still know very little about the DNA sequence and
chromatin context of TF binding at methylated sites
and its significance to gene regulation.

Several techniques have been developed to measure
DNAme, some more comprehensive than others.
Whole-genome bisulfite sequencing (WGBS) covers
all genomic regions; however, to achieve sufficient
sequencing, coverage is costly. The alternative, re-
duced representation bisulfite sequencing (RRBS),
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which requires less sequencing depth, preferentially
captures CpG-dense sequences known as CpG islands
that can potentially act as regulatory elements [7].
Nevertheless, both techniques require additional as-
says on different batches of cells to elucidate the
interplay between DNAme, DNA accessibility, and TF
binding, and this does not satisfactorily address the
issue of compatibility. Current techniques that simul-
taneously analyze methylation together with TF bind-
ing or accessibility (NOME-seq [8], HT-SELEX [9],
ChIP-bisulfite [10], BisChIP-seq [11], ChIP-BisSeq
[12]) have drawbacks such as analysis of DNA rather
than chromatin or the requirement of large amounts
of input DNA or high sequencing costs.

To circumvent the high input and sequencing ex-
penses associated with WGBS and existing ChIP
combined with bisulfite conversion protocols [10-
12], we developed “EpiMethylTag.” This technique
combines ATAC-seq or ChIPmentation [13, 14] with
bisulfite conversion (M-ATAC or M-ChIP, respect-
ively) to specifically determine the methylation status
of accessible or TF-bound regions in a chromatin

Helen L. and Martin S. Kimmel Center for Biology and Medicine, Laura anQ:ontext. EpiMethleag is based on an approaCh that

Isaac Perlmutter Cancer Center, New York, NY, USA
Full list of author information is available at the end of the article

Bl BMC

was originally developed for tagmentation-based
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WGBS [15, 16]. It involves use of the Tn5 transpo-
sase, loaded with adapters harboring cytosine methy-
lation (Additional file 2: Table S1).

For M-ATAC or M-ChIP, tagmentation occurs re-
spectively on nuclear lysates as per the conventional
ATAC-seq protocol [13], or during chromatin immu-
noprecipitation as per the ChIPmentation protocol
[14]. Following DNA purification, the sample is bisul-
fite converted and PCR amplified for downstream
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sequencing (Fig. 1a). As shown in Fig. 1a, EpiMethyl-
Tag can determine whether DNAme and accessibility/
TF binding are mutually exclusive (scenario 1) or can
coexist in certain locations (scenario 2). The protocol
requires lower levels of immunoprecipitated DNA, re-
quires less sequencing depth, is quicker than existing
methods, and can be analyzed using a pipeline we de-
veloped that is publicly available online on Github
(https://github.com/skoklab/EpiMethylTag).

a  Schematics of the EpiMethylTag method
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Fig. 1 EpiMethylTag is a reproducible method to test whether DNAme can coexist with TF binding (CTCF) or chromatin aac8shibitiitic
overview of the EpiMethyTag method showing two possible outcom&gquencing metrics indicating the total number of reads in million,
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Results

EpiMethylTag is a reproducible method for testing the
compatibility of DNAme with TF binding or chromatin
accessibility

M-ATAC and CTCF M-ChIP were performed in dupli-
cate on murine embryonic stem cells (mESC). As con-
trols, we collected aliquots before bisulfite conversion,
ATAC-seq, and CTCF ChIPmentation with Nextera
transposase [13, 14]. Sequencing metrics are shown in
Fig. 1b and Additional file 2: Table S2. The price is
around 10 times lower than WGBS given that fewer
reads are necessary. As shown in Fig. 2 a and b, genome
coverage was highly reproducible between M-ATAC
replicates and highly correlated with regular ATAC-seq
and M-ATAC signal before bisulfite treatment. Thus, bi-
sulfite treatment, or the use of a different transposase
does not result in signal bias. High reproducibility was
also seen for CTCF M-ChIP, and we observed
consistency between our results and data generated by
CTCF ChIP-BisSeq, a similar technique that was per-
formed using 100ng of immunoprecipitated DNA (as
opposed to less than 1ng using our method) and se-
quenced more deeply at a higher cost [12] (Fig. 2a, b,
Additional file 2: Table S2). Of note, bisulfite conversion
does not affect the number of peaks detected, the Jac-
card index of peak overlap (Additional file 1: Figure Sla-
b), or the signal within peaks (Additional file 1: Figure
Slc, Pearson correlations above 0.8), although it leads to
shorter reads (Additional file 1: Figure S2). Of note,
average methylation was higher at the edges of the peaks
than at the midpoint (Additional file 1: Figure S3). Com-
parable DNA methylation levels were found in M-ATAC
and CTCF M-ChIP replicates, Pearson correlation = 0.76
and 0.84, respectively (Additional file 1: Figure S4a and
S4b).

In order to get higher coverage for subsequent DNA
methylation analysis, peaks were called from merged M-
ATAC and M-ChIP replicates and we focused our ana-
lysis only at CpGs within those peak regions covered by
at least five reads, as methylation outside of M-ATAC
and M-ChIP peaks has low coverage and is less reliable.
We observe positive correlations between DNA methyla-
tion from WGBS and M-ATAC (Fig. 2c, top panel, Pear-
son correlation = 0.69) and between methylation levels in
M-ChIP and WGBS (Fig. 2¢, bottom panel, Pearson cor-
relation = 0.74). Similar results were observed with the
previously published CTCF ChIP-BisSeq method [12]
(GSE39739) (Pearson correlation = 0.83, Additional file 1:
Figure S4c) and when taking peaks that overlap between
duplicates (Additional file 1: Figure S4d-e). In Fig. 2b,
we highlight the KIf4 gene, which harbors a peak of
chromatin accessibility in the promoter and CTCF bind-
ing in the intragenic region associated with low methyla-
tion from both EpiMethylTag and WGBS assays (left
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panel, and Additional file 2: Table S3). In contrast, the
Pisd-pslintragenic region contains accessible chromatin
that coexists with high levels of DNA methylation as de-
tected by both M-ATAC and WGBS (Fig. 2b, middle
panel). Of note, the methylation observed comes from a
bedGraph file, output from Bismark (see “Methods” sec-
tion for details), which does not filter for cytosines with
low read coverage. Therefore, high methylation observed
in CTCF M-ChIP may not be reliable as this region har-
bors a weak CTCEF signal with a low read coverage (Add-
itional file 2: Table S4). Interestingly, a proportion of M-
ATAC peaks exhibited an intermediate-to-high average
methylation level in deeply sequenced WGBS [17], but
low methylation in M-ATAC (Fig. 2c, top panel, top left
corner) as illustrated at the Slc5a8locus (Fig. 2b, right
panel, Additional file 2: Table S5). The peak highlighted
within the Slc5a8locus harbors an average methylation
of 18.685% for M-ATAC and 85.041% for WGBS. These
data suggest that as expected open regions are less
methylated than closed regions within a population of
cells, but that accessibility and methylation can coexist
at a small subset of genomic locations, which are de-
pleted for promoter regions and associated with low
transcription (Additional file 1: Figure S4f-g). Import-
antly, M-ATAC is able to identify methylation levels
within ATAC peaks, information that cannot be re-
trieved integrating data from separate WGBS and
ATAC-seq experiments.

M-ATAC reveals a complex interplay between accessible
chromatin and DNA methylation

For further analysis, we separated CpGs in M-ATAC
peaks according to percentage of methylation (low 0-—
20%, intermediate 20-80%, and high >80%) and read
coverage (high >50 reads and low 5-50 reads) as fol-
lows: #1: Low methylation/High coverage (22,932 CpGs);
#2: Low Methylation/Low coverage (1,348,931 CpGs);
#3: Intermediate methylation/Low coverage (39,321
CpGs); #4: High methylation/Low coverage (1652 CpGs)
(Fig. 3a). As expected, coverage and methylation from
M-ATAC are anticorrelated, and we did not detect any
CpGs with intermediate or high methylation with high
ATAC coverage (>50 reads). A similar pattern was ob-
served while taking only CpGs present in peaks that
overlap between M-ATAC replicates (Additional file 1:
Figure S5a). Of note, this pattern was not detected in
WGBS where a more stable coverage is observed inde-
pendent of methylation levels resulting in only three
groups (Additional file 1: Figure S5b) as opposed to the
four groups seen with methyl-ATAC (Fig. 3a). CpGs in
low methylation M-ATAC groups 1 and 2 were enriched
at promoters, while CpGs in intermediate and high
methylation M-ATAC groups 3 and 4 were enriched in
intragenic and intergenic regions, as compared to the














https://github.com/skoklab/EpiMethylTag
https://github.com/skoklab/EpiMethylTag
https://github.com/skoklab/EpiMethylTag



https://doi.org/10.1186/s13059-019-1853-6
https://doi.org/10.1186/s13059-019-1853-6
https://github.com/skoklab/EpiMethylTag
https://github.com/skoklab/EpiMethylTag

	Abstract
	Introduction
	Results
	EpiMethylTag is a reproducible method for testing the compatibility of DNAme with TF binding or chromatin accessibility
	M-ATAC reveals a complex interplay between accessible chromatin and DNA methylation
	CTCF M-ChIP enables analysis of DNA methylation of distinct CpGs in the CTCF motif
	KLF4 M-ChIP enables characterization of WT versus mutant KLF4 R462A binding

	Discussion
	Conclusion
	Methods
	Cell culture
	KLF4 expression
	Assembly of the transposase
	ATAC-seq and M-ATAC
	ChIP-seq and M-ChIP
	Bisulfite conversion
	Amplification of ATAC-seq and ChIP-seq libraries
	Amplification of M-ATAC and M-ChIP libraries
	Sequencing of the libraries and data processing
	Bioinformatic analysis of data

	Supplementary information
	Acknowledgements
	Additional information
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

