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Abstract

Epigenomes, characterized by patterns of different signatures such as chromatin accessibility, chromatin interactions, and DNA methylation, vary
across cell types and play a pivotal role in regulating gene expression. By mapping these signatures, the underlying mechanisms of development
and diseases can be uncovered. However, many canonical epigenetic methods focus on mapping only one signature. Simultaneous measurement
of epigenetic signatures from the same cell or tissue provides significant benefits for research, especially when resources are limited, and
precise analysis is essential. Here, we report a technique called Methyl-Micro-C (MMC), which simultaneously profiles chromatin accessibility,
chromatin interactions, and DNA methylation in the same sample. MMC enhances the resolution of chromatin interactions and the coverage
of CpGs by combining MNase-mediated fragmentation with enzymatic conversion. This technique allows for the profiling of three-dimensional
epigenomes, capturing consistent chromatin accessibility, chromatin interactions, and DNA methylation signals in an efficient manner. It is also

relatively straightforward, allowing researchers to implement and apply it easily.

Introduction

Three-dimensional (3D) epigenomes vary across cell types,
and their changes are linked to a range of diseases [1-3].
To profile epigenomes, whole genome bisulfite sequencing
(WGBS) is used to characterize the methylation state of CpG
regions throughout the entire genome, including regulatory el-
ements that control gene expression [4, 5]. Recently, enzymatic
methyl sequencing (EM-seq) has been developed [6]. This
method provides improved coverage and sensitivity compared
to WGBS by using enzymes instead of bisulfite treatment
that can damage DNA. Besides DNA methylation, chromatin
accessibility is used to determine the activities of genomic
regions. Functional assays coupled with next-generation se-
quencing, such as DNase-seq, ATAC-seq, and MNase-seq, de-
termine which regulatory elements are accessible or inacces-
sible [7]. To control transcription, physical interactions in 3D
space occur between genomic regions that are far apart on the
linear genome. Chromatin conformation capture (3C) and its
derivative methods such as Hi-C utilize restriction enzymes
followed by proximity ligation to identify chromatin interac-
tions. Recently, Micro-C has been developed to further im-
prove Hi-C by employing uniform MNase-mediated diges-
tion. This advancement allows for higher-resolution of con-
tact maps and loop calling as well as co-profiling chromatin
accessibility [8-10].

Together, DNA methylation, chromatin accessibility, and
chromatin interaction maps offer a comprehensive under-
standing of the 3D epigenome. However, profiling each of
these features individually requires significant effort and of-
ten entails prohibitively expensive deep sequencing for accu-

rate comparative analyses. Simultaneous measurement of epi-
genetic signatures from the same cell or tissue can greatly ben-
efit research, especially when resources are limited, and precise
analysis is crucial. To address these challenges, here we devel-
oped Methyl-Micro-C (MMC).

Materials and methods

Cell culture

22Rv1 (CRL-2505) cells were obtained from ATCC (https:
/lwww.atcc.org) and were cultured according to the suggested
protocols using RPMI (Corning, 10-040-CV) supplemented
with 10% FBS plus 1% penicillin and 1% streptomycin. RC-
77T/E cells were received from Johng Sik Rhim and were
cultured using Keratinocyte SFM medium plus supplement
reagents (Thermo Fisher, 17 005 042) as previously reported
[11].

Methyl-Micro-C (MMC)

Cells were harvested, aliquoted into 1 million cell pellets, and
snap frozen. Pellets were fixed by cross-linking, and lysed
to isolate intact nuclei. Nuclei were treated with MNase
(NEB, M0247S), and 1000 ng of digested chromatin un-
derwent proximity ligation with a biotinylated bridge se-
quence. Two hundred nanograms of ligated DNA products
underwent end preparation (NEB, E7546S), and methylated
adapters (NEB, E7165AAVIAL) were added. After enrich-
ing ligated products, oxidation of methylated and hydrox-
ymethylated cytosines as well as deamination of unprotected
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Figure 1. Methyl-Micro-C (MMC) workflow and optimization. (A) MMC starts with the step of harvesting cells and digesting nuclei with MNase to
achieve an optimal 80:20 mono- to dinucleosomal ratio. Next step is a proximity ligation with a biotinylated bridge sequence. Ligated products are then
purified and pulled down with streptavidin beads. Then, end preparation and methylated adapter ligation are performed. To optimize MMC, we tested
Method 1 and Method 2 using 22Rv1 and RC-77T/E prostate cancer cells. (B) Method 1 and Method 2 use different orders of the following steps:
streptavidin beads pulldown and elution to enrich interacting regions, oxidation of all 5mCs and 5hmCs, and deamination of unprotected cytosines to
convert them to uracils. Next, Method 1 performs a dsDNA pulldown and elution off of streptavidin beads prior to enzymatic conversion, while Method 2
performs enzymatic conversion prior to a ssDNA pulldown, with index PCR being performed on the streptavidin beads. (C) The size of libraries
generated from Method 1 (blue) and Method 2 (red) was measured. (D) Comparison of background (non-duplicate pairs <1 kb apart) and valid pairs
(non-duplicate pairs >1 kb apart) generated from Method 1 and Method 2. (E) Chromatin interaction distance of valid pairs generated from Method 1
and Method 2. (F) Comparison of background and valid pairs between Method 1 and Method 2 using pairs that did not contain the bridge sequences.
Method 1, which outperforms Method 2, is named MMC and deep-sequenced for further downstream analysis. Data with the same number of reads

across replicates were used, and statistical significance was calculated using a t-test (*

, P-value < .05; **, P-value < .01; ***, P-value < .001).
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Figure 2. MMC yields similar results to Micro-C and whole genome methylation sequencing. (A) The size of libraries generated from Micro-C (gray) and
MMC (blue) using 22Rv1 cells were measured. (B) Analysis of mapped reads centered around 22Rv1 CTCF sites was shown for Micro-C (left) and MMC
(right) data. (C) Chromatin interaction heatmaps at 25 kb resolution are shown to compare Micro-C (top right) and MMC (bottom left). (D) Similar
chromatin interactions and topologically associated domains (TADs) were detected between Micro-C (top) and MMC (bottom). (E) Comparison of DNA
methylation levels on the p arm of chromosome 8 between EM-seq (top) and MMC (bottom) data generated from 22Rv1 cells. (F) DNA methylation
levels around nucleosome depleted regions (NDRs) were measured using NOMe-seq (top) and MMC (bottom) data generated from 22Rv1 cells.

unmethylated cytosines was performed, using EM-seq con-
version module (NEB, E7125S). MMC libraries were gen-
erated by performing index PCR and sequenced using II-
lumina sequencing systems, following the guidelines of the
manufacturer. A more detailed MMC protocol is available in
Supplementary Methods.

Enzymatic methyl sequencing (EM-seq)

The Enzymatic methyl sequencing (EM-seq) library was gen-
erated using EM-seq conversion module (NEB, E7125S) as
previously reported [6], and the library was sequenced using
[llumina sequencing platforms.

Nucleosome occupancy and methylome
sequencing (NOMe-seq)

The NOMe-seq library was generated using M.CviPI methyl-
transferase (NEB, M0227B) to methylate GpCs as previously
described [12]. Bisulfite treatment was used to convert un-
methylated CpGs, and the library was generated using IDT
xGen Methyl-seq kit (IDT, 10009824) and sequenced using
Ilumina sequencing platforms.

NOMe-HiC

22Rv1 cells were harvested and cross-linked with 1%
formaldehyde for 10 minutes. The reaction was quenched
with 0.2 M glycine, followed by ice-cold PBS (Phosphate-
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buffered saline) washes. As previously described [13], 2 mil-
lion cells were resuspended in nuclei isolation buffer and
incubated on ice for 1 hour. Chromatin was then digested
overnight with 100 U Dpnll (NEB, R0543L) at 37°C. Dp-
nll was inactivated, and the nuclei were cooled to room tem-
perature for biotin fill-in. Proximal fragments were ligated
in situ using T4 DNA ligase (NEB, M0202) and incubated
with M.CviPI methyltransferase (NEB, M0227B). The reac-
tion was stopped with PBS, and nuclei were reverse cross-
linked overnight. DNA was then extracted, sonicated, and pu-
rified with AMPure beads (Beckman Coulter, A63882). Strep-
tavidin beads (Invitrogen, 2877009) were used to pull down
biotinylated DNA, and library preparation (NEB, E7645S
with E7165AAVIAL) was performed on beads. Bisulfite con-
version (Zymo Research, D5002) was performed overnight,
and libraries were generated using a uracil-sensitive PCR mix
(Roche, 07959052001).

Data analysis

MMUC, Methyl-HiC [14], and NOMe-HiC [13] data were
mapped to the human genome (hg38) or mouse genome
(mm10), depending on the cell line type, using bhmem [14].
Chromatin interaction data from MMC, Micro-C, Methyl-
HiC, and NOMe-HiC data were processed using the 4DN
pipeline [15] and HiC-Pro [16], as previously done [8]. Reads
with bridge sequences from in-house MMC and Micro-C
data were determined by searching for unique bridge se-
quences from the alignment file. Topologically associated do-
mains (TADs) were identified using TopDom [17], and chro-
matin loops were identified using Mustache [18]. TADs and
loops were compared among datasets, including those from
the 22Rv1 Hi-C data previously generated in-house [2, 19].
HiCcompare [20] was used to compare chromatin interac-
tions between datasets, and Juicebox [21] was used to vi-
sualize chromatin contact maps. To analyze DNA methyla-
tion, MMC, EM-seq, NOMe-seq, Methyl-HiC, and NOMe-
HiC data were aligned to the human genome (hg38) or
mouse genome (mm10), depending on the cell line type, using
bwa-meth (https:/github.com/brentp/bwa-meth) and quanti-
fied using BISCUIT [22]. Three replicates of MMC, Methyl-
HiC, and NOMe-HiC data were subsampled to an equal
number of reads and compared. Bis-tools [23] and IGV [24]
tools were used to visualize DNA methylation signals. 22Rv1
CTCF ChIP-seq data, generated as part of the previous study
[19], and CTCF motif data were used to identify robust
and replicated CTCF binding sites. 22Rv1 nucleosome de-
pleted region (NDR) data were obtained from previous stud-
ies [25, 26]. All datasets used for this study are listed in
Supplementary Table S1.

Results and discussion

To simultaneously characterize chromatin activities and struc-
tures in the same sample, we leveraged Micro-C and EM-seq
techniques and optimized the protocols to easily perform both
using the same sample. We included eight steps, all of which
can be completed relatively simply (Supplementary Fig. S1)
compared to other techniques [13, 14, 27].

First, we harvested and cross-linked cells. Second, we used
MNase to fragment nucleosomes genome-wide without se-
quence bias and lysed cells to isolate nuclei. Third, physically
interacting regions were ligated with a biotinylated bridge se-

quence. Fourth, end repair and ligation of methylated adapters
were performed. Fifth, ligated DNA was pulled down to en-
rich interacting regions. Sixth, SmCs and ShmCs were oxi-
dized to 5gmCs using TET2 and T4-BGT. Seventh, unmethy-
lated cytosines were deaminated using APOBEC, converting
all unprotected cytosines to uracils. Lastly, index PCR, which
converts all uracils to thymines, was used to generate a se-
quencing library.

To optimize the protocol, we tested two different work-
flows: Method 1 and Method 2. Both workflows included the
same steps 1 through 4. However, subsequent steps were per-
formed in a different order. To test the efficacy of each method,
the same proximity ligated product from step 4 of the proto-
col was split, and both workflows were tested in parallel (Fig.
1A).In Method 1, we pulled down the ligated double-stranded
DNA (dsDNA) with beads and performed enzymatic conver-
sion (Fig. 1B). On the contrary, in Method 2, we enzymatically
converted the ligated DNA, and the generated single-stranded
DNA (ssDNA) was pulled down with beads. Libraries of
both methods were subsequently made by performing index
PCR.

To compare Method 1 and Method 2, we first examined the
size of libraries and found that Method 1 retained a larger size
(489 bp) than Method 2 (361 bp) (Fig. 1C). Next, we com-
pared the percentage of background reads, defined as non-
duplicate pairs <1 kb apart in the same chromosome, with
the percentage of valid pairs, defined as proximity ligated
non-duplicate pairs that were greater than or equal to 1 kb
apart in the same chromosome as previously done [28]. We
revealed that Method 1 had over 2.5-fold greater valid pairs
than Method 2 (Fig. 1D). When we further analyzed the dis-
tance of valid pairs (i.e. >10 kb to > 1 Mb), we found that
Method 1 was able to capture more pairs that are farther apart
than Method 2 (Fig. 1E) (t-test P-value < .01).

When we further examined whether the high background
rate was related to the ligated DNA step, we found that,
on average, Method 1 had a similar number of reads
with bridge sequences (46.28%) compared to Method 2
(55.75%). When we compared the percentage of valid
pairs from reads with bridge sequences and reads to those
without bridge sequences for Method 1, the percentage
of valid pairs did not change (68.60% versus 71.79%)
(Supplementary Table S2). However, Method 2 did not dis-
play this same trend. When examining the reads that did
not contain the bridge sequences, Method 2 displayed sig-
nificantly higher background reads and lower valid pairs
compared to Method 1 (Fig. 1F) (¢-test P-value < .0005).
This indicates that Method 1 enables increased enrichment
of more valid pairs, while Method 2 had a higher propor-
tion of its background reads nested within sequences that did
not contain the bridge. Therefore, we named Method 1 as
MMC (Supplementary Fig. S1 and Supplementary Methods)
and further deep-sequenced the libraries for downstream
analysis.

Next, we compared MMC with Micro-C. When we first ex-
amined the sizes of Micro-C and MMC libraries, we found
a similar average library size around 500 bp (Fig. 2A). By
visualizing the chromatin accessibility around CTCF bind-
ing sites using Micro-C and MMC data, we observed that
MMC can detect similar nucleosome phasing to Micro-C
(Fig. 2B). To further visualize chromatin interactions, side-
by-side heatmaps were displayed, and we found similar chro-
matin interactions, indicating the ability of MMC to detect
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similar chromatin interactions (Fig. 2C and Supplementary
Fig. S2). Both methods also detected comparable TADs (Fig.
2D and Supplementary Fig. S3).

Besides mapping chromatin accessibility and interac-
tions, MMC has the advantage of simultaneously profil-
ing the DNA methylome. Comparing DNA methylation
levels between EM-seq and MMC, we found that overall
DNA methylation patterns were similar to each other (Fig.
2E and Supplementary Fig. $4). By examining DNA methyla-
tion levels near NDRs, we revealed that both NOMe-seq and
MMC methods found unmethylation at NDRs, demonstrat-
ing that MMC can also profile DNA methylation of regulatory
elements (Fig. 2F).

MMC implements MNase digestion instead of the restric-
tion enzyme-mediated fragmentation, used in the other simul-
taneous profiling methods such as Methyl-HiC and NOMe-
HiC (Supplementary Fig. S5). Therefore, MMC allows for in-
creased resolution with less cellular input. It can also be op-
timized and repeated with the same cross-linked chromatin
using various MNase concentrations to optimally capture
mono-, di-, and tri-nucleosome fragments. Moreover, MMC
is more time-efficient as the unmethylated cytosine conver-
sion step is not dependent on an overnight incubation with
bisulfite. In addition to its efficiency, MMC captured a higher
percentage of valid pairs (70.09%) compared to Methyl-HiC
(48.48%, t-test P-value < .05) and NOMe-HiC (34.44%,
t-test P-value < .001) (one-way ANOVA P-value < .005)
(Supplementary Fig. S6). When we further compared NOMe-
HiC and MMC data generated in-house, MMC captured
significantly more valid pairs (65.96%) than NOMe-HiC
(35.72%) (t-test P-value < .05). Furthermore, MMC captured
more CpG sites involved in chromatin loops compared to
NOMe-HiC (t-test P-value < .05) (Supplementary Fig. S7).

In conclusion, MMC allows for the simultaneous profiling
of chromatin accessibility, chromatin interactions, and DNA
methylome from the same sample. This technique offers sig-
nificant benefits, when comparing multi-omics data from the
same sample. Moreover, MMC is particularly advantageous
when samples are limited and precise analysis is required
within a constrained budget, without the need for deep se-
quencing each data type individually.
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