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Abstract 

5-Methylcytosine (mC) and 5-hydroxymethylcytosine (hmC) are the main epigenetic modifications of mammalian DNA, and play crucial roles in 
cell differentiation, de v elopment, and tumorigenesis. B oth modifications co-e xist with unmodified cytosine in palindromic CpG dyads in different 
symmetric and asymmetric combinations across the two DNA strands, each having unique regulatory potential. To f acilitate in v estigating the 
individual functions of such dy ad modifications, w e report HM-Dy adCap. T his method emplo y s an e v olv ed meth yl-CpG-binding domain (MECP2 
HM) for the direct capture and sequencing of DNA fragments containing the CpG dyad hmC/mC. Binding studies reveal a high discrimination of 
MECP2 HM against off-target dinucleotides. We conduct comparative mapping experiments for mESC genomes with HM-DyadCap, standard 
Meth ylCap emplo ying wild-type MECP2, as w ell as MeDIP and hMeDIP protocols. We find that MECP2 HM is block ed b y hmC glucosylation and 
conduct control enrichments with glucosylated genomes that indicate highly selective enrichment of hmC/mC dyads by MECP2 HM. Metagene 
profiles correlate hmC/mC marks with actively transcribed genes and reveal global enrichment in gene bodies as well as depletion at transcription 
start sites. We anticipate that HM-DyadCap will enable effective enrichment and mapping of hmC/mC marks with broad applicability f or unra v eling 
the function of this dyad in chromatin biology and cancer. 
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methylated in somatic cells [ 2 ]. mC can be read and con- 
verted into transcriptionally repressive states by methyl-CpG- 
binding domain (MBD) proteins [ 3 ], but can also recruit 
or repel transcription factors and other chromatin proteins 
[ 4 ]. mC can further be oxidized by ten-eleven translocation 

(TET) dioxygenases, which generate CpG dyads containing 5- 
hydroxymethylcytosine (hmC, Fig. 1 a), 5-formylcytosine (fC), 
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he epigenetic DNA modification 5-methylcytosine (mC,
ig. 1 a) is a central regulator of mammalian gene expres-
ion with crucial roles in development, differentiation, and
ancer formation [ 1 ]. mC is written and maintained over
ell cycles by DNA methyltransferases (DNMTs) mainly
ithin palindromic CpG dyads, of which 60% –80% are
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Figure 1. Mammalian cytosine modifications in the double-stranded CpG 

dyad. ( a ) Str uct ures of C, mC, and hmC (fC and caC not shown). ( b ) Both 
cytosines (C a , C b ) in the CpG dyad can exist as C, mC, or hmC. ( c ) 
Possible pathw a y s f or the creation of different hmC dy ad symmetries 
(hmC/mC dyad targeted in this study in gray box) by DNMTs, TETs, 
replication (Rep.), and BER. 
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and 5-carboxylcytosine (caC). Whereas fC and caC are sub-
strates of the thymine-DNA glycosylase (TDG)-initiated base
excision repair (BER) pathway leading to active demethyla-
tion [ 5 , 6 ], hmC exhibits high stability, and occurs at high
levels in embryonic stem cells (ESC) and neurons [ 5 –7 ]. hmC
thereby differs from mC in its physicochemical properties, ge-
nomic distributions, dynamic changes during development,
and protein interactions and thus has potential to uniquely
regulate chromatin-associated processes [ 5 , 8 , 9 ]. 

For example, whereas hmC is enriched in promoters and
gene bodies in mouse ESC (mESC) and neurons [ 10 –12 ], it
shows generally low levels and different genomic distribu-
tions in cancer cells, making it an important cancer biomarker
[ 13 , 14 ]. 

In contrast to mC, which can be kept in a strand-symmetric
state in CpGs by maintenance DNMTs, the writing of hmC
and other oxi-mCs by TETs occurs non-processively [ 15 ],
leading to different strand-symmetric and -asymmetric com-
binations of C, mC, and hmC in the CpG dyad (Fig. 1 b). The
genomic landscape of these marks can further be shaped by
BER, the inhibition of maintenance methylation during repli-
cation (passive dilution) [ 5 ], and TET-catalyzed oxidation of
hemimethylated mC/C dyads [ 16 ] (Fig. 1 c). Each of the afore-
mentioned dyads presents a physicochemically unique signal
in the DNA major groove [ 17 ], an important interaction sur-
face for DNA binding proteins [ 8 ]. The question of how hmC
has unique regulatory functions can thus only be answered
conclusively by considering the hmC-modification symmetry
of CpG dyads. 

Sequencing and mapping studies of hmC have greatly con-
tributed to a better understanding of its functions, but es-
tablished mapping methods do not simultaneously resolve C,
mC, and hmC in the same DNA duplexes [ 5 , 18 ]. Very re-
cently, new strategies for the simultaneous sequencing of C,
mC, and hmC have been reported, offering potential for re-
fined maps with resolution for individual hmC dyad symme-
tries. These employ protocols based on restriction enzymes
(DARESOME [ 19 ] and Dyad-seq [ 20 ]), on multiple consec-
utive nucleobase conversions to achieve nucleotide resolution
(e.g. EnIGMA [ 21 ], SCoTCH-Seq [ 22 , 23 ], and SIMPLE-Seq
[ 24 ]), or on direct nanopore sequencing [ 25 ]. In two cases,
strategies have been adapted/applied for mapping individual
hmC dyads. This revealed that in mESC and mouse cerebel-
lum genomes, the large majority of hmC resides in asymmet- 
ric hmC/mC dyads, whereas hmC/C and symmetric hmC/hmC 

dyads are comparably rare [ 20 , 25 ]. A third, very recent mESC 

genome mapping study using SCoTCH-seq reported frequen- 
cies in the order hmC/C > hmC/mC >> hmC/hmC [ 23 ]. 

A deeper understanding of the individual hmC dyad’s roles 
in chromatin regulation during development and disease re- 
quires broader mapping studies across diverse tissues, which,
however, are complicated by the low hmC levels found in 

most tissues (e.g. cancer tissues) [ 6 , 7 ]. Methods for the ef- 
fective enrichment of hmC-modified DNA could resolve this 
bottleneck by direct sequencing/mapping or in combination 

with aforementioned conversion-based sequencing. However,
current hmC-enrichment strategies rely on anti-hmC antibod- 
ies [ 26 –28 ] or T4- β-glucosyltransferase (T4 BGT)-catalyzed 

azidoglucose transfer to hmC and covalent capture by click 

chemistry [ 29 , 30 ], both of which have not been reported to be 
dyad-specific [ 31 ] (e.g. T4 BGT effectively glucosylates hmC 

in different CpG dyad contexts, Supplementary Fig. S1 ). 
To address this bottleneck, we developed HM-DyadCap,

a method that employs the evolved MECP2 variant MECP2 

HM for selective enrichment and sequencing of hmC/mC 

CpG dyads that are abundant marks in mESC and brain 

genomes. In vitro binding studies show that MECP2 HM 

has a high specificity for its target dyad. We conduct 
comparative mapping studies with HM-DyadCap, Methyl- 
Cap based on MECP2 wild-type (MECP2 wt), as well as 
antibody-based methyl- and hydroxymethylcytosine-DNA- 
immunoprecipitation protocols (MeDIP and hMeDIP), and 

observe method-dependent preferences in the enrichment of 
specific genomic features. We discover a sensitivity of MECP2 

HM to hmC glucosylation and introduce additional map- 
ping controls with glucosylated genomes that indicate a high 

hmC/mC selectivity of HM-DyadCap. Metagene profiles re- 
veal enrichment of hmC/mC in gene bodies and depletion at 
transcription start sites, and correlate it with active transcrip- 
tion. HM-DyadCap offers a simple and effective approach for 
enriching and mapping hmC/mC dyads, and we anticipate 
broad applicability for cancer biomarker discovery and un- 
raveling the function of hmC/mC in chromatin regulation. 

Materials and methods 

mESC culturing and gDNA isolation 

E14tg2a mouse embryonic stem cells [ 32 ] were grown in 

dishes pre-coated with 0.1% gelatin (w/vol, Sigma) in GMEM 

supplemented with 10% fetal bovine serum, sodium pyruvate,
50 μM β-mercaptoethanol, GlutaMAX, non-essential amino 

acids (all from Gibco/Thermo Fisher), and 10 ng/ml murine 
leukemia inhibitory factor (LIF, Protein Expression Facility,
MPI Dortmund). Cells were passaged every 2 –3 days to main- 
tain cultures between 10% and 90% confluency. For analysis,
near-confluent cultures were released from culture vessels with 

trypsin, spun down, and snap-frozen in liquid nitrogen before 
further processing. gDNA was isolated using the Monarch Ge- 
nomic DNA Purification Kit (NEB, T3010) according to the 
manufacturer’s instructions. DNA concentration and purity 
were assessed using Nanodrop. 

gDNA fragmentation 

gDNA at a concentration of 10 ng/ μl in 1 ×TE was sheared 

to an average fragment size of 200 bp using a Bioruptor 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
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ico sonication device (Diagenode). Fragmentation was per-
ormed for 19 cycles of 30 s on, 30 s off at 4 

◦C. Sheared DNA
as purified by ethanol precipitation overnight at −80 

◦C. ds-
NA concentration was measured with a Quantus Fluorom-

ter (Promega). Fragment size distribution was confirmed us-
ng a TapeStation (Agilent Technologies) using D1000 Screen-
apes. Sheared DNA was either subjected to glucosylation or
irectly used for Illumina library preparation. 

lucosylation of 5hmC 

or each glucosylation reaction, 1 μg of sheared gDNA was
sed. Reactions were carried out in 1 × Cutsmart buffer (NEB)
upplemented with 40 μM UDP-glucose and 20 U T4-BGT
NEB, M0357) in a total volume of 40 μl for 16 h at 37 

◦C.
ubsequently, DNA was purified using the Monarch PCR
 DNA Purification kit following the manufacturer’s pro-

ocol for fragments < 2 kbp. DNA concentration was mea-
ured with a Quantus Fluorometer (Promega). For glucosy-
ated hmC binding studies, 500 ng of 24-mer duplex DNA
hmC/mC: o2909 + o3115; hmC/hmC: o2909 + o3115,
upplementary Table S1 ) was incubated with 10 U T4-BGT
NEB) under conditions described above. Subsequently, DNA
as purified using the Oligo Clean and Concentrator kit

Zymo Research) following the manufacturer’s protocol. 

nd repair and adapter ligation 

ne microgram of fragmented DNA, either glucosylated or
on-glucosylated, was subjected to end repair and adapter lig-
tion using the NEBNext Ultra II DNA Library Preparation
it (NEB, E7103; version 6.1_5/20). DNA purification and

ize selection was carried out using NEBNext Sample Purifi-
ation Beads (NEB, E7103) according to the protocol with
ead volumes corresponding to a target fragment size of 200
p. Elution was carried out according to the manufacturer’s
rotocol, and DNA concentration was determined with the
uantus Fluorometer (Promega). Fragment size distribution
as verified using a TapeStation (Agilent Technologies) with
1000 ScreenTapes. 

pike-in probe preparation 

reparation of spike-in probes was carried out as described
reviously [ 33 ]. In brief, DNA duplexes carrying modified
pG dyads (“carriers”) were ligated to adapter sequences con-

aining general and unique primer binding sites for quantita-
ive polymerase chain reaction (qPCR) quantitation. Carriers
ere prepared by annealing modified oligonucleotides (C/C:
4728 + o4729, mC/mC: o4677 + o4727, hmC/mC: o4675
 o4727) in 30 mM HEPES pH 7.5 and 100 mM K O Ac. An-
ealing was carried out by heating to 95 

◦C for 5 min followed
y gradual cooling in a Dewar flask containing boiling water.
dapters were annealed at a final concentration of 2.5 μM in

he same way (o4371 + o4372, o4373 + o4374, and o4392
 o4393) and subsequently extended with 25 mU/ μl Klenow

ragment (NEB) in the presence of 0.1 mM dNTPs for 20
in at 37 

◦C. To introduce 5 

′ phosphorylation, primer o4123
as annealed to the extended adapters and further extended
ith Klenow fragment for 30 min at 37 

◦C. Fifty microliters of
rude adapters were ligated with 15 pmol of carriers at 16 

◦C
vernight using 200 U T4 DNA ligase (NEB). Ligated spike-in
robes were purified using the Macherey-Nagel PCR purifica-
ion kit, with the NTI buffer diluted to 16% (v/v) with ddH 2 O.
robe concentration was determined by qPCR against ref-
erence standards (o4628 for o4374, o4627 for o4372, and
o4629 for o4393). qPCR primers o4368 and o4124 were pre-
mixed as a 2 μM stock. Each reaction contained a 3 μl primer
mix, 5 μl of 2 × primaQuant SYBRGreen Master Mix with
ROX (Steinbrenner), and 2 μl of spike-in probe. Cycling con-
ditions were 95 

◦C for 2 min, followed by 50 cycles of 95 

◦C
for 10 s and 60 

◦C for 30 s. 

MECP2 wt and MECP2 HM expression and 

purification 

GST-tagged MBP-MECP2 wt and MBP-MECP2 HM were re-
combinantly expressed in Esc heric hia coli BL21-Gold (DE3).
A 300 ml LB culture supplemented with 1 mM MgCl 2 , 1 mM
ZnSO 4 , and a suitable antibiotic was inoculated from a fresh
overnight culture and grown at 37 

◦C with shaking at 220 rpm
to an OD 600 of 0.5 –0.6. Cultures were chilled on ice and pro-
tein expression was induced by the addition of 1 mM IPTG.
The expression proceeded overnight at 30 

◦C with shaking at
150 rpm. The cultures were harvested at 8000 × g for 20 min
at 4 

◦C, washed twice by resuspension in 50 ml cold 20 mM
Tris –HCl (pH 8.0), and the resulting pellet was frozen until
further processing. For lysis, cell pellets were resuspended in
20 ml binding buffer [20 mM Tris –HCl, 250 mM NaCl, 10%
glycerol, 10 mM dithiothreitol (DTT), 5 mM imidazole, 0.1%
Triton X-100, pH 8.0] supplemented with 1 mM PMSF. The
suspension was treated with 0.1 mg/ml lysozyme (Merck) and
1 U/ml DNase I (NEB) and incubated overnight at 4 

◦C. Cells
were disrupted by two rounds of sonication on ice (3 min per
run of alternating a 4 s ultrasonic wave pulse at 20% ampli-
tude and 30 s rest) using a Branson Digital Sonifier 450 Cell
Disruptor. Cellular debris was removed by centrifugation at
14 000 × g for 20 min at 4 

◦C, and the cleared supernatant
was retained and purified over a Ni-NTA column (GE Health-
care) on an Äkta Purifier 10 FPLC system (GE Healthcare)
using a gradient of imidazole (10 mM to 500 mM) in bind-
ing buffer. The fractions that contained the pure protein were
combined and dialyzed three times against dialysis buffer (20
mM HEPES, 100 mM NaCl, 10% glycerol, adjusted to pH
= 7.3, and 0.1% Triton X-100) using Slide-A-Lyzer dialy-
sis cassettes (3.5 kDa MWCO, Thermo Fisher Scientific). The
protein concentration was determined in triplicate using the
Pierce BCA Protein Assay (ThermoFisher Scientific). Proteins
were snap frozen in liquid nitrogen and stored at −80 

◦C at a
concentration of 15 μM. 

Electrophoretic mobility shift assays 

Complementary oligonucleotide pairs ( Supplementary Table
S1 ) were annealed by mixing 1.5 μM of the FAM-labeled
strand and 2.5 μM of the unlabeled strand in electromobil-
ity shift assays (EMSA) hybridization buffer [20 mM HEPES,
30 mM KCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
1 mM (NH 4 ) 2 SO 4 , pH 7.3], incubated at 95 

◦C for 5 min,
and gradually cooled down to RT in a Dewar filled with
boiling water. The non-specific dA:dT competitor duplex was
prepared by annealing 24-mer poly(A) with poly(T) oligos
(o2968 + o2969, Supplementary Table S1 ) at an equimolar
ratio of 40 μM. Prior to the binding assay, 15 μM of puri-
fied recombinant proteins were incubated with 0.25 μM TEV
protease at 4 

◦C overnight to remove the MBP tag. For gluco-
sylated hmC binding studies, varying concentrations of pro-
tein were incubated with 2 nM labeled duplex DNA in EMSA
buffer [20 mM HEPES, 30 mM KCl, 1 mM EDTA, 1 mM

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
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(NH 4 ) 2 SO 4 , 0.2% Tween-20, pH 7.3] in the presence of 3.4
μM poly(A):poly(T) competitor and 1 mM DTT in a total vol-
ume of 15 μl. Reactions were incubated for 20 min at 21 

◦C.
For assays using DNA probes with CpG in random sequence
contexts, 100 nM of protein was incubated with 2 nM la-
beled probe under the same binding conditions. For antibody
binding assays, 750 pM of labeled DNA probes were incu-
bated with either polyclonal anti-5hmC antibody (Active Mo-
tif, 39769; 1:100 and 1:200 dilutions, Fig. 4 b and c), mono-
clonal anti-5hmC antibodies (EpiGentek (EG), A-1018; Cell
Signaling (CS), 51660; Diagenode (DG), C15200200; each at
1:10 dilutions, Fig. 4 a), or 100 nM MECP2 HM protein (HM
in Fig. 4 a) in binding buffer (10 mM Tris, 100 mM KCl, 1 mM
EDTA, 5% glycerol, 0.1 mg/ml BSA, pH 7.5) containing 3.4
μM poly(A):poly(T) competitor in a total volume of 15 μl and
incubated at 4 

◦C overnight. After incubation, samples were
mixed with 3 μl of 6 × EMSA loading buffer (1.5 × TBE, 40%
glycerol) and resolved on pre-run 15% non-denaturing poly-
acrylamide gels. Electrophoresis was performed at 240 V for
45 min (MECP2 binding assays) or 55 min (antibody binding
assays) at 4 

◦C using Mini-PROTEAN vertical electrophoresis
units (Bio-Rad). Gel fluorescence was recorded using the 510
LP filter of a Typhoon FLA9500 laser scanner (GE Health-
care) at 473 nm at 800 –1000 V amplification. The fraction
of bound dsDNA was determined using ImageQuant TL v8.1
1D Gel Analysis (DE Healthcare), applying background sub-
traction and manual peak detection with approximately equal
peak areas across all lanes. 

Mass spectrometry 

Twenty microliters of 0.1 μM DNA sample was analyzed per
injection in the Vanquish HPLC system connected to an Or-
bitrap Exploris 120 ESI-MS (Thermo Fisher Scientific). The
sample components are separated with a flow rate of 0.2
ml/min in a solvent system of 50 mM HFIP (1,1,1,3,3,3-
Hexafluoro-2-propanol), 15 mM triethylamine, pH = 9.0
(solvent A), and methanol (solvent B) at 80 

◦C on DNAPac RP
4 μm column (2.1 × 100 mm, Thermo Scientific). A multistep
gradient (3% of solvent B in 0 –2 min, followed by an increase
from 3% to 10% until 5 min and 10% to 20% until 20 min)
was used for separation. MS analysis was performed in the
negative mode with a spray voltage of 2500 V, flow of sheath
gas, aux gas, and sweep gas flows maintained at 35, 7, and
0, respectively, and ion transfer tube temperature and vapor-
izer temperatures set at 300 

◦C and 275 

◦C, respectively. For
MS1 analysis, the Orbitrap resolution of 120 000 was used,
the scan range was set from 700 to 3000 m/z, RF lens was
set at 70%, with standard normalized AGC target and data
type set to profile mode. All MS data analysis was performed
with Biopharma Finder v.05.1, automatic parameter values
were set for component detection. For oligonucleotide iden-
tification, output mass range was set from 2 kDa to 12 kDa,
a charge range of 3 –20 was considered with a minimum de-
tected charge of 3. Of the identified fragments, only those with
a mass error < 10 ppm were considered for further analysis. 

Genomic enrichment of modified CpG dyads 

For enrichment, an equimolar mix of spike-in probes (6.04
fmol each) was added to 250 ng of sheared gDNA in Buffer B
(from MethylCap Kit, Diagenode) in a total volume of 35.45
μl. From this mixture, 5.7 μl was set aside as input and the re-
maining 29.75 μl was used for the enrichment reaction. GST-
tagged MBP-MECP2 wt and MBP-MECP2 HM were TEV- 
digested for 30 min at RT to remove MBP. TEV-digested pro- 
teins were then added to the DNA mixture at a final concen- 
tration of 1.7 μM in a total reaction volume of 34 μl. Enrich- 
ment was performed according to the manufacturer’s instruc- 
tions (MethylCap Kit Diagenode, version 6, C02020010) fol- 
lowing the high-salt elution protocol. MECP2 wt and MECP2 

HM enrichments were carried out in separate reactions, each 

performed in three technical replicates per biological exper- 
iment. Eluted DNA was purified using the Macherey Nagel 
PCR purification kit. Spike-in probe recovery was determined 

by qPCR against a standard dilution series of spike-in probes.
To distinguish individual spike-ins, three different primer pairs 
were used (C/C: o4374 + o4368, mC/mC: o4372 + o4368,
hmC/mC: o4393 + o4368). qPCR was performed on the elu- 
tion fractions. Reactions were carried out by initial denatu- 
ration at 95 

◦C for 2 min, followed by 50 cycles of 95 

◦C for 
10 s and 60 

◦C for 30 s. The remaining elution samples were 
further processed and prepared for NGS. 

Preparation of Illumina libraries and NGS 

sequencing 

Enriched DNA fragments were PCR amplified using the NEB- 
Next Ultra II DNA Library Prep Kit for Illumina (NEB,
version 6.1_5/20) using NEBNext Multiplex Oligos (NEB,
E73359). As amplification does not occur directly after 
adapter ligation but after the enrichment, DNA input con- 
centrations were treated as threefold higher for determining 
the appropriate number of PCR cycles. PCR clean-up was 
performed according to the “Cleanup of PCR Reaction” pro- 
tocol (version 6.1_5/20) using NEBNext Sample Purification 

Beads. Fragment length distribution of the final libraries was 
assessed with a TapeStation (Agilent Technologies) with a 
D1000 ScreenTape according to the Agilent protocol. dsDNA 

concentration was measured with the Quantus Fluorometer 
(Promega). Libraries were pooled in equimolar ratios and se- 
quenced on a NovaSeq X-25B instrument (Illumina) using 
paired-end reads, with a target depth of 50 million reads per 
sample. 

MeDIP and hMeDIP 

For each immunoprecipitation, 1 μg of sheared gDNA 

was used as input. DIPs were performed according to 

the MagMeDIP-seq Package V2 protocol (Diagenode,
C02010041), using either the provided anti-5mC antibody 
for MeDIP or 0.6 μg per IP of the mouse monoclonal 
anti-hmC antibody (Diagenode, C15200200) for hMeDIP.
Additionally, a control IP with 0.6 μg of mouse IgG (Di- 
agenode, C15400001) was included. Illumina libraries were 
prepared according to the Diagenode MeDIP-seq library 
preparation protocol. Final library concentrations were 
quantified using the Quantus Fluorometer (Promega) and 

fragment size distributions were assessed with a TapeStation 

(Agilent Technologies) using a D1000 ScreenTape. Libraries 
were sequenced on an Illumina NovaSeq X-25B instrument 
using paired-end 2 × 150 bp reads with a target depth of 50 

million reads per sample. 

Data analysis 

Paired-end sequencing libraries were processed using a stan- 
dardized and automated workflow implemented with Snake- 
make [ 34 ]. Initial quality assessment of raw reads was 
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arried out using FastQC [ 35 ], followed by adapter trimming
nd removal of low-quality bases using Trim Galore [ 36 ]. The
leaned reads were then aligned to the Mus musculus refer-
nce genome mm10 using Bowtie2 [ 37 ]. Retaining only prop-
rly paired reads and removing PCR duplicates was done us-
ng Samtools [ 38 ]. To identify enriched regions, peak calling
as performed on deduplicated BAM files using MACS2 [ 39 ].
echnical reproducibility was assessed by conducting peak
alling independently for each of the three technical replicates
long with their respective input controls within each biolog-
cal replicate. Reproducibility was evaluated across three in-
ependent replicates by generating a consensus peak set, re-
aining peaks present in at least two out of the three repli-
ates using bedtools [ 40 ]. In the case of DIP-seq, enriched re-
ions were obtained as previously described using MACS2,
ith either IgG or input from mESCs serving as controls. True
ositive regions were defined as those enriched regions iden-
ified for both IgG and input controls, as described by Lentini
t al. 2018. For signal visualization, normalized BigWig files
ere generated using bamCoverage (deepTools v3.5.0 [ 41 ]),

nd final alignments were visually inspected in the Integra-
ive Genomics Viewer (IGV [ 42 ]). To assess the statistical
ignificance of overlap between consensus peaks and anno-
ated genomic features, the Genomic Association Tester (GAT
 43 ]) was employed. Metagene profiles were generated to as-
ess enrichment relative to gene expression. Log 2 fold changes
ver input were calculated across gene bodies using bamCom-
are (deepTools). Genes were ranked by expression, defined as
he geometric mean of FPKM from RNA-seq (E14 ENCODE
eplicates 1 and 2), and grouped into highly expressed (top
0%), lowly expressed (FPKM > 0.1 and below the top 10%
hreshold), and silenced (FPKM < 0.1). Profiles were com-
uted with computeMatrix (deepTools) and visualized using
lotHeatmap (deepTools). Raw gene-level counts across con-
itions were generated using multiBamSummary (deepTools).
dditional downstream analyses were performed using bed-

ools, deepTools, and custom Bash and R scripts. 

esults and discussion 

electivity of MECP2 wt and MECP2 HM in respect 
o CpG dyad-specific genomic enrichment 

nrichment of genomic DNA fragments bearing specific epige-
etic modifications greatly increases the efficiency of mapping
tudies by overcoming the need for whole-genome sequenc-
ng. For hmC, antibodies and T4 BGT are both broadly used
nrichment tools regardless of the specific CpG dyad sym-
etry. While MBD proteins are also popular probes for ge-
omic enrichment, they specifically recognize symmetrically
ethylated (mC/mC) CpG dyads in native dsDNA and are

herefore limited to mC enrichment assays [ 44 ]. Indeed, the
unctional members of mammalian core MBD protein fam-
ly (MBD1, 2, 4, and MECP2) tend to be repelled by hmC
 45 –49 ]. To expand the scope of MBD-based technologies,
e recently re-evolved the MBD domain of human MECP2
t to switch its selectivity from the canonical mC/mC CpG to
ET-generated CpG dyads [ 33 , 50 ]. In this course, we iden-

ified the mutant MBD domain MECP2 HM that selectively
ecognizes the dyad hmC/mC (mutations K109T, V122A, and
134N [ 51 ]). In EMSA, this mutant showed a similar on-
ersus main off-target selectivity (hmC/mC over mC/mC, 10-
old) as MECP2 wt (mC/mC over hmC/mC), which is a widely
used probe for mC enrichment and mapping protocols (Fig.
2 a data from ref [ 33 ]) [ 44 ]. Moreover, it exhibited a higher
discrimination as MECP2 wt against all other modified CpG
dyads, particularly against the frequent dyad modifications
mC/C and hmC/C [ 23 ] (Fig. 2 b, data from ref [ 33 ]). Impor-
tantly, MECP2 HM is based on a minimal MBD domain of
MECP2 (aa 90 –181 of the 486 aa full-length protein) that
does not contain AT-hook sequences, which have been shown
to cause a weak preference for AT-rich sequence contexts
around the target CpG [ 52 , 53 ]. Context-dependence has also
been described for antibody-based DIP-Seq protocols that suf-
fer from significant nonspecific enrichment of short repeat se-
quences via IgG [ 54 –56 ], a property that has not been ob-
served in previous enrichments using the MBD of MECP2 wt
[ 56 ]. 

To further characterize the selectivity of MECP2 HM in re-
spect to relevant genomic off-targets, we initially tested its in-
teraction with mCpA dinucleotides by EMSA. mCpA occurs
at significant levels in neuronal and embryonic stem cells [ 57 ,
58 ], and it is bound by MECP2 wt (aa 1 –205) [ 59 ]. Interest-
ingly, we observed significantly lower binding of MECP2 HM
to both methylated and non-methylated CpA as compared
with MECP2 wt when present in an oligo dA/dT sequence
context (Fig. 2 c). Encouraged by this finding, we conducted
broader EMSA studies covering other possible off-target din-
ucleotides. MECP2 wt has been shown to bind mCpA with
a strong preference for a 3 

′ -A nucleotide (mCAA; a property
not observed for CpG dyads [ 60 ]). To rule out such possible
context dependencies, we employed random dsDNA probes in
EMSA (5 

′ -…NNNXYNNN…-3 

′ ). Finally, in order to visual-
ize binding to even very low affinity off-targets, we applied
a high, 50-fold excess of MECP2 over DNA. As expected,
we observed mCpA off-target binding for both proteins un-
der these forcing conditions (Fig. 2 d and Supplementary Fig.
S2 ). Hemi-methylated mCpG dyads were bound with slightly
lower affinity, and mCpT as well as mCpC with much lower
relative affinity, in agreement with previous studies [ 60 ]. In-
terestingly, MECP2 HM showed higher selectivity over off-
targets in all cases (Fig. 2 d and Supplementary Fig. S2 ). We
next tested nonmethylated CpN dinucleotides and observed
a generally much lower binding by both proteins, with a
different selectivity profile as observed for mCpN (Fig. 2 e
and Supplementary Fig. S2 ). 

Strikingly, CpN off-targets were again bound weaker by the
HM mutant as compared with the wt protein. For a compre-
hensive analysis of the so far uncharacterized dinucleotide se-
lectivity of our evolved MECP2 HM, we finally tested probes
containing all remaining, nonmethylated NpN dinucleotides. 

We observed a similar trend with particularly low relative
off-target binding for MECP2 HM, corroborating the CpG-
selectivity of this protein (Fig. 2 f and Supplementary Fig. S2 ).
In the light that MECP2 wt is a widely used enrichment
probe for mC/mC CpGs, the observed high selectivity of
MECP2 HM underlines its suitability for enrichments of ge-
nomic hmC/mC CpG dyads with little potential for off-target
enrichment. 

We next established a simple protocol for enrich-
ing hmC/mC-modified DNA fragments from mammalian
genomes (Fig. 3 a). Briefly, gDNA is sheared via sonica-
tion and subjected to end repair and adaptor ligation for
high-throughput sequencing (Fig. 3 a and Supplementary
Figs S3 –S6 ). After purification, three spike-in control
DNAs containing a sequence with four CpG dyads (either

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
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Figure 2. Characterization of off-target dinucleotide selectivity of MECP2 wt and HM. ( a ) Selectivity of MECP2 wt and HM for indicated CpG 

modification symmetries. Shown are off- to on-target K D ratios from EMSA using dsDNA probes with a single CpG in an oligo dA/dT context (data from 

ref [ 33 ], color code as in Fig. 1 a). ( b ) EMSA with MECP2 wt and HM at indicated concentrations and 2 nM dsDNA probes with single CpA or mCpA in an 
oligo dA/dT context (arrow: bound probe). ( c –e ) Quantification of EMSA with MECP2 wt or HM and dsDNA probes with indicated methylated or 
unmethylated dinucleotides in a random sequence context ( ∗hemi-methylated CpG). Shown are the % fractions of protein-bound probe normalized to 
the respective on-target of MECP2 wt (mC/mC) and HM (hmC/mC). Error bars show standard deviation from n = 2. 
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unmodified, mC/mC-, or hmC/mC-modified) are added in
equimolar amounts. 

Each of these controls contains unique primer binding sites
for selective quantification by qPCR, but lacks adaptors to
not interfere with downstream sequencing. For each enrich-
ment, 250 ng gDNA are incubated with MECP2 HM-GST
fusion protein immobilized on glutathione magnetic beads,
and the DNA is eluted after washing. The samples are sub-
jected to adaptor PCR with sample barcoding and then puri-
fied and sequenced (Fig. 3 a). Fragment size distribution is con-
trolled after adapter ligation and the final PCR, and enrich-
ment success is assessed by qPCR measurement of mC/mC and
hmC/mC spike-in recoveries normalized to the unmodified
spike-in control directly after bead enrichment (Fig. 3 b). To
generate enrichment-based maps of hmC/mC CpG dyads in a
mammalian genome, we conducted enrichments with MECP2
HM and MECP2 wt using mESC genomic DNA (E14tg2a
cell line), a system where epigenetic regulation is particularly
essential. 

Using spike-in oligonucleotides, we assessed the dyad selec-
tivity of both MECP2 probes under enrichment conditions.
Recovery of spike-ins showed low specificity for MECP2
wt (i.e. enrichment of both mC/mC and hmC/mC), whereas 
MECP2 HM selectively enriched its hmC/mC target (Fig. 3 b) 
[ 33 ]. Sequencing of these libraries produced between ∼63 mil- 
lion and 184 million reads ( Supplementary Table S2 ), with 

over 95% aligning to the mm10 mouse reference genome. To 

assess the enrichment efficiency, we compared the percentage 
of reads within MACS2-called peaks between input and cap- 
tured samples across MECP2 conditions ( Supplementary Fig. 
S7 ). In both cases, captured samples showed higher enrich- 
ment than their respective inputs, with the stronger effect ob- 
served for MECP2-HM. These results confirm the robust en- 
richment achieved with our protocol. 

To evaluate reproducibility and overall similarity across 
datasets, we calculated Spearman correlations across 100 kb 

genomic bins and performed hierarchical clustering (Fig. 3 c).
Each of the two enrichment conditions was analyzed in trip- 
licates, and the replicates showed high correlations (r = 1.00 

for MECP2 wt and r ≥ 0.99 for MECP2 HM), demonstrat- 
ing the robustness of each condition. As expected, the input 
libraries for MECP2 HM and MECP2 wt clustered together,
but exhibited lower correlations with the enriched libraries 
(r ≈ 0.84 –0.89). Additionally, heatmaps and average profiles 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
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Figure 3. Enrichment and sequencing of modified CpG from mESC genomes with MECP2 wt and HM. ( a ) Workflow of HM-DyadCap. ( b ) Recovery of 
spike-in controls from genomic enrichments. ( c ) Spearman correlation of triplicate enrichment conditions. ( d ) Venn diagrams of peaks obtained from 

enrichments with MECP2 wt and HM. ( e ) Enriched or depleted genomic features from enrichments with MECP2 wt and HM. 
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howed sharp, reproducible enrichment of MECP2 wt and
ECP2 HM at peak centers relative to corresponding in-

ut ( Supplementary Fig. S8 ). Collectively, these results con-
rm that MECP2 enrichment is robust, reproducible across
eplicates, and clearly distinguishes the different experimental
onditions. Peak calling identified 91 481 peaks for MECP2
t and 149 656 peaks for MECP2 HM (present in at least 2
f 3 technical replicates). Constructing a consensus peak uni-
erse revealed that 24% of peaks were unique to MECP2 wt,
4% were unique to MECP2 HM, and 22% were shared be-
ween the two conditions (Fig. 3 d). We used GAT to assess
eak overlap with genomic features relative to background
workspace). 

Both MECP2 wt- and MECP2 HM-associated peaks were
ignificantly enriched in 3 

′ -untranslated regions (UTRs), cod-
ng sequences (CDS), and transcription termination sites (TTS,
±1 kb). Notably, MECP2 HM peaks showed a significant en-
richment for CpG islands compared with MECP2 wt. In con-
trast, both MECP2 wt and MECP2 HM peaks were signifi-
cantly depleted (q < 0.05) in rRNA and tRNA genes, as well
as in 5 

′ -UTRs and transcription start sites (TSS, ±1 kb) of
protein-coding genes ( Supplementary Fig. S10 ). 

To put HM-DyadCap into context with existing enrichment
methods, we next studied anti-mC and anti-hmC antibodies,
being the enrichment probes in MeDIP and hMeDIP proto-
cols. We were first interested in assessing the dyad selectivi-
ties of anti-hmC antibodies and their potential use for dyad-
specific enrichments. Whereas antibodies for DNA modifica-
tions typically require denaturation of the sample DNA (lead-
ing to loss of dyad information), some antibodies offer appli-
cations with native dsDNA according to the manufacturers.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data


8 Engelhard et al. 

Figure 4. Comparison of MECP2 wt and HM maps with MeDIP and 
hMeDIP maps. ( a ) EMSA analysis of monoclonal anti-hmC antibodies 
(1:10 dilution) binding to dsDNA oligos (0.75 pM) bearing a single 
hmC/mC dyad (for data with hmC-modified ssDNA, see 
Supplement ary Fig . S9 ). HM: MECP2 HM positive control, EG, DG, CS: 
antibody supplier (see the “Materials and methods” section). ( b ) EMSA 

analysis of polyclonal anti-hmC antibody binding to dsDNA oligo (0.75 
pM) containing the indicated CpG dyad modifications. Antibody dilutions 
on top. ( c ) Bar diagram of quantification of EMSA data from Fig. 4 b, error 
bars show standard deviation ( n = 2). ( d ) Venn diagram for peaks from 

MeDIP and MECP2 wt enrichments. ( e ) Enrichment/depletion of CpG 

islands for selected peak sets. ( f ) Venn diagram for peaks from hMeDIP 
and MECP2 HM enrichments. ( g , h ) Enrichment/depletion of CpG islands 
and TTS for selected peak sets. 
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with oligonucleotides containing one hmCpG site in single-
stranded form or hybridized to a complement strand to afford
a dsDNA with a single hmC/mC dyad. Whereas all antibod-
ies bound the ssDNA ( Supplementary Fig. S9 ), none of them
showed binding to the dsDNA target even at high concentra-
tions (Fig. 4 a). However, we identified a polyclonal antibody
that was able to bind this dsDNA target at high concentrations
and employed it in EMSA with dsDNA targets containing ei-
ther an hmC/C, hmC/mC, hmC/hmC, or mC/mC CpG dyad.
We observed higher affinity for hmC/hmC and hmC/mC ds-
DNA and only very low or no affinity for hmC/C and mC/mC 

targets, indicating that this antibody is not suited for selective 
enrichment of individual hmC dyads (Fig 4 b and c). 

To provide antibody-based reference maps for HM- 
DyadCap, and to facilitate comparison between the two ap- 
proaches, we next conducted standard MeDIP and hMeDIP 

enrichments using denatured, single-stranded gDNA of the 
same mESC batches as used above. After sequencing and map- 
ping, we corrected the dataset with an IgG-only control en- 
richment according to Lentini et al. [ 54 ]. We then assessed the 
genome-wide overlap between regions enriched with MeDIP 

and MECP2 wt, respectively. This analysis revealed that 35% 

of MECP2 wt peaks overlapped with MeDIP. Consistent with 

this, peak comparison showed that the majority of peaks were 
unique to MeDIP (56%), whereas MECP2 wt contributed a 
smaller unique fraction (29%). A total of 30 717 peaks (15%) 
were shared between the two datasets (Fig. 4 d), indicating 
that MECP2 wt covers a subset of genomic regions that is 
to a good part distinct from MeDIP. Although DIP-seq meth- 
ods are important tools for mapping modified DNA bases,
they have limitations that may account for the discrepancy of 
the two datasets. These include bias toward low-CG regions 
[ 61 ], overrepresentation of highly modified regions [ 62 ], non- 
specific enrichment of short tandem repeats [ 54 ], and (unlike 
MECP2 wt) an inability to discriminate between mC/mC and 

mC/C CpGs. A re-evaluation of DIP-seq approaches showed 

that 50% –99% of enriched regions in datasets without cor- 
rection by an IgG-only control were false positives, regardless 
of modification type, cell type, or organism [ 54 ]. 

To next investigate the genomic distribution of the peak sets 
of the MeDIP and MECP2 wt experiments, we assessed their 
enrichment across diverse genomic features. Both datasets 
showed significant enrichment at CDS, 3 

′ -UTRs, and TTS,
while being consistently depleted at rRNA, tRNA genes, 5 

′ - 
UTRs, and TSS ( Supplementary Fig. S11 ). Notably, the major 
discrepancy was observed at CpG islands. To better study this 
discrepancy, we examined enrichment of selected peak sub- 
sets (unique to MeDIP, unique to MECP2 wt, and common 

peaks for both treatments). MeDIP peaks were markedly de- 
pleted at CpG islands, whereas MECP2 wt peaks were not,
with the former being more pronounced for peaks that were 
unique to MeDIP (Fig. 4 e, such a differential enrichment of 
regions with high versus low CpG densities has previously 
been observed for the two methods [ 61 , 63 , 64 ]). Next, com- 
parison of distributions of hMeDIP and MECP2 HM peaks 
showed that 15% of MECP2 HM peaks overlapped with the 
hMeDIP peaks. Peak overlap analysis revealed that a high 

number of regions was unique to MECP2_HM (60%), while 
hMeDIP contributed a smaller fraction (30%, Fig. 4 f). A to- 
tal of 22 475 peaks were shared between the two datasets,
suggesting that also MECP2 HM covers a predominantly dis- 
tinct subset of genomic regions compared with hMeDIP. No- 
tably, CpG islands displayed the most pronounced global dif- 
ference: MECP2 HM peaks were slightly enriched, whereas 
hMeDIP peaks were strongly depleted. Importantly, these 
trends were mainly driven by the peaks that are specific to 

each treatment (hMeDIP and MECP2 HM), whereas peaks 
that are common for both treatments showed an intermedi- 
ary state (Fig. 4 g). Furthermore, at TTS, MECP2 HM-specific 
peaks were significantly enriched, whereas hMeDIP-specific 
peaks showed only a slight enrichment (Fig. 4 h). Collec- 
tively, these analyses indicate that MECP2 HM binding may 
be more selectively enriched at regulatory regions—including 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
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pG islands, 3 

′ -UTRs, and TTS—whereas hMeDIP captures
 distinct genomic subset that may be functionally less spe-
ific ( Supplementary Fig. S11 ). Again, whereas MECP2 HM
hows selectivity for hmC/mC over other hmC-modified dyads
Fig. 2 b), hMeDIP is conducted with denatured DNA and ex-
ected to enrich hmC regardless of dyad symmetry. 
MECP2 HM binds its target hmC/mC dyad with high selec-

ivity over the off-target dyads mC/C, hmC/C, and hmC/hmC
 > 100-, > 125-, and ∼50-fold, respectively; Fig. 2 b) [ 33 ],
hich furthermore occur at low levels in mESC and other

haracterized genomes compared with mC/mC [ 20 , 23 , 25 ].
ECP2 HM also shows selectivity over mC/mC (10-fold,

ig. 2 a [ 33 ]), but this off-target dyad is particularly abundant
 20 , 23 , 25 ]. 

We introduced an additional control to assess the hmC/mC
electivity of MECP2 HM across the genome. In EMSA exper-
ments, we found that the glucosylation of hmC to glucosyl-
mC (ghmC, Fig. 5 a and Supplementary Fig. S1 ) by T4
GT effectively blocks the binding of MECP2 HM (Fig. 5 b
nd Supplementary Fig. S12 ). Since MECP2 HM shows only
ery low binding to hmC off-target dyads and mC/mC cannot
e glucosylated, enrichment differences between glucosylated
nd non-glucosylated gDNA should indicate hmC/mC dyads
ith high confidence. Therefore, we glucosylated part of the

ame mESC gDNA batch used in prior experiments and per-
ormed MECP2 HM enrichment to verify if peak loss is indeed
bserved. A comparative peak analysis of these experiments
s summarized in the Venn diagram of Fig. 5 c. Indeed, we ob-
erved a significant loss in identified peaks upon glucosyla-
ion: we identified only 42 194 peaks ( + gluc) versus 149 601
n the non-glucosylated enrichment ( −gluc), indicating that
he large majority of peaks enriched by MECP2 HM indeed
eem to originate from the selective enrichment of hmC/mC
yads. However, there was also some overlap between both
reatments (19%; 30 186 peaks), presumably due to residual
ackground enrichment of clustered off-targets (Fig. 5 c). Fig-
re 5 d shows integrative genomics viewer (IGV) signal tracks
or MECP2 HM enrichments with glucosylated and non-
lucosylated mESC. The data show consistent peak enrich-
ent across technical replicates in both cases, with both over-

apping and condition-specific regions ( Supplementary Fig.
14 ). We thereby observed a striking loss of MECP2 HM sig-
als at different loci for the glucosylated control, in agreement
ith the blocking of MECP2 HM by ghmC observed before

Fig. 5 b). 
To provide further evidence for the correct mapping of

symmetric hmC/mC dyads, we cross-compared our dataset
ith SCoTCH-Seq, a recently published method that provides

trand-specific information and thus resolves dyad-specific
odifications in the same cell line (E14). Importantly, we ob-

erved a 60% peak overlap (90 640 of 149 654 peaks), even
hough the two studies represent independent biological repli-
ates. We further present several examples demonstrating that
ur peaks are particularly enriched at sites where hmC/mC
yads cluster together (Fig. 5 d and Supplementary Fig. S16 ).
ogether with our glucosylation control, this provides strong
vidence that our method provides robust and specific enrich-
ent of asymmetric hmC/mC sites. 
The enrichment of hmC within gene bodies has been linked

o transcriptional activity in diverse tissues [ 5 , 8 , 9 ]. To
tudy the relative distribution of enrichment within genes
n a global scale, we generated metagene read density pro-
files aligned to protein-coding genes clustered according to
their expression levels (Fig. 5 e). Profiles were highly consis-
tent across replicates, demonstrating reproducibility of the en-
richment patterns ( Supplementary Fig. S13 ). Both MECP2 wt
and HM showed robust enrichment across bodies of active
compared with silenced genes, with pronounced depletion at
TSS and mild depletion at TTS. Enrichment also extended
into upstream and downstream flanking regions, consistent
with prior reports describing enrichment of hmC [ 30 ] and
hmC/mC [ 23 ] around gene bodies of highly expressed genes.
In contrast, glucosylation of hmC markedly reduced MECP2
HM enrichment. Density plots and heatmaps revealed a sub-
stantial loss of signal across gene bodies, with increased oc-
cupancy near TSS and depletion at the TTS. Together, these
results indicate that MECP2 wt and HM associate with gene
bodies and adjacent regulatory regions, but that the interac-
tion of MECP2 HM is significantly affected by hmC gluco-
sylation, in agreement with our in vitro EMSA data (Fig. 5 b
and Supplementary Fig. S17 ). 

Enhancers are regulatory elements that control the tran-
scription of distal target genes and play essential roles in
cell differentiation by establishing cell type –specific transcrip-
tional programs [ 65 ]. TET-mediated oxidation of mC has been
shown to modulate enhancer activity during early stages of
differentiation [ 66 ], and enhancers consistently exhibit signif-
icant levels of hmC across diverse cell types [ 65 ]. To assess
how the binding of MECP2 variants is influenced by enhancer
state, we analyzed the genome-wide distribution of MECP2
variants across enhancer classes defined by Cruz-Molina et al .
[ 67 ]. We examined MECP2 occupancy at four enhancer cate-
gories: active enhancers, primed enhancers, poised enhancers,
and poised-to-active (PoiAct) enhancers ( Supplementary Fig.
S15 ). Distinct binding profiles were observed across enhancer
states. In general, MECP2 wt and MECP2 HM showed de-
pletion at the center of enhancers, whereas the MECP2 HM
+ gluc control showed enrichment. The strength of this ef-
fect varied between enhancer types and showed the most pro-
nounced difference between MECP2 wt and HM for active
and PoiAct enhancers, where MECP2 HM exhibited a lower
relative depletion at the enhancer center than MECP2 wt. In
agreement with this data, depletion of mC/mC and hmC/mC
has previously been observed for active and poised enhancers
in mESC by dyad-resolved sequencing, whereas a weak en-
richment has been observed for hmC/mC at primed enhancers
[ 23 ]. Input controls remained flat across all enhancer classes,
confirming signal specificity. Overall, these results indicate
that MECP2 binding is not uniform but is strongly shaped
by enhancer state and MECP2 variant. 

Conclusion 

In this study, we report HM-DyadCap, a robust method for
selectively capturing DNA fragments modified with asymmet-
ric hmC/mC CpG dyads that are frequent marks in mESC and
mouse brain tissue. Central to this approach is MECP2 HM,
an engineered methyl-CpG-binding domain for which EMSA
studies reveal high target affinity and specificity with respect to
off-target dinucleotides. We demonstrate that HM-DyadCap
enables simple mapping of hmC/mC dyads in a mammalian
genome, thus representing the first dyad-specific hmC en-
richment/mapping method. Comparative mapping studies
with established protocols such as wild-type MECP2-based

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag389#supplementary-data
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Figure 5. Glucosylation indicates selective hmC/mC enrichment by MECP2 HM. ( a ) T4 BGT-catalyzed glucosylation of hmC. ( b ) EMSA of MECP2 HM 

binding to dsDNA containing a single hmC/mC dyad and glucosylated or not glucosylated with T4 BGT. ( c ) Venn diagram for peaks obtained from MECP2 
HM enrichments with glucosylated or non-glucosyated mESC gDNA. ( d ) Example regions of enrichment signal tracks for non-glucosylated and 
glucosylated gDNA (three technical replicates each). “SCoTCH” indicates the top 50% most highly modified hmC/mC and mC/hmC sites of ref [ 23 ]. ( e ) 
R elativ e positioning of enrichment signal strengths in genes ( ±10 kb with respect to TSS and TTS) with high, medium, or low expression. 
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ethylCap as well as MeDIP and hMeDIP reveal differences
n the capability of enriching particular genomic features, such
s a high enrichment of CpG islands for MECP2 HM as com-
ared with the hMeDIP protocol. The introduction of a glu-
osylation control further supports the selectivity of MECP2
M for hmC/mC dyads. Our mapping experiments reveal

hat these dyads are enriched in gene bodies and depleted
t transcription start sites of protein-coding genes in mESC
enomes, and that they correlate with active transcription.
oreover, enhancer profiling highlights a dynamic relation-

hip between MECP2 binding and enhancer state, implicat-
ng hmC/mC as a potentially important mark in enhancer
egulation. 

Beyond the protein-based hmC enrichment strategies ap-
lied in our benchmark studies, a range of alternative ap-
roaches for the selective recognition or chemical conversion
f hmC has been developed [ 18 , 68 ]. Each strategy offers dis-
inct advantages and limitations for genomic sequencing and
apping, and several have recently been incorporated into the
rst protocols for dyad-specific sequencing [ 69 , 70 ]. 
Current hmC conversion strategies designed for subsequent

nrichment are not dyad-specific and—similar to protein-
ased enrichment approaches—generally produce lower-
esolution maps [ 29 –31 , 71 ]. In contrast, conversion strate-
ies that alter the base-pairing properties of hmC during se-
uencing enable nucleotide-resolution analysis. When imple-
ented in workflows that allow the simultaneous calling of
ultiple cytosine states, these approaches have the potential to

esolve distinct CpG dyad states, as well. Particularly promis-
ng are recent conversion methods that overcome key limita-
ions of standard bisulfite (BS)-based protocols. These include
POBEC-based approaches [ 72 , 73 ] and pyridine borane-
ased methods [ 74 , 75 ], which avoid BS-induced DNA strand
leavage and sequence complexity reduction by converting
nmodified rather than modified cytosines, respectively. 
Indeed, the SCoTCH-Seq protocol combines hairpin adap-

ors with sequential enzymatic treatments—including T4
GT-mediated glucosylation and APOBEC3A deamination—

o resolve all six possible CpG dyad states involving C,
C, and hmC. Alternatively, nanopore sequencing enables
irect mapping of the same dyad states [ 25 ], but its cur-
ently lower throughput will constrain the detection of low-
bundance marks, such as hmC-containing CpG dyads in can-
er genomes. 

In this broader context, the capacity of HM-DyadCap
o selectively enrich its target dyad may be particularly ad-
antageous for efficient, lower-resolution mapping in cancer
enomes and for large-scale studies in which whole-genome
eep sequencing remains cost-prohibitive. The method there-
ore holds strong promise for cancer biomarker discovery [ 76 ,
7 ]. In our correlation analyses, HM-DyadCap peaks show
trong concordance with SCoTCH-Seq-derived hmC/mC sig-
als from the same mESC cell line. Furthermore, HM-
yadCap could be integrated with conversion-based sequenc-

ng approaches to generate high-resolution maps without the
eed for whole-genome deep sequencing. Importantly, the
BD of MECP2 can be re-engineered to recognize dyads be-

ond hmC/mC [ 50 ], opening avenues for extending this strat-
gy to other dyad states with relevance in chromatin regula-
ion and cancer development. 

Taken together, we believe that HM-DyadCap will repre-
ent a valuable tool for elucidating the regulatory functions
and dynamic behavior of hmC/mC dyads in development and
disease. 
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