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SUMMARY

Ten eleven translocation (Tet) proteins oxidize 5-
methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC), and 5-carbox-
ylcytosine (5caC). 5fC and 5caC can be further
excised by thymine-DNA glycosylase (Tdg). Here,
we present a genome-wide approach, named
methylation-assisted bisulfite sequencing (MAB-
seq), that enables single-base resolution mapping
of 5fC and 5caC and measures their abundance.
Application of this method to mouse embryonic
stem cells (ESCs) shows the occurrence of
5fC and 5caC residues on the hypomethylated
promoters of highly expressed genes, which
is increased upon Tdg silencing, revealing ac-
tive DNA demethylation on these promoters.
Genome-wide mapping of Tdg reveals extensive
colocalization with Tet1 on active promoters.
These regions were found to be methylated by
Dnmt1 and Dnmt3a and demethylated by a Tet-
dependent mechanism. Our work demonstrates
the DNA methylation dynamics that occurs on
the promoters of the expressed genes and pro-
vides a genomic reference map of 5fC and 5caC
in ESCs.
INTRODUCTION

DNA methylation on position 5 of cytosine (5mC) is the

most conserved epigenetic modification from plants to

animals (Feng et al., 2010) and is catalyzed by DNA methyl-

transferases (Dnmts). 5mC is necessary for the correct embry-

onic development (Bestor, 2000; Fouse et al., 2008; Li, 2002;

Neri et al., 2013b; Reik and Walter, 2001), and its deregulation

has been linked to cancer development and progression
674 Cell Reports 10, 674–683, February 10, 2015 ª2015 The Authors
(Costello et al., 2000; Easwaran et al., 2012; Jones, 2002;

Neri et al., 2014; Teng et al., 2011). On the other hand, active

DNA demethylation is mediated by ten eleven translocation

(Tet) proteins, which progressively oxidize 5mC to 5-hydroxy-

methylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carbox-

ylcytosine (5caC), and by the thymine-DNA glycosidase

(Tdg) protein that binds and excises 5fC and 5caC residues

to allow the restoration of unmodified C by the base exci-

sion and repair machinery (Cortázar et al., 2011; Cortellino

et al., 2011; He et al., 2011; Ito et al., 2010, 2011; Maiti and

Drohat, 2011; Neri et al., 2013a; Williams et al., 2011; Wu

et al., 2011). Several methods, such as bisulfite sequencing

(bisulfite-seq), Tet-assisted bisulfite sequencing (TAB-seq),

and oxidative bisulfite sequencing, have been established

to map 5mC and 5hmC residues at single-base resolution

on a genome-wide scale (Booth et al., 2012; Meissner et al.,

2008; Yu et al., 2012). Other methods have been developed

to map 5fC and 5caC, which revealed the presence of these

two DNA modifications on enhancers, repetitive elements,

and exons (Raiber et al., 2012; Shen et al., 2013; Song

et al., 2013). These later methods, which are based on affinity

purification approaches, lack the resolution power to map

single cytosines and to quantify the relative abundance

of the modification. Single-base resolution analysis of 5fC

(5fc chemical-assisted bisulfite sequencing and reduced

bisulfite sequencing) has been performed using chemical

methods, although only on reduced genomes (Booth et al.,

2014; Song et al., 2013). Moreover, it has been developed

recently a method for single-base resolution of 5caC, even

though its suitability for genome-wide experiments has

not been investigated (Lu et al., 2013). We here introduce

a high-throughput method, named methylation-assisted

bisulfite sequencing (MAB-seq), that enables genome-wide

mapping at single-base resolution and quantitation of the

5fC and 5caC residues. Application of this method to mouse

embryonic stem cells (ESCs) revealed the occurrence of

5fC and 5caC residues on the hypomethylated promoters

of highly expressed genes, revealing an active DNA

demethylation dynamics occurring on these promoters.
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Figure 1. MAB Method Enables Highly Effi-

cient Detection of 5fC and 5caC

(A) Bisulfite treatment of DNA leads to deamination

of cytosine, 5fC, and 5caC, whereas the 5-methyl

and 5-hydroxymethyl cytosine are protected.

Treatment of DNA with the S-Adenosyl-methio-

nine-dependent CpG methyltransferase M.SssI

prior to bisulfite treatment leads to the conversion

of unmodified cytosines to 5-methyl cytosine, thus

enabling the specific detection of 5fC and 5caC

residues.

(B) Validation of MAB on five DNA standards con-

taining, respectively, only unmodified, 5-methyl, 5-

hydroxymethyl, 5-formyl, or 5-carboxyl cytosine

residues. Dot blot analysis reveals complete con-

version of unmodified cytosines to 5-methyl cyto-

sines following M.SssI treatment. After bisulfite

treatment, Sanger sequencing detects 5fC and

5caC as T, whereas unmodified C (methylated by

M.SssI), 5mC, and 5hmC are detected as C.
Moreover, by loss-of-function experiments, we identify

Dnmt1, Dnmt3a, and Tet1/Tet2 proteins as the key players

of this mechanism.
Cell Reports 10, 674–683,
RESULTS

MAB-Seq Allows Genome-wide
Mapping of 5fC and 5caC Residues
We have developed a technique, named

MAB-seq, that enables the identification

and quantitation of the relative abun-

dance of 5fC and 5caC residues on a

genome-wide scale. Our method is

based on the reactivity of these two

oxidized cytosine residues to bisulfite

treatment (Yu et al., 2012). We employed

the CpG methyltransferase M.SssI

enzyme to specifically methylate the un-

modified cytosine residues, thus protect-

ing them against the conversion by bisul-

fite treatment (Figure 1A). Because 5fC

and 5caC residues are readily converted

to uracil (U) by bisulfite like regular un-

modified cytosines, the prior M.SssI

treatment results in the conversion only

of 5fC and 5caC residues. To calculate

the efficiency of these reactions, we

generated by PCR five standards, con-

taining the different modified cytosine

residues (5mC, 5hmC, 5fC, and 5caC)

or unmodified cytosines, and subjected

them to M.SssI and bisulfite treat-

ment, followed by traditional Sanger

sequencing. The bisulfite conversion

rate was estimated from the number of

5fC and 5caC residues that underwent

conversion to U and the M.SssI methyl-

ation rate from the number of unmodified

Cs that were unaffected by bisulfite
conversion. The extremely high efficiencies observed for both

treatments (>99.9%; Figure 1B) suggested the suitability of this

approach for a genome-scale analysis.
February 10, 2015 ª2015 The Authors 675
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To this end, we applied MAB-seq to genomic DNA from E14

mouse embryonic stem cells and produced more than 1 3 109

sequencing reads, which is suitable for awhole-genome analysis

(Table S1). To estimate the M.SssI methylation efficiency for

our experiment, genomic DNA from ESCs was spiked in with

Escherichia coli genomic DNA, which has been previously

shown to lack CpG methylation and to be appropriate for bisul-

fite sequencing analysis (Gu et al., 2011; Kahramanoglou et al.,

2012). To confidently detect 5fC and 5caC-modified bases, we

used a binomial distribution, as previously described (Yu et al.,

2012), with N as the sequencing depth at the converted C site

and p as the cytosine nonmethylation rate. We considered only

the called 5fC and 5caC sites with sequencing depth >503,

and p value < 0.001 (see Experimental Procedures). This resulted

in the identification of about 3.3 3 105 5fC and 5caC sites,

with a percentage of modification distributed around 8%–10%

(Figure S1A).

Collectively, our analysis provided a genome-wide map of 5fC

and 5caC in the ESCs genome at single-base resolution.

5fC and 5caC Are Enriched on Active Transcriptional
Start Sites and Enhancers in ESCs
We next sought to determine how the 5fC and 5caC sites are

distributed across the ESCs genome. Intersection of 5fC and

5caC sites coordinates with those of different genomic features

revealed their enrichment on enhancers, exons, and repetitive

regions (such as satellites), in agreement with three recently pub-

lished studies based on affinity purification methods (Raiber

et al., 2012; Shen et al., 2013; Song et al., 2013; Figures S1B–

S1D). Moreover, 5fC and 5caC presented no, or low, symmetry

with respect to the opposite strand, showing a behavior similar

to 5hmC (Yu et al., 2012; Figures S1E and S1F).

Interestingly, MAB-seq identified a high enrichment of 5fC and

5caC sites on active promoters, especially on the transcriptional

start sites of H3K4me3-only genes (Figures 2A–2C and S1B).

Comparison of 5fC and 5caC with 5mC and 5hmC revealed

that gene transcriptional start sites (TSSs) are more enriched

for 5fC and 5caC modification with respect to 5mC and 5hmC.

This correlation increased with the level of gene promoter acces-

sibility, marked by the progressive gain of H3K4me3 mark and

loss of H3K27me3 mark (Figures 2D and S2A).

Comparison between our analysis and affinity-purification-

basedmethods revealed that only our technique is able to detect

the 5fC and 5caC on the TSSs of active genes (Figures S2C and

S2D). The presence of these modifications on H3K4me3-posi-
Figure 2. 5fC and 5caC Are Enriched on Active Promoters and Enhanc

(A) Heatmaps of 5fC and 5caC on genes (left) and enhancers (right) compared to th

levels of H3K4me3 and H3K27ac, respectively.

(B) Enrichment of 5fC and 5caC versus unmodified C on different epigenetic fea

(C) Pie charts showing the genome-wide distribution of 5mC, 5hmC, and 5fC/5c

modified C residues become more enriched inside promoters, enhancers, and e

(D) Genome-wide distribution of 5mC, 5hmC, and 5fC/5caC within different enha

(E) Relative fraction of C derivatives within gene bodies (top) and highly expressed

ascending by expression level.

(F) Mean distribution of 5mC, 5hmC, and 5fC/5caC on a window of ±3 kb around

(G) Western blot of ESC transfected either with a control small hairpin RNA (shR

(H) Box plot of the percentage of 5fC and 5caC on highly expressed genes (upp

sentation MAB-seq (RRMAB-seq). p value is given by Wilcoxon rank sum test st

Ce
tive TSSs suggests an active DNA methylation/demethylation

dynamics occurring on the promoters of actively transcribed

genes in ESCs. An analogous distribution pattern was also

observed on enhancers. We observed a progressive increase

of 5fC and 5caC levels in correlation with the progressive enrich-

ment of the H3K27Ac histone mark (Figures 2A–2D and S2B).

5fC and 5caC Are Bound and Excised by Tdg
We next ordered the genes by their expression level, as calcu-

lated from RNA sequencing analysis, and measured the relative

abundances of each cytosine derivative on the promoter (±1 kb

around the TSS) of the genes in the upper quartile of expression,

compared to gene bodies. This analysis showed that modified

cytosine residues around the TSS of actively transcribed genes

are shifted toward a higher oxidative state, of which approxi-

mately the 50% was represented by 5fC and 5caC (Figures 2E

and 2F).

To understand whether this 5mC oxidation could be finalized

to its excision, and thus to the demethylation of the cytosine

residues, we performed reduced representation MAB-seq

(RRMAB-seq) in control and Tdg-silenced ESCs (Figure 2G).

To confirm Tdg knockdown, we evaluated the reduction of its

enzymatic activity and relative increase of 5fC level by colori-

metric ELISA assays (Figures S3A and S3B). RRMAB-seq is

based on the pretreatment of genomic DNA with the enzyme

MspI, which recognizes and cuts the CCGG consensus, thus

allowing to enrich CpG-rich regions, like gene promoters. Tdg

knockdown resulted in a significant increase of 5fC and 5caC

levels around the TSS (±1 kb) of highly expressed genes, demon-

strating that an active Tdg-dependent 5fC and 5caC excision

mechanism takes place on these regions (Figure 2H).

To further confirm this mechanism, we mapped the localiza-

tion of Tdg on the ESCs genome. To this end, we performed

chromatin immunoprecipitation, followed by deep sequencing

(ChIP-seq) of Tdg, using a streptavidin-biotin affinity approach,

in an ESC line expressing a biotin-tagged Tdg (Figure 3A).

ChIP-seq analysis unveiled a strong enrichment of Tdg on the

TSSs, with a striking preference for the genes enriched for

H3K4me3, showing a distribution analogous to that of 5fC and

5caC and Tet1 (Figures 3B, S3C, and S3D). Pearson correlation

analysis on a subset of ESCs-specific transcriptional factors,

and histone modifications, revealed that Tdg is associated with

epigenetic features of active TSSs (H3K4me3 and H3K9ac)

and active enhancers (H3K4me1 and H3K27ac; Figures 3C,

S3E, and S3F). Moreover, a stronger correlation for Tdg was
ers

at of 5mC and 5hmC. Genes and enhancers are ascending sorted according to

tures. p values are given by chi-square statistics.

aC. Proceeding from a lower to a highly oxidized C state (5mC / 5fC/5caC),

xonic regions.

ncer (left) and promoter (right) classes.

genes (upper quartile), with respect to unmodified C residues. Genes are sorted

the TSS of highly expressed genes (upper quartile).

NA) (shCtr) or a shRNA targeting Tdg. b-actin is used as loading control.

er quartile) in Tdg knockdown versus control, as revealed by reduced repre-

atistics.
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observed with Tet1 and Sin3a, as demonstrated by the colocal-

ization of these three factors on more than 90% of bound genes

(Figure 3D).

Genomic views of ChIP-seq tags showed similar profiles be-

tween Tdg and Tet1, with some differences in their relative abun-

dances. On the TSSs, Tdg and 5fC and 5caC were enriched

concomitantly with a depletion of 5mC and 5hmC. In contrast,

on gene bodies, especially on exons and transcriptional end

sites, Tet1 showed a more-abundant binding, concordantly

with a higher enrichment of 5hmC and sometimes of 5mC (Fig-

ure 3E). Tdg and Tet1 sharedmore than 70%of ChIP-seq peaks,

indicating a significant colocalization on the ESC genome (Fig-

ure 3F). Collectively, these data suggest that Tet1 and Tdg rela-

tive abundance controls the dynamics of 5mC oxidation and

excision. Accordingly, the regions targeted by both enzymes

were enriched for 5fC and 5caC and were hypomethylated;

whereas regions preferentially bound by Tet1 showed an

enhancement of 5mC and 5hmC levels (Figure 3G).

Taken together, these results suggest that the promoters of

actively transcribed genes, which are believed to be unme-

thylated, are in fact targets of DNA methylation.

Active TSSs Are Methylated by Dnmt1/Dnmt3a and
Demethylated by Tet1/Tet2
To verify that active TSSs are actually targeted by DNA methyl-

transferases, we stratified all cytosines by their level of methyl-

ation, using a high-coverage data set of bisulfite-seq in ESCs

(Habibi et al., 2013), and subtracted the relative value of 5hmC

obtained by TAB-seq analysis (Yu et al., 2012). Cytosines were

split into ten subsets, according to their modification level

(0%–100%; offset: 10%), and plotted on the TSS (±5 kb) of all

genes, sorted by their H3K4me3 level (Figure 4A). Notably, cyto-

sines with a lower percentage of methylation (0%–20%) were

enriched on the TSS, with a direct correlation to the level of

gene expression. This TSS-centric distribution of 5mC is lost

upon increasing the cytosines methylation percentage and pro-

gressively shifts toward more distal regions. Thus, highly methyl-

ated cytosines are absent on the TSS of expressed genes, but

the TSS-centric distribution observed at lower methylation levels

suggests that DNA methylation events actually occur on these

regions. This 5mC distribution pattern also marks the enhancers

and can also be observed for 5hmC (Figures S4A–S4C).

To demonstrate that the presence of 5fC and 5caC and Tdg on

actively transcribed genes is actually aimed to an active deme-

thylation, we measured the level of DNA methylation on these

regions in control and Tet1/Tet2 double-knockdown cells by

reduced representation bisulfite sequencing (RRBS) analysis

that allows a high coverage on regions marked by CpG islands,
Figure 3. Tdg Colocalizes with 5fC and 5caC and Tet1 Genome Wide

(A) Western blot of biotin-tagged Tdg in BirA-expressing ESCs. b-actin is used a

(B) Heatmaps of Tdg-bound regions on a window of ±5 kb around the TSS of gene

and Tet2. Genes are ascending sorted according to levels of H3K4me3.

(C) Hierarchical clustering of pairwise Pearson correlation on Bio-Tdg (and Bio-M

(D) Venn diagram illustrating the overlap between gene promoters targeted by T

(E) Example genomic views of Tdg targets in ESCs. IgG, immunoglobulin G.

(F) Venn diagram illustrating the overlap between Tdg and Tet1 ChIP-seq peaks.

(G) Percentages of 5mC, 5hmC, and 5fC and 5caC on gene promoters targeted

Ce
such as promoters of active genes (Figures 4B, 4C, S4D, and

S4E). Loss of Tet1/Tet2 proteins resulted in a significant increase

of 5mC levels, demonstrating a functional enzymatic activity

of Tet1/Tet2 on the promoters of actively transcribed genes

(Figure 4D).

To further identify the methyltransferases responsible for the

methylation of these loci, we silenced Dnmts in ESCs (Figure 4E).

Analysis of promoter methylation by RRBS following Dnmts

knockdown showed a significant reduction of DNA methylation

levels in Dnmt1 and Dnmt3a knockdown cells, whereas loss of

Dnmt3b did not affect the 5mC levels on the promoter of highly

expressed genes (Figures 4F, S4F, and S4G). Collectively, these

results demonstrate that Dnmt1 and Dnmt3a, but not Dnmt3b,

are responsible for the methylation on these genomic regions.

DISCUSSION

We here provided a method (MAB-seq) for the mapping and

quantitation of 5fC and 5caC in the mouse genome. This method

shows an increased sensitivity with respect to affinity-based

purification techniques and the ability to map directly the 5fC

and 5caC modifications with respect to single-base resolution

subtractive approaches. Despite the low abundance of 5fC

and 5caC, the direct readout provided by MAB-seq identifies

these modifications without the need for multiple high-coverage

sequencing experiments. Because 5fC and 5caC oxidative

states are catalyzed by the same enzyme and are both removed

by Tdg, the profiling in a single sequencing analysis of these

modifications enables a fast and streamlined mapping of the

genomic sites that undergo active DNA demethylation.

By applying MAB-seq to ESCs, we here provided a whole-

genomemap of 5fC and 5caC at single-base resolution. Besides

the detection of 5fC and 5caC at enhancers and repetitive

regions, in agreement with affinity purification methods, we

observed a significant enrichment of 5fC and 5caC on the pro-

moters of actively transcribed genes due to the greater sensi-

tivity of the MAB-seq technique with respect to affinity-based

methods. The presence of 5fC and 5caC on H3K4me3-positive

regions reveals an active demethylation process on active pro-

moters. Stratification of CpGs by their methylation level (Fig-

ure 4A) revealed the presence of 5mCs around the majority of

the active TSSs, suggesting the occurrence of active methyl-

ation/demethylation mechanisms on H3K4me3 regions, explain-

ing the presence of Tet1/Tet2 proteins on these regions. More-

over, by loss-of-function experiments, we identified Dnmt1 and

Dnmt3a, but not Dnmt3b, as responsible for the methylation at

active TSSs. The involvement of Dnmt1 in this process suggests

either that methylation on these regions is more stable than
s loading control.

s. We also report for comparison heatmaps of 5fC and 5caC (this study), Tet1,

ock control) and third-party ChIP-seq data sets in ESCs.

dg, Tet1, and Sin3a.

exclusively by Tet1 or by Tdg and targeted by both factors.
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expected or, more likely, that Dnmt1 can de novo methylate

these regions either alone or together with Dnmt3a (Fatemi

et al., 2002; Gowher et al., 2005; Jair et al., 2006). Accordingly,

the loss of Tet enzymes increased the level of DNA methylation

on active TSSs. Our results demonstrate genome wide the

occurrence of DNA methylation and demethylation previously

shown on the TFF1 and ERa promoters (Kangaspeska et al.,

2008; Métivier et al., 2008).

We alsomapped by ChIP-seq the genomic localization of Tdg.

This analysis showed Tdg binding on the TSSs of actively tran-

scribed genes, and its extensive colocalization with Tet1 is

in agreement with their functional interaction. Moreover, MAB-

seq analysis performed in Tdg-silenced cells revealed a signifi-

cant increase of 5fC and 5caC levels on the TSSs of highly

expressed genes.

In conclusion, we here presented a fast and reliable method to

map 5fC and 5caC at a single-base resolution and provided a

genome-wide map of these modifications in mouse ESCs. The

presence of 5fC and 5caC residues on the promoters of highly

expressed genes revealed the occurrence of an active DNA

methylation and demethylation dynamics on transcriptionally

active promoters, which is mediated by the interplay between

the DNA methyltransferases Dnmt1 and Dnmt3a with the Tet1/

Tet2 and Tdg proteins.

EXPERIMENTAL PROCEDURES

Cells Culture

Mouse embryonic stem cells E14were cultured as previously described in Kre-

pelova et al. (2014). Briefly, cells were grown on 0.1% gelatin-coated plates

and maintained in DMEM (4.5g/l D-glucose), supplemented with 15% heat-in-

activated fetal bovine serum, 0.1 mM nonessential amino acids, 1 mM sodium

pyruvate, 0.1 mM 2-mercaptoethanol, 25 U/ml penicillin, 25 mg/ml strepto-

mycin, and 1,500 U/ml leukemia inhibitory factor.

Antibodies

Antibodies were purchased from Imgenex (Dnmt1 IMG-261-A, Dnm3a IMG-

268A, and Dnmt3b IMG-184A), Abcam (Tdg ab154192 and single-stranded

DNA [ssDNA] AB78856), Millipore (Tet1 09-872), Diagenode (Tet2 mAb-179-

050 and 5-hydroxymethyl cytosine mAb-31HMC-100), Active Motif (5-formyl

cytosine V13-61223 and 5-carboxyl cytosine V13-61225), and Eurogentec

(5-methyl cytosine BI-MECY-0500).

RNA Extraction and qRT-PCR

RNA samples were extracted directly from cultured cells using Trizol reagent

(Gibco) followed by isopropanol precipitation. RNAwas analyzed as previously

described in Incarnato et al. (2013). Briefly, mRNA quantitation was performed

by qRT-PCR using Superscript III platinum Onestep qRT-PCR System kit
Figure 4. An Active Methylation/Demethylation Dynamics Occurs at E

(A) Heatmap representations on a window of ±5 kb around the TSS of genes for 5

represented under the respective heatmaps. Genes were ascending sorted acco

(B) Schematic overview of our experimental approach. ESCs are transfected with

genomic DNA is extracted and subjected to reduced representation bisulfite seq

rich regions.

(C) Western blot of ESCs transfected either with a control shRNA (shCtr) or two

(D) Box plot of C methylation levels (on CpG detected as methylated by RRBS) on

Tet2 double-knockdown ESCs. p value is given by Wilcoxon rank sum test statis

(E) Western blot of mESC transfected either with control shRNA (shCtr) or shRN

(F) Box plot of C methylation levels (on CpGs detected as methylated by RRBS

Dnmt1, Dnmt3a, andDnmt3b single-knockdown andDnmt3a/Dnmt3b double-kno

significant.

Ce
(Invitrogen) and normalized on Actb mRNA. Oligonucleotide sequences are

indicated in Table S2.

MAB on DNA Standards

Five hundred nanograms of DNA standards were incubated with 1 U of M.SssI

CpG methyltransferase (New England Biolabs), supplemented with 160 mM

final S-Adenosyl methionine for 2 hr at 37�C, and then DNA was purified using

QIAQuick PCR Purification Kit (QIAGEN) according to the manufacturer’s in-

structions. Bisulfite conversion was performed using the EpiTect Bisulfite Kit

(QIAGEN). DNA was amplified by PCR for ten cycles, cloned in TOPO-Blunt

(Invitrogen), and verified by sequencing.

MAB-Seq

For 5fC and 5caC sequencing, 1 mg of mouse embryonic stem cell (mESC)

genomic DNA (plus 1 ng of E. coli DH10B genomic DNA) was incubated with

4 U of M.SssI CpG methyltransferase (NEB), supplemented with 160 mM final

S-Adenosyl methionine for 2 hr at 37�C. The incubation was repeated three

times to maximize CpGmethylation. For whole-genome MAB-seq, methylated

DNA was sheared using a Bioruptor Twin (Diagenode) for two runs of 15 cycles

(30 s on, 30 s off) at high power setting. For RRMAB-seq, methylated DNA was

digested for 4 hr at 37�C with 200 U of MspI restriction endonuclease (NEB).

Fragmented/digested DNA was then end-repaired, deoxyadenosine-tailed,

and ligated to methylated adapters, using the Illumina TruSeq DNA Sample

Prep Kit, followingmanufacturer instructions. Adaptor-ligated DNAwas treated

for additional three cycles withM.SssI enzyme to methylate the unmodified cy-

tosines introduced by the end-repair step. DNA was loaded on an EGel Size

select 2% agarose precast gel (Invitrogen), and a fraction corresponding to

fragments ranging from 180 bp to 350 bp was recovered. Purified DNA was

then subjected to bisulfite conversion using the EpiTect Bisulfite Kit (QIAGEN).

Bisulfite-converted DNA was finally enriched by 15 cycles of PCR using Pfu

Turbo Cx HotStart Taq (Agilent). All sequencing experiments were mapped

on a recent genome reference assembly of E14 mESC to avoid false methyl-

ation calls due to the presence of single-nucleotide variants in the genome (In-

carnato et al., 2014). Rawand analyzed data features are deposited in Table S1.

Dot Blot Analysis

For dot blot analysis, DNAwas denaturedwith 0.4MNaOH and then incubated

for 10 min at 95�C before being spotted onto Hybond-N+ membranes (GE

Healthcare). The membrane was UV-crosslinked for 10 min and saturated in

5% milk in PBS + 0.1% Tween 20 (Sigma-Aldrich) for 1 hr. ssDNA was used

as loading control.

ACCESSION NUMBERS

Raw data for MAB-seq, RRMAB-seq, RRBS, and ChIP-seq were deposited to

the NCBI GEO and are available under accession number GSE55660.
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