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Stable Methylation at Promoters Distinguishes
Epiblast Stem Cells from Embryonic Stem Cells
and the In Vivo Epiblasts
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Embryonic Stem Cells (ESCs) and Epiblast Stem Cells (EpiSCs) are the in vitro representatives of naive and
primed pluripotency, respectively. It is currently unclear how their epigenomes underpin the phenotypic and
molecular characteristics of these distinct pluripotent states. Here, we performed a genome-wide comparison of
DNA methylation between ESCs and EpiSCs by MethylCap-Seq. We observe that promoters are preferential
targets for methylation in EpiSC compared to ESCs, in particular high CpG island promoters. This is in line
with upregulation of the de novo methyltransferases Dnmt3al and Dnmt3b in EpiSC, and downregulation of the
demethylases Tetl and Tet2. Remarkably, the observed DNA methylation signature is specific to EpiSCs and
differs from that of their in vivo counterpart, the postimplantation epiblast. Using a subset of promoters that are
differentially methylated, we show that DNA methylation is established within a few days during in vitro
outgrowth of the epiblast, and also occurs when ESCs are converted to EpiSCs in vitro. Once established, this
methylation is stable, as ES-like cells obtained by in vitro reversion of EpiSCs display an epigenetic memory

that only extensive passaging and sub-cloning are able to almost completely erase.

Introduction

WO KINDS OF PLURIPOTENT STEM CELLS can be captured

ex vivo from the mouse embryo: embryonic stem cells
(ESCs) are derived from the inner cell mass (ICM) of the
blastocyst, whereas epiblast stem cells (EpiSCs) are isolated
from the late epiblast of postimplantation embryos. Although
both express the core triad of transcription factors Oct4/Sox2/
Nanog, some other pluripotency factors identified in ESCs
are absent in EpiSCs, such as Esrrb, Kif4, Rex1/Zfp42, and
Dppa3/Stella [1,2]. Moreover, transcriptome comparisons
have indicated that EpiSCs may be closer to the post-
implantation epiblast, whereas ESCs share more character-
istics with ICM cells [3]. Indeed, EpiSCs express late epiblast
markers such as Nodal, Fgf5, Brachyury (T), or Cerl, which
are low or absent in ESCs [4]. These contrasting signatures
suggest these cell types represent two different states of
pluripotency, naive for ESCs and primed for EpiSCs [5]. In
contrast to ESCs, EpiSCs are unable to form chimeras fol-

lowing injection into blastocysts [3,6]. However, they can
contribute, at least to some extent, to embryo development if
injected in the postimplantation epiblast [7].

Different signaling pathways control self-renewal of these
pluripotent states: ESCs require LIF and BMP4, while
EpiSCs are dependent on FGF2 and Activin/Nodal [3,8]. By
switching between the appropriate culture conditions for
each cell type, ESCs can be readily converted into EpiSCs,
whereas EpiSCs can also be reverted into naive ES-like cells
in vitro albeit with low efficiencies [9—11]. Such intercon-
version abilities provide new avenues to study the rela-
tionships between the two states of pluripotency and have
elicited the notion of an ‘‘epigenetic barrier’”” separating
ESCs from EpiSCs, since reprogramming EpiSCs into naive
ESCs is an inefficient and long process. In particular, de
novo DNA methylation, which takes place during epiblast
development [12,13], may be a constituent of this barrier as
it is in somatic cell reprogramming [14]. De novo DNA
methylation is catalyzed by the de novo methyltransferase 3
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(Dnmt3) enzymes [15]. Three have been isolated in mam-
mals: Dnmt3a and Dnmt3b are catalytically active, while
Dnmt3], is a cofactor for both. In the epiblast, Dnmt3b is the
first to be expressed at E3.5 while Dnmt3a expression starts
1 day later [16—18]. Dnmt3l is expressed transitorily in the
epiblast, between E4.5 and E6.5 [16,18]. The ICM of E3.5
blastocyst is globally hypomethylated, while a massive
wave of de novo methylation occurs between the epiblast
stages E3.5 and E6.5 [13]. Interestingly, the methylome of
ESC is shaped by their culture conditions: ESCs cultured in
the presence of the two kinase inhibitors, inhibiting Gsk3
and FGF signaling, respectively, are globally hypomethy-
lated and resemble ICM cells. ESCs cultured using serum
conditions display a methylation profile more similar to that
of the early postimplantation epiblast [12,19,20]. In contrast,
little is known about the methylome of EpiSCs. Quantita-
tively, the global level of 5-methylcytosine in EpiSCs was
found to be similar to that of ESC cultured in serum [20,21].
A recent study by Senner et al. [21] showed that four types
of stem cells derived from the mouse embryo, either extra-
embryonic or embryonic, contained a unique DNA meth-
ylation signature. However, an in-depth comparison of the
methylome of ESCs and EpiSCs is currently lacking.
Here, we compare the patterns of DNA methylation in
EpiSCs and ESCs and observed a clear bias toward pro-
moter-associated hypermethylation in EpiSCs. By following
the kinetics of methylation during ESC to EpiSC conver-
sion, we show that de novo methylation seems to occur very
rapidly and concomitant to the molecular switch. Con-
versely, reversion of EpiSC into ES-like cells shows that the
reprogramming of methylation at the promoters is very slow
and incomplete, suggesting the persistence of an epigenetic
memory. Finally, a comparison of EpiSCs and late epiblast
cells reveals that the in vitro and “‘in embryo’’ cells show a
remarkably different promoter methylation profile.

Materials and Methods
Preparation of samples for sequencing

MethylCap. Genomic DNA was sonicated to generate
300 bp fragments on average. MethylCap was performed
using the IP-STAR robot (Diagenode) as described before
[22]. In short, 1 g DNA was incubated with paramagnetic
beads coated with the MBD domain of MeCP2 fused to
GST. After washing with 200, 400, and 500 mM NacCl, the
bound methylated DNA was eluted in two fractions using
600 and 800 mM NaCl, respectively. Twenty nonogram of
DNA eluates was prepared for sequencing.

Double-stranded ¢cDNA synthesis. Total RNA was isolated
with TRIzol (Invitrogen) according to the manufacturer’s
recommendations. One hundred microgram total RNA was
subjected to two rounds of poly(A) selection (Oligotex
mRNA Mini Kit; QTAGEN), followed by DNasel treatment
(QIAGEN). About 100-200ng mRNA was fragmented by
hydrolysis (5% fragmentation buffer: 200 mM Tris acetate,
pH&8.2, 500 mM potassium acetate, and 150 mM magnesium
acetate) at 94°C for 90s and purified (RNAeasy Minelute
Kit; QIAGEN). cDNA was synthesized using 5 pig random
hexamers by Superscript III Reverse Transcriptase (In-
vitrogen). Double-strand cDNA synthesis was performed in
second strand buffer (Invitrogen) according to the manu-
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facturer’s recommendations and purified (Minelute Reac-
tion Cleanup Kit; QIAGEN).

Sequencing

DNA or cDNA samples were prepared for sequencing by
end repair of 20 ng DNA as measured by Qubit (Invitrogen).
Adaptors were ligated to DNA fragments, followed by size
selection (~300 bp) and 14 cycles of PCR amplification.
Integrity of DNA libraries was confirmed by running the
products on a Bioanalyzer (BioRad). Cluster generation and
sequencing (36 bp) was performed with the Illumina Gen-
ome Analyzer IIx (GAIIx) (MethylCap-seq) or HiSeq
(RNA-seq) platform according to standard Illumina proto-
cols. Initial data processing, base calling, and alignment to
the mouse reference genome was performed using the Illu-
mina Analysis Pipeline allowing one mismatch. Only tags
aligning to one position on the genome were considered for
further analysis. For RNA-seq, further analysis was per-
formed with the 36 bp aligned sequence. For MethylCap-
seq, the uniquely mapped sequence reads were directionally
extended to 300 bp, the estimated median length of the
original DNA library. If multiple tags were mapped on the
same genomic position, only one was included for further
analysis. Mapped reads from the initial 600 and 800 mM
NaCl eluate libraries were combined. For both RNA-seq and
MethylCap-seq data were converted to Browser Extensible
Data files for downstream analysis. To compensate for dif-
ferences in sequencing depth and mapping efficiency among
samples, the total number of unique reads of each sample
was uniformly equalized relative to the sample with the
lowest number of sequence reads, allowing quantitative
comparisons. Wiggle (WIG) files for viewing the data in the
UCSC Genome Browser were generated from the normal-
ized files. All sequencing analyses were conducted based on
the Mus musculus NCBI m37 genome assembly (MMO9;
assembly July 2007). Supplementary Table S1 summarizes
the sequencing output.

MethylCap-seq analyses

Peak calling. Data analysis was performed using in-house
generated scripts written in LINUX shell, Perl, and R. En-
riched regions (peaks) were called on the basis of a Poisson
distribution of overlapping sequence reads within a dynamic
window. A false discovery rate (FDR) was calculated rela-
tive to the total covered sequence, and peaks with an FDR
of <1x107° were selected. All peaks from the four sam-
ples (three EpiSCs and one ESC) were merged. Per sample,
the number of normalized sequence reads overlapping each
region (peak) of interest was calculated, which is referred to
as read density and used as a measure of DNA methylation.

Annotation. Methylated peaks were annotated according
to their localization in the genome, as intron, exon, promoter
(=900 to +400bp around the gene start), or intergenic
based on the Ensembl release 66 (MM9 assembly). As
peaks often span different genomic regions, we used the
summit genomic coordinate of each peak as representative.
Due to the presence of overlapping transcripts in the mouse
genome, about 5% of the peaks were annotated to multiple
genes. Therefore, peaks were annotated with (at least one)
gene name and sequence type (exon, intron, and promoter).
Nonassigned peaks were considered as intergenic.
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Gene Ontology and KEGG analysis was performed using
DAVID (http://david.abcc.nciferf.gov) [23,24]. Further data
analysis was performed using IPA (Ingenuity® Systems,
WWwWw.ingenuity.com).

RNA-seq analysis

To obtain RNA-seq gene expression values (RPKM), we
used Genomatix (www.genomatix.de).

Statistical analysis of MethylCap seq data

Read counts for all peaks and transcripts were normalized
using the normalization procedure used in the Bioconductor
package “DESeq’” [25]. We used these normalized counts
to perform a hierarchical clustering analysis of methylome
samples using the distance function 1-c¢, where ¢ is the
correlation coefficient, and the Ward linkage method.

To study the relation between DNA methylation and ex-
pression, we built a reduced dataset where methylation peaks
corresponding to promoters were combined with read counts
for the corresponding transcripts. The following thresholds
were used for including genes: methylation read density >0
for either the ESC sample or for at least 2 EpiSC samples.

After log2 transformation of normalized counts, we used
the R package ‘““flexclust” [26] to group methylation and
expression profiles in clusters. Only clusters having at least 10
profiles and a Pearson correlation coefficient greater than 0.9
(with the center profile of the cluster; radius—that is maximum
distance to the cluster center profile=0.1), were included.

Cell lines and culture conditions

Derivation of the 129S2 ESC line was performed as
previously described [27]. The rESCs (129S2 rESCs) and
ESCs (129S2 ESCs, 129B6 ESCs, and R1) were grown on
irradiated mouse embryonic fibroblasts in medium con-
taining DMEM with either 15% serum or (for 129S2 ESCs)
20% KSR (Invitrogen), 0.1 mM B-mercaptoethanol and
1,000 U/mL LIF (ESGRO; Millipore) and plated feeder-free
on gelatin-coated dishes for two passages before collection.
EpiSCs (129S2 EpiSCs, EpiSCI1, 2, and 3 described in
Maruotti, 2010 and 129B6 EpiSCs) and cEpiSCs (129S2
cEpiSCs) were grown in serum-free medium (CDM) with
FGF2 (12 ng/mL; R&D) and Activin A (20 ng/mL; R&D) on
serum-coated dishes as previously described [3]. Conversion
of 12952 ESCs was performed as previously described
[9.28]. In summary, the ESCs were trypsinized and
1.5x 10°-3 x 10° cells were seeded in 35 mm, serum-coated
dishes in CDM +FGF2 and Activin. At day 4, cells were
detached with collagenase-II (Sigma) and replated without
dilution. This first passage promotes the appearance of flat
colonies with typical EpiSC morphology. Converted cells
were then cultured for several passages before harvesting.
For reversion, EpiSCs were passaged onto mouse irradiated
feeders in the presence of ESC medium as described. After 7
days, cells were trypsinized and passaged as ESCs for at
least five passages.

Epiblast dissection

E6.5 and E7 epiblasts were dissected from CDI mouse
embryos in Flushing and Handling Medium (FHM). The

VEILLARD ET AL.

embryonic region was cut out from extra-embryonic tissue
and incubated for 10 min in FHM containing 0.1% Trypsin
(Type II, Sigma) and 2.5% Pancreatin (Sigma). The epiblast
was then isolated using glass needles and either snap-frozen
or plated in four-well plate in CDM supplemented with
Activin and Fgf2 for EpiSC derivation as described [29].

Real-time PCR analysis

Total RNA was extracted and reverse-transcribed with
Superscript III (Invitrogen). Real-Time PCR were carried
out using SybrGreen mix (Qiagen) on a Step One Plus
thermal cycler (Applied Biosystem) and repeated thrice on
independent experiments and/or cell lines. Data were nor-
malized using the geometric mean of Hprt and Pbgd using
Qbase software (Biogazelle). Primers used are listed in
Supplementary Table S2.

Western-blot analysis

Cellular samples were lysed in 3 xLaemli-SDS buffer.
The polypeptides were separated through 4%—12% Bis- Tris
Gel NuPage electrophoresis and transferred onto a poly-
vinylidene difluoride membrane (Hybond-P PVDF; Amer-
sham). After blocking with 1/1,000 Tween 20-PBS (PBS-T)
containing 4% (w/v) nonfat dried milk, the membranes were
incubated with primary antibodies overnight at 4°C. Anti-
bodies used were as follows: mouse monoclonal anti-
Dnmt3b (Abcam; 1/1,500 dilution) or anti-Dnmt3a (Active
Motif; 1/1,000 dilution). The membranes were washed
thrice with PBS-T, incubated with a peroxidase-conjugated
anti-mouse antibody and washed again. Peroxidase activity
was measured using the ECL-Plus Western Blot detection
system (Amersham) and a LAS 1000 camera (Fuji). The
membranes were incubated with an anti-Actin antibody for
loading control. Band intensities were quantified using Im-
agel software (http://imagej.nih.gov/ij/index.html) and nor-
malized using Actin.

DNA methylation analysis by bisulfite sequencing

Genomic DNA was purified using DNA extraction kit
(Promega) according to the manufacturer’s instructions. For
epiblast DNA, pools of seven (E6.5) or three (E7) epiblasts
were digested by proteinase K in lysis saline buffer and
DNA was extracted using NaCl/EtOH precipitation.

Bisulfite conversion was performed as previously de-
scribed [30] on 1 pg of genomic DNA for the cells, or all
DNA obtained from epiblasts. Regions of interest were
then amplified by PCR using the KAPA HiFi HotStart
Uracil+ mix (Clinisciences) using primers listed in Sup-
plementary Table S2. The PCR program was as follows:
5 min at 95°C followed by 40 cycles of 20s at 98°C, 30s at
60°C, and 15s at 72°C, with a final extension of 5min at
72°C. PCR products were directly sequenced or subcloned
into pGEMTeasy vector (Promega). Clones were amplified
by PCR using the Platinum taq polymerase (Invitrogen)
with 5% DMSO at 95°C 15 min followed by 35 cycles of
30s at 95°C and 3min at 64°C with a final extension
10min at 64°C. PCR products of the expected size and
quantity were sequenced and analyzed using BiQ Analyzer
software [31].
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Processing of publicly available datasets
for methylation and expression in the epiblast

For comparisons with epiblast methylation, we used
profiles of GEO series GSE22831 [12]. Oligo sequences of
NimbleGen Mouse Promoter Array (GPL9485) were map-
ped to the MM9 genome assembly using bowtie2 with a
maximum of three mismatches. Sequences mapping on
multiple loci in the genome were discarded. For the meth-
ylation profiles of the three epiblast (E6.5) replicates within
GSE22831 we computed the average log-ratios per Nim-
bleGen probe. For each promoter regions covered by our
Methylcap dataset and by the NimbleGen probes (only re-
gions containing =35 probes were included), we computed
the number of probes, the percentage of probes having an
average log-ratio larger than 0.5 and the average log-ratios
of all probes within the promoter. The classification of
promoters was according to Borgel et al. [12]: low or no
methylation (log2ratio <0.3), or highly methylated (log2-
ratio >0.4).

To determine expression levels for genes showing hy-
permethylated promoters in EpiSCs, we used profiles within
GEO series GSE4622 [32], that is, the microarray data for
epiblast at prestreak (two replicates) and mid-streak (three
replicates) stages (same stages as used for EpiSC derivation,
bisulfite sequencing, and RT-qPCR in this study). A gene
was considered to be expressed in one sample in case of a
detection P-value <0.05, and considered to be expressed in
the epiblast if detected in at least four out of five samples.

Accession numbers

The GEO accession number for the MethylCaqg-seq and
RNA-seq data for EpiSCs reported in this article is
GSE47793. The GEO accession numbers for the previously
generated MethylCap-seq and RNA-seq profiles of ESCs are
GSE31343 and GSE23943, respectively [33,34]. Raw se-
quencing data of MeDIP-Seq from Senner et al. [21] were
downloaded from the EBI European Nucleotide Archive
(ENA) accession number PRIEB4263.

Results
DNA methylation profiles of ESCs and EpiSCs

To investigate the DNA methylome of ESCs and EpiSCs
at a genome-wide scale, we applied MethylCap-sequencing.
This method involves capture of methylated DNA using the
MBD domain of MeCP2, followed by parallel sequencing of
the captured DNA. In comparison to other genome-wide
DNA methylation profiling methods, MethylCap-seq stands
out for its robustness, sensitivity, and costeffectiveness [22].
MethylCap-seq was performed on three EpiSC lines
(EpiSC1 and 3, male; EpiSC2, female) derived from fertil-
ized B6D2F1 embryos and characterized in [29]. We com-
pared these new profiles with an ESC line (male, E14Tg2a)
[33]. Overall a total of 90,474 methylated regions were
identified, with a median length of 2,034 bp. These regions
are distributed across all chromosomes (Supplementary Fig.
S1A). Furthermore, the read density distribution plots of all
enriched regions, representative for the level of methylation
at the individual loci, in either ESCs or EpiSCs were well
overlaid (Supplementary Fig. S1B). This suggests that,
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overall, DNA methylation is similar in ESCs and EpiSCs at
a global level in accordance with Senner et al. [21].

Methylated regions were annotated according to their
genomic localization: intergenic, exonic, intronic, and pro-
moter regions. The partition of the methylated regions into
these categories was the same in both pluripotent cell types,
with an overrepresentation of intragenic methylation com-
pared with the genomic background distribution within the
nonrepetitive portion of the genome (Supplementary Fig.
S1C). Despite these similarities between ESC and EpiSC
methylation, hierarchical clustering clearly shows that the
ESC methylome is distinct from that of EpiSCs (Fig. 1A).
To get insight into this distinction, we plotted the read
density distribution of the regions according to their geno-
mic localization and observed that the read distribution of
regions annotated as promoters was shifted toward higher
read densities (ie, higher methylation) in EpiSCs compared
with ESCs (Fig. 1B). Classifying promoters according to
their CpG density [35], high-, intermediate-, and low-CpG
content promoters (HCPs, ICPs, and LCPs, respectively),
the shift revealed that the higher methylation in EpiSCs is
mainly present in HCPs (Fig. 1C), and not so much in ICPs
and LCPs.

Relation of promoter methylation
fo gene expression

To understand the functional importance of methylation
differences in the promoters, we first examined the statistic
correlation between DNA methylation at promoters and
gene expression in ESCs and EpiSCs. We generated tran-
scriptome profiles of the same three EpiSC lines by RNA-
seq and used previously generated RNA-Seq data for the
E14 ESC line used in this study [34]. We determined the
correlation coefficients between promoter methylation and
expression of the corresponding genes (Fig. 2A), followed
by a principal component analysis performed on the matrix
of these correlations (Supplementary Fig. S2A). Overall,
there is a limited variability within EpiSC lines, exhibiting
high positive correlations between methylation peaks (0.61—
0.85). It is noteworthy that these correlation coefficients are
lower between the male lines (EpiSC1 and EpiSC3) and the
female one (EpiSC2), reflecting the presence of an in-
activated and highly methylated X-chromosome in the fe-
male. In addition, although gene expression of the different
EpiSC and ESC lines is closely related (between 0.9 and
0.99 correlation), lower correlations were observed between
ESC and EpiSC methylation (0.31-0.57). Lastly, an anti-
correlation between gene expression and methylation peaks
was observed (between —0.08 and —0.35).

To gain more insight in the anti-correlation between gene
expression and DNA methylation we performed quality
threshold clustering (QT-Clust; Supplementary Fig S2B),
summarized in Fig. 2B. Fifty-eight percent of the genes
present in the combined datasets followed pattern 1, that is,
showed both high promoter methylation and low expression.
Conversely, 29% of the genes followed the opposite pattern
(pattern 2), characterized by low promoter methylation and
high expression. An example of a gene following pattern 1
is shown on Fig. 2C. However, a few genes seem to escape
from methylation-induced repression, as illustrated with
Car4 (Supplementary Fig. S2C). Interestingly, pattern 3
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FIG. 1. Global analysis of DNA methylation in embryonic stem cell (ESC) and epiblast stem cells (EpiSC) lines. (A)

Hierarchical clustering of methylation profiles, based on a Pearson’s correlation distance matrix. (B, C) Distribution of read
density for ESCs and EpiSCs (mean of the three cell lines) in each genomic category (B) and in promoters annotated as high
(HCP), intermediate (ICP), or low (LCP) CpG content (C). Bars for EpiSC are in white, bars for ESC in black, the overlay in

gray.

characterized by high methylation only in the female EpiSC
line (EpiSC2) contained mostly genes located on chromo-
some X (90%), in agreement with the presence of an in-
activated X in this female line. This specificity of the
EpiSC2 line probably explains the weaker anti-correlation
(—0.08) compared with the others (—0.23 to —0.35).

Functional characterization of methylated promoters

We then investigated the biological functions and path-
ways associated with genes having methylated promoters,
and therefore likely to be repressed in ESCs or EpiSCs. We

selected genes containing highly methylated promoters in
EpiSCs or ESCs, that is, those with a read density of at least
20, which corresponds to the median of the read density
distribution (Fig. 1C and Supplementary Table S3), result-
ing in 1,528 genes for ESCs and 2,151 for EpiSCs. Gene
ontology analysis using DAVID showed only two terms
associated with ESC specific methylation: transmembrane
transport and translation (Fig. 3A). Terms showing up only
in EpiSCs concerned response to endogenous or extracel-
lular stimuli. Most terms (14/21) were common to both cell
types, such as germ cell development and reproductive
function, ion transport, and cell adhesion. In addition, two
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compared with ESCs (Fig. 3B). It has been reported that
several germ cell markers are downregulated in EpiSCs
compared with ESCs including Piwil2 and NrObl [6]. We
now show that both genes are hypermethylated in EpiSCs
compared with ESCs (Fig. 3C).

Among genes showing hypermethylated promoters in
EpiSCs, Dppa3 (Stella) and Zfp42 (RexI) have been shown
to be methylated at their promoters and their expression
repressed in EpiSCs, in contrast to ESCs ([9,36], and Sup-
plementary Fig. S3B for Zfp42). Interestingly, also 7hx3,
another ‘“‘naive” gene important for ESC maintenance [37],
is specifically methylated in EpiSC, with concordant lower
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FIG. 3. Functional annotation of methylated promoters. (A) GO terms associated with promoters methylated (read
density >20) in EpiSCs and in ESCs, according to DAVID analysis (P-value<1%). The *indicate KEGG pathways. (B)
Plots comparing methylation and expression of the 49 genes associated with the union of ‘‘gamete generation’” and *‘sexual
reproduction” GO terms. (C) IGV browser view of two germline and ESC-specific genes, NrObI and Piwil2, showing the de
novo methylation and loss of gene expression in EpiSCs compared to ESCs.
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expression in EpiSCs as compared with ESCs (Supple-
mentary Fig. S3C). The zygotic promoter of Dnmt3l,
which controls its expression during preimplantation
stages, was also methylated in EpiSCs (Supplementary Fig.
S3D), as is the case in the postimplantation epiblast [16].
Expression of these genes are quickly downregulated
during conversion of ESCs to EpiSCs [38]; (see below).
Together, our data suggest that DNA methylation at pro-
moters in EpiSCs contributes to the regulation of genes that
are differentially expressed in naive versus primed plu-
ripotent cells.

Identification and characteristics of differentially
methylated promoters

To identify differentially methylated regions (DMRs)
between ESCs and EpiSCs, we selected regions displaying
a read density ratio of at least three between the two cell
types with a minimum of 20 reads for the category with the
highest count. This analysis was performed on the whole
dataset and revealed 1,226 hypermethylated regions spe-
cific for ESCs and twice more (2,852) for EpiSCs. Among
these DMRs, 724 (25%) are annotated as promoters spe-
cifically hypermethylated in EpiSCs, and only 58 (5%) are
promoters that are hypermethylated specifically in ESCs,
again illustrating that promoters tend to become hyper-
methylated in EpiSCs (Fig. 4A). Promoters hypermethy-
lated in EpiSCs were found associated with molecular
transport, metabolism, signaling, and nervous system de-
velopment (Supplementary Fig. S3A). The same analysis
performed on the promoters that are hypermethylated in
ESCs did not yield significant results because of the low
number of genes.

When CpG density was taken into account, the proportion
of each category was identical for the small set of hy-
permethylated promoters in ESCs, compared to that of all
methylated promoters (Fig. 4B). By contrast, only ICPs and
HCPs were represented among promoters hypermethylated
in EpiSCs, the latter being the most abundant and clearly
overrepresented when compared to the population of all
methylated promoters (78% compared to 35%).

Using published ChIP-seq data on histone modifications
in ESCs [39,40], we determined that half of the hyper-
methylated promoters in EpiSCs were associated with bi-
valent domains (H3K4me3/H3K27me3) in ESCs (Fig. 4C),
while the remaining were mainly associated with H3K4me3.
Hence, these (bivalent) genes are likely stably silenced
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in EpiSCs by deposition of dense methylation at their
promoters.

To validate the current MethylCap-seq, six DMRs in
promoters were selected and assessed by bisulfite sequenc-
ing. The six genes were chosen among those with hyper-
methylated promoter and no expression in EpiSCs, and
associated with bivalent promoters in ESCs (Supplementary
Fig. S4). Of these, Abchla is a membrane transporter
whereas the others are involved in development [41].
Chrna3, Cspg4, Daam2, and Gfra3 play roles in nervous
system development [42-46], while Aebpl is required for
smooth muscle formation [47-50]. We verified the low level
of DNA methylation in two different ESC lines, which
contrasted with the high DNA methylation level (90%—98%
methylated CpGs) in two EpiSC lines (Fig. 4D). These re-
sults highly correlated with the MethylCap-seq data.

To better understand the basis of the methylation differ-
ence between ESCs and EpiSCs, we assessed the RNA ex-
pression of the de novo methyltransferases Dnmt3a, 3b, and
3I, and the Tet enzymes that are involved in active de-
methylation (Fig. 4E). Dnmt3a is expressed at a similar level
in the two cell types, whereas Dnmt3b expression is about
four-fold higher in EpiSCs, while Dnmt3I is only expressed
in ESCs. Expression of both Tet! and Tet2 is lower in
EpiSCs, while Tet3 expression is low in both cell types. The
protein level of both DNMT3A and 3B was evaluated by
western-blotting (Fig. 4F, G). In good correlation with
transcript level, DNMT3B is greater than eightfold higher
in EpiSCs compared with ESCs. As expected, the total
quantity of DNMT3A was similar in both cell types,
but distributed over two different isoforms: the lower
band of ~75kDa corresponding to DNMT3A isoform 2
(DNMT3A2, [51]) is higher in ESCs, whereas the higher
band (~100 kDa; DNMT3A1) appeared only in EpiSCs and
accounted for about half of the total quantity of DNMT3A in
these cells. In conclusion, compared with ESCs, EpiSCs
have more abundant DNMT3B and DNMT3A1, whereas
Dnmt3l, Tetl, and Tet2 are much lower.

Dynamics and role of DNA methylation changes
during conversion of ESCs into cEpiSCs

EpiSCs can be obtained directly in vitro from ESCs by
applying EpiSC culture conditions to the ESCs (cEpiSCs,
[9,10]. In cEpiSCs harvested 13—15 passages after conver-
sion, the level of expression of the Dnmt3 and Tet genes
is very similar to that of embryo-derived EpiSCs

>

FIG. 4. EpiSCs tend to contain hypermethylated promoters. (A) Pie charts showing the classification of hypermethylated
regions in ESCs (read density ratio ESC/EpiSC >3) and hypermethylated in EpiSCs (read density ratio EpiSC/ESC > 3).
The number of DMRs is indicated below the pies. ESC and EpiSC distribution differ significantly (Chi-squared test, P-
value < 10™%%). (B) Classification of all methylated (read density #0) and differentially methylated promoters as HCP, ICP,
and LCP. Hypermethylated promoters in EpiSCs are significantly enriched in HCP (Chi-squared test, P-value < 10~ ’6). (C)
Classification of all promoters (read density in EpiSC #0) and differentially methylated promoters in EpiSC (ratio EpiSC/
ESC >3) according to their association in ESC with H3K4me3 (gray), H3K27me3 (white), bivalent (H3K4me3+
H3K27me3, hatched) or neither mark (black). Hypermethylated promoters are significantly different from all promoters
(Chi-squared test, P-value < 10~ 2%). (D) Validation of differential methylation between EpiSCs and ESCs. The class of each
promoter according to their CpG content is indicated. Circles represent CpG nucleotides either methylated (closed) or
unmethylated (open). (E) Gene expression of DNA methylation modifying enzymes in ESCs and EpiSCs determined by
RT-qPCR. Error bars represent SEM of three different cell lines. (F, G) Western blots showing the protein level of Dnmt3a
and Dnmt3b in ESCs and EpiSCs. The average quantity relative to Actin is shown on the right. Error bars represent SEM of
two (ESCs) to three (EpiSCs) different cell lines. *in E, F: P<0.05, Mann—Whitney U test.
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FIG. 5. Characterization of
ESC conversion into cEpiSC.
(A) Changes of methylation
in the six promoters assessed
by bisulfite-sequencing dur-
ing conversion of ESCs into
cEpiSCs. (B) Changes in
the CpG level of methylation
in the promoter of Aebpl,
Chrna3, and Daam?2 dur-
ing the conversion process.
Genomic DNA after bisulfite
conversion was directly se-
quenced. Each CpG has been
classified according to the
presence of a C (methylated),
a T (unmethylated), or a
polymorphism meaning het-
erogeneity between the two
forms in the cell population
(both). (C) Changes in ex-
pression of DNA methylation
modifying enzymes, during
the conversion of ESCs de-
termined by RT-qPCR. Bars
represent SEM of three inde-
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(Supplementary Fig. S5A). In line with this, the pattern of
DNA methylation of embryo-derived EpiSCs was also
correctly apposed in these cEpiSC: a very similar, dense
methylation was observed in both EpiSCs and cEpiSCs
(88%—98%) for the six promoters described above (Fig. 5A;
see Fig. 4D for comparison). During conversion, colonies
with an EpiSC-like morphology first appeared at day 6
(Supplementary Fig. S5B), while changes in gene expres-
sion levels of ESC markers such as K[f4 and Dppa3, or the
upregulation of the EpiSC marker Fgf5, occur as early as at
day 3 (Supplementary Fig. S5C). We therefore asked when
the de novo methylation occurred during the conversion. To
this end, bisulfite sequencing was performed on Aebpl and
Chrna3 promoters at day 3, 7, and 10 of conversion (Fig.
5B). In parallel, we also examined the dynamics of ex-
pression of the Dnmt3 and the Tet genes (Fig. 5C). At day 3,
sequence polymorphism was present at most CpG loci (Fig.
5B), indicating that de novo methylation had already started,
in accordance with the early upregulation of Dnmt3b and the
downregulation of Tet] and Tet2. Dnmt3I, on the other hand,
was quickly downregulated and, intriguingly, Ter3 was
transiently upregulated during conversion, although re-
maining at low level. Altogether, our results show that DNA
hypermethylation at promoters occurs early in the transition
from ESCs to EpiSCs.
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Reprogramming of DNA methylation during
reversion of EpiSCs to ESCs

As DNA methylation is considered to be a stable epige-
netic mark, we next asked whether reprogramming of
EpiSCs toward ESCs would efficiently reverse methylation
at promoters. The DNA methylation status at the six pro-
moters as mentioned above was analyzed in rESCs har-
vested 11-13 passages after the start of reversion by
transferring the EpiSCs onto feeders in LIF-containing
medium [9]. Although DNA methylation was largely re-
duced, all six genes displayed a higher level of DNA
methylation at their promoters in the rESCs as compared
with the embryo-derived ESCs (Fig. 6A). Remarkably, we
observed heterogeneity between clones, representing dif-
ferent alleles in the population: some were highly methyl-
ated while others were unmethylated as is the case for
Daam?2. This is in contrast with embryo-derived ESCs in
which the DNA methylation level at each allele was quite
similar (see Fig. 4D for comparison). We verified that the
level of expression of Dnmt3s and Tets was correctly re-
programmed in rESCs compared with embryo-derived ESCs
(Supplementary Fig. S6).

Bisulfite sequencing of individual alleles after cloning
does not allow distinguishing between allelic heterogeneity
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within cells or among the cell population, as linkage infor-
mation between the different fragments is lost. Therefore,
we grew four rESC clones originating from single rESCs
and determined the methylation status of the three promoters
showing the highest methylation heterogeneity (Chrna3,
Daam?2, and Gfra3; Fig. 6B). Surprisingly, clones were now
mostly demethylated, with the notable exception of Gfra3
for clone 4, which still exhibited some methylated CpGs.
These results indicate that DNA methylation is stable and
resistant to reprogramming although further passages and
severe selection by sub-cloning is able to almost, but not
totally, erase this epigenetic memory.

Comparison of methylated promoters
in EpiSC compared to the epiblast

It has been reported that the DNA methylation signature
at promoters in ESCs is closer to the early postimplantation
epiblast than to the ICM that they are derived from [12]. We
now asked how promoter methylation in EpiSCs compared
with that of their in vivo counterpart. We isolated epiblasts
from early (E6.5) or late (E7) gastrulating embryos and
performed bisulfite sequencing on the six promoters that
were strongly methylated in EpiSCs. The DNA methylation
level in epiblasts was very low at the two stages and even
lower than the level of methylation observed in ESCs for
Aebpl, Cspg4, and Gfra3 (Fig. 7A and Supplementary
Fig. S7).

To perform this analysis at a global scale, we compared
our data with the publicly available dataset of promoter
methylation on E6.5 epiblasts obtained by MedIP arrays
[12] after selection of promoters common to the two study
(2,610 promoters; Supplementary Table S4 and Fig. 7B).
The majority of promoters (77%, 1,861/2,416) that were
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methylated in EpiSCs (at least 10 reads) had a low level of
methylation in epiblast (log2ratio <0.3). Conversely, very
few promoters with low level of methylation in EpiSCs were
methylated in the epiblast (8%, 15/194). Methylation at
these promoters is therefore unique to EpiSCs, and does not
recapitulate the methylation status of the epiblast stage they
are derived from. The expression level of Dnmt3s and Tets
in epiblast and EpiSCs could not explain this difference in
methylation deposition, as these enzymes were similarly
expressed, except for Dnmt3b, which is even higher ex-
pressed in the epiblast (Fig. 7C).

To get insight into the kinetic of this methylation process
during EpiSC derivation, day 6.5 epiblasts were explanted in
culture and outgrowths collected at different time points.
Bisulfite conversion followed by direct sequencing was
performed on three representative promoters, Aebpl,
Chrna3, and Daam?2 (Fig. 7D). Completely methylated
CpGs started to appear as early as day 2 for Aebpl and
before day 9 for Chrna3. For Aebpl, it reached the level of
established EpiSCs within 9 days. Such kinetic is not in
favor of a slow deposition of methylation along passages in
culture but rather suggests that the removal of the epiblast
from its in vivo environment and/or the culture conditions
may have released constraints that prevent promoter hy-
permethylation within the embryo.

Lastly, to gain insight into the functional consequence of
the differential DNA methylation, we asked whether the
difference in promoter DNA methylation between EpiSCs
and epiblast cells translated into differences in expression of
the corresponding genes. Using available microarray data on
expression in the epiblast [32], we determined the expres-
sion status (expressed or not expressed) of genes in the
epiblast with contain hypermethylated promoters in EpiSCs
(reads 220) (Fig. 7E and Supplementary Table S4). Most
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genes (93%, 554/593) were not expressed in the epiblast,
although being largely unmethylated. This suggests that for
a large set of genes that are repressed in both the epiblast
and their in vitro counterparts (the EpiSCs), the epigenetic
mechanism of repression is different.

Discussion

We have compared the DNA methylome of EpiSCs to
that of ESCs and to their tissue of origin, the post-
implantation epiblast. ESCs and EpiSCs have similar
methylation levels and a similar distribution of methylation
within the different genomic regions. However, several

features distinguish the two cell types, in particular the fact
that there are significantly more regions specifically meth-
ylated in EpiSCs as compared to ESCs, a large part of those
being hypermethylated HCP promoters. These promoters
are mostly associated with either a bivalent signature
(H3K4me3 and H3K27me3) or an active H3K4me2/me3
mark in the ESCs [39,40]. Furthermore, our study suggests
that the promoter methylation pattern is quickly established
during the in vitro conversion of ESCs into EpiSCs.

To further validate our findings on an independent data-
set, we re-examined the MeDIP-seq data generated by
Senner et al. [21]. This analysis yielded the same results as
with our dataset: a larger set of hypermethylated, high-CpG
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content promoters is present in EpiSCs compared with
ESCs, and these promoters are associated with a bivalent
signature in ESCs (Supplementary Fig S8A, B). GO term
analysis of methylated promoters in both cell types also
shows overlap with our analysis (see Fig. 3A), with a pro-
minent targeting of methylation toward germline associated
promoters (Supplementary Fig. S8C). In addition, a recent
report by Hackett et al. shows an increase of methylcytosine
at promoters in EpiSC [52]. Together, these two indepen-
dent analyses performed on ESC and EpiSCs of different
origins with different profiling techniques show that the
epigenome of the primed EpiSCs clearly differ from that of
the naive ESCs.

The differences in promoter methylation in the two plu-
ripotent cell types reported here are well correlated with the
differences in expression of the enzymes involved in the
control of DNA methylation. We show that Dnmt3b is more
abundant in EpiSCs compared with ESCs, which in partic-
ular could explain the increased deposition of methylation at
promoters of germline genes [53]. The expression of the two
main Tet enzymes involved in active demethylation and
present in ESCs, Tet] and Tet2, are largely downregulated in
EpiSCs. Interestingly, TET1 has been suggested to help in
maintaining a demethylated state at bivalent promoters
[54,55]. Dnmt3l, a cofactor of Dnmt3a/3b, also rapidly de-
creases during ESC-EpiSC conversion and remains low in
EpiSCs. A recent study have shown that DNMT3L interacts
with PRC2, the polycomb complex that tri-methylates
H3K?27, which helps in maintaining the bivalent domains
free of DNA methylation by preventing their access by
DNMT3A/3B [56]. Although the total quantity of DNMT3A
remains constant in EpiSCs and ESCs, an additional splicing
isoform, DNMT3AI, is present in EpiSCs [51]. Interest-
ingly, this isoform is also upregulated upon retinoic acid
ESC differentiation and exhibits distinct gene targets [S7].
Altogether these data provide a functional explanation for
the preferential deposition of DNA methylation in EpiSC at
sites that show bivalent histone marks in ESCs.

Our study indicates that ESCs obtained by reversion of
EpiSCs show persistent methylation at some promoters,
which is very difficult to erase. Even after extended culture
and stringent selection, a residual methylation apparently
persists at some alleles and some CpGs. Culture of the re-
vertant cells at clonal density excludes the presence of any
residual EpiSCs that would die in our assay when passaged
as single cells [3]. Persistence of residual methylation has
been previously observed in somatic cells reprogrammed
using defined factors (iPSCs). It was recognized as an epi-
genetic memory, which could be erased at high passages
[58-60]. Reverted ESCs generated using the same protocol
as ours have been shown to be transcriptionally similar to
ESCs, even after a few passages, and able to give rise to
germline-competent chimeras [9], suggesting that the re-
sidual methylation does not impair the establishment of
naive pluripotency. Reversion of EpiSC to ESCs has been
successfully used as a model system to seek for factors that
facilitate reprogramming [61]. We propose that a quick and
complete erasure of DNA methylation at promoters would
be a good criterion for reprogramming efficiency.

The comparison of our dataset of methylated promoters in
EpiSCs with the dataset on epiblast cells [12] revealed that
many methylated promoters in EpiSCs are poorly methyl-
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ated in the epiblast. Hence, hypermethylation at promoters
appears also to be a distinguishing feature of EpiSCs com-
pared to their in vivo counterpart. During epiblast culture,
we observed a rapid de novo methylation at the tested
promoters, within 3 days, similar to deposition of methyla-
tion during conversion of ESCs into EpiSCs. Although the
difference in promoter methylation in epiblast and EpiSC
does not have an immediate consequence in terms of gene
expression differences, it nevertheless implies that the epi-
genetic regulation of EpiSCs differs from that of their tissue
of origin, the epiblast. It is possible that in vivo the depo-
sition of methylation is controlled by external factors that
are relieved when the epiblast is explanted in vitro without
any surrounding tissues. Indeed, when the epiblast is dis-
sociated into single cells and cultured on feeders with LIF
and serum-containing medium, both Rex/ and Dppa3 pro-
moters, initially demethylated in the epiblast, become tran-
siently methylated, as they are in EpiSCs [9]. Culture
conditions used for EpiSCs required two active signaling
pathways, Activin/Nodal and FGF [29,62,63], which may be
involved in the stimulation of the hypermethylation in
EpiSCs. Interestingly, when ESCs are transferred from se-
rum-containing medium to serum-free medium containing
MEK and GSK3 inhibitors, they become extensively de-
methylated [19,20]. This is also the case for reverted ESCs,
which become more demethylated when grown in the same
serum-free conditions (data not shown). Several studies
have highlighted a complex crosstalk between FGF signal-
ing, Prdm14, Dnmt3b, and Tet that could play an inductive
role in this process [19,64,65]. In vivo, FGF signaling ac-
tivity as revealed by phosphorylated Erk1/2 is low in the
pregastrulation epiblast cells but becomes activated upon
derivation in the presence of FGF2-containing medium
[62,66]. As shown in this study, the conversion of ESCs into
EpiSCs provides an excellent system to further decipher the
role of these various components in the regulation of DNA
methylation.

In conclusion, our study shows that EpiSCs have a spe-
cific DNA methylome signature, in particular at promoters.
It differs from both ESCs and from the epiblast they origi-
nate from, and cannot be easily erased by reprogramming
EpiSCs to a more naive ESC-like state through modulation
of the culture conditions. The rapid molecular and epige-
netic changes during the first days of ESC-to-EpiSC con-
version make it an interesting system to further study the
role of DNA methylation in the transition from naive to a
primed state of pluripotency.
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