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Global profiling of DNA methylation erasure in mouse
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Epigenetic reprogramming, characterized by loss of cytosine methylation and histone modifications, occurs during
mammalian development in primordial germ cells (PGCs), yet the targets and kinetics of this process are poorly char-
acterized. Here we provide a map of cytosine methylation on a large portion of the genome in developing male and female
PGGCs isolated from mouse embryos. We show that DNA methylation erasure is global and affects genes of various
biological functions. We also reveal complex kinetics of demethylation that are initiated at most genes in early PGC
precursors around embryonic day 8.0-9.0. In addition, besides intracisternal A-particles (IAPs), we identify rare LTR-
ERVI retroelements and single-copy sequences that resist global methylation erasure in PGCs as well as in preimplantation
embryos. Our data provide important insights into the targets and dynamics of DNA methylation reprogramming in

mammalian germ cells.

[Supplemental material is available for this article.]

DNA methylation occurs on cytosines and plays pivotal roles
during mammalian development. It is found at promoters of key
developmental and germline genes and is necessary for genomic
imprinting and X-inactivation, and the absence of DNA methyl-
transferases leads to early embryonic lethality in mice (Meissner
2010). DNA methylation is extensively reprogrammed on a genome-
wide level during preimplantation development as well as in the
developing germ cell lineage (Sasaki and Matsui 2008; Feng et al.
2010). Germ cells arise from the pluripotent epiblast and initially
form a cluster of around 40 primordial germ cells (PGCs) posterior
to the primitive streak in the extra-embryonic mesoderm at em-
bryonic day 7.25 (E7.25). The earliest known marker is Prdm1 (also
known as Blimp1), which is expressed specifically in the precursors
of PGCs as early as E6.25 (Ohinata et al. 2005). Another marker of
the germ cell lineage is the pluripotency factor Dppa3 (also known
as Stella), whose expression is restricted to nascent PGCs in E7.5
embryos (Sato et al. 2002). After fate determination, PGCs pro-
liferate and migrate to colonize the genital ridges, where they
continue to proliferate until E13.5 and enter meiotic prophase in
females and mitotic arrest in males.

During migration, PGCs undergo global epigenetic repro-
gramming with exchange of histone variants, loss of histone
modifications, and erasure of DNA methylation (Hajkova et al.
2008), which is thought to be completed around E13.5 in both
male and female embryos. PGCs have been reported to erase DNA
methylation imprints (Hajkova et al. 2002; Yamazaki et al. 2005),
as well as methylation of repetitive sequences (Lane et al. 2003;
Lees-Murdock et al. 2003). Very sparse evidence also indicates that
demethylation affects nonimprinted genes such as post-migratory
germline genes (Maatouk et al. 2006), which is thought to promote
the activation of the germline expression program. Recently, low
coverage bisulfite sequencing was used to show that E13.5 PGCs
show reduced levels of cytosine methylation in all genome com-

3Corresponding author.

E-mail michael.weber@unistra.fr.

Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.130997.111.

partments (Popp et al. 2010). Yet it remains to determine precisely
what sequences are targets of demethylation in developing PGCs,
which requires a profiling of DNA methylation at a single-loci
resolution. It is also important to determine if certain sequences
resist methylation erasure in PGCs. To date, the only known ex-
ceptions are intracisternal A-particles (IAPs), a family of rodent ret-
rotransposons that show partial demethylation in PGCs (Hajkova
et al. 2002; Lane et al. 2003; Popp et al. 2010).

The timing and mechanisms of DNA demethylation in PGCs
are not fully elucidated (Guibert et al. 2009; Wu and Zhang 2010).
Studies on imprinting control regions (ICRs) revealed that most of
them undergo a rapid erasure of DNA methylation between E10.5
and E12.5, when PGCs have colonized the genital ridges (Hajkova
et al. 2002; Sato et al. 2003; Li et al. 2004). However, immuno-
histochemistry suggested that PGCs lose DNA methylation when
they start migrating from E8.0 onward (Seki et al. 2005), which
might indicate that not all genomic sequences follow the same
kinetics of demethylation. The observation of rapid demethylation
at certain ICRs led to the proposal of the existence of active
mechanisms of demethylation (Hajkova et al. 2002). This is
supported by recent findings implicating DNA deaminases such
as activation-induced cytidine deaminase (AICDA, also known
as AID) (Morgan et al. 2004; Popp et al. 2010), as well as the base
excision repair pathway (Hajkova et al. 2010). It has also been
proposed that the modification of 5-methylcytosine by en-
zymes of the ten-eleven translocation (TET) family is involved
in the reaction of demethylation, although this is apparently
not supported by the recent observation that Tetl knockout
mice are fertile and have normal gametogenesis (Dawlaty et al.
2011).

Here, we use methylated DNA immunoprecipitation (MeDIP)
to map DNA methylation on a large fraction of the mouse genome,
including promoters, in male and female PGCs. We observe that
the development of PGCs is accompanied by a global demethyla-
tion of all genes, not only those involved in germ cell develop-
ment. We assess the kinetics of DNA demethylation and identify
rare genomic regions that partially resist methylation erasure
during PGCs development.
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Results

Genome-wide profiles of DNA methylation in E7.5 epiblasts
and E13.5 PGCs

To have a comprehensive view of DNA methylation reprogram-
ming in PGCs, we performed MeDIP on genomic DNA from E7.5
epiblasts and PGCs isolated for male and female E13.5 embryos
(Fig. 1A). PGCs were isolated by FACS sorting from embryos car-
rying a Pou5f1(Oct4)-driven GFP (Supplemental Fig. 1A) and showed
high purity as measured by phosphatase alkaline staining (Sup-
plemental Fig. 1B,C). Because PGC:s arise from the epiblast around
E7.5 with similar DNA methylation levels than surrounding cells
(Seki et al. 2005), we considered E7.5 epiblast as the start point
for methylation reprogramming, whereas E13.5 is considered the
endpoint of methylation erasure in PGCs. To minimize the impact
of nonspecific binding of antibodies in demethylated genomes,
we performed biological replicates of MeDIP with two different 5-
methylcytosine antibodies (see Methods). To validate the pro-
cedure, we performed qPCR that shows that IAPs are enriched in
the MeDIP fraction compared with unmethylated controls in
E13.5 PGCs (Supplemental Fig. 2). MeDIP samples were then hy-
bridized to Nimblegen HD2 arrays covering —8 kb to +3 kb from all
transcription start sites (TSSs), which represents >10% coverage of
the mouse genome.

female PGCs E13.5
o

E7.5

E13.5

o
1

log2 ratio PGCs-EPB

Anti-5m _C(

’
~CG- o
~GC- v g

& o

log2 ratio in EPB

]
o o
A

1 -
——EPBE75 oy
——female PGCs E13.5
——male PGCs E13.5
oL
oy wlln,

ey

-1 -

od il

5mC (log2 ratio MeDIP/Input)

Average occurrence
of MeDIP peaks
o
(=]

B

8 6 4 2 0 2 =12

Distance to TSS (in kb)
—t—
0 1 2kb
Figure 1.

shown as a gray arrow, and red bars represent the position of the CpGs.

log2 ratio PGCs-EPB

EPBETS
e |”|"|| llml\hl|||||"|||‘.‘|||\|||\m‘.‘ oy

e

| g 'IH|II ‘..,I.Il.!.”w. y

[ F I DO T TR DR o R 1011
Plagl1 (Zac1) Mm—

Global absence of cytosine methylation in E13.5 PGCs. (A) We hybridized MeDIP samples
from E7.5 epiblasts (EPB) and PGCs (green dots) from E13.5 gonads on NimbleGen HD2 arrays covering 11
kb of all gene promoters in the mouse genome. (B) The graph shows the fraction of tiles with a methylation
peak as a function of the distance to the transcription start site (TSS). This shows that the enrichment of
cytosine methylation in intergenic regions and gene bodies, typical of somatic cells, is erased in E13.5 PGCs.
(C) Differences in oligo log; ratios between E7.5 epiblasts and E13.5 PGCs. The boxplot shows that regions
enriched in epiblasts largely lose the methylation signal in PGCs. (D) Erasure of methylation imprints in male
and female E13.5 PGCs illustrated at the Plagl1 locus. (Graphs) Smoothed MeDIP log, ratios of individual
oligonucleotides. Here and in other figures, the gene is shown below the graphs as a gray box, the TSS is

In case of a globally demethylated genome, we expect the
median-normalized MeDIP log, ratio to reflect background signal
and be randomly distributed around zero. Indeed, we observe that
male and female E13.5 PGCs show random MeDIP signals that are
independent of the CpG content (Supplemental Fig. 3A). In com-
parison, E7.5 epiblasts show a strong dependence between log,
ratios and CpG content, with log, ratios being low for CpG-rich
sequences and peaking at sequences with intermediate CpG con-
tent (Supplemental Fig. 3A). All chromosomes, including the Y in
male PGCs, show a similar distribution of MeDIP signals in E13.5
PGCs (Supplemental Fig. 3B). Accordingly, the typical somatic pro-
file of DNA methylation observed in E7.5 epiblasts, with increased
methylation in intergenic regions and gene bodies compared with
gene promoters (Lister et al. 2009; Borgel et al. 2010), is erased in
male and female E13.5 PGCs (Fig. 1B). We performed validation by
COBRA on several regions and confirmed that moderate log, ratio
up to 0.8 in E13.5 PGCs are associated with fully hypomethylated
sequences and therefore represent background signal (Supple-
mental Fig. 4). Therefore, while in somatic cells such as E7.5 epi-
blasts, a log, ratio > O indicates a partial or full methylation, this
cutoff needs to be increased to at least 0.8 in PGCs. The global loss
of DNA methylation is also illustrated by the fact that most oligos
with high methylation in E7.5 epiblasts lose MeDIP signal in male
and female E13.5 PGCs (Fig. 1C). In particular, many ICRs such as

Plagl1 (also known as Zacl), Peg3, Pegl0,
or KvDMR1, which are known targets of
DNA demethylation in PGCs, lose MeDIP
signals in E13.5 PGCs (Fig. 1D; Supple-
mental Fig. 5), which further validates
our results. Altogether, these results in-
dicate a global loss of cytosine methyla-
- tion in mouse PGCs, which is consistent
with recent bisulfite sequencing data
(Popp et al. 2010).

Of note, we compared in detail the
DNA methylation profiles in male and
female E13.5 PGCs and observed that
methylation profiles are very similar in
both sexes. We detected only very mild
differences in MeDIP profiles that could,
so far, not be validated by bisulfite se-
quencing (data not shown). Therefore
our MeDIP profiles did not allow us to
identify sex-specific differences in DNA
methylation in E13.5 PGCs, and we con-
clude that methylation reprogramming
occurs to a similar extent in the male and
female germline.
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Next we identified which genes are sub-
jected to promoter demethylation in
PGCs. When looking simultaneously at
all gene promoters, classified as either low
(LCPs), intermediate (ICPs), or high CpG
promoters (HCPs), we observe that the
small fraction of promoters hypermeth-
ylated in E7.5 epiblasts is not detectable
in male or female E13.5 PGCs (Fig. 2A). Of
the 511 gene promoters that we identified
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that hypermethylated in E7.5 epiblasts (Supplemental Table 1),
which largely overlap with gene promoters methylated in E6.5
epiblasts and total E9.5 embryos (Supplemental Fig. 6A), the vast
majority does not maintain DNA methylation in male and female
E13.5 PGCs (Fig. 2B; Supplemental Fig. 6B). This indicates that
virtually all gene promoters methylated in epiblasts undergo era-
sure of DNA methylation in developing PGCs. To characterize the
function of these demethylated genes, we performed an ontology
analysis on the list of genes demethylated in E13.5 PGCs compared
with E7.5 epiblasts (Fig. 2C). This reveals that many targets of
promoter demethylation in PGCs are germline-specific genes in-
volved in meiosis or generation of gametes. Selected examples
include Asz1, Ccin, Dnajb7, Meil, Dpep3, as well as Dazl and Sycp3,
which have been described previously (Fig. 2D; Supplemental Fig.
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Figure 2. Erasure of promoter DNA methylation at all genes in E13.5 PGCs. (A) The density plots show
the distribution of all gene promoters (classified as HCPs, ICPs, and LCPs) according to their average
MeDIP ratios (calculated in regions covering —700 to +200 bp relative to the transcription start site). The
small fraction of enriched promoters in E7.5 epiblasts (EPB) is absent in male and female E13.5 PGCs. (B)
The heatmap shows that genes with a methylated promoterin E7.5 epiblasts lose the methylation signal in
male and female E13.5 PGCs. (C) Ontology terms enriched in genes that lose promoter cytosine meth-
ylation in male and female E13.5 PGCs. (D) Demethylation of the promoter of the germline-specific gene
Asz1 in E13.5 PGCs. (Graphs) Smoothed MeDIP over input ratios of individual oligonucleotides. (Black
box) Position of the PCR fragment used for COBRA and bisulfite sequencing validations. (£) Demethylation

of the promoters of somatic genes Niacr1 and Kib in E13.5 PGCs.
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7A; Maatouk et al. 2006). This supports the hypothesis that pro-
moter demethylation during PGC development might participate
in promoting the activation of the germline expression program
(Feng et al. 2010). In addition, many other genes that undergo
promoter demethylation in PGCs are not expressed in germ cells
but are involved in various biological processes in somatic cells
(Fig. 2C). In particular, DNA methylation in epiblasts is present at
several promoters of genes involved in hematopoietic differentia-
tion and defense response (Cytip, Tlr6, TIrl, Pou2afl, Wfdc15b)
(Borgel et al. 2010), signaling at the membrane (Niacrl, Gprl51,
KIb), as well as neuronal functions (Cplx4) or placental devel-
opment (Rhox cluster) (Oda et al. 2006), and all these undergo
demethylation in E13.5 PGCs (Fig. 2E; Supplemental Fig. 7B). We
conclude that PGCs undergo global erasure of promoter DNA
methylation at all genes, not only at the
ones programmed to be expressed in germ
cells.
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Kinetics of promoter demethylation
in developing PGCs
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u PGCs

.gglgs The timing of demethylation at single-
copy regions in PGCs has so far mostly

been addressed on ICRs. These studies
revealed a rapid demethylation event
around E11.5 (Hajkova et al. 2002; Sato
et al. 2003; Li et al. 2004), yet it is unclear
if all genomic regions follow the same
kinetics. Having identified targets of pro-
moter demethylation, we next determined
the timing of demethylation at these genes
in PGCs. For this, we isolated PGCs at E9.5,
E11.5, and E12.5 by FACS sorting from
Oct4-GFP embryos (Supplemental Fig. 1A),
female PGCs which showed good purity as measured by
E135 phosphatase alkaline staining on sorted
E9.5 PGCs (Supplemental Fig. 1C). First we
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While all tested promoters are hyper-
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Supplemental Fig. 8A,B). Thereafter, com-
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gy e il E135 To get more insights, we performed bisul-

fite sequencing on several gene promoters
in developing PGCs. For these experi-
ments, we also included PGCs isolated
from E8.5 embryos that can be obtained
in very small quantities only. All tested
promoters show substantial methylation
in E8.5 PGCs, indicating that early PGC
precursors did acquire promoter DNA
methylation similar to epiblast cells (Fig.
3B; Supplemental Fig. 8C). Subsequently,
the bisulfite sequencing results confirm
that DNA demethylation at all tested genes
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Figure 3. Kinetics of promoter DNA demethylation in developing PGCs. (A) DNA methylation of several gene promoters was analyzed by COBRA in
E7.5 epiblasts (EPB) and PGCs isolated from E9.5 to E13.5 embryos. Methylation in E13.5 whole embryos (WEs) is shown as a control. Here and in other
figures, the number of Taqal sites in the amplified fragment is indicated in parenthesis, and asterisks mark restriction fragments representing end products
of the digestion. (B) Bisulfite sequencing results in PGCs isolated from E8.5 to E13.5 embryos. Tested promoter sequences show high levels of cytosine
methylation in E8.5 PGCs and progressive demethylation initiated in early PGC precursors. (Squares) CpG dinucleotides, either unmethylated (gray) or
methylated (black). (C) Summary of the bisulfite sequencing methylation data from B and Supplemental Figure 8C. (Graph) Average percentage of
cytosine methylation within the amplified fragments for every tested promoter.

is initiated in E9.5 PGCs and is then rapidly completed after E11.5
(Fig. 3B; Supplemental Fig. 8C). These kinetics of demethylation
initiated in early PGC precursors contrast with the demethylation
at ICRs that seems to occur mostly during later stages between
E10.5 and E12.5 (Hajkova et al. 2002; Sato et al. 2003; Li et al.
2004), which we could also recapitulate in our samples for the Peg3
and Igf2r imprinted loci (Supplemental Fig. 9). We therefore con-
clude that imprinted and nonimprinted sequences do not follow
the same kinetics of demethylation and that most nonimprinted
genes initiate progressive erasure of DNA methylation in early PGC
precursors around E8.0-E9.0 (Fig. 3C).

Interestingly, in contrast to other genes, the promoter of the
PGC marker Dppa3, which is subject to de novo methylation in
the whole embryo between E7.5 and E9.5 (Borgel et al. 2010), is
maintained in a hypomethylated state at all stages in PGCs (Sup-

plemental Fig. 10). This shows that early PGCs are epigenetically
distinct from somatic cells at certain loci and suggests that differ-
ential DNA methylation at the Dppa3 locus and possibly other
germ cell markers participates in the early specification of PGCs.

Methylation at LTR-ERVI retroelements in PGCs

Previous studies have shown that a class of mobile elements, IAPs,
partially resists demethylation in PGCs and preimplantation em-
bryos (Hajkova et al. 2002; Lane et al. 2003; Popp et al. 2010). To
assess the methylation of repetitive DNA, we averaged MeDIP ra-
tios of oligos in mobile elements (these are unique oligos that
could be designed in certain portions of repetitive DNA) and
confirmed that IAPs show on average a much higher MeDIP en-
richment in E13.5 PGCs than LINE-1 elements and other retro-
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elements of the LTR-MaLR, LTR-ERV1, LTR-ERVL, and LTR-ERVK
families (Fig. 4A; Supplemental Fig. 11A). However, although most
LTR-ERV1 sequences do not appear methylated in E13.5 PGCs, we
did identify a subset of LTR-ERV1 elements tiled on the microarray
with high methylation in both male and female E13.5 PGCs (Fig.
4B; Supplemental Fig. 12A). Interestingly, these methylated LTR-
ERV1 elements are longer and with a higher CpG richness than the
bulk of LTR-ERV1 sequences (Fig. 4C; Supplemental Fig. 11B),
which suggests that methylation is preferentially found at LTR-
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the LTR-ERV1_2 primers, amplify several elements with minor sequence differences.

ERV1 elements showing signs of recent insertion. We performed
validations by bisulfite sequencing and COBRA that confirm the
presence of high levels of cytosine methylation at several of these
LTR-ERV1 elements in E13.5 PGCs (Fig. 4D,E). Cytosine methyla-
tion is also present in PGCs isolated from E14.5 and E15.5 em-
bryos, which indicates that it is not the result of a delay in meth-
ylation erasure (Fig. 4E). Notably, the same LTR-ERV1 sequences
are also found methylated in preimplantation blastocysts and
therefore possibly are also resistant to post-fertilization methyla-

tion erasure (Fig. 4E). We conclude that,
in addition to IAPs, a subset of LTR-ERV'1
elements resists the successive waves of
epigenetic reprogramming and is incom-
pletely demethylated in preimplantation
embryos and PGCs.

Identification of single-copy sequences
with remaining cytosine methylation
in PGCs

Next we searched for single-copy regions
that retain cytosine methylation in E13.5
PGCs. Because moderate MeDIP enrich-
ments in E13.5 PGCs represent a random
background signal, we applied a stringent
cut-off to identify sequences with a MeDIP
log, ratio above 0.9, which according to
our COBRA validations represents the
threshold for detectable levels of cytosine
methylation (Supplemental Fig. 4). To
minimize false positives, we only con-
sidered regions that are highly enriched
with both antibodies in male and female
E13.5 PGCs, which identified a set of 23
loci. Detailed genomic information for
these 23 loci can be found in Supplemental
Table 2. According to these criteria, the
proportion of single-copy genomic se-
quences that retain cytosine methylation
in E13.5 PGC:s is therefore minimal. These
sequences can be divided into two groups
(Fig. 5A). The first group (four out of 23)
corresponds to single-copy sequences
directly flanking IAP elements (Fig. 5B;
Supplemental Fig. 12B). This shows that
residual methylation of IAPs in E13.5
PGCs frequently spreads into neighbor-
ing single-copy sequences, which is
confirmed by a global analysis showing
that oligos close to IAPs show on average
increased MeDIP enrichments (Fig. 5C;
Supplemental Fig. 11C). This spreading of
cytosine methylation into neighboring
sequences is a hallmark of IAPs because
we identified no cases of cytosine meth-
ylation in the vicinity of LTR-ERV1 ele-
ments. The second group (19 out of 23)
corresponds to single-copy loci that are
not in the vicinity of repetitive elements,
which are of various sizes and found in
intergenic regions, gene bodies, or pro-
moters (Fig. 5D; Supplemental Fig. 13A).
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is also detected in PGCs isolated from
E14.5 and E15.5 embryos (Fig. 5F). Simi-
lar to IAP and LTR-ERV1 elements, these
1 Hmml female single-copy sequences also maintain high
0}II..‘..|\|||u|...w ate ot IO, i) Pecs levels of cytosine methylation in blasto-
! cysts (Fig. 5F), indicating that they resist
both waves of demethylation in PGCs
- and preimplantation development. Of
01 - —— note, four of these single-copy loci (Cd209a,
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in a recent RRBS study and found to be
methylated in gametes and blastocysts,
as well as 5-dpp (days post-partum) non-
growing oocytes and oocytes lacking
DNMT3A or DNMT3L (Supplemental Ta-
ble 2), which further supports incomplete
demethylation during preimplantation
ale development and PGC reprogramming
(Smallwood et al. 2011). Finally, we con-
sidered the possibility that mosaic pat-
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Figure 5.

that it is not a stochastic event.

We validated that these single-copy regions do not show any sign
of repetitiveness by verifying that their DNA sequence and
microarray oligos have single BLAT hits in the genome (Supple-
mental Fig. 13B). We performed validations by bisulfite sequencing
in several of these targets and confirmed the presence of remaining
cytosine methylation at one sequence flanking an IAP element
(Cd209alocus), as well as at the Gm7120, Mid1, Sfil, and Srrm2 loci
(Fig. SE; Supplemental Fig. 13C). This persistent methylation does
not reflect a delay in methylation erasure as cytosine methylation

4833420G17Rik Ly Gm71:

Tagel - + - + - +

Cd209a =
-
Gm7120

Mid1_1

Identification of single-copy regions that resist demethylation in PGCs. (A) Proportions of
identified single-copy loci that flank repetitive elements (blue) or are not on the vicinity of repetitive
elements (red). (B) Example of MeDIP profiles at a single-copy sequence directly flanking an IAP ele-
ment. The graphs show smoothed MeDIP over input ratios of individual oligonucleotides. The black box
marks the position of the PCR fragment used for COBRA and bisulfite sequencing validations. The ge-
nomic position is indicated above the graphs. (C) The box plot represents the distribution of log; ratios
in male E13.5 PGCs as a function of the distance to the border of IAPs, which reveals that single-copy
regions in the vicinity of IAPs show increased MeDIP signal. The distribution is identical in female PGCs
(Supplemental Fig. 11C). (D) Example of MeDIP profiles at a locus not flanked by repetitive elements
that retains cytosine methylation in E13.5 PGCs. (E) Bisulfite sequencing validates the presence of cy-
tosine methylation at various single-copy regions in male E13.5 PGCs, one of them flanking an IAP
element (Cd209a). Squares represent CpG dinucleotides as unmethylated (gray), methylated (black), or
absent (white). The polymorphic CpG residues at the Gm7720 and Sfil loci might represent strain
differences. (F) COBRA shows that methylation of single-copy loci is also present in PGCs isolated from
the E14.5 and E15.5 male embryo, as well as in preimplantation E3.5 blastocysts. (G) COBRA shows that
methylation of single-copy loci is found in E13.5 PGCs isolated from three male individuals, indicating

reflect variable methylation between in-
dividuals. To address this, we show that
E13.5 PGCs isolated from three individual
male embryos show comparable levels of
methylation (Fig. 5G), indicating that the
maintenance of cytosine methylation is
not stochastic between individuals. Alto-
gether this reveals the existence of rare
single-copy sequences that resist global
methylation reprogramming and consis-
tently maintain high levels of cytosine
methylation in preimplantation embryos
and PGCs during mouse development.
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Discussion

To summarize, we provide a genome-scale
view of DNA methylation in developing
mouse PGCs. Our results indicate that
PGCs at the E13.5 embryonic stage acquire
a unique epigenetic state characterized
by absence of cytosine methylation at
the majority of the genome, which con-
firms recent observations by low-cover-
age bisulfite sequencing (Popp et al.
2010). This epigenetic state could result
from an absence of de novo methylation
in early PGC precursors or an erasure of
cytosine methylation during the develop-
ment of PGCs. Our results clearly favor the
second hypothesis as all tested sequences
show high methylation in PGC precur-
sors isolated from E8.5 embryos, which is in agreement with im-
munofluorescence studies showing similar levels of cytosine
methylation in PGC precursors and neighboring somatic cells in
E8.0 embryos (Seki et al. 2005). Exceptions are germ cell markers
such as Dppa3 that maintain a hypomethylated state throughout
PGC development (Supplemental Fig. 10). Interestingly, we have
not identified major sex-specific differences in DNA methylation
in E13.5 PGCs, which might be explained by the fact that sex de-
termination occurs around E11.5-E12.5, a time where a large part
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of the demethylation has already been initiated. Our data also
show that the methylation erasure in PGCs is more complete than
in preimplantation embryos, where a high number of CpG is-
lands, gene promoters, and possibly other sequences resists
global demethylation after fertilization, in particular on the ma-
ternal genome (Borgel et al. 2010; Smallwood et al. 2011). It there-
fore appears that PGCs are the main site for DNA methylation
reprogramming during the mammalian life cycle.

The resultant questions concern the timing and mechanisms
of methylation removal in PGCs. Our data indicate that most ge-
nomic loci initiate progressive erasure of methylation in early PGC
precursors around E8.0-E9.0, and that complete demethylation
then occurs around E11.5. This early onset coincides with a loss
of DNA methylation signal observed by immunofluorescence in
PGCs around E8.0 (Seki et al. 2005). The full demethylation during
later stages around E11.5 coincides with the activation of the base
excision repair pathway (Hajkova et al. 2010) and the demethy-
lation of ICRs (Hajkova et al. 2002; Li et al. 2004), although other
studies reported that certain ICRs show some signs of demethyla-
tion already in PGCs from E10.5 embryos (Lee et al. 2002; Sato et al.
2003; Yamazaki et al. 2003, 2005). It therefore appears that
methylation erasure in PGCs occurs in a stepwise manner, with
a first wave initiated around E8.0-E9.0 that affects the bulk of the
genome and a second wave around E11.5 that also affects ICRs.
Although recent work clearly points toward the involvement of
active mechanisms of demethylation that occurs independently of
DNA replication (Hajkova et al. 2008, 2010), the progressive loss
of methylation initiated around E8.0-E9.0 does not formally rule
out the contribution of replication-dependent passive demethyla-
tion. It can therefore not be excluded that a combination of passive
and active mechanisms, occurring maybe at different times, con-
tributes to the erasure of methylation patterns in PGCs. The iden-
tification of targets of DNA demethylation in our study will certainly
provide valuable information to test models of demethylation.

Besides erasure of methylation imprints, the physiological
significance of methylation removal in PGCs remains elusive (Feng
et al. 2010). Here we show that demethylation affects a large
number of germline genes, indicating that it could serve to pro-
mote the activation of the germ cell expression program. Yet this is
certainly only part of the answer as we show that demethylation
also affects many other genes with somatic functions. One can
speculate that this global erasure could serve to restore a methyla-
tion ground state compatible with pluripotency or to prevent the
accumulation of harmful epialleles. Notable exceptions are IAPs,
a recent family of rodent retrotransposons that retains cytosine
methylation in PGCs (Hajkova et al. 2002; Lane et al. 2003; Popp
et al. 2010). Here we show that other sequences maintain cytosine
methylation in PGCs, an observation that is compatible with the
presence of DNMT1 throughout most of the PGC migration
(Hajkova et al. 2002; Seki et al. 2005; Yabuta et al. 2006). First, we
show that certain LTR-ERV1 elements, in particular those showing
signs of recent insertion in the genome, are also resistant to de-
methylation in PGCs. This suggests the existence of a mechanism to
maintain cytosine methylation preferentially at young and poten-
tially active mobile elements, which might be necessary to prevent
their transient deleterious activation in the germline. We also
identify for the first time single-copy sequences that are resistant to
demethylation in PGCs. These sequences are very rare in our
analysis, although we might have underestimated their number
because we used stringent cutoffs. In the future, more sensitive
methods such as genome-wide bisulfite sequencing should be used
to precisely quantify the proportion of the genome that resists

demethylation. Interestingly, we show that many of the same se-
quences are also resistant to DNA methylation erasure in pre-
implantation embryos, suggesting that these genomic regions
consistently maintain high levels of DNA methylation at any
embryonic stage during the mouse life cycle. The mechanisms that
allow resistance to global demethylation are unclear, but one
possibility is that it involves DNA binding factors that specifically
protect some sequences against demethylation, as shown recently
with the zinc finger protein ZFP57 that protects ICRs from demeth-
ylation in preimplantation embryos (Li et al. 2008; Quenneville
et al. 2011). These data therefore reveal that there is a potential,
although very limited, for transgenerational inheritance of DNA
methylation states over multiple generations in mice (Jirtle and
Skinner 2007). Some of these sequences directly flank IAP ele-
ments, indicating that persistent methylation in IAPs can spread
into neighboring single-copy sequences. This is interesting con-
sidering the fact that some of the rare examples of inherited epi-
mutations in mammals involve IAP elements that alter the ex-
pression of neighboring genes (Whitelaw and Whitelaw 2008). We
also identify a number of methylated sequences that are not in the
vicinity of repetitive elements. So far we could not detect common
characteristics associated with these regions (in terms of CpG con-
tent, size, or gene function), and therefore the function of the per-
sistent cytosine methylation during development remains elusive.
We do nonetheless note that certain of these loci with persistent
methylation in PGCs and preimplantation blastocysts are located in
subtelomeric regions, which could indicate that cytosine methyla-
tion is maintained in subtelomeric regions to ensure chromosome
stability (Gonzalo et al. 2006).

Methods

Isolation of embryos and PGCs

All embryos were obtained from crosses between (C57BL/6JxCBA/
J)F1 females and Oct4-GFP males (Yoshimizu et al. 1999), except
when indicated. The morning of vaginal plug detection was des-
ignated EO.5. Epiblasts were dissected from E7.5 embryos in M2
medium (Sigma-Aldrich). For PGCs, embryonic parts from the
hindgut endoderm (E8.5, E9.5), genital ridges (E11.5), and gonads
(E12.5, E13.5, E14.5, E15.5) were dissected in PBS and incubated
for 5 min at 37°C in 0.25% trypsin and 1 mM EDTA to obtain
a single-cell suspension. Starting from E12.5, the embryos were
sexed by the morphological appearance of the gonads. PGCs were
then sorted by virtue of the GFP expression by flow cytometry
(FACSAria, BD Biosciences). At all embryonic stages, PGCs were
pooled from several embryos. At the E13.5 stage, when indicated,
we also isolated PGCs from individual males. Somatic controls were
performed on DNA from total E13.5 embryos. The purity of PGCs
was verified on an aliquot of cells by alkaline phosphatase staining
(Alkaline Phosphatase Detection Kit, Millipore). Blastocysts were
collected from C57BL/6 mice at E3.5 by flushing the uteri with M2
medium. Genomic DNA was extracted by proteinase K digestion,
phenol/chloroform extraction, and precipitation with ethanol.

DNA methylation analysis

MeDIP was performed on 150 ng DNA as described (Borgel et al.
2010) using 1/10 pL anti-SmC antibody for epiblasts and 1/30 pL
for PGCs. For epiblasts, we performed one MeDIP with a mono-
clonal antibody from AbD Serotec (clone 33D3) and one MeDIP
with a monoclonal antibody from Abcam (clone 3A3), which
showed good reproducibility. For PGCs, we performed two repli-
cates with the AbD Serotec antibody and one replicate with the
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Abcam antibody. We also performed mock pull-down controls
without anti-5mC antibody that did not recover any DNA. Sub-
sequently, 5 ng input DNA and the entire MeDIP product was
amplified with the Whole Genome Amplification Kit (Sigma-
Aldrich) following the manufacturer’s instructions. MeDIP samples
were hybridized together with input samples to Roche Nim-
blegen HD2 2.1M Deluxe Promoter arrays covering —8200 bp to
+3000 bp from 23,517 potential TSSs. Sample labeling and
microarray hybridization were done according to the standard
procedure by Roche Nimblegen. Conversion of DNA with so-
dium bisulfite was performed with the EpiTect kit (Qiagen).
Subsequent analysis by COBRA and sequencing was performed
as described (Borgel et al. 2010). Bisulfite PCR reactions in early
PGC precursors were performed on the equivalent of at least
50 cells. Clone sequences were processed and aligned with
the BISMA software (http://biochem.jacobs-university.de/BDPC/
BISMA; Rohde et al. 2010). Primer sequences are given in Supple-
mental Table 3.

Data processing

Microarray data processing and representation were performed
with the R software (http://www.r-project.org) as previously de-
scribed (Borgel et al. 2010). Briefly, we calculated MeDIP/input log,
ratios from raw signal intensities provided by Nimblegen and
performed an intra-array loess normalization and an inter-array
normalization to have equal normal distributions between arrays
using the limma package (Smyth and Speed 2003). We then aver-
aged normalized log, ratios from biological replicates. For data
representation, we smoothed average log, ratios over 400 bp and
created GFF files to be visualized using the SignalMap software
(Roche Nimblegen). Promoter CpG classes and validated pro-
moters were determined as previously described (Borgel et al.
2010). To represent methylation along tiled regions (Fig. 1B), we
calculated the fraction of tiles with a MeDIP peak (defined as at
least six consecutive oligos with a smoothed log, ratio > 0.6) as
a function of the distance to the TSS. Genes with a methylated
promoter in E7.5 epiblasts were defined as genes with a hyper-
methylated region (defined as at least six consecutive oligos with
a smoothed log, ratio > 0.5) overlapping or <300 bp upstream of
the TSS. The ontology analysis was performed by comparing all
autosomal demethylated genes (defined as methylated gene pro-
moters in E7.5 epiblasts with an average log, ratio in the MeDIP
peak < 0.6 in PGCs) with all validated genes present on the ar-
ray using the DAVID functional annotation tool (http://david.
abcc.ncifcrf.gov; Huang da et al. 2009). To find regions with re-
sidual cytosine methylation in E13.5 PGCs, we averaged nor-
malized log, ratios from all male and female replicates and
searched for regions with at least six consecutive oligos with
a smoothed log, ratio > 0.9. These regions were then filtered to
have an average log, ratio > 0.5 with both 5SmC antibodies
in both male and female data sets. Methylated regions that
appeared very close from each other in the same loci were
merged into one single methylation peak. Annotations for re-
petitive elements were based on the UCSC genome annotations
(http://www.genome.ucsc.edu), and we only considered repet-
itive elements with a size >500 bp. All genome annotations refer
to the UCSC mm8 genome.

Data access

The raw methylation data sets have been submitted to the NCBI
Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/
geo) under accession no. GSE31572.
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