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EHMT2 directs DNA methylation for efficient gene

silencing in mouse embryos
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The extent to which histone modifying enzymes contribute to DNA methylation in mammals remains unclear. Previous
studies suggested a link between the lysine methyltransferase EHMT2 (also known as GA and KMTIC) and DNA methyl-
ation in the mouse. Here, we used a model of knockout mice to explore the role of EHMT2 in DNA methylation during
mouse embryogenesis. The Ehmt2 gene is expressed in epiblast cells but is dispensable for global DNA methylation in
embryogenesis. In contrast, EHMT2 regulates DNA methylation at specific sequences that include CpG-rich promoters
of germline-specific genes. These loci are bound by EHMT2 in embryonic cells, are marked by H3K9 dimethylation,
and have strongly reduced DNA methylation in Ehmt2~'~ embryos. EHMT2 also plays a role in the maintenance of germ-
line-derived DNA methylation at one imprinted locus, the SIc38a4 gene. Finally, we show that DNA methylation is instru-
mental for EHMT2-mediated gene silencing in embryogenesis. Our findings identify EHMT2 as a critical factor that
facilitates repressive DNA methylation at specific genomic loci during mammalian development.

[Supplemental material is available for this article.]

Cytosine methylation plays diverse roles in mammalian develop-
ment. It contributes to genomic imprinting, X Chromosome in-
activation, and the stable repression of retroelements and
developmental genes (Smith and Meissner 2013). During develop-
ment, most CpG island promoters remain protected from DNA
methylation, except for a small set associated with germline-spe-
cific genes (Borgel et al. 2010; Auclair et al. 2014). The pluripotency
genes Pou5f1 (also known as Oct4) and Dppa3 also acquire CpG
methylation in the post-implantation embryo, which stabilizes
the exit from pluripotency (Feldman et al. 2006; Borgel et al.
2010). This process requires the de novo methyltransferases
DNMT3A/B, whereas the subsequent maintenance of DNA meth-
ylation through cell divisions is ensured by DNMT1.

While the targets of DNA methylation are well characterized,
little is known about the molecular determinants of DNA methyl-
ation in mammals. In plants and filamentous fungi, a large portion
of DNA methylation is directed by histone H3 methylated on ly-
sine 9, and deletion of H3K9 methyltransferases has a major im-
pact on DNA methylation (Saze et al. 2012). A link between
H3K9 methylation and DNA methylation has been documented
also in mammalian cells (for review, see Rose and Klose 2014).
SUV39H1 (also known as KMT1A), SUV39H2 (also known as
KMT1B), and SETDB1 (also known as KMT1E), which mediate
H3K9 trimethylation (H3K9me3) at pericentric heterochromatin
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and ERV retrotransposons, interact with DNMTs (Fuks et al.
2003; Li et al. 2006) and modulate DNA methylation at pericentric
satellite repeats and ERV retrotransposons in mouse embryonic
stem cells (ESCs) (Lehnertz et al. 2003; Matsui et al. 2010).

On the other hand, the lysine methyltransferase EHMT2 (also
known as G9A and KMT1C) and its closely related partner EHMT1
(also known as GLP and KMT1D) catalyze H3K9 mono- and dime-
thylation (H3K9mel and me2) in euchromatin (Tachibana et al.
2002, 2005). EHMT2 and EHMTT1 play pivotal roles during early
mouse development (Tachibana et al. 2002, 2005). They exist
mostly as an EHMT2/EHMT1 heterodimeric complex, which is
the main functional H3K9 methyltransferase because the absence
of either EHMT2 or EHMT1 strongly affects global H3K9me1/2 in
embryonic cells (Tachibana et al. 2005). EHMT2 interacts and
colocalizes with DNMT1 and UHRF1 at sites of DNA replication
(Esteve et al. 2006; Kim et al. 2009). Inversely, UHRF1 binds to
chromatin containing H3K9me2/3, which may facilitate the
maintenance of DNA methylation at genomic sites containing
methylated H3K9 (Karagianni et al. 2008; Rothbart et al. 2012;
Liu et al. 2013). In mouse ESCs, EHMT2 controls DNA methylation
at germline differentially methylated regions (gDMRs) of imprint-
ed loci (Xin et al. 2003; Dong et al. 2008), class I and II ERV retro-
transposons, LINE1 elements, satellite repeats, and CpG-rich
promoters of germline and developmental genes (Ikegami et al.
2007; Dong et al. 2008; Tachibana et al. 2008; Myant et al.
2011). EHMT?2 also interacts with the de novo methyltransferases
DNMT3A and DNMT3B (Epsztejn-Litman et al. 2008; Kotini et al.
2011) and participates in the de novo methylation of newly
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EHMT2 regulates DNA methylation in mouse embryos

integrated retroviruses (Leung et al. 2011) and pluripotency genes
in ESCs (Feldman et al. 2006; Epsztejn-Litman et al. 2008;
Athanasiadou et al. 2010). Several studies suggest that the influ-
ence of EHMT2 on DNA methylation in ESCs is independent of
its catalytic activity (Dong et al. 2008; Epsztejn-Litman et al.
2008; Tachibana et al. 2008).

These cell-based studies suggested that EHMT2 is an impor-
tant regulator of DNA methylation in mammals, yet the contribu-
tion of EHMT2 to DNA methylation in mammalian embryogenesis
is unknown. This prompted us to explore the role of EHMT2 in
DNA methylation during mouse embryogenesis using mice defi-
cient for EHMT2 and a combination of locus-specific and ge-
nome-wide approaches. Our in vivo studies show that EHMT2
plays arole in the deposition of repressive DNA methylation at spe-
cific genomic sites during embryonic development.

Results

EHMT2 has a global influence on the DNA methylome
of murine ES cells

Previous studies reported reduced DNA methylation in cultured
murine Ehmt2~/~ ESCs (Ikegami et al. 2007; Dong et al. 2008;
Epsztejn-Litman et al. 2008; Tachibana et al. 2008; Myant et al.
2011). To extend these findings and quantify the influence of
EHMT2 on the methylome of ESCs genome-wide, we generated sin-
gle-base resolution methylomes by reduced representation bisul-
fite sequencing (RRBS) in WT TT2 ESCs, Ehmt2~/~ TT2 ESCs, and
Ehmt27/~ cells rescued with a WT Ehmt2 transgene (Tachibana
et al. 2002). As expected, WT ESCs show a bimodal distribution
of CpG methylation with most of the hypomethylated CpGs resid-
ing in CpG islands located proximal to transcription start sites
(TSSs) (Fig. 1A,B). The inactivation of EHMT2 in ESCs leads to a
global and uniform decrease of CpG methylation over all sequenc-
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es of the genome (Fig. 1A,B). In agreement with the earlier studies
(Dong et al. 2008; Tachibana et al. 2008; Myant et al. 2011), hypo-
methylation also affects the promoters of germline and develop-
mental genes such as the Dazl, Wfdc15a, Brdt, Tuba3a, and Rhox
genes (Fig. 1C). In addition, all classes of transposable elements
(TEs) lose on average ~40% CpG methylation in Ehmt2~/~ com-
pared with the parental TT2 ESCs (Fig. 1D). The reintroduction of
a WT Ehmt2 transgene in Ehmt2~/~ ESCs restores DNA methylation
atall sequences, including TEs (Fig. 1A-D). The overall methylation
isslightly higher in EHMT2-rescued cells compared with the paren-
tal cell line, which may be attributed to the higher levels of the
EHMT?2 protein in rescued cells (Mozzetta et al. 2014).

Role of EHMT2 in DNA methylation at candidate genes
in embryos

We next investigated the role of EHMT2 in DNA methylation dur-
ing embryogenesis in vivo. We first followed the expression of
Ehmt2 mRNAs in mouse embryos by RT-qPCR and found that it
is expressed at the time of de novo methylation of DNA between
embryonic day (E) 4.5 and E8.5 (Fig. 2A). To study the role of
EHMT2 in DNA methylation, we used an Ehmt2 knockout line
in which a LacZ cassette inserted after exon 11 results in trun-
cated transcripts lacking the Ankyrin (ANK) repeats and the cata-
lytic SET domain (Supplemental Fig. S1A-D; Wagschal et al.
2008). In agreement with an earlier Ehmt2 knockout (Tachibana
et al. 2002), Ehmt2~~ mice show a developmental delay and
mid-gestation lethality around E10.5 (Wagschal et al. 2008).
Using this model, we first analyzed DNA methylation at candidate
genes by combined bisulfite restriction analysis (COBRA) and
bisulfite sequencing. We assessed DNA methylation of the pro-
moters of the germline genes Dazl, Dpep3, and Tex12 and observed
no hypomethylation in Ehmt2~/~ embryos (Fig. 2B). Since EHMT2
controls the de novo methylation of pluripotency genes in dif-
ferentiating ESCs (Epsztejn-Litman et al.
2008), we investigated DNA methylation
at the Pou5f1 and Dppa3 promoters but
found no evidence for reduced DNA
methylation in E9.5 Ehmt2~'~ embryos
(Fig. 2C) or in trophoblast cells of E9.5
Ehmt2~/~ animals (Supplemental Fig.
S2A). Finally, because Ehmt2 cooperates
with Dnmt3 to regulate eye development
in zebrafish (Rai et al. 2010), we mea-
sured methylation in the promoters of
eye-specific genes (Rho, Crygd, Cplx4,
Mfrp) and found no sign of hypometh-
ylation at these either (Fig. 2B).
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Figure 1.
RRBS methylation scores at CpGs in WT ESCs, Enmt2™'~

quences in WT, Ehmt2™

(D) Violin plots of RRBS methylation scores in retrotransposons.

ég\v Methylome profiling reveals a global
conservation of DNA methylation
in Enmt2~'~ embryos
mwr Having found no changes in DNA meth-
Ehmt2-/- ylation at candidate genes in Ehmt2~/~
| fgrr:rrﬁ-z/(-Tg) embryos, we generated genome-scale

Global impact of EHMT2 on the DNA meth/ylome of mouse ESCs. (A) Density histograms of
~/= ESCs, and Ehmt2~/~ ESCs rescued with a WT

Ehmt2 transgene (Tg). 53) Average distribution of RRBS methylation over RefSeq genes and flanking se-
~, and Ehmt2 rescued ESCs. (C) Heatmap representation of the RRBS methylation

scores measured in the promoters (—1000 to +1000 bp) of selected germline and developmental genes.

methylomes using two approaches. We
first profiled S-methylcytosine (5mC)
with methylated DNA immunoprecipita-
tion (MeDIP) coupled to microarrays cov-
ering on average 11 kb at all gene
promoters. A direct comparison showed
that the SmC log, values correlate
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Figure 2. Impact of EHMT2 on the methylome in mouse embryos. (A) Expression of Ehmt2 mRNAs measured by RT-qPCR in early mouse embryos, de-

picted as a ratio relative to the expression of two housekeeping genes (Actb and Rp/13a; mean = SEM, n= 2 technical replicates on five to 10 pooled em-
bryos). (B) Promoter DNA methylation of candidate genes measured by COBRA in WT and Ehmt2~/~ E9.5 embryos. The restriction fragments marked with
an asterisk are end products of the digestion (indicating DNA methylation). (C) Promoter DNA methylation of the Pou5f1 and Dppa3 genes measured by
bisulfite sequencing in WT and Ehmt2~/~ E9.5 embryos. Circles represent methylated (black) or unmethylated (white) CpG dinucleotides; each horizontal
line is one sequenced clone. (D) Pairwise comparison of methylated DNA immunoprecipitation (MeDIP) log, ratios at individual oligos in WT and Ehmt2~/~
E9.5 embryos. The density of data points increases from blue to dark red. The Pearson correlation coefficient (r) is indicated on the graph. (E) Density his-
tograms of RRBS CpG methylation scores in WT and Ehmt2~/~ E8.5 embryos. (F) Average distribution of RRBS methylation over RefSeq genes and flanking
sequences in WT and Ehmt2~/~ embryos. (G) Violin plots of RRBS methylation measured in CpG islands (CGls) and retrotransposons. (H) Example of meth-
ylation profiles in the promoter of the Daz/ gene in WT and Ehmt2~/~ embryos. The upper tracks depict smoothed MeDIP log, ratios of individual oligo-
nucleotides, and the bottom tracks depict RRBS methylation scores at individual CpGs. The CpG density is shown in black.

strongly between WT and Ehmt27/= embryos (Fig. 2D). In parallel,
we generated methylomes at single-base resolution by RRBS in WT
and Ehmt2~/~ E8.5 embryos (Supplemental Fig. S3A). The RRBS
data were highly reproducible between replicate embryos
(Supplemental Fig. S3B) and revealed no signs of hypomethylation
atthe genome level in Ehmt2~/~ embryos (Fig. 2E,F). To extend this
finding, we assessed the methylation status of TEs by averaging
methylation scores in TEs and found no effects on the overall
methylation of TEs in Ehmt2~/~ embryos except a minor decrease
at LINE2 and ERVL elements (Fig. 2G). Moreover we found no ev-
idence of overall hypomethylation at TE families when we mapped
RRBS sequencing reads to Repbase consensus sequences (data not
shown). This was confirmed by restriction analysis and conven-
tional bisulfite sequencing at the IAP, RLTR4, and ETnERV ele-
ments (Supplemental Fig. S2B,C). The promoters of most
germline and developmental genes, including those hypomethy-
lated in Ehmt2~/~ ESCs such as Daz, Wfdc15a, Brdt, Tuba3a, and
Rhox, are methylated at the same levels in Ehmt2~~ and WT em-
bryos (Fig. 2H; Supplemental Fig. S4A,B). Finally, the absence of
EHMT2 does not impair CpG island methylation on the inactive
X Chromosome in female embryos (Supplemental Fig. S4C,D;
Ohhata et al. 2004). Combined, these data indicate that in contrast
to ESCs, EHMT2 is dispensable for genome-wide DNA methylation
in embryogenesis.

Identification of hypomethylated sequences in Ehme2~'~ embryos

Despite global conservation, the methylomes of Ehmt2~/~ embry-
os are distinct and clustered separately from WT embryos
(Supplemental Fig. S3B,C). RRBS revealed that the knockout of
Ehmt2 leads to focal changes, with 956 regions losing >20% and
517 regions gaining >20% methylation in Ehmt2~/~ embryos
(Fig. 3A; Supplemental Table S1). Hypomethylation occurs in
promoters, gene bodies, intergenic regions, and occasionally in
transposons of the LIMd_T and LTR-ERVK families (Fig. 3B;
Supplemental Table S1). The Ehmt2 gene body itself is hypometh-
ylated in Ehmt2~'~ embryos after the site of LacZ insertion where
transcription is aborted (Supplemental Fig. S5), supporting the
model that transcription promotes gene body methylation
(Baubec et al. 2015). Strikingly, the absence of EHMT?2 also led to
hypermethylation at a small set of CpG islands, mostly within
genes (Fig. 3B; Supplemental Fig. S6A). Because hypomethylation
occurs more frequently and with higher amplitude, we focused on
the regions losing methylation, which we called hypomethylated
regions (HMRs).

HMRs undergo de novo methylation at implantation (Fig.
3C), which excludes that their hypomethylation reflects the devel-
opmental delay of Ehmt2~/~ embryos. The extent of DNA hypo-
methylation at HMRs in Ehmt2~/~ embryos is similar to that
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Figure 3. Identification of hypomethylated regions (HMRs) in Ehmt2~/~ embryos. (A) Histogram of the number of sequences that gain or lose >20%

methylation in the RRBS from Ehmt2~/~ compared with WT embryos. (B) Pie charts representing the percentages of hypomethylated and hypermethylated
sequences mapping to promoters, gene bodies, intergenic regions, and transposable elements (TEs). (C) Boxplot showing the dynamics of methylation at
HMRs (filtered to lose >30% methylation in Ehmt2~/~ embryos) in early embryos, Ehmt2~/~ E8.5 embryos (green), and Dnmt3b~'~ E8.5 embryos (red). (D)
Preferential site of expression of genes with a promoter-proximal HMR (-1000 to +1000 bp relative to the TSS). The dashed line represents the position for a
P-value of 0.05. (E) Examples of promoter-proximal HMRs. The sites of hypomethylation identified by MeDIP (gray boxes) confirm the differences mea-
sured by RRBS. (F) Bisulfite cloning and sequencing of selected promoter HMRs in WT and Ehmt2~/~ E9.5 embryos. The values below the sequencing

data indicate the percentage of methylated CpGs in the amplicon.

caused by inactivation of the DNA methyltransferase DNMT3B
(Fig. 3C). Notably, promoter HMRs are enriched for promoters of
germline-specific genes (Fig. 3D), including Cyct, Naall, Asz1,
Hormad2, Morc2b, Pdha2, Ptpn20, and Abcal6 (Fig. 3E; Supplemen-
tal Fig. S7). Several other germline genes show a reduction of pro-
moter methylation just below the threshold of 20% (Wdr20rt,
Rpl10l, 1700019A02Rik) or, when not covered by RRBS, were
identified as hypomethylated in the MeDIP data (SIc9b1,
4933427D06Rik). HMRs also occur in promoter regions of somatic
genes such as Trim13, Tff3, Aplnr, Tenm2, Sh3tc2, Ano5 and
genes of the XIr imprinted cluster (XIr3a/b, Xlr4a/b/c) (Fig. 3E;
Supplemental Fig. S7). To validate HMRs, we performed COBRA
on nine genes and confirmed the hypomethylation in Ehmt2~/~
embryos compared with WT and Ehmt2*/~ littermates (Supple-
mental Fig. S8A,B). Bisulfite sequencing confirmed a decrease in
methylation ranging from 32% to 84% over multiple contiguous
CpGs (Fig. 3F; Supplemental Fig. S8C). Taken together, our data
show that EHMT2 is required for the deposition of DNA methyla-
tion at specific genomic sites during embryogenesis, including the
CpG-rich promoters of several germline genes.

EHMT2 participates in the maintenance of imprinted DNA
methylation at the SIc38a4 locus

We also examined the contribution of EHMT2 to the maintenance
of DNA methylation imprints in vivo. RRBS quantification of DNA

methylation at 16 imprinted gDMRs revealed a methylation level
close to 50% in WT embryos, and this is unchanged at all but
one gDMR in Ehmt2~/~ embryos (Fig. 4A; Supplemental Fig.
S9A). This is confirmed by bisulfite sequencing and McrBC diges-
tion at four gDMRs (H19, Kcnqlotl, Snrpn, Peg3) in Ehmt2~'~ em-
bryos (Fig. 4B; Supplemental Fig. S9B). Remarkably, the absence
of EHMT2 leads to the specific hypomethylation of the Sic38a4
gDMR, which carries allele-specific methylation inherited from
the oocyte (Fig. 4A; Proudhon et al. 2012). Unlike most other
HMRs, the RRBS data indicate that the extent of hypometh-
ylation at the SIc38a4 gDMR is variable between individual
embryos (Fig. 4C), suggesting a partially penetrant effect at this
locus. Thus, EHMT2 plays a role in the maintenance of the DNA
methylation imprint at the SIlc38a4 locus during embryogenesis.

The influence of EHMT2 on DNA methylation is direct

We next investigated the mechanisms by which EHMT2 controls
DNA methylation. RNA-seq indicates that the expression of
genes encoding DNMTs, UHRF1, and TETs is not perturbed in
Ehmt2~/~ embryos (Fig. 5A), which was confirmed by RT-qPCR
(Supplemental Fig. S10A). We detected a mild up-regulation of
Dnmt3b only, which likely is a consequence of the developmental
delay of Ehmt2~'~ embryos. This finding agrees with data in ESCs
(Dong et al. 2008; Tachibana et al. 2008) and suggests that EHMT2
does not influence DNA methylation indirectly by modulating
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the expression of the DNA methylation machinery. To determine
if EHMT?2 binds to HMRs, we performed chromatin immunopre-
cipitation (ChIP) on primary mouse embryonic fibroblasts
(MEFs) and found EHMT2 enriched at several HMRs (Fig. 5B).
Importantly, we were also able to detect an enrichment of
EHMT2 at HMRs by ChIP in vivo in E8.5 embryos (Fig. 5C).

To further confirm the binding of EHMT2 at HMRs in embry-
onic cells, we explored a published EHMT2 ChlIP-seq data set
in ESCs (Mozzetta et al. 2014) and found that peaks of EHMT2
frequently colocalize with HMRs, in particular in the promoters
of germline genes (Cyct, Naall, Asz1, Hormad2, Morc2b, Pdha2,
Pgam2, Ptpn20, Abcal6, SIc9bl, Wdr20rt, 4933427DO6Rik,
1700019A02Rik) (Fig. SD; Supplemental Fig. S11A). Similarly, the
ChlIP-seq data indicate a higher binding of EHMT2 in the vicinity
of the $Ic38a4 gDMR compared with other imprinted gDMRs
(Supplemental Fig. S11B). To explore this in a systematic way, we
computed the distribution of EHMT2 ChIP-seq signals around all
HMRs and observed that HMRs contain higher EHMT2 signal
than the surrounding regions (Fig. SE). Conversely, hypermethy-
lated DMRs rarely match peaks of EHMT2, suggesting that a pro-
portion of them might result from indirect effects (Supplemental
Fig. S6B). Thus, EHMT?2 is frequently enriched in the proximity
of HMRs in embryonic cells, suggesting that it influences DNA
methylation in cis at these targets.

Interplay between H3K9me2 and DNA methylation in embryos

We then investigated if the influence of EHMT2 on DNA methyl-
ation is related to its activity as a methylase of H3K9. We per-
formed ChIP-qPCR of H3K9me2 on WT E8.5 embryos and found
that all the tested HMRs are strongly enriched for H3K9me2 (Fig.
5F). Conversely, they are not marked by the active histone mark
H3K4me3 except for the Slc38a4 imprinted gene (Fig. SF). A similar
pattern of histone marks was observed in primary embryonic fibro-

~ embryos (bottom). The orange rectangle marks the position of

blasts (Supplemental Fig. S12A). For two HMRs (Naall and Asz1),
we confirmed that H3K9me2 is reduced in Ehmt2~/~ embryos,
demonstrating that EHMT?2 exerts its catalytic activity at these sites
in vivo (Fig. 5G). To extend these findings, we analyzed ChIP-seq
profiles of H3K9me1/2 in ESCs (Liu et al. 2015) and also performed
H3K9me2 ChlIP-seq in E8.5 embryos. According to the ChIP-seq
data, HMRs are marked by H3K9 mono- and dimethylation in
ESCs and E8.5 embryos, but the enrichment for these marks is
only slightly higher than that of the surrounding sequences (Fig.
SE). In fact, the ChIP-seq signals indicate that H3K9me2 exists in
large blocks of chromatin covering most of the genome, suggesting
that the presence of high levels of H3K9me2 is not a hallmark of
HMRs. ChIP-qPCR in E8.5 embryos confirmed that other gene pro-
moters carry H3K9me2 at levels comparable to HMRs and lose this
mark in Ehmt2~/~ embryos without any detectable effect on their
DNA methylation (Fig. 5G). Thus, HMRs are marked by H3K9me?2,
but there is no consistent correlation between the loss of H3K9me2
and DNA methylation in Ehmt2~/~ embryos.

DNA methylation is instrumental for EHMT2-mediated
repression of germline genes in embryos

Finally, we explored the impact of EHMT2 on gene expression by
conducting RNA-seq in WT versus Ehmt2~/~ E8.5 embryos. As ex-
pected (Tachibana et al. 2002), Magea genes are reactivated in
Ehmt2~'~ embryos (Fig. 6A). We identified 253 genes as more
than threefold up-regulated and 181 genes as more than threefold
down-regulated in Ehmt2~/~ embryos (Fig. 6A; Supplemental Table
$2). The down-regulated genes are enriched for genes involved in
neuronal and muscle morphogenesis (data not shown). The up-
regulated genes contain genes of the Rhox and XIr clusters on the
X Chromosome and are enriched for testis-specific genes (Fig.
6B). Indeed, several of the most up-regulated genes correspond
to germline genes with reduced promoter DNA methylation:
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Figure 5. HMRs are bound by EHMT2 and marked by H3K9me2. (A) RNA-seq quantification of the expression of genes encoding components of the
DNA methylation machinery in Ehmt2~/~ and WT E9.5 embryos (mean FPKM = SEM, n=2 embryos). (B) ChIP-qPCR analysis of EHMT2 binding at
HMRs in primary mouse embryonic fibroblasts (MEFs), represented as the percentage of input (mean + SEM, n=5). ChlIP assays were performed with
an antibody against EHMT2 and a control rabbit IgG. Actb served as a negative control, and Rhox11 was chosen as a positive control (Myant et al.
2011). (C) ChIP-gPCR analysis of EHMT2 binding at HMRs in E8.5 embryos (mean + SEM, n=4). (D) Browser views of EHMT2 ChlIP-seq profiles in ESCs
(Mozzetta et al. 2014) reveal that peaks of EHMT2 binding colocalize with promoter-proximal HMRs (red bars) at three germline genes. (E) Heatmap rep-
resentation of the distribution of EHMT2 and H3K9 mono- and dimethylation at HMRs. The data represent the average density of ChIP-seq reads for EHMT2
in ESCs, H3K9me1/2 in ESCs, and H3K9me2 in E8.5 embryos normalized by the density of reads in the input control. (F) ChIP-qPCR analysis of H3K9me2
and H3K4me3 at HMRs in E8.5 embryos, represented as the percentage of input (mean + SEM, n=4). The promoters of the housekeeping genes Actb and
Ube2f served as controls. (G) ChIP-gPCR analysis of H3K9me?2 at four gene promoters in WT and Ehmt2~/~ E8.5 embryos (mean + SEM, n= 6 embryos for
WT, n=4 embryos for EAmt2~'~). The heatmap on the bottom indicates CpG methylation measured by RRBS in the same promoters. (**) P< 0.01 (t-test).

Cyct, Naall, Asz1, Pdha2, Ptpn20, Abcal6, Hormad2, and Slc9b1
(Fig. 6C,D; Supplemental Table S2). Notably, several genes with a
promoter HMR (Morc2b, Trim13, Tenm2, Sh3tc2) are modestly or
not overexpressed in Ehmt2~'~ embryos, indicating that promoter
DNA hypomethylation is not a consequence of gene reactivation.
This pattern of gene reactivation upon inactivation of the Ehmt2
gene was validated by RT-qPCR on independent embryos
(Supplemental Fig. S10B).

To further test the role of DNA methylation in the derepres-
sion of EHMT2 targets, we compared RNA-seq from Ehmt2 and
the DNA methyltransferase Dnmt3b (Auclair et al. 2014) knockout
embryos and found a highly significant overlap (P=5.9156 x
10722, hypergeometric test) between the genes up-regulated in
Ehmt2~'~ and Dnmt3b~'~ at E8.5 (Supplemental Fig. S13A,B).
Several of the germline genes up-regulated in Ehmt2~/~ embryos
(including Cyct, Naall, Asz1) are also overexpressed when hypo-
methylated in Dnmt3b mutants, albeit not to the extent seen in
Ehmt2 mutants (Fig. 6D). We monitored H3K9me2 by ChIP in
Dnmt3b~'~ embryos and found that the reduced DNA methylation
does not impair the deposition of H3K9me2 at HMRs (Fig. 6E;
Supplemental Fig. S12A). Furthermore, we found no influence of
the reduced DNA methylation on the binding of EHMT2 at pro-
moter HMRs in Dnmt3b™/~ fibroblasts (Supplemental Fig. S12B).
We conclude that the dependence of CpG methylation on
EHMT2 is not accompanied by a reciprocal dependence of
EHMT2 on CpG methylation and that H3K9me2 alone is not suf-
ficient to induce an efficient silencing of the germline genes target-
ed by EHMT2. Collectively, these results demonstrate that EHMT2

acts upstream of DNA methylation, and that EHMT2-guided DNA
methylation is instrumental for the repression of these EHMT?2 tar-
gets in vivo (Fig. 6F).

Discussion

The molecular pathways guiding DNA methylation in mammalian
genomes remain poorly understood. Here we addressed the role of
the lysine methyltransferase EHMT2 in the control of DNA meth-
ylation in the mouse in vivo. EHMT2 controls DNA methylation at
specific sites, including the CpG-rich promoters of germline-spe-
cific genes. The inactivation of EHMT2 also affects the mainte-
nance of the DNA methylation imprint at the Slc38a4 gDMR,
but not at gDMRs of other imprinted loci, which highlights the
existence of locus-specific mechanisms of maintenance of im-
printed DNA methylation. Slc38a4 differs from other imprinted
gDMRs in that it shows no ZFP57 binding (Saadeh and Schulz
2014; Strogantsev et al. 2015), displays no allelic ATRX binding
and H3.3 incorporation (Voon et al. 2015), and also lacks
H3K9me3 in ES cells. These marked differences could explain
why this gDMR uniquely relies on alternative, EHMT2-dependent
mechanisms for the maintenance of its germline-derived allelic
DNA methylation.

Does EHMT2 promote DNA methylation in cis? Several
arguments suggest that this is the case. First, EHMT2 binding is
detected by ChIP at many of the regions that show DNA hypome-
thylation. Second, we did not observe a deregulation of genes en-
coding DNMTs or TETs in Ehmt2~/~ embryos. Third, several of the
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EHMT2 represses germline genes via DNA methylation in mouse embryos. (A) Comparison of RNA-seq expression levels for RefSeq genes in WT
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and Ehmt2~/~ embryos. Genes of the Magea family and differentially expressed genes are highlighted in colors. (B) Preferential tissue of expression of genes
up-regulated at least threefold in Ehmt2~'~ embryos. (C) Examples of RNA-seq profiles at the Cyct and Asz1 genes in two biological replicates of WT and
Ehmt2~'~ embryos. (D) Activation of germline genes in Ehmt2~/~ and Dnmt3b~'~ E8.5 embryos. The heatmap on the bottom indicates CpG methylation
measured by RRBS in the corresponding promoters in Eamt2~/~ and Dnmt3b™'~ E8.5 embryos. (E) ChIP-qPCR analysis of H3K9me2 in WT and Dnmt3b~/~
E8.5 embryos (mean + SEM, n= 3 embryos for WT, n=4 embryos for Dnmt3b~/7), showing that the reduced DNA methylation does not impact the dep-
osition of H3K9me2. (F) Model: EHMT2 deposits H3K9me2 and facilitates cytosine methylation at a subset of gene promoters in embryos. The inactivation
of EHMT2 inhibits H3K9me2 and leads to reduced cytosine methylation, leading to aberrant gene activation. In Dnmt3b~/~ embryos, EHMT2 is able to bind
to its target promoters but can no longer recruit cytosine methylation, which leads to incomplete gene silencing.

hypomethylated genes are not overexpressed in Ehmt2~/~ embry-
os, indicating that their hypomethylation is not a secondary con-
sequence of gene activation. We therefore speculate that the
absence of EHMT2 impairs the recruitment of DNA methylation
in cis at these targets. This scenario, however, does not exclude
that DNA methylation may be affected indirectly at some sites.
What mechanisms link EHMT2 to DNA methylation?
H3K9me?2 is recognized by UHRF1, a cofactor for DNMT1, suggest-
ing that EHMT2-mediated H3K9me2 could stimulate the mainte-
nance of DNA methylation by the UHRF1-DNMT1 complex
(Karagianni et al. 2008; Rothbart et al. 2012; Liu et al. 2013).
HMRs are marked by H3K9me2, and the loss of DNA methylation
at HMRs correlates with a decrease in H3K9me2 in Ehmt2~/~ em-
bryos. However this model is in contradiction with the observa-
tions that H3K9me2 covers a large part of the genome and that
DNA methylation at other sites of H3K9me2 loss is unaffected in
Ehmt2~'~ embryos. Thus, our results are in favor of a role of
EHMT?2 in DNA methylation that is independent of H3K9 methyl-
ation. EHMT2 methylates other histone residues such as H3K56
(Yu et al. 2012) and lysines in H1 variants (Trojer et al. 2009;
Weiss et al. 2010) and has several nonhistone protein substrates
(Rathert et al. 2008), including DNMT3A (Chang et al. 2011),

which could be necessary for effective methylation of DNA.
Alternatively, as supported by studies in ESCs (Dong et al. 2008;
Epsztejn-Litman et al. 2008; Tachibana et al. 2008), EHMT2 could
regulate DNA methylation independently of its catalytic activity.
EHMT2 physically interacts with the DNA methyltransferases
DNMT1, DNMT3A, and DNMT3B (Esteve et al. 2006; Epsztejn-
Litman et al. 2008; Kotini et al. 2011) and could stimulate their re-
cruitment at specific genomic sites. It also remains to be studied if
the EHMT2 heterodimeric partner EHMT1 functionally overlaps
with EHMT?2 in the control of embryonic DNA methylation.

Our data shed new light on the role of EHMT2 during em-
bryogenesis. RNA-seq demonstrated that the inactivation of
EHMT?2 leads to the reactivation of a few hundred genes. Besides
known targets of EHMT2 such as the genes of the Magea family,
many of the most up-regulated genes correspond to germline
genes and genes of the imprinted XIr cluster harboring reduced
promoter DNA methylation. By comparing embryos deficient for
EHMT?2 or the DNA methyltransferase DNMT3B, we provide evi-
dence that the recruitment of DNA methylation is important for
the biological functions of EHMT2. Indeed, germline genes are re-
activated in Dnmt3b~~ embryos even though the binding of
EHMT2 and the levels of H3K9me2 are unchanged, indicating
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that DNA methylation is important to achieve efficient silencing
of these EHMT2 target genes. We note, however, that the extent
of gene reactivation in Dnmt3b~'~ embryos does not reach the lev-
els seen in Ehmt2~/~ embryos, suggesting that H3K9 and DNA
methylation cooperatively silence these genes. Moreover, other
genes like Magea2 and Wfdc15a are reactivated in Ehmt2~/~ embry-
os without a reduction in their promoter DNA methylation, illus-
trating that EHMT2 also regulates genes independently of DNA
methylation.

The mechanisms that specify the genes repressed by EHMT2
are still unclear. One hypothesis is that EHMT2 is recruited by long
noncoding RNAs (IncRNAs). This model has emerged from studies
on imprinted domains where specific recruitment of histone
lysine methyltransferases controls the allelic repression at placen-
ta-specific genes of the Kcngl and Igf2r domains in the mouse
(Nagano et al. 2008; Wagschal et al. 2008). In humans, similarly,
expression of an antisense IncRNA mediates EHMT2 recruitment
and local DNA methylation at the DHRS4 gene locus (Li et al.
2012). Another recent study shows that chromatin at the Sic38a4
locus is controlled by a IncRNA (Monnier et al. 2013), again estab-
lishing a possible link between noncoding RNA and EHMT2 re-
cruitment. Alternatively, it is known that EHMT2 is part of larger
protein complexes with sequence-specific DNA binding factors
that could guide EHMT2 to specific sites. In particular, EHMT2
was identified as a member of the E2F6 complex (Ogawa et al.
2002), which has been linked to the control of DNA methylation
in mouse cells (Velasco et al. 2010).

We show that the influence of EHMT2 on DNA methylation
is much more restricted in embryos compared with cultured ESCs.
This is in line with single-gene studies showing that Wfdc15a,
Magea2, and Snrpn are hypomethylated in Ehmt2~/~ ESCs but
not embryos (Xin et al. 2003; Tachibana et al. 2008). In addition,
the inactivation of EHMT2 has little effect on DNA methylation
in differentiated cells (Link et al. 2009; Sharma et al. 2012). One
hypothesis to explain this discrepancy is that EHMT2 could have
a greater influence on the kinetics of DNA methylation at earlier
timepoints of embryogenesis. Unfortunately, we failed to test
this hypothesis because Ehmt2~/~ embryos implant much later
than WT embryos, precluding us from dissecting mutant and con-
trol embryos from the same mothers at E6.5 and making it difficult
to compare the kinetics of methylation because of the confound-
ing effect of the developmental delay. Alternatively, the absence
of EHMT2 in ESCs could lead to indirect effects on DNA methyla-
tion, for example, by promoting a naive pluripotent state associat-
ed with a global reduction in DNA methylation (Ficz et al. 2013;
Habibi et al. 2013). Interestingly, studies on other epigenetic regu-
lators also revealed that knockout embryos have milder methyla-
tion defects compared with ESCs. For example, loss of SUV39H1/
2 leads to a reduction in DNA methylation at satellite DNA in
ESCs (Lehnertz et al. 2003), but this is not apparent in embryo-de-
rived fibroblasts (Pannetier et al. 2008). This indicates that the
mechanisms controlling DNA methylation are less robust in cul-
tured stem cells and illustrates the remarkable epigenetic robust-
ness of the mammalian embryo.

Methods

Mouse embryos

The morning of the vaginal plug was designated E0.5. Preimplan-
tation blastocysts (E3.5-E4.5) were collected by flushing the uteri
with M2 medium (Sigma-Aldrich). Post-implantation epiblasts

(ES.5-E7.5) and embryos (E8.5-E9.5) were manually dissected in
M2 medium. We prepared genomic DNA samples by proteinase
K digestion, phenol/chloroform extraction and precipitation
with ethanol. We maintained Ehmt2 knockout mice on a C57BL/
6] background and obtained Ehmt2~/~ embryos by natural mating
of Ehmt2*/~ females and males. Genotyping was performed by two
PCR reactions using primers that amplify the LacZ reporter cassette
and the exons 11-12 (Supplemental Fig. S1B). Dnmt3b—/ embryos
were obtained as previously described (Auclair et al. 2014).

Isolation and culture of MEFs

We generated primary MEFs from E13.5 embryos. The embryos
were mechanically dissociated and incubated with trypsin 0.25%
for 10 min at 37°C. MEFs were isolated by differential attachment
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 50 pg/mL gen-
tamycine in a humidified incubator at 37°C with 5% CO,. We used
MEFs at low passage (<p4).

DNA methylation analysis by restriction enzyme digestion
and bisulfite treatment

We digested 1 pug of genomic DNA with 20 U of McrBC (New
England BioLabs), an endonuclease that digests methylated DNA
in a sequence-independent manner, followed by qPCR to measure
the percentage of digestion relative to the undigested control DNA.
We normalized values to those of an intergenic control sequence
containing no CpGs. Bisulfite conversion of genomic DNA was
performed with the EpiTect bisulfite kit (Qiagen). We performed
PCR amplification of converted DNA followed by COBRA or
cloning as previously described (Borgel et al. 2010). Cloned PCR
products were sequenced, aligned with the BISMA software, and
filtered to remove clonal biases. Primer sequences for qPCR and
PCR amplification of bisulfite-treated DNA are provided in the
Supplemental Table S3.

MeDIP-chip

We performed MeDIP on 200 ng genomic DNA prepared from WT
and Ehmt2~/~ littermate embryos collected at E9.5. Precipitates
from three replicates of MeDIP and input samples were hybridized
to Roche Nimblegen mm9 HD2 2.1M deluxe promoter arrays cov-
ering —8200 to +3000 bp from 23,517 TSSs. Sample preparation
and bioinformatic treatment of microarray data were performed
as previously described (Borgel et al. 2010). For data representa-
tion, we smoothed log, ratios over 200-bp windows using the
Ringo R package (Toedling et al. 2007).

RRBS

We performed RRBS on single embryos for four WT and three
Ehmt2~/~ littermate embryos collected at E8.5. RRBS libraries
were produced as previously described (Auclair et al. 2014).
Briefly, we digested 70 ng of genomic DNA 5 h with Mspl
(Thermo Scientific), performed end-repair and A-tailing (with
5 U Klenow-fragment, Thermo Scientific), and ligated to meth-
ylated adapters (with 30 U T4 DNA ligase, Thermo Scientific) in
Tango 1x buffer. Fragments between 150 and 400 bp were excised
from a 3% agarose 0.5x TBE gel with the MinElute gel extraction kit
(Qiagen) and bisulfite-converted with the EpiTect bisulfite kit
(Qiagen) with two consecutive rounds of conversion. Final RRBS
libraries were amplified by PCR with the PfUTurbo Cx hotstart
DNA polymerase (Agilent) using the following PCR conditions:
2 min at 95°C; 16 cycles of 30 sec at 95°C, 30 sec at 65°C, and
45 sec at 72°C; and 7 min at 72°C. We purified the libraries with
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AMPure magnetic beads (Beckman Coulter) and performed paired-
end sequencing (0032 x 75 bp) on an Illumina HiSeq 2500 at
Integragen SA. ESCs lines were cultivated as previously described
(Mozzetta et al. 2014), and RRBS was performed with 100 ng start-
ing DNA and 14 cycles for the final PCR. We cleaned the sequenc-
ing reads with Trim Galore (v0.2.1, parameters —rrbs —paired -r1 30
12 30 -q 20 -length 20 -retain_unpaired; http:/www
.bioinformatics.babraham.ac.uk/projects/trim_galore/) and aligned
to the mm10 genome with BSMAP (v2.74, parameters -v 2 -w 100 -r
1 -x 400 -m 30 -D C-CGG -n 1) (Xi and Li 2009). Percentage of
methylation values were calculated as the ratio of the number of
Cs over the total number of Cs and Ts with methratio.py in
BSMAP (parameters -z -u -g). The bisulfite conversion efficiency
was estimated by calculating the C-to-T conversion in non-CpG
sites. For all data analysis, we filtered CpGs to have a minimum se-
quencing depth of 8x and visualized methylation values with the
IGV browser (Robinson et al. 2011).

RT-qPCR analysis

Total RNAs were extracted from embryos with TRIzol (Invitrogen),
treated with the RQ1 DNase, and reverse transcribed with the
QuantiTect reverse transcription kit (Qiagen). We quantified
the expression of target cDNAs by qPCR with the KAPA SYBR
FASR qPCR kit on a StepOnePlus real-time PCR system (Life
Technologies) using the standard curve method. qPCR reactions
were performed in triplicates, and expression was normalized to
the expression of two housekeeping genes (Rpl13a, Actb). In paral-
lel, we amplified no-RT controls to rule out the presence of con-
taminating DNA. Primer sequences for qPCR are provided in the
Supplemental Table S3.

RNA-seq

We performed RNA-seq on single embryos for two WT and two
Ehmt2~'~ littermate embryos collected at E8.5. Total RNAs were ex-
tracted with the RNeasy protect mini kit (Qiagen). RNA-seq librar-
ies were prepared with the Ovation RNA-seq System V2 (NuGEN)
and sequenced on a HiSeq 2500 (1 x 50 bp). Raw sequences were
aligned to the mouse mm10 genome by TopHat (v2.0.13, default
parameters plus —no-coverage-search -library-type fr-firststrand)
(Kim et al. 2013) using a transcriptome index built from RefSeq
mm10. Browser tracks in bigWig format were generated with
bam2wig.py from the RSeQC package (v2.4, parameters -u -t
5000000000) (Wang et al. 2012) and visualized with the IGV
browser. Read counts in genes were computed with htseq-count
(v0.6.0, parameters —t exon —s no) (Anders et al. 2015) using a
RefSeq mm10 GTF file. We tested for differential gene expression
using DESeq2 (v1.4.5) (Love et al. 2014) and defined differentially
expressed genes as having a fold change greater than three and an
adjusted P-value <0.01. Genes on the Y Chromosome were exclud-
ed. Normalized counts and FPKM scores were calculated with the
“counts” and “fpkm” functions of DESeq2. For the comparison
with genes up-regulated in Dnmt3b~'~ embryos (GEO accession
no. GSE60334) (Auclair et al. 2014), we selected genes up-regulated
at least threefold with an adjusted P-value below 0.01.

ChIP of EHMT2

We cross-linked 5.10° MEFs with 2 mM EGS (Life Technologies) for
45 min and then with 1% formaldehyde (Thermo Scientific) for
10 min in DPBS. The excess formaldehyde was quenched with
125 mM glycine for 5 min at RT. The cells were scraped and lysed
in 200 pL lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris at pH 8.1)
supplemented with protease inhibitors (Diagenode) for 10 min on
ice. We sonicated the chromatin using a Bioruptor waterbath son-

icator (Diagenode) to obtain fragments in the range of 0.2 to
1.5 kb. The sheared chromatin was cleared by centrifugation at
14,000 rpm for 20 min at 4°C and diluted 1:10 in dilution buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-
HCI at pH 8.1, 167 mM NaCl, protease inhibitors). Ten percent
of the chromatin was set aside as the input. The chromatin
was immunoprecipitated overnight at 4°C with DiaMag protein
A-coated magnetic beads (Diagenode) prebound to a mouse mono-
clonal EHMT2 antibody (R&D Systems no. PP-A8620A-00, Clone
A8620A) or an IgG2a isotype control (R&D Systems no.
MABO0031). For the prebinding of beads, 5 ug antibody were cou-
pled to 17 pL magnetic beads in 90 pL of dilution buffer for 3 h
at 4°C. The beads-antibody complexes were washed once in low-
salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI at pH 8.1, 150 mM NaCl), once in high-salt buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI at
pH 8.1, 500 mM NaCl), once in LiCl buffer (0.25 M LiCl, 1%
IGEPAL-CA630, 1% sodium deoxycholiate, 1 mM EDTA, 10 mM
Tris-HCI pH 8.1), and twice in TE buffer (10 mM Tris-HCI at pH
8.1, 1 mM EDTA). The beads were eluted twice with the elution
buffer (1% SDS, 0.1 M NaHCO3) for 15 min at RT, and the two el-
uates were combined. The cross-linking was reversed in 200 mM
NaCl for 4 h at 65°C. We isolated DNA by proteinase K digestion
for 1 h at 45°C followed by phenol/chloroform extraction and pre-
cipitation in EtOH. For ChIP on E8.5 embryos, we dissociated eight
embryos in trypsin 0.25% EDTA 1 mM for 5 min at RT, and cross-
linked the cells in suspension with 1.5 mM EGS for 30 min fol-
lowed with 1% formaldehyde for 10 min in 1 mL of DPBS.
Subsequent steps are the same as described above. The qPCR anal-
ysis was done with the KAPA SYBR FAST gPCR kit on a
StepOnePlus real-time PCR system (Life Technologies), and we cal-
culated for each gene the percentage of recovery in the ChlIP rela-
tive to the input. Primer sequences for qPCR are provided in the
Supplemental Table S3.

ChIP of histone methylation

Five to eight embryos collected at E8.5 were dissociated in trypsin
0.25% EDTA 1 mM for 5 min at RT, washed in PBS, and cross-
linked with 1% formaldehyde for 10 min at RT. The excess formal-
dehyde was quenched with 125 mM glycine for 5 min at RT.
The embryos were washed in PBS supplemented with protease in-
hibitors (Diagenode), and ChIP was performed with a Bioruptor
waterbath sonicator (Diagenode) and the LowCell ChIP Kkit
(Diagenode). We used antibodies against H3K9me2 (Abcam
ab1220), H3K4me3 (Abcam ab8580), and an 1gG2a control (R&D
Systems no. MABO0031). ChIP on MEFs was performed on
200,000 cells with the LowCell ChIP kit (Diagenode). For experi-
ments on Ehmt2~'~ and Dnmt3b~'~ embryos, we performed ChIP
on single embryos. The embryos were dissociated and cross-linked
as described above, and ChIP was performed with the true
MicroChlP kit (Diagenode). Primer sequences for qPCR are provid-
ed in the Supplemental Table S3.

H3K9me2 ChlP-seq

ChIP was performed as described above on three pools of eight em-
bryos collected at E8.5. ChIP-seq libraries were prepared with the
NEXTflex ChIP-seq Kit (Bioo Scientific) and sequenced on a
HiSeq 2500 (1x50 bp). Because of the broad distribution of
H3K9me2, we merged the FASTQ files from the three experiments.
Raw reads were aligned to the mm10 genome with Bowtie 2
(v2.2.4, default parameters) (Langmead and Salzberg 2012). We
flagged PCR duplicates with Picard MarkDuplicates (v1.136)
(http://broadinstitute.github.io/picard) and generated density
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tracks in WIG format with igvtools count (v2.3.3.2, parameters -w
25 -e 300 -minMapQuality 30) (Thorvaldsdottir et al. 2013).

Data analysis and characterization of HMRs

Data processing and representation were performed with the
R software (R Core Team 2015) using custom developed scripts.
To represent the distribution of methylation over genes (Fig. 1F),
we calculated the average methylation in 20 equal-sized windows
of each protein-coding RefSeq gene and in 10 1-kb windows of
flanking sequences. To calculate methylation of TEs, we averaged
the methylation scores of all the CpGs contained in annotated re-
peats with a size >400 bp. We used the eDMR algorithm from the
methylKit R package (Li et al. 2013) to identify RRBS DMRs be-
tween WT and Ehmt2~/~ embryos with at least three CpGs, a differ-
ence in methylation >20%, and an adjusted P-value <0.01. We
annotated DMRs relative to exons, introns, and repeats using the
UCSC RefSeq and Repeatmasker tracks (repeats with a size >400
bp). DMRs were considered promoter-proximal when the center
of the DMR is distant <1000 bp from a RefSeq TSS. We performed
gene ontology and tissue expression analyses with DAVID (Huang
da et al. 2009). HMRs were compared with ChIP-seq data for
EHMT2 in ESCs (GEO accession no. GSE46545) (Mozzetta et al.
2014), H3K9mel/2 in ESCs (GEO accession no. GSE54412) (Liu
et al. 2015), H3K4me2 in ESCs (GEO accession no. GSE30203)
(Stadler et al. 2011), and H3K9me2 in E8.5 embryos (this study).
To generate the heatmaps, we counted the density of reads from
the ChIP-seq WIG files in 200-bp windows and divided by the den-
sity of reads in the same windows in the corresponding input
sample.

Data access

The MeDIP-chip, RRBS, ChIP-seq, and RNA-seq data from this
study have been submitted to the NCBI Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE71500.
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