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SUMMARY

The reprogramming of parental methylomes is
essential for embryonic development. In mammals,
paternal 5-methylcytosines (5mCs) have been pro-
posed to be actively converted to oxidized bases.
These paternal oxidized bases and maternal 5mCs
are believed to be passively diluted by cell divisions.
By generating single-base resolution, allele-specific
DNA methylomes from mouse gametes, early em-
bryos, and primordial germ cell (PGC), as well as sin-
gle-base-resolution maps of oxidized cytosine bases
for early embryos, we report the existence of 5hmC
and 5fC in both maternal and paternal genomes
and find that 5mC or its oxidized derivatives, at the
majority of demethylated CpGs, are converted to
unmodified cytosines independent of passive dilu-
tion from gametes to four-cell embryos. Therefore,
we conclude that paternal methylome and at least
a significant proportion of maternal methylome
go through active demethylation during embryonic
development. Additionally, all the known imprinting
control regions (ICRs) were classified into germ-line
or somatic ICRs.

INTRODUCTION

The epigenomes of sperm and oocyte are dramatically
different. The paternal and maternal epigenomes reprogram to
the same state during early embryogenesis. The reprogramming
of parental epigenomes is essential for the compatibility of toti-
potency during embryonic development (Hackett and Surani,
2013). Recent studies show that paternal DNA methylome is
stably inherited during early embryogenesis in zebrafish, while
maternal methylome undergoes significant reprogramming to
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the sperm pattern (Jiang et al., 2013; Potok et al., 2013). In
mammals, two waves of genome-wide DNA demethylation
take place during primordial germ cell (PGC) development and
early embryogenesis (Seisenberger et al., 2013; Wu and Zhang,
2014). However, our knowledge on genome-wide demethylation
is still limited due to the lack of single-base resolution DNA meth-
ylomes for mouse oocyte and early embryos.

Currently, it is generally believed that paternal DNA is actively
demethylated by oxidizing 5-methylcytosine (5mC) to 5-hydrox-
ymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carbox-
ylcytosine (5caC) by Tet3 (Gu et al., 2011; He et al., 2011; Inoue
et al.,, 2011; Inoue and Zhang, 2011; Ito et al., 2011). Studies
using cell immunostaining suggested that the oxidized deriva-
tives of 5mC is further diluted passively by DNA replication
over early cell divisions (Inoue et al., 2011; Inoue and Zhang,
2011; Wu and Zhang, 2014). Alternatively, the oxidized 5mC
bases could be replaced to unmodified cytosines through the
base excision repair pathway similar to what has been found
in mouse embryonic stem cells (He et al., 2011; Zhang et al.,
2012). Moreover, it is claimed that the oxidized 5mC bases
only exist in paternal genome but not in maternal genome during
early embryogenesis (Gu et al., 2011; Inoue et al., 2011; Inoue
and Zhang, 2011; Igbal et al., 2011; Xie et al., 2012). Previous
study also proposed that 5mC in maternal DNA is protected
from the oxidization by Stella in early embryos (Nakamura
et al.,, 2012). Therefore, it has been generally believed that
5mC on maternal DNA is passively diluted through early cell
divisions during mammalian early embryogenesis (Seisenberger
et al., 2013; Wu and Zhang, 2014). Nevertheless, these conclu-
sions lack the support from the sequencing data.

Genomic imprinting in mammals is important for embryonic
development (Surani et al., 1990). Loss of imprinting is associ-
ated with many human diseases (Lalande, 1996). Imprinting con-
trol regions (ICRs) can be classified into germ-line ICRs (gICRs)
and somatic ICRs (sICRs). The allele-specific methylation status
of gICRs is set during gametes development and is maintained
after fertilization throughout the development (Reik and Walter,
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2001). The allele-specific methylation status of sICRs is achieved
during the mammalian development after fertilization, often in
a tissue-specific manner (Hayashizaki et al., 1994; Hiura et al.,
2010; Kelsey et al., 1999; Peters et al., 1999; Plass et al., 1996;
Xie et al., 2012). Until now, 55 ICRs have been identified in mouse
genome (Xie et al., 2012). Due to the lack of oocyte DNA methyl-
ome at base resolution, about half of ICRs could not be classified
definitively as gICRs or sICRs. Additionally, very little is known
about the DNA methylation status of the ICRs and the expression
patterns of imprinted genes in gametes and early embryos.

To address these questions, we performed comprehen-
sive analyses on allele-specific, single-base resolution maps
of 5mC, 5hmC, and 5fC as well as gene expression profiling
in early embryos, to investigate the reprogramming and inheri-
tance of parental methylomes in mammals. In contrast to previ-
ous reports, we find that 5hmC and 5fC present in both paternal
and maternal genomes and illustrate that at least a significant
proportion of maternal methylome undergoes active demethy-
lation during early embryonic development. This study refines
the current knowledge on methylation reprogramming in mam-
mals and provides a powerful resource for early developmental
studies.

RESULTS

Base-Resolution DNA Methylome of Gametes, Early
Embryos, and PGCs

We characterized paternal and maternal methylomes using
the single-nucleotide polymorphisms (SNPs) between DBA/2J
(DBA) and C57BL/6J (C57) mice in the hybrid embryos. We
performed genome resequencing of the DBA and C57 mice,
and identified about 4.4 million SNPs. We collected mouse
sperm (DBA), oocytes (C57), as well as early stage embryos
(male DBA x female C57). The different stages of embryos
include two-cell and four-cell cleavage stages, the early inner
cell mass (ICM), E6.5, and E7.5 embryos. We also purified the
primordial germ cells (PGCs) from E13.5 male and female em-
bryos, respectively. As more than 80% of zygotes were contam-
inated with sperm in zona pellucida, we were unable to collect
enough zygotes to map the methylome.

All samples were extensively washed and purified to remove
any somatic or gametic contaminants (Smith et al., 2012).
Base-resolution methylomes were generated using MethylC-
Seq (Lister et al., 2013; Lister et al., 2009; Xi and Li, 2009; Xie
et al., 2013; Ziller et al., 2013). For each stage, at least two
independent biological replicates were sequenced. The average
genomic depth of uniquely mapped reads (Hon et al., 2013) is
16-fold per strand. Around 90% of all CpGs in mouse genome
were covered at least five times in each sample (Table S1 avail-
able online). The distribution of CpG methylation level of each
site across the genome at different stages is shown in Fig-
ure ST1A. Only CpGs that were covered at least five times were
considered for subsequent analyses.

The Dynamics of Functional Genomic Elements during
Early Embryogenesis

We plotted the average methylation levels of all different func-
tional elements in the gametes and early embryos (Figures 1A
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and 1B, and S1B), and revealed that most functional genomic el-
ements undergo significant demethylation, except CpG Islands
(CGls) and 5" untranslated regions (UTRs) whose methylation
levels are already very low in gametes (Figure 1A). The average
methylation levels of different functional elements gradually
increase from ICM to E7.5 embryos, and the levels observed
in E7.5 embryos are similar to levels seen in the sperm (Figures
1A and 1B, and S1B). The only exception being CGl whose
methylation level in E7.5 is similar to that of oocyte (Figure 1A).
Interestingly, the average methylation level of CGls in oocyte is
higher than that of sperm, which is different from any other
genomic elements (Figure 1A). We observed 297 oocyte-specific
highly methylated CGils, but only 20 sperm-specific highly meth-
ylated CGils. Notably, 14 oocyte-specific highly methylated
CGis are located in the maternal ICRs (Table S2). Additionally,
the methylation status of CGls around transcriptional start sites
(TSS) is stable, and the status of CGils in genic region is more
dynamic during early embryogenesis (Figure S1B, right).

Previous studies have indicated that the methylation level of
IAPs in oocyte is lower than that in sperm, and the methylation
level of IAP in ICM is same as that in oocyte (Seisenberger
et al.,, 2013). In contrast, our data reveal that the methylation
levels of IAPs in sperm and oocyte are the same (0.78) (Fig-
ure 1B), and the methylation level of IAPs in ICM is 0.58. The
methylation levels of different IAPs show a decreasing trend,
particularly some subclasses of IAPs such as IAP1-MM_I-int
and IAPEY4_LTR (Figure S1C).

Dynamics of DNA Methylation in Promoters

Given that the DNA methylation at promoters is related to gene
expression (Feng et al., 2010; Lister et al., 2009; Zemach et al.,
2010), we characterized the dynamics of the gametic-specific
promoters from gametes to early embryos, and performed the
gene ontology (GO) analyses using the list of genes with differen-
tially methylated promoter regions.

Our results show genes with sperm-specific hypomethylated
promoters are enriched in spermatogenesis pathways; and
oocyte-specific hypomethylated promoters are enriched in
metabolism and hemostasis pathways (Table S3). Furthermore,
genes with sperm-specific highly methylated but hypermethy-
lated promoters in E7.5 embryos are enriched in the pathways
that play important roles in fertilization and host defenses during
early development, such as mating, ion transport, defense
response and immune response pathways (Figure 1C green
window). While genes with oocyte-specific highly methylated
promoters but hypermethylated promoters in E7.5 are enriched
in proteolysis, which is important for the sperm entrance into
the oocyte (Figure 1D brown window). And genes with hypome-
thylated promoters in E7.5 embryos are enriched in processes
regulating embryogenesis and organ development, such as
anterior/posterior and left/right pattern formation, limb morpho-
genesis, skeletal system development, cardiac development,
and cell differentiation (Figure 1C blue window, Figure 1D purple
window, and Table S3).

Itis known that growing oocyte preferentially metabolize pyru-
vate (one kind of organic carboxylic acid) over glucose, and em-
bryos gradually switch to glycerolipid metabolic process during
embryogenesis (Collado-Fernandez et al., 2012). Interestingly,
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Figure 1. Dynamics of DNA Methylomes for Gametes and Early
Embryos

(A) The dynamics of methylation levels of different genomic elements (genic-
related classification) during early embryogenesis. The average methylation is
the mean value of the methylation levels of all CpGs located in the specific
element.

(B) The dynamics of methylation levels of different repeat elements. IAP is the
subcategory of LTR.

(C and D) Heat map of the methylation reprogramming of oocyte-specific hypo
methylated promoters and sperm-specific hypomethylated promoters during
early embryogenesis, respectively. GO term enrichment in genes with E7.5
hypo methylated promoters or hyper methylated promoters. DNA methylation
level is colored from orange to red to indicate low to high.

(E) Graphical representation of a genomic region showing the methylation
level of non-CpGs for tracked maternal DNA (pink) and paternal DNA
(light blue) separately. Tracked non-CG cytosines are highlighted by short
blue lines.

(F) Positive-correlations between gene expression and methylated non-CG
cytosines in the genic regions. Pearson correlation coefficiency is 0.20
(p value < 107°). Each row represents one gene from the total 22,742 ex-

GO enrichment results are consistent with this observation
showing that genes with hypomethylated promoters in oocyte
but hypermethylated promoters in E7.5 embryos are enriched
with GO terms organic acid catabolic process (Figure 1C green
window), and genes with hypomethylated promoters in both
sperm and E7.5 embryos are enriched in glycerolipid metabolic
process (Figure 1D purple window). These data suggest that
DNA methylation reprogramming associates with the embryonic
development.

CpGs with Stable Methylation States during Early
Embryogenesis

Single-base resolution methylomes of gametes and early em-
bryos enable us to investigate how much of gametic epigenetic
information can be stably maintained during early embryogen-
esis. We defined a CpG site as stably methylated CpG only if
the standard deviation of the methylation level in sperm (or
oocyte), ICM and E7.5 embryos is less than 0.05 (FDR < 10%).
Our analyses revealed that 6.8% of CpGs in the mouse methyl-
ome are maintained stably among sperm, ICM, and E7.5 em-
bryos. Most of the stable CpGs are either unmethylated sites
(methylation level < 0.2), or highly methylated CpGs (methyl-
ation level > 0.8) (Figure S2A). The majority of highly methylated
CpGs are located in the introns and repeat regions (Figure S2B).
In contrast, the majority of unmethylated CpGs are located in the
promoters and CGils (Figure S2B), suggesting that maintenance
of these regions in unmethylated states is important for gene
expression. The similar result was observed for the stably main-
tained methylated CpGs among oocyte, ICM and E7.5 embryos
(Figures S2C and S2D).

Non-CG Methylation in Early Embryos

Besides CpG methylation, non-CG cytosine methylation can
also be observed in mammalian oocytes (Lister et al., 2013;
Xie et al.,, 2012). But their functional role is unclear. Using
whole-genome bisulfite sequencing approach, we were able
to quantify non-CG cytosine methylation in the gametes and
early embryos. We did not observe non-CG cytosine methyl-
ation in the sperm DNA. The average level of non-CG cytosine
methylation in maternal DNA is 0.027. The methylation level of
non-CG cytosine in maternal DNA is gradually decreased during
early embryogenesis (Figure S2E). In oocyte, the average non-
CG methylation level of genic regions including exons and
introns is 0.042, while the level of intergenic regions is 0.012,
suggesting enrichment of non-CG methylated cytosines in the
genic regions (Figure 1E). To investigate whether the non-CG
cytosine methylation is associated with gene expression, we
performed mRNA-seq on oocytes from C57 mice. Three inde-
pendent libraries were generated. Our analyses show that
non-CG cytosine methylation in genic regions is positively
correlated with gene expression (Figure 1F). In contrast, nega-
tive correlation is observed between gene expression and
CpG methylation in promoters (Figure S2F).

pressed genes. mC/C means the density of methylated non-CG cytosines.
FPKM represents gene expression level. Both DNA methylation density and
gene expression are colored from white to red to indicate low to high.

See also Figures S1 and S2, Table S1, S2, and S3.
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Allele-Specific Dynamics of CpG Methylation during
Early Embryogenesis

Using the SNPs between DBA and C57 mice, we were able to
distinguish allele-specific CpG methylation patterns in the hybrid
embryos. The number of tracked CpGs at each stage is listed in
Table S4. Our data show that the average methylation levels at
each specific stage are similar between genome-wide CpGs
and SNP-tracked CpGs (paternal reads and maternal reads
merged together) (Figure S3A). In addition, the distribution of
CpGs in different genomic elements is also similar between
SNP-tracked CpGs and genome-wide CpGs (Figures S3B and
S3C). Therefore, the SNP-tracked CpGs provide an unbiased
representation of the genome-wide CpGs.

Next, we plotted the dynamics of the average methylation
levels of SNP-tracked paternal and maternal genomes, respec-
tively (Figure 2A). Paternal DNA methylome is largely demethy-
lated from sperm (0.80) to two-cell embryos (0.37). In E3.5 ICM,
paternal methylome reaches the lowest level (0.21). Surprisingly,
limited change was observed in the methylation levels of maternal
DNA between oocyte (0.54) and two-cell embryos (0.49) (Fig-
ure 2A). Upon the specification to ICM, maternal methylome
reaches the lowest level (0.20), similar to the level observed
in paternal methylome (Figure 2A). Comparison of paternal
and maternal methylomes in ICM shows similar patterns, except
limited regions such as imprinting control regions. We also
sequenced the methylome of the whole embryos of blastocysts
(E3.5). The methylation level of blastocysts is 0.20 similar to
that of ICM. With further embryonic development, the methyl-
ation levels of both paternal and maternal methylomes synchro-
nously increase to around 0.73 in E7.5 embryos (Figure 2A).

Active DNA Demethylation in Both Paternal and
Maternal CpG Methylomes

To validate whether paternal methylome undergoes active
demethylation, we compared the methylation level of each
paternal-tracked CpG site between sperm and two-cell em-
bryos. We called a CpG site as demethylated CpG if its methyl-
ation level decreases more than 0.2 between two compared
stages (p value < 0.05 according to Fisher’s exact test; FDR <
10%). Out of 2.32 million tracked CpGs covered in both sperm
and two-cell stage embryos, we observed 1.39 million CpGs to
be demethylated (Figure 2B left). We calculated the relative de-
methylation level (RDL) for all paternal-tracked CpGs. The RDL
of sperm versus two-cell embryos is defined as [(MLgperm —
MLo_cen)/MLsperm], @and ML means methylation level. Then, we
plotted the distribution of the RDLs for 1.39 million demethylated
CpGs (Figure 2B), and the rest of CpGs (Figure S4A). The results
show that there are 63% demethylated CpGs with RDL higher
than 0.6 from sperm to two-cell embryos in the paternal methyl-
ome (Figure 2B, left). In contrast, the distribution of RDL for non-
demethylated sites is different, and Figure S4A shows that the
RDLs of the majority sites are around 0. We also applied the
RDL analyses to the demethylated CpGs from two-cell embryos
to four-cell embryos, and observed 95% demethylated CpGs
with RDL higher than 0.6 from two-cell to four-cell embryos
(Figure 2B, middle). These data indicate that paternal methylome
is actively demethylated (Figure 2B). A representative region is
shown in Figure 2C.
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We performed the similar analysis for the maternal DNA. As
the methylation change between oocytes to two-cell embryos
is very small, we focused on the RDL analysis between two-
cell and four-cell embryos. Out of 3.09 million maternal-tracked
CpGs, 0.294 million CpGs are demethylated between two-cell
and four-cell embryos. The results show there are 86% deme-
thylated CpGs with RDL higher than 0.6 (Figure 2D middle),
which is similar to paternal DNA demethylation. Therefore, if a
CpG site in maternal DNA is demethylated, it usually undergoes
active DNA demethylation (Figures 2D and 2E, and S4B). Our
results are in contrast to previous reports that maternal DNA
demethylation is through passive dilution by inhibiting DNMT1
in early embryogenesis (Seisenberger et al., 2013; Wu and
Zhang, 2014). We also compared how many demethylated sites
overlapped between the transition of two-cell to four-cell stages
and the transition of four-cell to ICM stages in maternal genome
and found a small number of demethylated sites are overlapped
(Figure S4C). This result indicates that demethylation of different
CpG sites are initiated at different stages. For example, one
locus is demethylated from two-cell to four-cell stages (Fig-
ure 2E), and another locus is demethylated from four-cell stage
to ICM stages (Figure S4D).

Taken together, both the paternal and maternal methylomes,
at the majority of demethylated CpGs, go through active deme-
thylation from gametes to four-cell embryos.

5hmC Exists in Both Paternal and Maternal Genomes

It has been proposed that paternal DNA demethylation is medi-
ated by the passive dilution of oxidized 5mC bases (Inoue
et al., 2011; Inoue and Zhang, 2011; Wu and Zhang, 2014). We
performed single-base resolution 5hmC mapping in two-cell
embryos with TAB-seq (Yu et al., 2012). The sequencing depth
is 18-fold per strand, covering 93% of CpGs in the mouse
genome. The Tet nonconversion rate is 3.56% (Table S5).
Because Tet oxidation can only take place at the methylated
CpGs, the background hydroxymethylation level of two-cell
genome is 0.016. This is achieved by multiplying nonconversion
rate with the methylation level at two-cell stage (0.45). After the
subtraction of the genomic background, the average hydroxy-
methylation level in two-cell genome is 0.030.

In contrast to previous studies, the allelic specific analyses
revealed that 5hmC exists not only in the paternal DNA, but
also in the maternal DNA (Table S5). After the subtraction of the
genomic background, the average hydroxymethylation levels
of paternal and maternal-tracked CpGs are 0.049 and 0.020,
respectively. We determined the average hydroxymethylation
levels of different genomic elements, and the results suggest
that most of the genomic elements, except CGls and 5'UTRs,
have higher than the background levels in both paternal DNA
and maternal DNA (Figures 3A and S5A). This is consistent with
the fact that the DNA demethylation occurs at most genomic
elements, except CGls and 5'UTRs. Additionally, hydroxymethy-
lation levels of paternal DNA in different genomic elements are
higher than those of maternal DNA (Figures 3A and S5A), consis-
tent with the observation that average hydroxymethylation level
of paternal DNA is higher than that of maternal DNA.

The hydroxymethylation modification is not universally distrib-
uted at each CpG site (Figures S5B and S5C). Using binomial
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Figure 2. Both Paternal and Maternal DNAs Are Actively Demethylated

(A) The dynamics of the average methylation level of paternal and maternal genome during early embryogenesis, respectively.

(B) Distribution of paternal demethylated CpGs according to the RDL between two compared stages. y axis represents the fraction of demethylated CpGs. x axis
represents the relative demethylation level. “D” means the number of the demethylated CpGs between two compared stages; “T” means the number of CpGs
covered in both two compared stages with at least five reads. The CpGs were categorized into three classes according to the methylation level indicated by
different colors. For example, in the left panel, red indicates the highly methylated CpGs in sperm (methylation level (ML) > 0.7), green indicates intermediate
methylated CpGs in sperm (0.7 > ML > 0.4), and blue indicates low methylated CpGs in sperm (0.4 > ML > 0.2). 63% demethylated CpGs with RDL higher than
0.6 from sperm to two-cell embryos; 95% demethylated CpGs with RDL higher than 0.6 from two-cell embryos to four-cell embryos; 82% demethylated CpGs
with RDL higher than 0.6 from sperm to ICM.

(C) Graphical representation of methylation pattern in paternal DNA at a locus in sperm, two-cell embryos, four-cell embryos, and ICM. The tracked CpGs are
highlighted by short blue lines.

(D) Distribution of maternal demethylated CpGs according to the RDL between two compared stages. 74% demethylated CpGs with RDLs higher than 0.6 from
oocyte to two-cell embryos; 86% demethylated CpGs with RDL higher than 0.6 from two-cell embryos to four-cell embryos; 84% demethylated CpGs with RDL
higher than 0.6 from oocyte to ICM.

(E) Graphical representation of methylation pattern from maternal DNA at a locus for oocyte, two-cell, four-cell, and ICM.

See also Figures S3 and S4 and Table S4.

distribution analysis (FDR < 5%), we show that only 101,352
CpGs in paternal DNA can be called as enriched 5-hydroxyme-
thylated CpGs (5hmCpGs) (Figure 3B, Table S5). The average
hydroxymethylation level of these enriched 5hmCpGs is 0.38
(Figure 3B). Similarly, there are 124,425 CpGs called as enriched

5hmCpGs in maternal genome, and the average hydroxymethy-
lation level of these sites is 0.31 (Figure 3C, Table S5). We also
plotted the distribution of the enriched 5hmCpG sites in different
genomic elements (Figure S5D). In addition, 1,649 and 1,227
5hmCpG-enriched regions are identified in maternal and

Cell 157, 979-991, May 8, 2014 ©2014 Elsevier Inc. 983
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(A) Average hydroxymethylation level of different genomic elements. The black dash line indicates the genomic background level (0.016). The average
hydroxymethylation level is the mean value of the hydroxymethylation levels of all CpGs located in the specific element. Since there is no enhancer, CTCF data
available for mouse two-cell embryos, we used the data of mESC as the reference (Shen et al., 2012).

(B) Distribution of 5hmCpGs in paternal genome according to the hydroxymethylation level. y axis represents the fraction of 5ShmCpGs. x axis represents the

hydroxymethylation level.

(C) Distribution of 5hmCpGs in maternal genome according to the hydroxymethylation level.
(D) Venn diagram shows that a small proportion of CpGs are overlapped between 5hmCpGs in two-cell embryos and paternal demethylated CpGs from sperm to

two-cell embryos.

(E) Box plots of methylation levels of 5hmCpG sites or non-5hmCpG sites in paternal-tracked DNA in two-cell embryos and ICM. “5hmC” means 5hmCpGs. “non-
5hmC” means non-5hmCpGs. Red line indicates the average methylation level, edges stand for the 25"/75™ percentile, and whiskers stand for the 2.5"/97.5%"

percentile.

(F) Box plots of methylation levels of 5ShmCpG sites or non-5hmCpG sites in maternal-tracked DNA in two-cell embryos and ICM.
(G) Graphical representation of 5hmC, 5mC pattern at a locus with paternal-tracked CpGs in two-cell embryos and ICM.

See also Figure S5 and Table S5.

paternal genomes, respectively (Figure S5E). Further analyses
also show that 5hmCpG distribution is asymmetric between
Watson and Crick strands (Figure S5F), consistent with the pre-
vious observations (Yu et al., 2012).

If demethylation of a CpG site is through the passive dilution of
5hmC, this demethylated CpG site should also be a 5hmCpG
site. To identify how many CpGs may be demethylated by the
passive dilution of 5hmC, we compared the demethylated
CpGs with enriched 5hmCpGs. We found that 4.9% demethy-
lated CpGs are also enriched 5hmCpGs (CpGs are covered by
at least five reads in each data set) (Figure 3D). Given that the
sequencing depth can affect the calling of enriched 5hmCpGs
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and demethylated CpGs, the number of overlapped CpGs be-
tween these two sets is underestimated with the cutoff of at least
five reads covered for each CpG site, because some CpGs with
sufficient coverage in mCpG data set do not have sufficient
coverage in 5hmCpG data set. To reduce the effect of the
sequencing depth, we raised the depth of cutoffs to at least
10, 15, and 20 reads covered for each CpG site and found that
7.1%, 9.1%, and 10.8% of paternal demethylated CpGs are en-
riched 5hmCpGs, respectively. In anyway, the demethylation of
the majority CpGs is not through the passive dilution of 5hmC.
Further analyses show that 5hmCpG sites are usually located
at the highly methylated CpG sites in both paternal and maternal
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Figure 4. 5fC and 5caC in Two-Cell Embryos

(A) Graphical representation of the Et-CpG level, methylation level, and formylation level at a locus in two-cell embryos.
(B) The average formylation level of different genomic elements in genome-wide DNA. The average formylation level is the mean value of the formylation levels of

all CpGs located in the specific element.

(C) Distribution of significant enriched 5fCpG sites according to the formylation level. y axis represents the fraction of 5fCpGs. x axis represents the

formylation level.

(D) Distribution of the 5fCpG sites in the different genomic elements in two-cell embryos. y axis represents the fraction of 5fCpGs map to each genomic element

versus all 5fCpGs.

(E) Comparing the relative amount of 5hmC, 5fC and 5caC in two-cell embryos with immunostaining. Antibody dilution is 1:2,000 for Ab-5fC, 1:4,000 for Ab-5hmC,

and 1:5,000 for Ab- 5caC. Scale bar, 10 pm.
See also Figure S6 and Table S6.

DNAs (Figures 3E and 3F). Representative 5hmCpG enriched
regions are shown in Figures 3G and S5G.

In summary, our data show that 5hmC exists in both maternal
and paternal genomes, and demethylation of the majority of
CpGs is not mediated by the passive dilution of 5hmC.

Base-Resolution 5fC Map of Two-Cell Embryos

We generated a base-resolution 5fC map of two-cell embryos
by using the 5fC chemically assisted bisulfite sequencing
(fCAB-seq) method (Song et al., 2013). The fCAB-seq method
is based on the O-ethylhydroxylamine (EtONH,) protection of
5fC against bisulfite-mediated deamination, followed by bisul-
fite sequencing (BS-seq). The mapped CpGs from EtONH,-
treated BS-seq data will be referred to Et-CpG in this paper.
Given that Et-CpGs are the sum of 5mCpGs, 5hmCpGs and
5fCpGs, and the mapped CpGs from traditional BS-seq are
the sum of 5hmCs and 5mCs, we generated the base-resolu-
tion 5fC map of two-cell embryos by comparing EtONH,-
treated BS-seq and traditional BS-seq data sets of the same

DNA sample. The sequencing depth of EtONH,-treated BS-
seq is 18-fold per strand. A representative locus with 5fC sites
is shown in Figure 4A. Since the average Et-CpG level of
genome-wide CpGs is 0.457 and average methylation level of
the same sample is 0.432, the average formylation level for
genome-wide CpGs is 0.025 (0.457-0.432). We further calcu-
lated the average formylation level (Figures 4B, S6A, S6B,
and S6C) and plotted the distribution of CpGs at different
genomic elements (Figures S6D and S6E), showing that the
highly formylated elements are also the demethylated elements
(Figures 1A, 1B, and S1B).

Our analyses show that under the current sequencing depth
0.95 M CpGs are called as enriched 5-formylated CpGs (5fCpGs)
in genome-wide according to Fisher’s exact test (p value < 0.05,
FDR < 5%), and the average formylation level of these enriched
5fCpGs is 0.50 (Figure 4C). We further determined the distribu-
tion of enriched 5fCpGs in different genomic elements (Fig-
ure 4D), and our results suggest that their distribution is similar
to the distribution of 5hmC (Figure S5D).

Cell 157, 979-991, May 8, 2014 ©2014 Elsevier Inc. 985
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Figure 5. DNA Methylation Pattern for E13.5
PGCs

(A) Distribution of CpGs according to the methyl-
ation level in female E13.5 PGCs.

(B) Distribution of CpGs according to the methyl-
ation level in male E13.5 PGCs.

(C) The distribution of highly methylated CpGs
(methylation level > 0.8) in different genomic
elements (genic-related classification) for PGCs.
(D) Average methylation levels of different
genomic elements (genic-related classification)
in E7.5, male PGCs and female PGCs.

(E) Graphical representation of methylation pattern
of four IAPs in E7.5 embryos, male E13.5 PGCs,
and female E13.5 PGCs.

(F) Average methylation levels of all the different
IAPs in E7.5 embryos, female E13.5 PGCs, and
male E13.5 PGCs.
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5fC Exists in Both Paternal and Maternal Genomes

We were able to determine the presence of 5fC in the parental
genomes using our model system (Table S6). The average for-
mylation level of two-cell maternal genome is 2.8%, and the
average formylation level of paternal genome is 2.0%. These
data indicate that 5fC presents in both maternal and paternal
DNA, consistent with the presence of 5hmC.

Previously, it was believed that 5fC is passively diluted during
early embryogenesis. In contrast, our data show that 5%, 10%,
and 12% of paternal demethylated CpGs are also enriched
5fCpGs in two-cell embryos with the cutoffs of 5, 10, and 15
reads covered for each CpG, respectively. Therefore, the major-
ity of CpGs are not demethylated through the passive dilution of
5fC, similar to the results of 5hmC.

5caC in Two-Cell Embryos

We explored whether the passive dilution of 5caC has any major
contribution to the DNA demethylation in early embryogenesis.
Until now, there is no reliable method to detect the 5caC at
base-resolution level. Therefore, we performed the immuno-
staining of 5fC, 5caC, and 5hmC to compare the relative
amount of the 5caC, 5hmC, and 5fC in two-cell embryos. We
titrated the antibody (Ab) concentrations for 5hmC, 5fC, and
5CaC with the same amount of 5hmC, 5fC, and 5caC oligos
by using dot blot assay. Our results show that 1:4,000 Ab-
5hmC, 1:2,000 Ab-5fC, and 1:5,000 Ab-5caC can generate
similar signals in the presence of the same amount of 5hmC,
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See also Figure S7.
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5fC, and 5caC oligos, respectively (Fig-
ure S6F). Then 5fC, 5caC, and 5hmC
immunostaining images of two-cell em-
bryos were taken under the same condi-
tions, including the exposure time and
laser power. Image analysis results sug-
gest that 5caC is less than 5hmC in
two-cell embryos (Figure 4E). Therefore,
the contribution of passive dilution of
5caC to DNA demethylation would also
be very limited.

In summary, 5hmC, 5fC, and 5caC results together with RDL
analyses show that 5mC or its oxidized derivatives, at the
majority of the demethylated sites, are converted to unmodified
cytosines independent of the passive dilution from gametes to
four-cell embryos. But, we cannot rule out the possibility that
demethylation of limited loci can be partially mediated by the
passive dilution.

DNA Methylomes of E13.5 PGCs

It has been reported that the methylation level of E13.5 PGCsis the
lowest point during PGCs development (Ficz et al., 2011; Hackett
et al., 2013; Seisenberger et al., 2012). Therefore, we measured
the methylomes of E13.5 PGCs from male and female progenies
separately (Table S1). The average methylation level of female
and male E13.5 PGCs is 0.063 and 0.077, respectively. Further
analyses show that almost all of the CpGs are unmethylated in
both male and female progenies (Figures 5A and 5B) and only
about 0.3% of CpGs are highly methylated CpGs (methylation
level > 0.8), which is significantly different from the patterns
observed in ICM (Figure S1A). Most of the highly methylated sites
are located inthe intergenic regions, especially in LTR (Figures 5C,
S7A, and S7B). Our results show that almost all the different
genomic elements appear to be unmethylated state (methylation
level < 0.1) (Figures 5D and S7C). Interestingly, the methylation
levels of all the different IAP subclasses are largely decreased (Fig-
ures 5E and 5F). The overall average methylation level of I1APs
decreased from 0.88 in E7.5 embryos to 0.41 in E13.5 PGCs. In



Table 1. ICRs in Mouse

Maternal

Paternal

glCRs

Known as gICR

Mcts2/H13, Nespas/Gnasxl, Gnasla, Peg10/Sgce, Mest (Pegl),

H19 ICR, DIk1-Gtl2 |G, Gpr1/Zdbf2, Rasgrf1

Herc3/Nap1l5, Peg3/Usp29, Inpp5f, Snurf/Snrpn, Kecngloti,
Plagl1, Grb10, Zrsr1/Commd1, Slc38a4, Airn/Igf2r, Impact, Peg13

New classified

H13 DMR2 (3’ end), Casc1 intragenic, 6330408a02Rik 3’ end,

glCR AKO086712 promoter, Neurog3 upstream, Grb10 DMR2 (intragenic),
FR149454 promoter, FR085584 promoter, Nhirc1 downstream,
Myo10 intragenic, Pvt1 promoter

sICRs

Known as sICR Ndn, Mkrn3, H19 promoter, DIk1

New classified
sICR
(intragenic), Magel2

Snrpn U exon, U80893 5’ upstream, mir344b, mir344, mir344-2,
mir344 g, Magel2-Mrkn3 intergenic, Peg12, Commd1 DMR2

Nesp, Cdknic, Gtl2, Igfor

Vwde promoter, Cdkn1c upstream, Gtl2-Mirg
diffuse DMR, Eif2c2 diffuse DMR

All the known ICRs are classified into gICR or sICR according to the methylation states in sperm and oocyte.

IAPs, only about 6% of CpGs are highly methylated CpGs. These
observations are different from previous reports that IAPs
are resistant to DNA demethylation (Morgan et al., 1999; Popp
et al., 2010; Seisenberger et al., 2012; Seisenberger et al.,
2013). In summary, our results indicate that DNA methylome is
almost completely erased before germ cell specification.

Classification of ICRs into gICRs and sICRs

Genomic imprinting in mammals is crucial for embryonic develop-
ment (Surani et al., 1990). Around 55 ICRs have been identified in
mouse (Xie et al., 2012). However, due to the absence of high
coverage and single-base resolution methylomes for oocyte and
early embryos, 25 ICRs haven’t been classified as gICRs or sICRs.
Comparative analyses of the oocyte, sperm, and early embryos
methylomes confirmed that all the previous known gICRs are
indeed differentially methylated regions (DMRs) between oocyte
and sperm (DMR > 0.5), and all the known sICRs are not DMRs
between oocyte and sperm (DMR < 0.3, Table S7). Moreover,
for those 25 unclassified ICRs, our data show that 11 of them
are maternal gICRs, 10 are maternal sICRs, and the remaining 4
are paternal sICRs (Table 1, Table S7). In addition, the high-reso-
lution methylome data provided additional information to correctly
annotate the glCRs that were poorly defined (Table S7). Classi-
fying the ICRs into the gICRs and sICRs is essential to determine
their roles in embryonic development or in specific tissues.

Xie et al. (2012) identified an imprinting control site mir344c
(locating on chromosome 7: 68982367) in 129X1/Svd and Cast/
EiJ crossed mice. We did not find this CpG site in either DBA
or C57 mouse. The SNP in 129 and CAST strains results in a
strain-specific imprinting control site. These data suggest that
DNA sequence variations sometimes could have big impact on
the epigenetic state, which could further impact development.

Dynamics of ICR

It is known that the methylation of gICRs is resistant to deme-
thylation during early embryogenesis. Our data support this
observation (Figure 6A, Table S7). However, three gICRs namely
Gnasla, H13 DMR2 (3 end), and Gpr1/Zdbf2, undergo DNA
demethylation upon ICM (Figure 6B, Table S7). In addition,

maternal sICR Commd1 DMR2 (intragenic) is sperm-specific
highly methylated region (methylation level in sperm is 0.95,
and methylation level in oocyte is 0.23), which is fully demethy-
lated by ICM (Table S7), and becomes a maternal sICR in neuron
(Xie et al., 2012).

Expression of the Imprinted Genes in ICM

glCRs are known to be essential for early development. We inves-
tigated the expression pattern of imprinted genes during early
embryogenesis. We performed mRNA-seq on ICM cells from
hybrids of C57 strain and PWK/PhJ mice. Three independent li-
braries were generated. The allele-specific expression shows
that two paternal imprinted genes H79 and Meg13 are expressed
in the ICM cells, and many maternal germ-line imprinted genes
are specifically expressed from paternal genome in ICM (Fig-
ure 6C). But three previously defined maternal germ-line im-
printed genes, Commd1, H13, and Gnas, express from both
maternal and paternal DNA. Our data show that two ICRs are
related to gene H13, and one ICR H13 DMR2 (3’end) is demethy-
lated in ICM (Table S7). Meanwhile, two ICRs are related to gene
Commd1, and one ICR Commd1 DMR2 (intragenic) is demethy-
lated in ICM (Table S7). For gene Gnas1a, its ICR is also demethy-
lated in ICM (Table S7). Perhaps, it remains to be determined
whether these three genes belong to germ-line imprinted genes.

DISCUSSION

Active DNA Demethylation in Both Paternal And
Maternal Genome

Recently, genome-scale methylomes were achieved in mouse
gametes and early embryos by using reduced representation
bisulfite sequencing, which covered about 5% of the genome
(Smith et al., 2012). The results from Smith et. al support the
genome-wide DNA demethylation in mammals. These studies
presented limited information to distinguish the dynamic differ-
ence between paternal and maternal methylome reprogram-
ming. Currently, it is believed that that paternal DNA is actively
demethylated and the maternal DNA is passively demethylated
(Seisenberger et al., 2013; Wu and Zhang, 2014). In contrast, by

Cell 157, 979-991, May 8, 2014 ©2014 Elsevier Inc. 987



Figure 6. glICRs Dynamics and Imprinted

‘52,708-f°° Gene Expression in Gametes and Early

Embryos

(A) Graphical representation of the methylation

pattern of gICR Snurf/Snrpn in gametes, ICM, E7.5
embryos, and PGCs. The graph shows that the

ICR is maintained in early embryos but erased in

E13.5 PGCs.

(B) Graphical representation of the methylation

pattern for gICR H13 DMR2 (3’ end) in gametes
and ICM. The graph shows that this gICR is erased
during early embryogenesis.

(C) Allele-specific gene expression of previously
defined imprinted genes in oocyte and ICM. Data
are represented as mean + SEM of three inde-
pendent repeats.

(D) Two waves of genome-wide demethylation in
mammals. 5hmC and 5fC present in both maternal
and paternal genomes. Genome-wide demethy-
lation is mainly through active demethylation in
both paternal and maternal genomes, which is
independent of the passive dilution of 5mC or its
oxidized derivatives.

See also Table 1 and Table S7.
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be directly converted back to cytosine
(Liutkeviciute et al., 2009; Zhang et al.,
2012), suggesting that an enzyme may
exist in mammals which can directly
convert the oxidized 5mC bases back
to cytosines during mammalian early
embryogenesis.

2-cell 4-cell

0@

blastocyst/ICM E6.5 E75

generating single-base resolution, allele-specific whole-genome
methylomes, we demonstrate that paternal methylome and
at least a significant proportion of maternal methylome goes
through active demethylation during embryonic development
(Figure 2). There are still a number of demethylated CpGs whose
relative demethylation levels are around 0.5 between two
compared stages. Our data cannot exclude the possibility of pas-
sive dilution for these CpGs. Another possibility is that the erasure
of methylation is cell-specific at each embryonic stage and there
are populations of cells at different stages of this process.

It has been hypothesized that oxidized 5mC bases only exist in
paternal DNA but not in maternal DNA (Inoue and Zhang, 2011;
Igbal et al., 2011; Nakamura et al., 2012) and that active DNA de-
methylation in early embryos is mediated by the passive dilution
of oxidized 5mC bases. In contrast, our data clearly demonstrate
that 5hmC and 5fC exist in both paternal and maternal genomes.
5mC or its oxidized derivatives, at the majority of demethylated
CpGs, are converted to unmodified cytosines independent of
passive dilution from gametes to four-cell embryos (Figure 3
and 4). Recent studies have suggested that 5hmC or 5caC can

988 Cell 157, 979-991, May 8, 2014 ©2014 Elsevier Inc.

E13.5

Evolutionary Comparisons of
Methylation Reprogramming and
the Establishment of Germ-Line
Imprinting in Mammals

Genome-wide demethylation is essential
for mammalian early embryogenesis. In
zebrafish and Xenopus, no genome-wide demethylation occurs
in early embryogenesis (Jiang et al., 2013; Potok et al., 2013;
Veenstra and Wolffe, 2001). These data suggest that the
genome-wide demethylation is acquired only for some special
functions unique to mammals, but not to all the vertebrates.
Additionally, it has also been proposed that genome-wide deme-
thylation may be only required for the regulation on a few impor-
tant genes (Hackett and Surani, 2013).

A limited number of imprinted genes, such as Igf2r, play a
very important role in development by preventing the over-
growth of embryos in the placenta (lwasa, 1998; Ludwig et al.,
1996; Moore et al., 1995). gICRs are stably maintained during
mammalian embryonic development. To erase the parental
allele-specific methylation state before resetting the sperm-
or oocyte-specific methylome, genome-wide complete deme-
thylation takes place during PGC development (Figure 6A).
During early embryogenesis, genome-wide DNA methylation
reprogramming happens in order to fulfill two goals. First, the
epigenetic states of sperm and oocyte are dramatically
different, which need to reset to the same state during early

®
PGCs



embryogenesis. The majority of the DMRs between maternal
and paternal genomes can be erased by global DNA demethy-
lation. Second, the ICRs need to be maintained to regulate the
embryonic size and growth during development. During early
embryogenesis, gICRs that bind with Stella are resistant to
the demethylation machinery (Nakamura et al., 2007). In addi-
tion, Tet3 has the sequencing selectivity that cannot target
Stella-binding regions (Nakamura et al., 2012), suggesting that
Tet3 cannot oxidize the imprinted regions. Our data show that
the demethylation of different sites is initiated at different
stages, which also suggests the existence of the sequencing
selectivity for DNA demethylation. Taken together, using the
demethylation strategy with the sequencing selectivity, the
parental allele-specific methylated regions (genomic imprinting)
can be protected from reprogramming and be maintained dur-
ing early embryogenesis. Therefore, two waves of genome-
wide demethylation are necessary for imprinting in mammals
(Figure 6D).

In contrast to other vertebrates, such as zebrafish and Xeno-
pus, whose embryonic development occurs in vitro, there is no
need for imprinting to avoid the embryos overgrowth, and devel-
opment does not require genome-wide demethylation. During
zebrafish embryogenesis, paternal methylome is stably main-
tained in paternal genome; and maternal genome acts as one
unit to reprogram to a methylome identical to the sperm
methylome (Jiang et al., 2013). In another word, during zebrafish
embryogenesis, no sequences at parental allele-specific methyl-
ated regions are able to be selected to avoid the reprogramming.
This strategy cannot generate the parental allele-specific DMRs.
Therefore, mammals cannot employ the strategy of zebrafish to
establish the genomic imprinting.

Therefore, evolutionary comparisons of methylation reprog-
ramming between mammals and other vertebrates indicate
that the two waves of genome-wide demethylation are required
for setting up genomic imprinting in mammals, which in turn facil-
itate the embryonic development in the placenta. It suggests that
genome-wide demethylation is a major innovation in the evolu-
tionary transition to placental viviparity.

In summary, this study refines the knowledge of the inheri-
tance and reprogramming of parental methylomes in mammals
and also provides a powerful resource for the future develop-
mental studies.

EXPERIMENTAL PROCEDURES

Sample Collection

The cross of two mouse strains was performed using DBA/2J as the paternal
strain and C57BL/6J as the maternal strain. Gametes and embryos were
collected. Samples were serially washed with KSOM (Millipore) to deplete
any somatic contaminants and collected at minimal volume before snap
freezing. Female and male E13.5 PGC samples (B6; 129S4-Pou5f1tm2Jae/J)
were collected separately, digested with collagenase, and purified using a
FACSAria cell sorter (see Extended Experimental Procedures).

MethylIC-Seq Library Preparation
Sonicated DNA was subjected to end-repair, A-tailing, and ligation using the
NEBNext Kit. The size of the adaptor-ligated DNA was selected by gel electro-
phoresis. Bisulfite conversion was performed using the EZ DNA methylation-
Gold Kit (Zymo Research) according to the manufacturer’s instructions (see
Extended Experimental Procedures).

TAB-Seq Library Preparation

Purified and sonicated genomic DNA with spike-in controls was glucosly-
ated and oxidized using 5hmC TAB-Seq Kit (WiseGene) according to the
manufacturer’s instructions. Prepared DNA was subjected to library con-
struction following the standard protocol of methylC-Seq library preparation.

fCAB-Seq Library Preparation

Hydroxylamine protection of 5fC was performed following the standard proto-
col (Song et al., 2013). Purified hydroxylamine-protected DNA was treated with
bisulfite conversion and subsequent methylC-Seq library preparation proce-
dures (see Extended Experimental Procedures).
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