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SUMMARY

The epigenomes of mammalian sperm and oocytes,
characterized by gamete-specific 5-methylcytosine
(5mC) patterns, are reprogrammed during early
embryogenesis to establish full developmental po-
tential. Previous studies have suggested that the
paternal genome is actively demethylated in the
zygote while the maternal genome undergoes sub-
sequent passive demethylation via DNA replication
during cleavage. Active demethylation is known to
depend on 5mC oxidation by Tet dioxygenases and
excision of oxidized bases by thymine DNA glycosy-
lase (TDG). Here we show that both maternal and
paternal genomes undergo widespread active and
passive demethylation in zygotes before the first
mitotic division. Passive demethylation was blocked
by the replication inhibitor aphidicolin, and active
demethylation was abrogated by deletion of Tet3 in
both pronuclei. At actively demethylated loci, 5mCs
were processed to unmodified cytosines. Surpris-
ingly, the demethylation process was unaffected
by the deletion of TDG from the zygote, suggesting
the existence of other demethylation mechanisms
downstream of Tet3-mediated oxidation.

INTRODUCTION

Postfertilization epigenome reprogramming modulates the out-
come of transgenerational inheritance by erasing epigenetic
marks transmitted through gametes and creating new marks.
In preimplantation mouse embryos, the parental genomes re-
duce DNA methylation on a global scale. Recently, we and
others have shown that in the one-cell zygote, the paternal
genome is actively demethylated by Tet3 dioxygenase-depen-
dent oxidation of 5mC (Gu et al., 2011; Igbal et al., 2011; Wossi-
dlo et al., 2011) while the maternal genome undergoes gradual
passive 5mC dilution over subsequent cleavage divisions due

to DNA replication (Rougier et al., 1998). The oxidized forms of
5mC, 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC) can be passively diluted (Inoue
et al., 2011; Inoue and Zhang, 2011). Among them, 5fC and
5caC can also be removed by TDG DNA glycosylase-triggered
base excision repair (He et al., 2011; Kohli and Zhang, 2013).
These processes collectively result in a hypomethylated genome
in the naive pluripotent epiblast cells of the blastocyst (Kobaya-
shi et al., 2012; Smith et al., 2012), which will develop into the
whole embryo proper. The epigenetic reprogramming of parental
genomes endows the early embryo with developmental potency
(Hackett and Surani, 2013; Saitou et al., 2012).

Early work, principally using immunofluorescence with 5mC-
specific antibodies, suggested active demethylation in the
male pronucleus of mouse zygotes on a global level (Mayer
et al., 2000; Santos et al., 2002). The approach used, however,
precluded revealing the details of 5mC loss in the two pronuclei
and was further confounded by passive 5mC dilution due to pro-
nuclear DNA replication (Wossidlo et al., 2010). A recent study
(Wang et al.,, 2014) characterized the methylation status in
mouse gametes and early embryos and concluded that there
is active demethylation of both the maternal and paternal meth-
ylomes, but it did not examine the methylation status in one-cell
zygotes directly or use loss-of-function approaches to study the
role of Tet3 or DNA replication. We set out to explore the role of
active and passive demethylation directly by looking at pro-
nuclear DNA. To initially define the extent of active demethylation
and the targets involved, we extracted both male and female
pronuclei individually from one-cell zygotes and determined
the methylomes at base resolution on a genome-wide scale us-
ing an improved reduced representation bisulfite sequencing
(RRBS) approach we recently developed (Guo et al., 2013;
Meissner et al., 2005). We further validated the modification
states of selected genomic loci using hairpin-bisulfite analysis
(Laird et al., 2004) and the newly developed M.Sssl-assisted
bisulfite (MAB) sequencing method (Hu et al., 2014) that allowed
us to distinguish cytosine from its modified forms. In this report,
we present direct evidence for Tet3-mediated, but TDG-inde-
pendent, active DNA demethylation to unmodified cytosines,
together with replicative dilution of 5mC in both maternal and
paternal genomes during pronuclear zygote development.
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Figure 1. DNA Demethylation in Male and Female Pronuclei of Mouse Zygotes

(A) Total numbers of demethylated sites in the parental genomes after fertilization; 394,252 CpG sites in the paternal genome and 342,622 CpG sites in the
maternal genome had at least 5% coverage. Among them 193,608 CpGs (49%) were highly methylated in the sperm and 107,711 CpGs (31%) were highly
methylated in the oocyte (methylation level > 0.75); 90,342 CpGs (47 %) were significantly demethylated from sperm to male pronuclei, and 21,163 CpGs (20%)
were significantly demethylated from oocyte to female pronuclei (demethylation level > 0.3, p < 0.05, FDR < 0.05).

(B) Box plots of the demethylated CpG sites in the paternal and maternal genomes. For CpGs losing methylation in the paternal genome, the median level
decreased from 0.98 in sperm to 0.45 in WT male pronuclei. However, the level was 0.91 in the aphidicolin treated male pronuclei and 0.78 in those from
Tet3-deficient zygotes. For CpGs losing methylation in the maternal genome, the median level drops from 1.00 in oocyte to 0.50 in WT female pronuclei. However,
it stays at 0.99 in the aphidicolin treated female pronuclei and 0.86 in the female pronuclei from Tet3-deficient zygotes, indicating that a significant proportion of
demethylation depends on the Tet3-mediated active mechanism. Red lines indicate the median, edges stand for the 25™ and 75" percentile, and whiskers extend
to the most extreme data point within the [1.5 X (75%-25%)] data range. Data were analyzed using t test.

(C) Tet3-mediated active demethylation versus replication-mediated passive demethylation in male and female pronuclei. A paternally demethylated CpG site is
called Tet3 dependent when the methylation level of the CpG site returns to a level comparable to that in the sperm (< 0.05 methylation level difference between
sperm and the Tet3 knockout male pronuclei). Similar criteria were applied for the aphidicolin (+Aph) dependence test in male pronuclei and for both Tet3 and Aph
dependence tests in the female pronuclei.

(D) Comparison of demethylated CpGs between maternal and paternal genomes. Note that the CpGs analyzed here were the ones covered at least 5x in both
paternal and maternal genomes.

RESULTS

Methylome Analysis of Female and Male Pronuclear
DNA Reveals Comprehensive Locus-Specific
Demethylation

We isolated individual pronuclei from mouse zygotes at the late
pronuclear stages PN3-PN4, made pools containing either fe-
male or male pronuclei, and used an RRBS method that had
been validated for analysis of small numbers of cells (Figure S1

2 Cell Stem Cell 15, 1-12, October 2, 2014 ©2014 Elsevier Inc.

available online). Compared with oocytes and sperm, both the
maternal and paternal zygotic DNA displayed widespread, but
site-specific, reduction of methylation, with 90,342 and 21,163
CpG sites demethylated in male and female pronuclei, res-
pectively (Figure 1A). As paternal genome demethylation in the
male pronucleus requires Tet3-mediated hydroxylation of 5mC
(Gu et al., 2011; Wossidlo et al., 2011), we examined the effect
of Tet3 deletion on methylome reprogramming. Indeed, in
Tet3-deficient zygotes (Tet3A), a substantial proportion (44%)
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of the CpG sites demethylated in the WT male pronucleus
(20,698 of 46,685) at least partially retained the methylation
seen in sperm (Figures 1B and 1C; p < 0.001). To our surprise,
in the female pronucleus 7,174 out of 13,778 (52%) demethy-
lated CpG sites also showed impaired demethylation (Figure 1B
and 1C; p < 0.001), identifying sites wholly or partially dependent
on active demethylation in the maternal genome.

The first DNA replication is known to take place from late PN3
up to early PN5 stages (Wossidlo et al., 2010). To assess the
contribution of replication-dependent passive loss to demethy-
lation, we next analyzed pronuclear DNA from zygotes treated
with the replication inhibitor aphidicolin (Aph). The effect of aphi-
dicolin treatment was confirmed on the basis of the absence of
EdU incorporation into the pronuclei in zygotes (Figure S2).
With inhibition of DNA replication, 36,724 CpG sites in the male
pronucleus and 12,076 sites in the female pronucleus were
either not demethylated or significantly less demethylated, thus
identifying those subject to replication-dependent passive de-
methylation (Figures 1B and 1C). The actual scale of Tet3- or
replication-dependent demethylation might be considerably
more extensive as the RRBS analysis only covered 2.2% of the
total CpG sites (with at least 5x coverage). Significant fractions
of actively and passively demethylated CpG sites overlap be-
tween male and female pronuclei (Figure 1D), potentially sug-
gesting a common mechanism underlying demethylation in the
two parental genomes.

About 42% of the demethylated CpG sites were found to be
clustered at 7,677 genomic loci (68 bp in average length with >
4 demethylated CpGs) widely spread over all the mouse chromo-
somes (Figure 2A). Both the active and passive demethylation loci
are more enriched at intergenic regions in the paternal genome
compared with those in the maternal genome (Figure 2B). These
biases may be a response to the higher overall levels of intergenic
methylation previously noted in sperm compared with oocytes
(Kobayashi et al., 2012; Smallwood et al., 2011). It is noteworthy
that demethylation of 527 loci (25.3%) in the male pronucleus and
64 loci (13.3%) in the female pronucleus depended primarily on
Tet3 (and were independent of DNA replication), as exemplified
by Mbtd1, Zbtb32 (Figure 2C), and 1700067k01Rik (Figure S3),
while demethylation of 1,281 paternal and 265 maternal loci
mainly depended on replication as shown for the Sox2ot and
Fam108a loci (Figure 2D). In support of enzymatic demethylation
in both parental genomes, the Tet3 protein was detected in each
pronucleus, albeit with a lower abundance (Figure 3A) and cor-
relating with fewer oxidation products (5hmC and 5caC) in the
female pronucleus (Figures 3B and 3C).

Demethylation on Both Strands of the Pronuclear DNA

An active mode of demethylation should result in the removal of
5mC on both cytosines in a CpG dyad (5'CG3'/3'GC5’), whereas
passive demethylation due to DNA replication should give rise
to a hemimethylated state (5’'mCG3/'/3'GC5’) (Ooi and Bestor,
2008; Seisenberger et al., 2013). To examine whether loss of
5mC takes place on both complementary strands in pronuclear
DNA, we performed hairpin-bisulfite sequencing analysis for a
few selected genomic loci, in which the 5’ and 3’ strand ends
of genomic restriction fragments were ligated with a stem-
loop oligonucleotide to covalently link the two complementary
strands within a double-stranded DNA molecule prior to dena-

turing and bisulfite conversion (Laird et al., 2004). Our previous
work demonstrated Tet3-mediated demethylation in the pro-
moter region of Nanog in the male pronucleus (Gu et al.,
2011). Consistent with this, hairpin-bisulfite analysis revealed
a substantial loss of 5mC on both strands in this region in
male pronucleus, compared with the hypermethylation state in
sperm (Figure 4, left). We reasoned that the promoter of Dnmt3b
might undergo active demethylation in female pronucleus
because it was methylated in oocytes but unmethylated in
ESCs (Figure S4) and two-cell stage embryos (Smith et al.,
2012). The loss of 5mC was indeed predominantly from both
strands on a large proportion of the genomic templates exam-
ined in the female pronucleus (Figure 4, right). As controls, the
imprinted loci Peg7 and Gt/2 instead showed maintenance of
5mC on both strands at most CpG dyads (Figure 4), as ex-
pected (Hirasawa et al., 2008; Nakamura et al., 2012; Smith
et al., 2012). Verifying passive demethylation at some loci, hemi-
methylation was seen instead at the majority of demethylated
sites for most templates at the Sox2ot locus (Figure 4), consis-
tent with the replication-dependent mechanism shown by the
RRBS data (Figure 2D). Notably, B7 and LINE-1 repeats were
also mainly subjected to replicative demethylation, as sug-
gested by the formation of numerous hemimethylated CpG
dyads in male pronucleus (Figure S5A) and confirmed by block-
ing replication using aphidicolin (Figure S5B).

Development and Validation of the Methyltransferase
M.Sssl-Assisted Bisulfite Sanger Sequencing Method to
Distinguish Unmodified Cytosine from 5fC and 5caC
Bisulfite treatment followed by PCR amplification results in
the conversion of 5-formylcytosine (5fC), 5-carboxylcytosine
(5caC) (He et al., 2011; lto et al., 2011), or unmodified cytosine
(C) to thymine (T), while 5mC and 5hmC are resistant to base
conversion and give C following PCR amplification. Therefore,
the apparent loss of 5mC we are seeing may reflect the genera-
tion of 5fC or 5caC rather than C at the loci being examined: to
address this we used our recently developed M.Sssl-assisted
bisulfite Sanger sequencing (MAB Sanger-seq) technique (Hu
et al., 2014) to help distinguish C from 5fC and 5caC. Of the three
bases, only unmodified cytosine (C) can be methylated by the
bacterial CpG methyltransferase M.Sssl, so the proportion of
bases represented by C can be determined by comparing the
MAB Sanger-seq profile with a conventional bisulfite Sanger
sequencing (BS Sanger-seq) profile (Figure 5A). To verify the
detection principle, a test PCR DNA fragment was methylated
using M.Sssl in vitro. The appearance of 5mCs at CpG sites
were confirmed by bisulfite sequencing (Figure 5B). The resulting
5mCs were then oxidized to 5caC by treatment using purified Tet
enzymes. MAB Sanger-seq results indicated as expected the
formation of 5caC on the specific test DNA, but not on the control
A DNA (Figure 5C).

To further demonstrate the applicability of MAB Sanger-seq to
small amounts of genomic DNA, we examined 5fC or 5caC at the
Dnahc2 and EpCAM loci in mouse ESCs using less than 5 ng of
genomic DNA. These two loci were chosen because they show
relative enrichment of 5fC in ESCs deficient in TDG as deter-
mined in a chemically assisted bisulfite sequencing (fCAB-seq)
assay by Chuan He’s lab (Song et al., 2013). Consistent with
this, our MAB Sanger-seq indeed revealed the existence of 5fC

Cell Stem Cell 15, 1-12, October 2, 2014 ©2014 Elsevier Inc. 3
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Figure 2. Genome Distribution of Demethylated Loci in Male and Female Pronuclei of Mouse Zygotes

(A) The distribution of demethylated loci on the mouse chromosomes. Note that the Tet3-dependent (or DNA replication-dependent) demethylated loci are
widespread across the whole genome.

(B) The distribution of demethylated loci relative to gene features. In the paternal genome, Tet3-dependent (or DNA replication-dependent) loci are more enriched
at intergenic regions (p = 2.2 x 10-°and 2.5 x 10~ respectively) compared with those in the maternal genome. Data were analyzed using Pearson’s chi-square
test.

(legend continued on next page)
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or 5caC specifically in Tdg knockout cells, thus validating the
method for limiting amounts of DNA (Figure 5D).

Conversion of 5mC to Unmodified Cytosine at Specific
Genomic Loci in Pronuclear DNA

Having demonstrated that MAB Sanger-seq allows us to distin-
guish unmodified cytosine from 5fC and 5caC, we next applied
this method to evaluate the extent of demethylation at selected
genomic loci undergoing active demethylation in zygotes. Nanog
appeared unmethylated in oocyte (1.1%), hypermethylated in
sperm (92.3%), and substantially demethylated in male PN3-
PN4 (26.4%) by conventional BS Sanger-seq (open circles in
Figure 6, left). To determine if any unmethylated cytosines in
male pronucleus could represent 5fC or 5caC, we performed
MAB Sanger-seq in parallel, and all sites were found to be bisul-
fite resistant upon M.Sssl treatment (blue circles in Figure 6,
right), confirming that they are in fact unmodified cytosines. Simi-
larly, the demethylated sites seen in female pronucleus at the
maternally methylated genes Dnmt3b and Zbtb32 were indeed
largely unmodified cytosines (Figure 6). The formation of cyto-
sines in pronuclear DNA was also demonstrated for additional
demethylated loci (Figure S6A), all of which were initially iden-
tified by RRBS except for Oct4. The absence or scarcity of
detectable 5fC and 5caC in the examined pronuclear DNA loci
suggested that these intermediates only exist transiently and
were removed rapidly to generate cytosines.

Deletion of TDG Does Not Affect DNA Demethylation

As might be expected, the generation of cytosines at the actively
demethylated Oct4 and Nanog loci was unaffected in aphidico-
lin-treated zygotes (Figure S6B). These observations suggest
replication-independent enzymatic conversion of 5mC to C at
these genomic loci during pronuclear zygote development. We
and others recently showed that excision of 5fC and 5caC by
TDG is a downstream event in the Tet-mediated oxidation of
5mC leading to active demethylation (He et al., 2011; Kohli and
Zhang, 2013). Tdg deletion in mouse results in misexpression
of developmental genes, aberrant genomic methylation, and em-
bryonic lethality (Cortazar et al., 2011; Cortellino et al., 2011). As
shown above (Figure 5D) and elsewhere (He et al., 2011; Song
et al., 2013), Tdg mutant ESCs also show an accumulation of
5fC or 5caC both globally and at specific loci. Although Tdg
expression was not detected during spermatogenesis (Gan
et al., 2013), its expression in developing oocytes is unclear.
To examine whether TDG participates in oxidative demethylation
in fertilized oocytes, we performed germline-specific gene inac-
tivation driven by TNAP-Cre expressed in embryonic germ cells
from E9.5 onward. Mouse breeding tests showed no significant
change in reproduction in either sex of the conditional knockout
(CKO) mice, as evident in the litter size statistics of CKO females

(Figure 7A), despite the highly efficient deletion of the Tdg allele
from germ cells (Figure S7). The relative 5mC, 5hmC, and 5caC
signal strength in the pronuclei detected by immunostaining did
not appear different in the zygotes lacking maternal TDG when
compared with wild-type controls (Figure 7B). Additionally, the
conversion of 5mC to unmodified cytosine proceeded normally
at the paternally methylated Oct4 and the maternally methylated
Zbtb32 loci, with no increase in 5fC and 5caC levels (Figure 7C).
These data indicate that TDG is dispensable for the zygotic de-
methylation process, as well as germ cell and pronuclear zygote
development.

DISCUSSION

Our methylome analysis of separately isolated female and male
zygotic pronuclear DNA demonstrates active removal of methyl-
ation and restoration of unmodified cytosine at specific genomic
loci of both parental genomes in one-cell embryos. The occur-
rence of active demethylation soon after fertilization may have
benefits for early embryonic development by overcoming the
following shortcomings of passive demethylation: (1) passive de-
methylation through DNA replication does not lead to erasure of
DNA methylation completely, but retains the original methylation
on the parental strands. Although retained hemimethylation be-
comes diluted out, this state may still prevent binding of transcrip-
tion factors and repress transcriptional activation on some chro-
mosomes in early embryos; (2) hemimethylated sites could be
mistakenly remethylated in blastomeres when the Dnmt1 methyl-
transferase is functional (Howell et al., 2001; Li and Sasaki, 2011).
Dnmt1 may not be able to discriminate the hemimethylated sites
formed by passive zygotic demethylation from those becoming
hemimethylated during the latest rounds of DNA replication and
may thus restore full methylation to passively demethylated sites.
Excessive methylation, if it occurs, would result in insufficient
expression of key genes such as Oct4 or Nanog, compromising
the developmental potency of the embryo (Gu et al., 2011).

Both active and passive demethylation occur widely in the
mouse genome. While demethylation of some of these loci de-
pends on both Tet3 and DNA replication, others rely on just
one of these mechanisms. For example, Tet3-mediated active
demethylation occurs at the Oct4 and Nanog loci and is unaf-
fected when DNA replication is blocked (Figure S6B). The fact
that both actively and passively demethylated sites are more
abundant in the paternal DNA may account for the observation
of 5mC loss preferentially in the male pronucleus in previous
studies, many of which were based on immunohistochemical
staining (Reik et al., 2001).

The extent of zygotic active demethylation might have been
underestimated for two reasons. First, sites scored as 5mC in
PN3-PN4 zygotes may in fact have been 5hmC, as these cannot

(C) Representative loci showing Tet3-dependent active demethylation in male (Mbtd1, 8 CpGs shown; read coverage 24 x) and female (Zbtb32, 7 CpGs shown;
read coverage 568 x) pronuclei, respectively. Vertical bars indicate the methylation level (0-1) at individual CpG dyads (counting the two complementary CpGs).
An open circle in place of a bar means the CpG was detected as unmethylated. Note that in the absence of Tet3 (Tet3A), methylation reduction is compromised at
most CpG sites. Without DNA replication (+Aph), demethylation is still largely achieved.

(D) Representative loci showing DNA replication-dependent passive demethylation in male (Sox2ot, an intergenic genomic locus on chromosome 9, 6 CpGs
shown; read coverage 83x) and female (Fam108a, 7 CpGs shown; read coverage 102 x) pronuclei, respectively. Note that in the absence of DNA replication
(+Aph), the gametic level of methylation is maintained at all CpG sites. Tet3 deletion does not interfere with the methylation decrease caused by replication-based

passive dilution.
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Figure 3. Distribution of the Tet3 Protein and 5mC Oxidation Prod-
ucts in Mouse Zygotes

(A) Confirmation of Tet3 protein distribution in the female and male pronuclei of
wild-type zygotes and its absence in mutant zygotes derived from Tet3-
deleted oocytes. Immunostaining was performed using a Tet3 antibody spe-
cific for the deleted protein region. The signal from the female pronucleus in
WT zygotes (fl/+, top row), albeit weaker than that of the male pronucleus, is
significantly and reproducibly above the background level, as validated by
comparison with Tet3-knockout (mat4/+) control zygotes (bottom row). The
scale bar represents 25 um.

(B) Loss of 5hmC signal (red) in the pronuclei of Tet3-deficient zygotes. Refer to
Gu et al. (2011) for more information. The scale bar represents 25 um.

(C) Loss of 5caC signal (red) in the pronuclei of Tet3-deficient zygotes. Shown
are representative images. Refer to Experimental Procedures for antibody
performance validation. The scale bar represents 25 um.
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be discriminated by conventional bisulfite sequencing. Second,
the demethylation process might not be complete until PN5, by
which stage female and male pronuclei are getting too close to
be separated physically. The notion of more comprehensive zy-
gotic demethylation is also supported by previous observations
that the paternally hypermethylated Nanog locus and the mater-
nally hypermethylated Dnmt3b locus are largely free of methyl-
ation in the two-cell and cleavage stage embryos (Smith et al.,
2012).

During the revision of our manuscript, another group reported
active demethylation of the maternal genome after the two-cell
stage (Wang et al., 2014). However, they did not directly examine
active demethylation in one-cell stage pronuclei or look at the
functional role of Tet3 or TDG in this process. Their raw data
on the maternal genome also show low levels of overall methyl-
ation at maternally imprinted alleles relative to other reports
(around 75% versus around 95% expected) (Kobayashi et al.,
2012; Xie et al., 2012) and the existence of unexpectedly high
levels of methylation at paternally imprinted alleles (15%-46%
versus around 5%), raising the possibility that there was signifi-
cant contamination of the oocyte and two-cell embryo samples
used with a somatic DNA source such as cumulus cells.

Crucially, we demonstrate an active demethylation process
that requires Tet3-mediated oxidation and encompasses the
conversion of 5mC to unmodified cytosine. The yet-to-be identi-
fied mechanism downstream of Tet3 can potentially involve
decarboxylation of 5caC (Schiesser et al., 2012), dehydroxyme-
thylation of 5hmC (Chen et al., 2012), or base excision repair
(Hajkova et al., 2010; Santos et al., 2013; Wossidlo et al.,
2010), but it is clearly independent of the thymine DNA glycosy-
lase TDG that otherwise can feed the oxidation (5fC and 5caC) or
putative deamination products of 5mC into the base excision
repair pathway (He et al., 2011; Seisenberger et al., 2013).

While in the zebrafish embryo paternal methylation is stably
maintained and the relatively hypomethylated maternal genome
undergoes drastic reprogramming to establish a spermlike
methylome (Jiang et al., 2013; Potok et al., 2013), both parental
genomes in the early mouse embryo appear to undergo global
demethylation to create a hypomethylated epigenome of the in-
ner cell mass by the blastocyst stage. Recent analyses of the hu-
man DNA methylome during embryonic development indicate
that the global methylation change in human zygotes is very
similar to that in mouse (Guo et al., 2014; Smith et al., 2014), sug-
gesting a conservation of mechanistic aspects of mammalian
DNA demethylation as revealed in this study. Stella (Dppa3 or
PGC7) has been reported to protect some loci from Tet3-medi-
ated oxidation in mouse zygotes (Bian and Yu, 2014; Nakamura
et al., 2007, 2012; Wossidlo et al., 2011). However, further
studies are required to address both the functional significance
and molecular processes of embryonic DNA demethylation,
particularly in the contexts of intergenerational inheritance and
creation of zygotic totipotency.

EXPERIMENTAL PROCEDURES

Animal Use and Care

Animal procedures were carried out according to the ethical guidelines of the
Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences.
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Collection of PN3-PN4 Mouse Zygotes

One-cell zygotes were collected 7.5-8 hr after intracytoplasmic sperm injec-
tion. Their pronuclear stages were further determined on the basis of micro-
scopic observation of the size of the two pronuclei and the distance between
them. Zygotes [Tet3 mat4/+] deficient in maternal Tet3 were obtained using
Zp3-Cre conditional knockout female mice as previously described (Gu
et al., 2011). Zygotes deficient in TDG were obtained by TNAP-Cre mediated
deletion of the conditional allele (He et al., 2011) (Figure S7). For inhibition of
pronuclear DNA replication, zygotes were incubated with 0.2 pg/ml of aphidi-
colin until the extraction of pronuclei. The effect of aphidicolin treatment was
validated through prevention of EdU incorporation into DNA (Figure S2) (as-
sayed using a click-iT EAU Alexa Fluor 488 Imaging Kit (Invitrogen) according
to the manufacturer’s protocol) and blockage of passive demethylation at
LINET (Figure S5B).

Isolation of Pronuclei

Male pronuclei, which were distinguished from female pronuclei on the basis of
their size and distance from the polar bodies, were first harvested from zygotes
of PN3-PN4 stages by breaking the zona using a Piezo drive (Prime Tech) and
aspirating using a micromanipulator. Female pronuclei were extracted after-

Dnmt3b

(chr2:153,475,880-
-153,476,006)

41.9%

Figure 4. Hairpin-Bisulfite Sanger Sequenc-
ing Analysis of Complementary Strands at
Specific Genomic Loci

Note that the paternally hypermethylated Nanog
and the maternally hypermethylated Dnmt3b show
methylation loss (or are oxidized to 5fC or 5caC) on
both strands in the corresponding pronucleus. The
paternally methylated Sox2ot loses methylation
only from one strand at many sites. By contrast,
the paternally imprinted Gt/2 and maternally im-
printed Peg? genes retain methylation at their
differentially methylated regions on both strands.
Biological replicates of pronuclear DNA isolated
from 100-150 male or female pronuclei produced
consistent data. Slight differences in methylation
patterns among clones confirm the absence of
substantial amplification or clonal bias. See also
Figure S5.

Peg1

(chr6:30,686,881-
-30,687,017)

ward. For conventional bisulfite analysis, 40-60
pronuclei were used. For MAB and hairpin-bisulfite
sequencing analysis, 80-150 pronuclei were used.
For RRBS analysis, 100-130 pronuclei were used
for each biological replicate. The possibility of
contamination from the opposite pronucleus or
other sources was ruled out by the confirmation
of the expected methylation state at the imprinted
loci using combined bisulfite restriction analysis
(COBRA; data not shown). The purity of the female
pronuclei was further verified by the fact that in the
RRBS data from 100-130 female pronuclei, a
paternally imprinted gene locus (H79) was essen-
tially free of DNA methylation as expected (Fig-
ure S1B). Similarly, the purity of the male pronuclei
was further verified by the fact that in the RRBS
data from 100-130 male pronuclei, two maternally
imprinted gene loci (Gnas and Peg1/Mest) were
essentially free of DNA methylation as expected
(Figure S1C).

Reduced Representation Bisulfite
Sequencing

The RRBS was performed following the protocol we
recently developed (Guo et al., 2013). Approxi-
mately 100-130 pronuclei were harvested and
pooled together for each experiment and lysed in
5 ul lysis buffer (20 mM Tris, 2 mM EDTA, 20 mM KCI, 0.3% Triton X-100,
1 mg/ml QIAGEN protease) at 50°C for 3 hr. Protease was inactivated at
75°C for 30 min. About 0.1% of unmethylated lambda DNA was added as
spike-in to analyze the efficiency of bisulfite conversion. Genomic DNA from
pronuclei was digested by 10 U Tagl (NEB) for 3 hr at 65°C. Then the digested
DNA was end repaired and dA tailed with exonuclease-deficient Klenow Frag-
ment (Fermentas) in the presence of 40 uM dATP, 4 uM dGTP, and 4 uM dCTP.
Next, lllumina TruSeq adapters were ligated to the DNA fragments using
concentrated T4 DNA ligase (Fermentas) overnight. After that, bisulfite conver-
sion of the library was performed using a MethylCode DNA Methylation Kit
(Invitrogen). Then bisulfite-converted DNA was amplified by 20 cycles of PCR
using PfuTurbo Cx polymerase (Agilent Technologies) and purified by AMPure
XP beads (Beckman). Finally, an extra round of PCR amplification was
performed to increase the amount of DNA to about 500 ng with a Phusion HF
Master Mix (NEB), and the 200~500 bp DNA fragments were selected on a
12% polyacrylamide gel. The libraries were analyzed by a Fragment Analyzer
(Advanced Analytical Technologies) to check the fragment size distribution,
and those that passed quality control were sequenced on an lllumina HiSeq
2000 or 2500. lllumina adaptor sequences were trimmed from the raw sequence
reads. Two more bases, which were artificially filled in at the end-repair step,

95.3%
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Figure 5. Validation of the M.Sssl-Assisted Bisulfite Sanger Sequencing Method

(A) lllustration of the MAB Sanger-seq procedure. A DNA sample is treated with the bacterial CpG methyltransferase M.Sssl in vitro to methylate—and thus
protects all unmodified CpG sites— prior to bisulfite treatment, which converts 5fC and 5caC into 5fU and 5cal. Consequently, 5fC and 5caC are read as “C” due
to their conversion to “T” (orange fill), while all other forms (5mC, 5hmC, and C) in the original sample are read as “5mC” (black fill) due to their maintenance as “C”
during PCR amplification and sequencing analysis.

(B) Confirmation of 5mC formation on an M.Sssl-treated test DNA fragment by bisulfite sequencing analysis. The PCR fragment of 526 bp (NG526) was
methylated in vitro using M.Sssl, giving mNG526, which was further oxidized using Tet1 enzymes. The resulting cNG526 DNA showed nearly complete con-
version of 5mC to 5caC in a base composition analysis by high-performance liquid chromatography (data not shown).

(C) BS and MAB Sanger sequencing profiles demonstrating the ability to distinguish 5fC or 5caC from other cytosine species. Oxidized test DNA cNG526 and
unmodified A DNA were analyzed. The A DNA has unmodified CpGs, which appear as T on bisulfite conversion as usual, but if methylated by M.Sssl prior to
bisulfite treatment they become resistant and appear as C (blue circles) in the MAB products. 5caC (or 5fC) in cNG526 appear as T in both BS Sanger-seq (open
circles) and in MAB Sanger-seq (orange circles) as they can be bisulfite converted but cannot be modified by M.Sssl. The two white circles in A DNA MAB-seq may
represent CpGs escaping M.Sssl methylation.

(D) Detection of 5fC and 5caC (orange) at the Dnahc2 and EpCAM genomic loci in Tdg-knockout mouse ESCs. Shown are MAB Sanger-seq profiles.
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Figure 6. Detection of Unmodified Cytosines at the Nanog, Dnmt3b
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, and Zbtb32 Genomic Loci in Late Pronuclei

Shown are profiles of BS Sanger-seq (left) and MAB Sanger-seq (right). The analyzed genomic regions show high levels of 5mC or 5hmC in sperm or oocytes by
BS Sanger-seq (filled circles), but the majority of sites are read as 5fC or 5caC or C (open circles) in the corresponding pronucleus. No 5fC or 5caC were detected
following MAB Sanger-seq at Nanog and Dnm3b and very few at Zbtb32 (orange circles), which verifies that these sites have been fully demethylated to un-
modified cytosines in PN3-PN4 pronuclear DNA. Biological replicates of pronuclear DNA isolated from 80-100 male or female pronuclei produced consistent

data. See Figure S6 for other loci analyzed.

were removed from the 3’ end of C — T converted reads and the 5' end of G —
A converted reads. Then the adaptor-trimmed reads were mapped to the
mouse genome (mm9) using Bismark (v. 0.76, http://www.bioinformatics.
babraham.ac.uk/projects/bismark/). The bisulfite conversion rate was esti-
mated according to the cytosine remnant in the spike-in lambda DNA.

Analysis of RRBS Data: Quantification of DNA Methylation Level

We first calculated the methylation level of each single CpG site using the num-
ber of RRBS-measured C (methylated) divided by the sum of measured C
(methylated) and T (unmethylated). CpG sites with at least five uniquely map-
ped reads were chosen for further analysis. We identified individual demethy-
lated CpG sites in wild-type male (or female) pronuclei by comparing the
methylation levels to sperm (or oocyte) using the one-tailed Fisher’s exact
test with p < 0.05, with Benjamini-Hochberg false discovery rate (FDR) <
0.05. The methylation level of each CpG site in sperm (or oocyte) not only
had to be higher than 0.75 but also had to be demethylated more than 0.3 in
the wild-type male (or female) pronuclei. The neighboring demethylated CpG
sites were merged to form a demethylated locus if there was at most one
CpG site between these two demethylated CpG sites and the distance be-
tween them was less than 100 bp.

A Tet3-dependent paternally demethylated CpG site was defined as a
site whose pronuclear methylation level rose close to the sperm level
(with methylation difference being <0.05 from the Tet3 knockout pronuclei).
Similarly, a Tet3-dependent maternally demethylated CpG site was defined
as a site whose methylation level rose to a level comparable to that in the
oocyte (i.e., with <0.05 difference). Criteria for aphidicolin treated samples
were the same. The Tet3-dependent or DNA replication-dependent deme-
thylation loci were further manually curated to remove potential false
positives.

Conventional Bisulfite Sequencing

For bisulfite sequencing, genomic DNA was treated with an EZ DNA Methyl-
ation-Direct Kit (Zymo Research) according to the manufacturer’s instructions.
Bisulfite-treated DNA was subjected to PCR amplification. The PCR primer se-
quences are listed in Table S3. The bisulfite primers for the Oct4 proximal
enhancer and Nanog promoters were described previously (Gu et al., 2011;
Li et al., 2007). For sequencing analysis, PCR products were purified with a
Gel Extraction Kit (QIAGEN) and cloned into pMD19-T vectors (Takara). Indi-
vidual clones were sequenced by standard Sanger sequencing. Data were
analyzed by an online methylation tool named BISMA (Rohde et al., 2010)

Cell Stem Cell 15, 1-12, October 2, 2014 ©2014 Elsevier Inc. 9
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Figure 7. Deletion of TDG Does Not Affect
Mouse Reproduction and Zygotic DNA De-
methylation

(A) Maternal germline deletion of the Tdg gene in
the [ngﬂ/ ~, TNAP-Cre] conditional knockout
(CKO) female did not affect litter size. Error bars
indicate SEM. WT mice, n = 3; Tdg CKO mice,
n = 3. Each dot represents a litter from which the
number of pups were counted and shown at the
y axis.

(B) Unaltered 5mC, 5hmC, and 5caC levels in the
pronuclear DNA of Tdg-deficient zygotes. Shown
are representative DNA immunofluorescence im-
ages of late pronuclear zygotes. The scale bar
represents 20 um. ssDNA, single-stranded DNA.

a-5caC

a-ssDNA

(C) Unaffected demethylation at the paternal Oct4
and maternal Zbtb32 alleles in maternal Tdg-defi-
cient zygotes as revealed by BS Sanger-seq and
MAB Sanger-seq analyses of pronuclear DNA. The
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QPN3-4

=’NNND analyzed regions of Oct4 and Zbtb32 are hyper-

methylated in sperm and oocytes, respectively

(Figures S6 and 2). Note that 5fC and 5caC do not

accumulate at the analyzed genomic loci in zy-

gotes lacking TDG. See also Figures 6, S6, and S7

for further controls.

of CpGs in the spiked lambda DNA from bisulfite

conversion indicated complete in vitro methylation

with M.Sssl. Synthetic DNA containing 5caC and

5fC was added as an internal control to monitor

the complete conversion by the bisulfite treatment.
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(http://services.ibc.uni-stuttgart.de/BDPC/BISMA/), and duplicated clones
were deleted by this software. Primer pairs and PCR conditions were tested
using a mixture of small amounts of oocyte and sperm genomic DNA or ESC
genomic DNA to ensure unbiased recovery of unmethylated and methylated
templates.

Hairpin-Bisulfite Sequencing Analysis

Hairpin-bisulfite sequencing analysis of sperm DNA and repetitive sequences
in the pronuclear DNA was performed as described (Laird et al., 2004). For
analysis of single copy genes, the following modifications were made prior
to conventional bisulfite analysis (see above): genomic DNA was cleaved
with appropriate restriction enzymes and subsequently treated with Klenow
to fill in the ends and generate a single “A” overhang at the 3’ ends of the
DNA strands. Then the fragments were ligated with T4 DNA ligase to a hairpin
oligonucleotide [stem (16 bp)-loop (5 nucleotides; sequence: GGGCCTATA
TAGTATAGGCCCT)] carrying a single “T” overhang at the end of the stem
region. Pronuclear DNA was isolated from 100-150 pooled female or male pro-
nuclei. The methylation levels determined by bisulfite sequencing were consis-
tent with the quantification by COBRA (data not shown). Sequencing data were
analyzed by BISMA.

M.Sssl-Assisted Bisulfite Sanger Sequencing

Genomic DNA was mixed with 0.1% (w/w) of methylation-free lambda DNA
(dam~, dem™) and methylated by M.Sssl (NEB) following the vendor’s instruc-
tion manual for the complete methylation of treated DNA. Bisulfite conversion,
sequencing, and analysis were performed as described above. Full protection

10 Cell Stem Cell 15, 1-12, October 2, 2014 ©2014 Elsevier Inc.

@ C, 5mC or 5hmC
O 5fC or 5caC

et al., 2006), and thus containing no 5fC or 5caC,
99.4% was used as negative control.
Immunostaining for Tet3, 5hmC, and 5caC
in Zygotes
Immunofluorescence detection of the Tet3 pro-
tein in zygotes and the 5hmC or 5caC oxidation
products in pronuclear DNA was performed following the published proce-
dures (Gu et al., 2011). The generation and performance of the anti-5caC
antibody was as described for anti-5hmC (Gu et al., 2011): this is now
commercially available through Diagenode (catalog no. C15410204). Anti-
Tet3 and anti-Dnmt3a antibodies were as described in our previous publi-
cation (Gu et al., 2011). The monoclonal anti-5mC (Catalog No. 39649)
and polyclonal anti-5hmC (catalog no. 39791) antibodies were purchased
from Active Motif. The monoclonal anti-single-stranded DNA antibody (cat-
alog no. MAB3868) was purchased from Millipore. In general, antibody
specificity against a particular DNA modification in cell staining was vali-
dated using HEK293T cells transfected with Tet2 and further verified using
mouse zygotes deficient in Tet3. Signal suppression was obtained by the
addition of a correspondingly modified oligonucleotide into the antibody
incubation.
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