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SUMMARY

Mammalian histone methyltransferase G9a (also
called EHMT2) deposits H3K9me2 on chromatin
and is essential for postimplantation development.
However, its role in oogenesis and preimplantation
development remains poorly understood. We show
that H3K9me2-enriched chromatin domains in
mouse oocytes are generally depleted of CGmethyl-
ation, contrasting with their association in embryonic
stem and somatic cells. Oocyte-specific disruption
of G9a results in reduced H3K9me2 enrichment and
impaired reorganization of heterochromatin in oo-
cytes, but only amodest reduction in CGmethylation
is detected. Furthermore, in both oocytes and 2-cell
embryos, G9a depletion has limited impact on the
expression of genes and retrotransposons. Although
their CG methylation is minimally affected, preim-
plantation embryos derived from such oocytes
show abnormal chromosome segregation and
frequent developmental arrest. Our findings illumi-
nate the functional importance of G9a independent
of CG methylation in preimplantation development
and call into question the proposed role for
H3K9me2 in CG methylation protection in zygotes.

INTRODUCTION

G9a (also known as EHMT2) is a mammalian histone methyl-
transferase that mediates dimethylation of lysine 9 of core his-
tone H3 (H3K9me2) with its catalytic SET domain (Tachibana
et al., 2001, 2002; Collins et al., 2005). The protein forms a
heterodimer with a structurally related G9a-like protein (GLP,
also known as EHMT1), whose SET domain also mediates
H3K9me2 deposition on chromatin (Tachibana et al., 2002,
2005). G9a is stabilized by dimerization with GLP (Tachibana

et al., 2005). In mouse embryonic stem cells (ESCs) and primary
somatic tissues, such as liver and brain, H3K9me2-enriched
chromatin domains (up to 5 Mb) have been identified (Wen
et al., 2009). Within such domains, a negative correlation be-
tween H3K9me2 deposition and gene expression is observed
(Wen et al., 2009). These domains are highly conserved between
human and mouse and often overlap with nuclear lamina-asso-
ciated domains (LADs) (Wen et al., 2009; Kind et al., 2013).
G9a and GLP are essential for normal development, because

their respective conventional knockout (KO) mice show postim-
plantation lethality before embryonic day 9.5 (E9.5) (Tachibana
et al., 2002, 2005; Wagschal et al., 2008; Zylicz et al., 2015).
Further studies showed that in addition to the loss of
H3K9me2, global and local reductions in CG methylation,
respectively, occur in G9a KO ESCs and postimplantation em-
bryos (Ikegami et al., 2007; Dong et al., 2008; Tachibana et al.,
2008; Leung et al., 2011; Myant et al., 2011; Auclair et al.,
2016; Zhang et al., 2016). The genomic regions that show
reduced CG methylation in KO ESCs and embryos include
imprinting control regions (ICRs) and promoters of germline
and developmental genes. Consistent with a role for G9a in CG
methylation regulation, this protein is reported to interact with
DNMT3A and DNMT3B (de novo DNA methyltransferases) via
its ankyrin repeat domain (Epsztejn-Litman et al., 2008). The cat-
alytic activity of the SET domain seems dispensable for CG
methylation maintenance at the ICRs, intracisternal A particle
(IAP) long terminal repeat (LTR) elements (belonging to class II
endogenous retrovirus with lysine [K] tRNA primers [ERVKs]),
and G9a target genes Mage-a2 and Wfdc15a in ESCs (Dong
et al., 2008; Tachibana et al., 2008; Zhang et al., 2016). The
global reduction of CGmethylation in G9a KO ESCs and its local
reduction in G9a KO embryos are accompanied by upregulation
of the Mage-a2 gene, as well as class III murine endogenous
retrovirus with leucine (L) tRNA primers (ERVLs, hereafter called
MERVLs) and their chimeric transcripts (Tachibana et al., 2008;
Leung et al., 2011; Maksakova et al., 2013; Zylicz et al., 2015;
Auclair et al., 2016). In addition, G9a was reported to promote
CGmethylation maintenance in HeLa cells and ESCs by methyl-
ating DNA ligase LIG1 at lysine 126 (Ferry et al., 2017), which in
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Figure 1. H3K9me2-Enriched Domains, G9a cKO, and Chromatin Reorganization in Mouse Oocytes
(A) H3K9me2 enrichment in FGOs plotted along a portion ofmouse chromosome 9 (10-kbwindowswith 5-kb sliding steps). H3K9me2-enriched domains in FGOs

(this study); ESCs, liver, and brain (Wen et al., 2009); facultative and constitutive LADs (fLADs and cLADs) (Peric-Hupkes et al., 2010; Meuleman et al., 2013); and

Hi-C chromatin compartments of SN-type FGOs (Flyamer et al., 2017) are also shown. RefSeq exons are shown at the bottom.

(B) Wild-type and engineered G9a alleles and the domain architecture of G9a. A Cre-mediated recombination results in an in-frame deletion within the catalytic

SET domain. GGCT, gamma-glutamyl cyclotransferase.

(C) Western blotting for G9a. GOs were collected at P10 and FGOs were collected 4 weeks after birth. The short isoform of G9a (G9aS) was predominant in GOs

and FGOs, and the band was lost upon cKO. b-actin is a loading control.

(D) Western blotting for H3K9me2. FGOs were collected from adult ovaries (10–11 weeks). b-actin is a loading control.

(E) H&E staining of ovaries of 10–11 weeks. Scale bar, 500 mm.

(legend continued on next page)
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turn recruits hemimethylated-CG binding factor UHRF1 and
maintenance methyltransferase DNMT1 to replication sites.
Thus, G9a is involved in CG methylation regulation via multiple
pathways.

In postnatal ovaries, growing oocytes (GOs) progressively
accumulate H3K9me2 (Kageyama et al., 2007), concomitant
with the gain in CG and non-CG methylation (Smallwood et al.,
2011; Kobayashi et al., 2012; Shirane et al., 2013). After fertiliza-
tion, zygotes show an asymmetric H3K9me2 pattern, with high
H3K9me2 in the maternal pronucleus and low H3K9me2 in the
paternal pronucleus, and then the paternal genome progres-
sively gains H3K9me2 from the late zygote to the cleavage stage
(Liu et al., 2004; Santos et al., 2005; Ma et al., 2015). G9a, but not
GLP, is responsible for this progressive gain in H3K9me2 (Ma
et al., 2015). Thus, G9a and H3K9me2 are implicated in oogen-
esis and preimplantation development. Conditional KO (cKO)
ofG9a in primordial germ cells using Tnap-Cre results in reduced
female fertility (Tachibana et al., 2007). However, the role of G9a
produced during oocyte development is poorly understood.

Here, using Zp3-Cre driven oocyte-specific cKO, we exam-
ined the role of G9a in mouse oocytes and preimplantation em-
bryos. Zylicz et al. (2018) adopted a similar approach to deplete
maternal G9a and revealed a disrupted gene regulatory network
at the 8-cell stage and destabilization of inner cell mass (ICM) lin-
eages by the late blastocyst stage. However, our study reveals
an earlier phenotype: impaired heterochromatin reorganization
in oocytes, abnormal chromosome segregation in cleavage
stage embryos, and limited CGmethylation reduction essentially
in gene-poor genomic regions in both oocytes and embryos. Our
findings shed light on the functional importance of H3K9me2 in
cleavage stage embryos and suggest the need for revisiting
the proposed role for H3K9me2 in protection of the maternal
genome from active CG demethylation.

RESULTS

G9a Expression and H3K9me2-Enriched Chromatin
Domains in Oocytes
A previous RT-PCR study revealed upregulation of G9a during
mouse oocyte growth (Kageyama et al., 2007). We reprocessed
published RNA sequencing (RNA-seq) data from wild-type
oocytes (Veselovska et al., 2015) and found that it is expressed
at low levels in early GOs and progressively upregulated in late
GOs and fully grown oocytes (FGOs) (Figure S1A).

It has been reported that GOs progressively accumulate
H3K9me2 (Kageyama et al., 2007). Because various mouse
cell types have large H3K9me2-enriched chromatin domains
(Wen et al., 2009), we examined whether such domains are pre-
sent in FGOs by ultra-low-input chromatin immunoprecipitation
sequencing (ChIP-seq) (Brind’Amour et al., 2015) (Table S1).

We identified 6,084 H3K9me2-enriched domains, varying in
size from 20 kb to 1.35 Mb (with the median of 90 kb) and occu-
pying 27.7% of the mouse genome (Figure 1A). These domains
showed significant overlap with those identified in other cells
or tissues (63.2%) (Wen et al., 2009; Filion and van Steensel,
2010), facultative or constitutive LADs (71.3%) (Peric-Hupkes
et al., 2010; Meuleman et al., 2013), and the heterochromatic B
compartments of FGOs (62.8%) identified by high-resolution
chromosome conformation capture (Hi-C) (Flyamer et al., 2017)
(Figure 1A).

Reduced H3K9me2 and Impaired Chromatin
Reorganization in G9a cKO Oocytes
To investigate the role of G9a in oocytes and preimplantation
embryos, we usedmice carrying a floxed allele ofG9a (Figure 1B)
(Tachibana et al., 2007). We tested Zp3-Cre andGdf9-Cre trans-
genes to delete exons 26 and 27 of G9a in GOs (de Vries et al.,
2000; Lan et al., 2004). The cKO was designed to generate an
86-amino acid deletion and a single-amino acid insertion in the
SET domain. Because the two Cre transgenes gave an identical
phenotype, we used Zp3-Cre for further analyses.We refer to the
materials obtained from [G9aflox/flox, Zp3-Cre] females as cKO
and those from G9aflox/flox females as control. By genotyping
and RT-PCR, we confirmed that the Cre-mediated deletion
was complete before postnatal day (P) 10 (Figures S1B and
S1C). Western blotting showed depletion of G9a, presumably
due to reduced protein stability, in both GOs and FGOs (Fig-
ure 1C). In addition, a significant loss of H3K9me2 was observed
by western blotting in FGOs as expected (Figure 1D).
No discernible defect was observed in folliculogenesis in cKO

ovaries (Figure 1E), and comparable numbers of FGOs were
harvested from cKO and control ovaries (Figure S1D). Normal
FGOs undergo heterochromatin reorganization, and two types
of FGOs have been recognized: FGOs of surrounded nucleolus
(SN) type have condensed chromatin surrounding the nucleolus,
and those of non-surrounded nucleolus (NSN) type have less
condensed chromatin (Bonnet-Garnier et al., 2012) (Figure S1E).
Although NSN-type FGOs are transcriptionally active, SN-type
FGOs are globally silent and developmentally more competent
(Zuccotti et al., 1998; Bouniol-Baly et al., 1999; Liu and Aoki,
2002). Adult cKO ovaries had a reduced proportion of SN-type
FGOs (21.6%, compared to 54.8% in control ovaries) and an
increased proportion of NSN-type FGOs (p < 5 3 10!10, chi-
square test) (Figure 1F). Thus, cKO oocytes have a defect in
chromatin reorganization in FGOs.
Immunostaining for H3K9me2 revealed a dramatic decrease

of this signal ("80%) in NSN-type cKO FGOs (Figures 1G and
S1F), with only dotted signals remaining in DAPI-dense regions,
especially at P15. A modest loss of H3K9me2 was observed in
SN-type FGOs, especially in the heterochromatin around the

(F) Proportions of NSN-type and SN-type FGOs determined based on DAPI staining. Three batches (at least 28 FGOs each) were examined for each genotype.

Representative DAPI images are also shown. Scale bar, 20 mm.

(G) Immunostaining of FGOs and zygotes for H3K9me2. FGOs were collected from P15 ovaries and adult ovaries (10–11 weeks), and zygotes were collected at

8 h. They were fixed, incubated with an anti-H3K9me2 antibody (green), and counterstained with DAPI (blue). Maternal (m) and paternal (p) pronuclei were

distinguished based on size and position relative to the polar body. Two batches (at least 10 FGOs and zygotes) were examined for each stage and each ge-

notype. Scale bar, 20 mm.

See also Figure S1 and Table S1.
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nucleolus (see Discussion). In zygotes derived from cKO oocytes
(maternal allele [mat]-KO zygotes), a significant reduction
("60%) of H3K9me2 was observed at 8 h post-fertilization in
the female pronucleus (Figures 1G and S1F). In contrast, immu-
nostaining revealed no change in histone H3 lysine 9 monome-
thylation (H3K9me1) or histone H3 lysine 9 trimethylation
(H3K9me3) in either NSN-type or SN-type cKO FGOs (Fig-
ure S1G). Thus, the absence of G9a resulted in a significant,
albeit incomplete, loss of H3K9me2 signal.

Developmental Defects of mat-KO Preimplantation
Embryos
It was previously reported thatG9a disruption in primordial germ
cells results in a severe reduction of fertility in females (Tachi-
bana et al., 2007). Upon natural crossing with wild-type males,
our cKO females showed reduced fertility (probability of bearing
live pups 60%, compared to 90% in control females) (Figure 2A)
and a reduced litter size (2.8 pups, compared to 8.1 pups).
Furthermore, they showed an increased rate of whole-litter mor-
tality before weaning (66.7%, compared to 11.1%) (Figure 2A),
with only 8 mat-KO pups (in two litters from ten plugged females)
surviving to the adult stage (Figure S2A).
Upon in vitro fertilization (IVF) and culture, we frequently

observedmat-KO embryos undergoing asymmetric cell division,
cell fragmentation, and/or degeneration after the 2-cell stage
(Figure S2B). Consequently, fewer mat-KO embryos developed
to mid- and late blastocysts at 96 h (13.5%, compared to
64.5% in control embryos) and 120 h (32.4%, compared to
83.9%), respectively (Figures 2B and S2B). In addition, mat-KO
blastocysts had a lower total number of cells (35.2, compared
to 84.6 in control embryos) and fewer SOX17-positive primitive
endoderm cells (2.5%, compared to 11.0%) (Figure S2C),
consistent with the report by Zylicz et al. (2018). Because the re-
ductions in litter size and blastocyst formation rate were similar
to each other, embryos that survive the preimplantation period
seem to have a high chance of being born.
To investigate the phenotype further, we performed live-cell

imaging by injecting zygotes with mRNAs encoding a-tubulin
fused with EGFP (cytoplasmic marker), together with those en-
coding histone H2B fused with mCherry (nuclear marker) (Fig-
ure 2C; Videos S1 and S2). Although mat-KO embryos looked
normal until the 2-cell stage (Figures 2B and S2B), the first cell
division was significantly delayed (Figure 2D). When blastocysts
and retarded embryos identified at 102 h were traced back, the
future blastocysts showed earlier progression to the 2-cell stage
(Figure 2D). Closer investigation of the images revealed a higher
frequency (50.0%, compared to 15.8%) of misaligned chromo-
somes and abnormal segregation, often manifested as lagging
chromosomes and micronuclei, in mat-KO embryos had already
occurred at the first cell division (p < 1 3 10!20, chi-square test)
(Figure 2E).

LimitedReduction inCGandNon-CGMethylation in cKO
Oocytes
Previous studies showed that DNA methylation is globally and
locally disrupted in G9a-deficient ESCs and postimplantation
embryos, respectively (Ikegami et al., 2007; Dong et al., 2008;
Tachibana et al., 2008; Myant et al., 2011; Auclair et al., 2016;

Zhang et al., 2016). To examine whether G9a has a role in DNA
methylation in oocytes, we performed whole-genome bisulfite
sequencing (WGBS) (Miura et al., 2012). The high reproducibility
of our WGBS data was confirmed in biological replicates
(R = 0.80 to "0.99 at 500-kb windows) (Table S2) and by com-
parison with the published data (R = 0.99) (Shirane et al., 2013).
The global methylation levels examined at CG and non-CG

sites in control GOs (P10), FGOs (adult), and metaphase II (MII)
oocytes (Figure 3A; Table S2) were consistent with the ongoing
de novo methylation during oocyte growth and maturation
(Smallwood et al., 2011; Kobayashi et al., 2012; Shirane et al.,
2013). Surprisingly, most H3K9me2-enriched domains had low
levels of CG methylation in FGOs (Figures 3B and 3C), which is
in clear contrast to the findings in ESCs and somatic cells, in
which H3K9me2-enriched regions are highly CG methylated
(Figure S3A) (data from Wen et al., 2009, reprocessed). Further-
more, the global CG methylation level was only slightly lower in
cKO FGOs and MII oocytes relative to control oocytes (39.2%
versus 41.5% in FGOs and 43.6% versus 45.2% in MII oocytes)
(Table S2). The non-CG methylation showed a greater reduction
in cKO FGOs (from 3.4% to 2.7%) andMII oocytes (from 4.6% to
3.3%) (Table S2), and this 20%–30% reduction was uniform
across the genome (Figure 3D). Thus, depletion of G9a had a
limited but differential impact on de novo CG and non-CG
methylation during oocyte growth.
We next investigated whether CG methylation is affected in

genomic regions previously identified as G9a targets in KO
ESCs and postimplantation embryos. Consistent with the global
analysis, most targets in ESCs (423/441 = 95.9%) (Tachibana
et al., 2008; Auclair et al., 2016) and embryos (636/686 =
92.7%) (Auclair et al., 2016) (Figure S3B) showed no or little
methylation loss (<20%) in cKO FGOs. It was previously reported
that G9a is important for CGmethylation maintenance at ICRs in
ESCs (Dong et al., 2008; Zhang et al., 2016). All 13 maternally
methylated ICRs are located outside of H3K9me2-enriched do-
mains (Figure S3C) and showed no or minimal (12.2% at most)
reduction in CG methylation in cKO FGOs (Figure 3E). The
Gnas1A and Mest ICRs, which showed the greatest reduction,
were previously shown to be modestly affected in Uhrf1 cKO
FGOs (Maenohara et al., 2017). Furthermore, the Slc38a4 ICR,
which is known to be affected in G9a KO postimplantation em-
bryos (Auclair et al., 2016), showed a normal methylation level
in cKO FGOs. Similarly, while it is known that almost all ERVs
and only ERVL elements show reduced methylation in KO
ESCs and embryos, respectively (Auclair et al., 2016), ERVs
showed little change (<20%) in cKO FGOs, with only two excep-
tions (RLTR13D4andRLTR46A2,which are ERVKs) (FigureS3D).
Altogether, these results reveal that the contribution of G9a to
CG methylation regulation in oocytes is modest.

G9a Is Dispensable for Protection against CG
Demethylation in Preimplantation Embryos
It has been proposed that H3K9me2 deposited in oocytes pro-
motes the recruitment of Stella (also called Dppa3 or Pgc7) to
maternal chromatin in zygotes and that this protein, in turn, pro-
tects CG methylation from Tet3-mediated hydroxylation and
subsequent demethylation (Nakamura et al., 2007, 2012). How-
ever, a report suggested an opposite role for Stella (prevention
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of de novo CGmethylation) in oocytes (Li et al., 2018). To assess
the impact of G9a cKO on CG methylation and demethylation in
preimplantation embryos, we performedWGBS onmat-KO early
2-cell embryos and mid- to late blastocysts (Table S2). For 2-cell
embryos, we crossed cKO females with JF1 males so that the

parental alleles could be distinguished using strain-specific sin-
gle-nucleotide polymorphisms (SNPs) (Takada et al., 2013).
Furthermore, to avoid the confounding influence of DNA replica-
tion, only early 2-cell embryos, harvested within 2 h of the
first mitotic division, were subjected to WGBS. To match the

Figure 2. Developmental Defects in mat-KO Preimplantation Embryos
(A) Fertility (successful breeding), litter size, and whole-litter mortality rate before weaning. Horizontal bars in litter size show the mean values. The p value was

determined by t test.

(B) Developmental stages of IVF embryos assessed at indicated time points. Mid- to late blastocysts were removed at 96 h, and only retarded embryos were

allowed to develop for an additional 24 h and assessed at 120 h.

(C) Snapshots of IVF embryos observed under live-cell imaging. H2B-mCherry (red) and EGFP-a-tubulin (green) are the markers for chromatin and cytoplasm,

respectively. Thirty-eight control and 14 mat-KO embryos were examined. Scale bar, 50 mm.

(D) Time to become a 2-cell embryo. The mat-KO embryos were divided into blastocysts and retarded embryos at 102 h and traced back to determine the timing

of the first cell division. Horizontal bars show the mean values. The p value was determined by t test.

(E) Proportions of embryos showing abnormal chromosome segregation during zygote to 2-cell transition. Representative images are shown. Arrows (red)

indicate the respective abnormalities. Scale bar, 50 mm.

See also Figure S2 and Videos S1 and S2.

286 Cell Reports 27, 282–293, April 2, 2019



developmental stage, only early 2-cell mat-KO embryos
morphologically similar to the control embryos were collected.
During the progression from 2-cell embryos to blastocysts, the

level of global CG methylation decreased from 46.7% to 15.0%
in control embryos (Table S2), consistent with ongoing global de-
methylation. Strikingly, the methylation levels of mat-KO 2-cell
embryos and blastocysts (43.4% and 14.6%, respectively)
were only slightly lower than those of control embryos (46.7%
and 15.0%) (Table S2). Using SNPs, the lower level of CG
methylation observed in mat-KO 2-cell embryos was attributed
to the maternal genome (35.7%, compared to 42.2% in control
embryos), with no decrease in the paternal genome (55.2%,

compared to 53.9%) (Figure 4A; Table S2). A greater but still
modest reduction in CG methylation was observed in mat-KO
2-cell embryos (42.2–35.7 = 6.5% reduction in the maternal
genome) compared to cKO MII oocytes (4.6–3.3 = 1.6% reduc-
tion) (Table S2), indicating that G9a plays a minor role in DNA
methylation homeostasis after fertilization.
Although this observation seems consistent with the proposed

role for H3K9me2 in protection against CG demethylation (Naka-
mura et al., 2007, 2012), most informative G9a targets previously
identified in ESCs and postimplantation embryos (262/314 =
83.4% and 129/168 = 76.8%, respectively) (Tachibana et al.,
2008; Auclair et al., 2016) showed little CG methylation loss

Figure 3. Limited Reduction in CG and Non-CG Methylation in cKO FGOs
(A) Violin plots showing distributions of regional CG or non-CG methylation levels (10-kb windows) in GOs, FGOs, and MII oocytes. Black bars indicate the mean

values. These values are different from the global methylation levels.

(B) Scatterplot comparing regional CG methylation levels and H3K9me2 enrichment in wild-type FGOs (10-kb windows). Blue dots indicate genomic windows

inside H3K9me2-enriched domains.

(C) CGmethylation profile of a portion of mouse chromosome 6 (10-kbwindowswith 5-kb sliding steps). H3K9me2 enrichment is also shown. H3K9me2-enriched

domains and RefSeq exons are indicated at the bottom.

(D) Scatterplots comparing regional CG or non-CG methylation levels (10-kb windows) of control and cKO FGOs. Pearson product-moment correlation co-

efficients and slopes of linear regression are indicated.

(E) CG methylation levels at the ICRs in FGOs.

See also Figure S3 and Tables S1 and S2.
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(<20%) in the maternal genome of mat-KO 2-cell embryos (Fig-
ure S4A). Similarly, with only a few exceptions (the three ERVKs
RLTR13D1, RLTR46A2, and RLTR20A3 and the non-MERVL
ERVL mouse transposon subfamily C [MTC]), ERVs also showed
little change (<20%) in CG methylation (Figure S4B). Further-
more, most maternally methylated ICRs (11/12) and all three
paternally methylated ICRs were essentially unaffected in mat-
KO 2-cell embryos (Figure 4B). The Peg10, Mest, and Peg3
ICRs and IAP elements, which were reported to be affected in
Stella mat-KO embryos (Nakamura et al., 2007), showed little
change in G9a mat-KO embryos. An exception was the signifi-
cantly reduced methylation at the Gnas1A ICR (p < 5 3 10!11,
chi-square test), which was also affected in cKO FGOs (Fig-
ure 3D). Thus, the reduction in H3K9me2 caused by G9a cKO
did not induce general ICR demethylation, calling into question
the proposed role for this histone modification in protection
against CG demethylation (Nakamura et al., 2012).

The modest reduction in CG methylation of the maternal
genomewas largely attributable to regions that showed low levels
of CGmethylation in control embryos (Figure 4C), corresponding
to the H3K9me2-enriched domains in FGOs (Figures 1A and 3B).
Such regions showed a modest gain in CGmethylation in control
embryos soon after fertilization (before the 2-cell stage) (Fig-

ure S4C), which may be mediated by DNMT3A and DNMT1
(Amouroux et al., 2016). The reduced methylation in mat-KO em-
bryos was partly attributable to the lack of such de novomethyl-
ation (Figure S4D). In addition, analysis of published allelicWGBS
data from the ICM (Wang et al., 2014) showed that regions of the
maternal genome with high levels of CG methylation correspond
to thosewith relatively low levelsofH3K9me2 inFGOs (Figure4D).
Altogether, these results show that although H3K9me2 has a
modest role in regulating CG methylation in H3K9me2-enriched
domains, this histonemodification has no role in protecting highly
methylated regions in the maternal genome against demethyla-
tion in preimplantation embryos.

Limited Changes in Expression of Genes and ERVs in
cKO Oocytes and mat-KO Embryos
Analysis of published RNA-seq data reveals that the activation of
zygoticG9a occurs after the mid-2-cell stage (Figure S5A) (Deng
et al., 2014). To examine the impact ofG9a cKO on transcription,
we performed RNA-seq on cKO FGOs and mat-KO mid-2-cell
embryos (24 h) (Table S1). Although zygotic genes of one subset
are already active (biallelic transcripts) in mid-2-cell embryos,
most are not (maternal transcripts only) (Flach et al., 1982; Mat-
sumoto et al., 1994).

Figure 4. G9a Is Dispensable for Protection against CG Demethylation in Preimplantation Embryos
(A) Violin plots showing distributions of regional CG or non-CGmethylation levels (10-kb windows) in control and mat-KO 2-cell embryos. Black bars indicate the

mean values. These values are different from the global methylation levels.

(B) CG methylation levels at the ICRs in control and mat-KO 2-cell embryos.

(C) Scatterplots comparing regional CG or non-CG methylation levels (10-kb windows) of the maternal genomes from control and mat-KO 2-cell embryos.

Pearson product-moment correlation coefficients and slopes of linear regression are indicated.

(D) Scatterplot comparing regional CG methylation levels in the maternal genome of the ICM (Wang et al., 2014) and H3K9me2 enrichment in wild-type FGOs

(10-kb windows). The color gradient shows the CG methylation levels in control FGOs.

See also Figure S4 and Tables S1 and S2.
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The impact of G9a depletion on RefSeq genes was limited in
both FGOs and 2-cell embryos. We identified only 41 differen-
tially expressed genes (DEGs, R2-fold difference) in FGOs, of
which 28 were upregulated (up-DEGs) and 13 were downregu-
lated (down-DEGs) (Figure 5A; Table S3). Expression of three
up-DEGs and two down-DEGs was previously examined in
SN-type and NSN-type FGOs (Ma et al., 2013), and based on
the results, their altered expression in cKO FGOs was attribut-
able to the reduced SN-type/NSN-type ratio (Figure 1E). The
DEG showing the greatest upregulation was Zscan4d (8-fold)
(Figures 5A and S5B), which is a member of the SCAN
domain-containing zinc finger protein family important for devel-
opmental competence of germ cells, preimplantation embryos,
and ESCs (Falco et al., 2007; Zalzman et al., 2010; Amano
et al., 2013; Ishiguro et al., 2017). In mat-KO 2-cell embryos,
we identified only 30 DEGs (17 up-DEGs and 13 down-DEGs)
(Figure 5B; Table S3), of which 27 DEGs (15 up-DEGs and 12
down-DEGs) were informative for allelic analysis: while 8 DEGs

(3 up-DEGs and 5 down-DEGs) showed biallelic expression,
the remaining 19 DEGs (12 up-DEGs and 7 down-DEGs) showed
maternal expression (proportion of maternal transcripts out of all
informative transcriptsR 0.85) (Figure 5C). In all 8 biallelically ex-
pressed DEGs, both parental alleles were affected (Figure 5C).
These results suggest that maternal G9a can act on the paternal
genome, consistent with previous findings (Liu et al., 2004; Ma
et al., 2015). Contrary to the upregulation of Zscan4d in cKO
FGOs, a 3.6-fold downregulation of Zscan4c was observed in
mat-KO embryos (Figures 5B and S5B). It remains to be investi-
gated whether the misregulation of the Zscan4 genes (Falco
et al., 2007) and other development-related DEGs (Table S3)
contributes to the phenotype.
MostDEGs identified inFGOsand2-cell embryoswere located

outside of H3K9me2-enriched domains (38/41 = 92.7% and 27/
30 = 90.0%, respectively), and only 18.4% (7/38, with 3 being
non-informative) and 5.6% of them (1/18, with 12 being non-
informative) showed a change in CG methylation (R20%). The

Figure 5. Limited Changes in Expression of Genes and ERVs in cKO FGOs and mat-KO Embryos
(A) Scatterplot comparing the gene expression profiles in control and cKO FGOs. The up-DEGs and down-DEGs are highlighted in red and blue, respectively.

(B) Scatterplot comparing the gene expression profiles in control and mat-KO 2-cell embryos. The up-DEGs and down-DEGs are highlighted in red and blue,

respectively.

(C) Distributions of the expression fold changes of the DEGs. mat and pat indicate expression from the maternal and paternal allele, respectively. For the

maternally expressed DEGs [mat/(mat + pat)R 0.85], the expression fold change of thematernal transcripts is shown. Horizontal bars show themean values. The

p values were determined by t test. n.s., not significant.

(D) MA plot of the expression fold change of individual ERVs in FGOs. The x axis shows the mean expression level of each element in FGOs (control and cKO

combined), and the y axis shows the fold change. No upregulated (R2-fold) ERV was identified.

(E) MA plot of the expression fold change of individual ERVs in 2-cell embryos. The x axis shows the mean expression level of each element in 2-cell embryos

(control and mat-KO combined), and the y axis shows the fold change. Upregulated ERVs (R2-fold) are highlighted in red.

(F) Schematic representation of the ERV-RefSeq chimeric transcripts. A total number of transcripts identified in FGOs and 2-cell embryos is indicated for each

category.

See also Figure S5 and Tables S1 and S3.
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changeswere always found in gene bodies, with a positive corre-
lation betweenmethylation and expression (Table S3). Most G9a
targets found in ESCs and postimplantation embryos (427/441 =
96.8% and 57/60 = 92.7%, respectively) (Tachibana et al., 2008;
Auclair et al., 2016) were unaffected (<2-fold) in cKO FGOs and
mat-KO embryos (Figure S5C).

ERVs also showed virtually no or only modest derepression in
cKO FGOs and mat-KO 2-cell embryos (Figures 5D and 5E).
While MT2 and MT2C, members of the ERVL family, are
derepressed in G9a KO ESCs (Maksakova et al., 2013), their
transcripts showed a less than 2-fold increase in cKO FGOs
(Figure 5D). In mat-KO embryos, only five ERV families showed
R2-fold derepression (MERVL not among them), and none
showed R4-fold derepression (Figure 5E). Our results are
consistent with the findings reported by Zylicz et al. (2018).

ERVs often provide alternative promoters to genes in oocytes
(Macfarlan et al., 2012; Peaston et al., 2004; Veselovska et al.,
2015). In addition to 2,344 RefSeq transcripts containing ERV
at their 50 ends, we identified 1,701 ERV-RefSeq chimeric tran-
scripts expressed in FGOs, 2-cell embryos, or both (Figure 5F),
including 5 cKO-specific and 2 mat-KO-specific ones. Thus,
there were 2,845 and 3,425 chimeric transcripts in FGOs and
2-cell embryos, respectively (2,225 were common). Most of
these transcripts were not affected by G9a depletion: only 180/
2,845 transcripts (6.3%) and 246/3,425 transcripts (7.2%) were
upregulated (R2-fold) in cKO FGOs and mat-KO embryos,
respectively. Only 35 and 30 of the upregulated chimeric tran-
scripts were driven byMERVL LTRs in FGOs and 2-cell embryos,
respectively, and these transcripts contributed little to the DEGs.
Furthermore, only 5/28 (17.9%) of the upregulated DEGs had a
MERVL LTR at their 50 ends in FGOs (Figure S5D); none were
found in 2-cell embryos. Thus, unlike ESCs and postimplantation
embryos, in which G9a plays an important role in MERVL repres-
sion (Tachibana et al., 2008; Leung et al., 2011;Maksakova et al.,
2013; Zylicz et al., 2015), this histonemethyltransferase is appar-
ently dispensable for MERVL regulation in oocytes and preim-
plantation embryos.

DISCUSSION

We have revealed a role for G9a in H3K9me2 deposition and het-
erochromatin reorganization in mouse oocytes. Mouse FGOs
had H3K9me2-enriched chromatin domains (Figure 1A), and
depletion of G9a in GOs resulted in abnormal chromosome
segregation, developmental delay, and frequent arrest of cleav-
age stage embryos (Figure 2). Together with the report that
maternal depletion of G9a results in impaired ICM lineage
segregation (Zylicz et al., 2018), our study establishes the impor-
tance of maternal G9a in preimplantation development. How-
ever, unlike in ESCs and postimplantation embryos, only limited
changes were observed in CG methylation, gene regulation,
or ERV repression upon G9a depletion in oocytes and preim-
plantation embryos (Figures 3, 4, and 5). G9a depletion
resulted in a mild reduction in CG methylation only in gene-
poor regions, corresponding to the H3K9me2-enriched do-
mains, and almost no change in highly methylated transcribed
regions, including most genes, ICRs, and ERVs (Figures 3 and
4). Thus, the role of G9a during oogenesis and preimplantation

development is distinct from that observed during postimplanta-
tion development.
It has been proposed that H3K9me2 deposited in oocytes re-

cruits Stella specifically to the maternal chromatin of zygotes to
protect against Tet3-mediated hydroxylation and subsequent
CG demethylation of the maternal genome (Nakamura et al.,
2007, 2012). However, at the maternally methylated ICRs re-
ported to be affected in Stella KO zygotes (Nakamura et al.,
2007), G9a cKO in GOs resulted in no or only limited CG methyl-
ation loss (Figure 4B), despite significant loss of H3K9me2.
H3K9me2 enrichment and CGmethylation show mutually exclu-
sive genomic distributions in FGOs (Figure 3B), making their
functional association unlikely. Li et al. (2018) revisited the role
of Stella in oocytes and zygotes and reported that contrary to
previous reports, Stella suppresses aberrant de novo CG
methylation. Altogether, we suggest that the role of H3K9me2
in CG methylation protection (Nakamura et al., 2012) should be
reconsidered. Our results also suggest that despite the reported
function of this enzyme in LIG1 methylation and subsequent
UHRF1 recruitment, maternal G9a is dispensable for CGmethyl-
ation maintenance in zygotes (Ferry et al., 2017).
We observed that G9a cKO GOs, FGOs, and zygotes show

significant but partial H3K9me2 loss (Figures 1F and 1G). The
dotted signals detected in P15 cKO FGOs and the more orga-
nized signals around the nucleolus in SN-type cKO FGOs are
reminiscent of H3K9me3 enrichment over satellite repeat re-
gions (Figures 1F and S1G). SUV39H1 and SUV39H2, which
are responsible for H3K9me3 deposition in heterochromatin re-
gions (Peters et al., 2003), could contribute to the H3K9me2 sig-
nals by creating a reaction intermediate. In G9a KO ESCs,
H3K9me2-enriched domains are lost, and the peaks shift to
overlap with H3K9me3-enriched regions, likely reflecting tran-
sient H3K9me2, the catalytic intermediate of SETDB1- (also
known as ESET) or SUV39-deposited H3K9me3 in heterochro-
matin regions (Chen et al., 2018).
The precise cause for the developmental phenotype of mat-

KO preimplantation embryos remains obscure. A study re-
ported that a loss of maternal G9a disrupts the gene regulatory
network in 8-cell embryos and destabilizes ICM lineages by the
late blastocyst stage (Zylicz et al., 2018). We confirmed the
skewed lineage differentiation (Figure S2C) but found an earlier
phenotype: delayed progression to the 2-cell stage and pres-
ence of misaligned chromosomes and abnormal segregation
already manifesting at the first division (Figure 2E). Because
cKO FGOs and mat-KO 2-cell embryos showed only limited de-
fects in gene expression and ERV repression (Figure 5), the
alternation to the gene regulatory network is an unlikely cause
for the developmental delay and partial lethality. Instead,
apparently normal cKO FGOs already had a defect in hetero-
chromatin reorganization (increased NSN-type and decreased
SN-type FGOs) (Figure 1E), which is a hallmark of develop-
mental competence (Zuccotti et al., 1998). Perhaps reduced
deposition of H3K9me2 in G9a-target domains, which largely
overlap with the LADs and heterochromatin compartments
(Figure 1A), hampers the formation of condensed chromatin
surrounding the nucleolus. However, the involvement of some
DEGs in developmental phenotype may be worth further
investigation.
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In conclusion, our findings illuminate the functional importance
of maternal G9a in early development and its distinct roles in pre-
implantation and postimplantation development. They also sug-
gest the need for revisiting the proposed role for H3K9me2 in
protection of the maternal genome against active CG demethy-
lation. Whether alternative histone modifications play a role in
this process remains to be determined, but those that show a
positive correlation with regions methylated in oocytes, such
as H3K36me3 (Stewart et al., 2015; Brind’Amour et al., 2018),
are worthy of further investigation.
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Deng, Q., Ramsköld, D., Reinius, B., and Sandberg, R. (2014). Single-cell RNA-

seq reveals dynamic, random monoallelic gene expression in mammalian

cells. Science 343, 193–196.

Dong, K.B., Maksakova, I.A., Mohn, F., Leung, D., Appanah, R., Lee, S., Yang,

H.W., Lam, L.L., Mager, D.L., Sch€ubeler, D., et al. (2008). DNA methylation in

ES cells requires the lysine methyltransferase G9a but not its catalytic activity.

EMBO J. 27, 2691–2701.

Epsztejn-Litman, S., Feldman, N., Abu-Remaileh, M., Shufaro, Y., Gerson, A.,

Ueda, J., Deplus, R., Fuks, F., Shinkai, Y., Cedar, H., and Bergman, Y. (2008).

De novo DNA methylation promoted by G9a prevents reprogramming of

embryonically silenced genes. Nat. Struct. Mol. Biol. 15, 1176–1183.

Falco, G., Lee, S.L., Stanghellini, I., Bassey, U.C., Hamatani, T., and Ko,

M.S.H. (2007). Zscan4: a novel gene expressed exclusively in late 2-cell em-

bryos and embryonic stem cells. Dev. Biol. 307, 539–550.

Cell Reports 27, 282–293, April 2, 2019 291



Ferry, L., Fournier, A., Tsusaka, T., Adelmant, G., Shimazu, T., Matano, S.,

Kirsh, O., Amouroux, R., Dohmae, N., Suzuki, T., et al. (2017). Methylation of

DNA Ligase 1 by G9a/GLP recruits UHRF1 to replicating DNA and regulates

DNA methylation. Mol. Cell 67, 550–565.

Filion, G.J., and van Steensel, B. (2010). Reassessing the abundance of

H3K9me2 chromatin domains in embryonic stem cells. Nat. Genet. 42, 4,

author reply 5–6.

Flach, G., Johnson, M.H., Braude, P.R., Taylor, R.A., and Bolton, V.N. (1982).

The transition from maternal to embryonic control in the 2-cell mouse embryo.

EMBO J. 1, 681–686.

Flyamer, I.M., Gassler, J., Imakaev, M., Brand~ao, H.B., Ulianov, S.V., Abden-

nur, N., Razin, S.V., Mirny, L.A., and Tachibana-Konwalski, K. (2017). Single-

nucleus Hi-C reveals unique chromatin reorganization at oocyte-to-zygote

transition. Nature 544, 110–114.

Habibi, E., Brinkman, A.B., Arand, J., Kroeze, L.I., Kerstens, H.H.D., Matarese,

F., Lepikhov, K., Gut, M., Brun-Heath, I., Hubner, N.C., et al. (2013). Whole-

genome bisulfite sequencing of two distinct interconvertible DNA methylomes

of mouse embryonic stem cells. Cell Stem Cell 13, 360–369.

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y.C., Laslo, P., Cheng, J.X.,

Murre, C., Singh, H., and Glass, C.K. (2010). Simple combinations of lineage-

determining transcription factors prime cis-regulatory elements required for

macrophage and B cell identities. Mol. Cell 38, 576–589.

Ho, Y., Wigglesworth, K., Eppig, J.J., and Schultz, R.M. (1995). Preimplanta-

tion development of mouse embryos in KSOM: augmentation by amino acids

and analysis of gene expression. Mol. Reprod. Dev. 41, 232–238.

Hon, G.C., Rajagopal, N., Shen, Y., McCleary, D.F., Yue, F., Dang, M.D., and

Ren, B. (2013). Epigenetic memory at embryonic enhancers identified in DNA

methylation maps from adult mouse tissues. Nat. Genet. 45, 1198–1206.

Ikegami, K., Iwatani, M., Suzuki, M., Tachibana, M., Shinkai, Y., Tanaka, S.,

Greally, J.M., Yagi, S., Hattori, N., and Shiota, K. (2007). Genome-wide and

locus-specific DNA hypomethylation in G9a deficient mouse embryonic

stem cells. Genes Cells 12, 1–11.

Ishiguro, K.I., Monti, M., Akiyama, T., Kimura, H., Chikazawa-Nohtomi, N., Sa-

kota, M., Sato, S., Redi, C.A., Ko, S.B., and Ko, M.S. (2017). Zscan4 is ex-

pressed specifically during late meiotic prophase in both spermatogenesis

and oogenesis. In Vitro Cell. Dev. Biol. Anim. 53, 167–178.

Kageyama, S., Liu, H., Kaneko, N., Ooga, M., Nagata, M., and Aoki, F. (2007).

Alterations in epigenetic modifications during oocyte growth in mice. Repro-

duction 133, 85–94.

Karolchik, D., Barber, G.P., Casper, J., Clawson, H., Cline, M.S., Diekhans, M.,

Dreszer, T.R., Fujita, P.A., Guruvadoo, L., Haeussler, M., et al. (2014). The

UCSC Genome Browser database: 2014 update. Nucleic Acids Res. 42,

D764–D770.

Kim, D., Langmead, B., and Salzberg, S.L. (2015). HISAT: a fast spliced aligner

with low memory requirements. Nat. Methods 12, 357–360.

Kind, J., Pagie, L., Ortabozkoyun, H., Boyle, S., de Vries, S.S., Janssen, H.,

Amendola, M., Nolen, L.D., Bickmore, W.A., and van Steensel, B. (2013). Sin-

gle-cell dynamics of genome-nuclear lamina interactions. Cell 153, 178–192.

Kobayashi, H., Sakurai, T., Imai, M., Takahashi, N., Fukuda, A., Yayoi, O., Sato,

S., Nakabayashi, K., Hata, K., Sotomaru, Y., et al. (2012). Contribution of intra-

genic DNA methylation in mouse gametic DNA methylomes to establish

oocyte-specific heritable marks. PLoS Genet. 8, e1002440.

Krueger, F., and Andrews, S.R. (2011). Bismark: a flexible aligner and methyl-

ation caller for Bisulfite-Seq applications. Bioinformatics 27, 1571–1572.

Lan, Z.J., Xu, X., and Cooney, A.J. (2004). Differential oocyte-specific expres-

sion of Cre recombinase activity in GDF-9-iCre, Zp3cre, and Msx2Cre trans-

genic mice. Biol. Reprod. 71, 1469–1474.

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with

Bowtie 2. Nat. Methods 9, 357–359.

Leung, D.C., Dong, K.B., Maksakova, I.A., Goyal, P., Appanah, R., Lee, S., Ta-

chibana, M., Shinkai, Y., Lehnertz, B., Mager, D.L., et al. (2011). Lysine

methyltransferase G9a is required for de novoDNAmethylation and the estab-

lishment, but not the maintenance, of proviral silencing. Proc. Natl. Acad. Sci.

USA 108, 5718–5723.

Lewis, B.C., Klimstra, D.S., Socci, N.D., Xu, S., Koutcher, J.A., and Varmus,

H.E. (2005). The absence of p53 promotes metastasis in a novel somatic

mouse model for hepatocellular carcinoma. Mol. Cell. Biol. 25, 1228–1237.

Li, Y., Zhang, Z., Chen, J., Liu, W., Lai, W., Liu, B., Li, X., Liu, L., Xu, S., Dong,

Q., et al. (2018). Stella safeguards the oocyte methylome by preventing

de novo methylation mediated by DNMT1. Nature 564, 136–140.

Liu, H., and Aoki, F. (2002). Transcriptional activity associated with meiotic

competence in fully grown mouse GV oocytes. Zygote 10, 327–332.

Liu, H., Kim, J.M., and Aoki, F. (2004). Regulation of histone H3 lysine 9methyl-

ation in oocytes and early pre-implantation embryos. Development 131, 2269–

2280.

Ma, J.Y., Li, M., Luo, Y.B., Song, S., Tian, D., Yang, J., Zhang, B., Hou, Y.,

Schatten, H., Liu, Z., and Sun, Q.Y. (2013). Maternal factors required for oocyte

developmental competence in mice: transcriptome analysis of non-sur-

rounded nucleolus (NSN) and surrounded nucleolus (SN) oocytes. Cell Cycle

12, 1928–1938.

Ma, X.S., Chao, S.B., Huang, X.J., Lin, F., Qin, L., Wang, X.G., Meng, T.G., Zhu,

C.C., Schatten, H., Liu, H.L., and Sun, Q.Y. (2015). The dynamics and regula-

tory mechanism of pronuclear H3K9me2 asymmetry in mouse zygotes. Sci.

Rep. 5, 17924.

Macfarlan, T.S., Gifford, W.D., Driscoll, S., Lettieri, K., Rowe, H.M., Bonanomi,

D., Firth, A., Singer, O., Trono, D., and Pfaff, S.L. (2012). Embryonic stem cell

potency fluctuates with endogenous retrovirus activity. Nature 487, 57–63.

Maenohara, S., Unoki, M., Toh, H., Ohishi, H., Sharif, J., Koseki, H., and Sa-

saki, H. (2017). Role of UHRF1 in de novo DNA methylation in oocytes and

maintenance methylation in preimplantation embryos. PLoS Genet. 13,

e1007042.

Maksakova, I.A., Thompson, P.J., Goyal, P., Jones, S.J., Singh, P.B., Karimi,

M.M., and Lorincz, M.C. (2013). Distinct roles of KAP1, HP1 and G9a/GLP in

silencing of the two-cell-specific retrotransposon MERVL in mouse ES cells.

Epigenetics Chromatin 6, 15.

Matsumoto, K., Anzai, M., Nakagata, N., Takahashi, A., Takahashi, Y., and

Miyata, K. (1994). Onset of paternal gene activation in early mouse embryos

fertilized with transgenic mouse sperm. Mol. Reprod. Dev. 39, 136–140.

Meuleman, W., Peric-Hupkes, D., Kind, J., Beaudry, J.B., Pagie, L., Kellis, M.,

Reinders, M., Wessels, L., and van Steensel, B. (2013). Constitutive nuclear

lamina-genome interactions are highly conserved and associated with

A/T-rich sequence. Genome Res. 23, 270–280.

Miura, F., Enomoto, Y., Dairiki, R., and Ito, T. (2012). Amplification-free whole-

genome bisulfite sequencing by post-bisulfite adaptor tagging. Nucleic Acids

Res. 40, e136.

Myant, K., Termanis, A., Sundaram, A.Y., Boe, T., Li, C., Merusi, C., Burrage,

J., de Las Heras, J.I., and Stancheva, I. (2011). LSH and G9a/GLP complex are

required for developmentally programmedDNAmethylation. GenomeRes. 21,

83–94.

Nakamura, T., Arai, Y., Umehara, H., Masuhara, M., Kimura, T., Taniguchi, H.,

Sekimoto, T., Ikawa, M., Yoneda, Y., Okabe,M., et al. (2007). PGC7/Stella pro-

tects against DNA demethylation in early embryogenesis. Nat. Cell Biol. 9,

64–71.

Nakamura, T., Liu, Y.J., Nakashima, H., Umehara, H., Inoue, K., Matoba, S.,

Tachibana, M., Ogura, A., Shinkai, Y., and Nakano, T. (2012). PGC7 binds his-

tone H3K9me2 to protect against conversion of 5mC to 5hmC in early em-

bryos. Nature 486, 415–419.

Peaston, A.E., Evsikov, A.V., Graber, J.H., de Vries, W.N., Holbrook, A.E., Sol-

ter, D., and Knowles, B.B. (2004). Retrotransposons regulate host genes in

mouse oocytes and preimplantation embryos. Dev. Cell 7, 597–606.

Peric-Hupkes, D., Meuleman, W., Pagie, L., Bruggeman, S.W., Solovei, I.,
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