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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 CG methyl-
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 a modest reduction in CG methylation
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
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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 (lkegami 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 Il
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 CG methylation 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 Ill 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
CG methylation maintenance in Hela cells and ESCs by methyl-
ating DNA ligase LIG1 at lysine 126 (Ferry et al., 2017), which in




OPEN

ACCESS
Cell’ress

A chr9: 34,263,657 - 124,239,124
H3KOME2 | yywiathi ot okl o 0 1 on oMo o bl i i ol o, B i | ke ek
enrichment ML L J hld
FGO 1 L) LLALRSR N WU AR IR 1 . LLALR [ O U NN L LR LR DRI (NN TR O UL LN RE (DNl B R AN N I BN
H3K9me2 | ESC = I L N TR TR O NN T TR T QT TN T T T T T TR Y (CRTR T ™ T TT (T TN
domain Liver m o . | [} W OIE N OB NN EEEEE § B W [} -
Braln L mim L} nmmoa Wl 1IN BN NN (SN N mian L ] L ] . n
facultatlve e 1] - " I Immiem Hm LIL L L ST LU LN IR B IR W e O EEN |
LAD constitutive = mms L[] [ T - .- 1 [ ] [ ] 1
Hi-C compartment - w="ngy’ -+ regiweg’~y U -y gty g e e
Refseq exon Hil BHNMSINUR: UEE WOSHR | H OMIH | OR00 EHE N DOOR S DO D ORI O OO O (OO (1 RO [N | W R AR RO E (U0 B |
5 Mb
B Wildtype — —0 3 D Size FGO
allele toons 24 25 28 27 28 (kDa) Control cKO
15 <— H3K9me2
flox alele. ———(—0—p0-CH__PCRNeo _p—{1——
Exons 24 25 26 27+28 28 35 - <— _actin
cKO allele
E Ovary
Exons 24 25 28 Contral KO
Motif/domain GGCT-like Ankyrin repeat SET _— s
SR N
o9 | [ N B | 1 £ Tl
Immunogen Presumed deletion N %y
for antibody by cKO 2
Cc Size GO ESC protein
kDa
(kDa) Control cKO Cor?trol cKo 005 02 05 1 (M) F NEN BIFEFBdEBIESN
200 & 100 -
T e .
128 E G9aS g {
35 e a— — C mme - < B-actin “8} ||
Size FGO ESC protein % .
(kDa) control cKO Control cKO 005 02 05 1 ) o
e ‘ - un > ol |
150 G9as Control _ cKO
50 , FGO
35 - CaEd s T — | — < B-actin (n=115) (n=97)
G NSN FGO (P15) NSN FGO SN FGO Zygote S:r?ﬁggg;v
Control cKO Control cKO Control cKO Control mat-KO only

o .........
25 Qe

H3K9me2 e :
o --

Figure 1. H3K9me2-Enriched Domains, G9a cKO, and Chromatin Reorganization in Mouse Oocytes

(A) H3K9me2 enrichment in FGOs plotted along a portion of mouse chromosome 9 (10-kb windows with 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 pm.

(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)
of G9a in primordial germ cells using Thap-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 CG methylation 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 (ChlP-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 used mice carrying a floxed allele of G9a (Figure 1B)
(Tachibana et al., 2007). We tested Zp3-Cre and Gdf9-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 [G9a""°*, Zp3-Cre] females as cKO
and those from G9a"/"°* 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 x 107'°, 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 pm.

(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 um.
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 that G9a 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
observed mat-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 o-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 x 1072, chi-square test)
(Figure 2E).

Limited Reduction in CG and Non-CG Methylation in cKO
Oocytes

Previous studies showed that DNA methylation is globally and
locally disrupted in G9a-deficient ESCs and postimplantation
embryos, respectively (lkegami 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 Il (Mll)
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 Ml oocytes relative to control oocytes (39.2%
versus 41.5% in FGOs and 43.6% versus 45.2% in MIl oocytes)
(Table S2). The non-CG methylation showed a greater reduction
in cKO FGOs (from 3.4% to 2.7%) and Ml 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 CG methylation 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 Sic38a4 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 (RLTR13D4 and RLTR46A2, which are ERVKSs) (Figure S3D).
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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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 um.

(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 um.

See also Figure S2 and Videos S1 and S2.

of de novo CG methylation) in oocytes (Li et al., 2018). To assess
the impact of G9a cKO on CG methylation and demethylation in
preimplantation embryos, we performed WGBS on mat-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

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

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
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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 Mll 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) CG methylation profile of a portion of mouse chromosome 6 (10-kb windows with 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.

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 MIl 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
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Figure 4. G9a Is Dispensable for Protection against CG Demethylation in Preimplantation Embryos
(A) Violin plots showing distributions of regional CG or non-CG methylation 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.

(<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 x 107",
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
genome was largely attributable to regions that showed low levels
of CG methylation in control embryos (Figure 4C), corresponding
to the H3K9me2-enriched domains in FGOs (Figures 1A and 3B).
Such regions showed a modest gain in CG methylation in control
embryos soon after fertilization (before the 2-cell stage) (Fig-
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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 novo methyl-
ation (Figure S4D). In addition, analysis of published allelic WGBS
data from the ICM (Wang et al., 2014) showed that regions of the
maternal genome with high levels of CG methylation correspond
tothose withrelatively low levels of H3K9me2 in FGOs (Figure 4D).
Altogether, these results show that although H3K9me2 has a
modest role in regulating CG methylation in H3K9me2-enriched
domains, this histone modification 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
zygotic G9a occurs after the mid-2-cell stage (Figure S5A) (Deng
et al., 2014). To examine the impact of G9a 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).
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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) > 0.85], the expression fold change of the maternal transcripts is shown. Horizontal bars show the mean 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 (>2-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 (>2-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.

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, >2-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

(8 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 transcripts > 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.

Most DEGs identified in FGOs and 2-cell embryos were 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 (>20%). The
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changes were always found in gene bodies, with a positive corre-
lation between methylation 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
>2-fold derepression (MERVL not among them), and none
showed >4-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 5’ 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 (>2-fold) in cKO FGOs and mat-KO embryos,
respectively. Only 35 and 30 of the upregulated chimeric tran-
scripts were driven by MERVL 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 5 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 histone methyltransferase 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
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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 CG methylation 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 CG methyl-
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.



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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