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Maternal Ezh1/2 deficiency in oocyte delays H3K27me2/3
restoration and impairs epiblast development responsible
for embryonic sub-lethality in mouse
Yinan Zhao1,*, Dandan Bai2,*, You Wu2,*, Dan Zhang1, Mengying Liu1, Yingpu Tian1, Jinhua Lu3,
Haibin Wang3,‡, Shaorong Gao2,‡ and Zhongxian Lu1,3,‡

ABSTRACT

Howmaternal Ezh1 and Ezh2 function in H3K27methylation in vivo in
pre-implantation embryos and during embryonic development is not
clear. Here, we have deleted Ezh1 and Ezh2 alone or simultaneously
frommouse oocytes. H3K27me3was absent in oocytes without Ezh2
alone, while both H3K27me2 and H3K27me3 were absent in Ezh1/
Ezh2 (Ezh1/2) double knockout (KO) oocytes. The effects of Ezh1/2
maternal KO were inherited in zygotes and early embryos, in which
restoration of H3K27me3 and H3K27me2 was delayed by the loss
of Ezh2 alone or of both Ezh1 and Ezh2. However, the ablation of
both Ezh1 and Ezh2, but not Ezh1 or Ezh2 alone, led to significantly
decreased litter size due to growth retardation post-implantation.
Maternal Ezh1/2 deficiency caused compromised H3K27me3 and
pluripotent epiblast cells in late blastocysts, followed by defective
embryonic development. By using RNA-seq, we examined crucial
developmental genes in maternal Ezh1/2 KO embryos and
identified 80 putatively imprinted genes. Maternal Ezh1/2-H3K27
methylation is inherited in offspring embryos and has a critical
effect on fetal and placental development. Thus, this work sheds
light on maternal epigenetic modifications during embryonic
development.
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INTRODUCTION
Mammalian embryonic development begins with the formation of a
zygote and ends with a fully developed fetus. This complex process
is accompanied by a variety of epigenetic modifications (Saitou
et al., 2012). Histone modifications are found to play key roles in
epigenetic regulation (Canovas and Ross, 2016). Methylations at
lysine 4, 9 and 27 on histone H3 act as transcriptional modulators
and regulate specific sets of genes involved in embryogenesis,
embryonic stem cell (ESC) pluripotency and differentiation,

tissue stem cell maintenance, the establishment and maintenance
of genomic imprinting, and tumorigenesis (Jambhekar et al.,
2019; Michalak et al., 2019; Yu et al., 2019). Recently, dynamic
patterns of H3K4 trimethylation (H3K4me3) and H3K27
trimethylation (H3K27me3), which play crucial roles in maternal
X-chromosome inactivation (XCI), zygotic genome activation
(ZGA) and developmental genes, have been illustrated in mouse
oocytes and pre-implantation embryos (Inoue et al., 2018; Liu et al.,
2016; Zhang et al., 2016). Histone modifications are germline
modifications that are inherited or re-established during early
embryogenesis (Liu et al., 2016; Zhang et al., 2016; Zheng et al.,
2016). However, the regulation and underlying mechanisms of
maternal histone modifications in embryonic development need
to be fully explored.

PRC2 is a histonemethyltransferase (HMT) complex that produces
cell type-specific H3K27 mono- (H3K27me1), di- (H3K27me2)
and trimethylation (H3K27me3) patterns (Bracken et al., 2006;
Ferrari et al., 2014). H3K27me3 is a well-known repressive histone
modification that ultimately causes transcriptional silencing (Cao
et al., 2002). In mammals, the core subunits of the PRC2 complex
include enhancer of zeste homolog 1 or 2 (Ezh1 or Ezh2), embryonic
ectoderm development (Eed), suppressor of zeste 12 (Suz12)
and retinoblastoma-binding protein 4/7 (Rbbp4/7) (Yan et al.,
2019). Ezh1 and Ezh2 are the catalytic subunits of the PRC2
complex (Margueron and Reinberg, 2011). In Drosophila, deletion
of Enhancer of zeste [E(z)] during oogenesis causes embryonic
lethality, even though H3K27me3 is re-established in late zygotes
(Zenk et al., 2017), indicating that H3K27me3 establishment during
early embryogenesis requiresmaternal PRC2. However, the effects of
maternal PRC2 on mammalian embryonic development remain
unclear, and related reports are inconsistent. In mice, the oocyte-
specific deletion of Ezh2 by Zp3-Cre does not alter litter size but
cause growth retardation in the progeny (Erhardt et al., 2003).
Maternal Eed knockout by Gdf9-Cre shows loss of H3K27me3
imprinting and growth arrest post-implantation (Inoue et al., 2018).
Elimination of Eed from growing oocytes by Zp3-Cre results in a
significant overgrowth phenotype that persists into adult life
(Prokopuk et al., 2018). These results indicate that Ezh2 and Eed
may have different functions in post-embryonic development
(Prokopuk et al., 2018). Collectively, these discoveries suggest that
maternal PRC2 core components have a long-term effect on the
development of descendants of the mother. However, the exact
details of this process remain to be discovered. Recently, a report
showed that Ezh2 is required for the establishment of H3K27me3 in
mouse zygotes, and Ezh1 could partially safeguard the role of Ezh2
(Meng et al., 2020), indicating that Ezh1might compensate for Ezh2
in specific developmental contexts (Ezhkova et al., 2011; Mochizuki-
Kashio et al., 2015). However, how maternal Ezh1 and Ezh2
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comprehensively mediate H3K27 methylation in pre-implantation
embryos in vivo is unknown.
To investigate this issue, we used maternal Ezh1/2 knockout mice

to gain insights into the dynamic patterns of H3K27 methylation
during the pre-implantation period and reveal their regulatory
effects on embryonic development. The results demonstrate that
maternal Ezh1 and Ezh2 are required for the establishment of
H3K27me2/3 in pre-implantation embryos in vivo and play crucial
roles in embryonic development in mouse.

RESULTS
Recovery of H3K27me3 and H3K27me2 is delayed in early
maternal knockout embryos
To reveal the maternal PRC2-mediated histone modifications
and their long-term effects on embryonic development, we used
an Ezh1-null mouse line and Gdf9-Cre transgenic mice to construct
transgenic mouse models with Ezh1 and Ezh2 deletion in
growing oocytes. Here, we have established two pairs of mouse
lines: sCtrl (single control, no Ezh1 and Ezh2 KO) and sKO (single
knockout of Ezh2 in oocytes via Gdf9-Cre) (Fig. S1A); and
dCtrl (double control, that is, Ezh1 knockout) and dKO (double
knockout of both Ezh1 and Ezh2 in oocytes) (Fig. S2A). In sKO
mice, the mRNA and protein levels of Ezh2 in the oocytes were
undetectable (Fig. S1B and C), whereas the expression of the
other PRC2 core components, Ezh1, Eed and Suz12, was not
affected (Fig. S1B). In dKO mice, the Ezh1 and Ezh2 genes were
deleted, whereas the mRNA levels of Eed and Suz12 were not
affected (Fig. S2B and C). These observations showed that Ezh1

and Ezh2 in oocytes were successfully deleted in oocytes in these
mice.

The PRC2 complex is responsible for methylation of H3K27
through its enzymatic subunits Ezh1 and Ezh2 (Schuettengruber and
Cavalli, 2009; Simon and Kingston, 2009). We therefore checked the
H3K27me2/3 modifications in oocytes by immunohistochemistry
(IHC) and immunofluorescence (IF). H3K27me3 was absent in
oocytes from secondary follicles and MII oocytes from both sKO
(Fig. S1D,E) and dKO mice (Fig. S2D-F). However, H3K27me2
was absent only in the MII oocytes of dKO mice, but not in those of
sKO or dCtrl mice (Fig. S2F). These results suggest that Ezh2 is
indispensable for H3K27me3 modification, where Ezh1 and Ezh2
can both facilitate H3K27me2 modification in oocytes.

We then examined the H3K27 methylation patterns at different
stages of early embryos. Embryos from sCtrl, sKO, dCtrl and dKO
females mated with wild-type males are hereafter referred to as sF (no
Ezh1 and Ezh2 KO)/+, sKO(single EZH2 KO)/+, dF(single EZH1
KO)/+ and dKO (Ezh1 and Ezh2 KO)/+ (with F representing flox),
respectively. H3K27me3 staining was strong in the female
pronucleus (PN) but relatively weak in the paternal PN in sF/+ late
zygotes (Fig. 1A). H3K27me3 was clearly detected in sF/+ embryos
from the late two-cell stage to the early blastocyst stage, whereas it
was not restored until the late blastocyst stage in the sKO/+ groups
(Fig. 1A and Fig. S3A), suggesting that the modification of
H3K27me3 in pre-implantation embryos is dependent on maternal
Ezh2. Enhanced H3K27me3 staining in the inner cell mass (ICM)
appeared at the sKO/+ late blastocyst stage, along with dot staining in
the trophectoderm (TE) in some embryos, which was comparable

Fig. 1. Delayed recovery of H3K27me3 modification in pre-implantation stage of sKO/+ and dKO/+ embryos. (A) H3K27me3 patterns in sF/+ and sKO/+
embryos. In late zygotes, H3K27me3 was absent in both the male and female pronucleus (PN) of sKO/+. H3K27me3 was not detectable until late blastocysts in
sKO/+ embryos. The number of zygotes examined: sF/+, n=22; sKO/+, n=21. Number of two-cell embryos examined: sF/+, n=21; sKO/+, n=25. Number of four-
cell embryos examined: sF/+, n=26; sKO/+, n=12. Number of eight-cell embryos examined: sF/+, n=12; sKO/+, n=16. Number of morula stage embryos
examined: sF/+, n=9; sKO/+, n=12. Number of early blastocyst stage embryos examined: sF/+, n=9; sKO/+, n=18. Number of late blastocyst stage embryos
examined: sF/+, n=9; sKO/+, n=13. Scale bars: 50 μm. (B) H3K27me3 patterns in dF/+ and dKO/+ embryos. H3K27me3 was not detectable even in dKO/+ late
blastocysts. Number of zygotes examined: dF/+, n=19; dKO/+, n=14. Number of two-cell embryos examined: dF/+, n=25; dKO/+, n=18. Number of four-cell
embryos examined: dF/+, n=20; dKO/+, n=17. Number of eight-cell embryos examined: dF/+, n=19; dKO/+, n=14. Morula: dF/+, n=31; dKO/+, n=38. Number of
early blastocyst stage embryos examined: dF/+, n=13; dKO/+, n=11. Number of late blastocyst stage embryos examined: dF/+, n=4; dKO/+, n=11. Scale bars:
50 μm. Zy, zygote (PN4-PN5); 2C, two-cell embryo; 4C, four-cell embryo; 8C, eight-cell embryo; Mo, morula; EB, early blastocyst; LB, late blastocyst; M, male
pronucleus; F, female pronucleus.
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with that in sF/+ embryos (Fig. 1A). In addition, H3K27me3 staining
was still faint in late blastocysts of dKO/+ embryos (Fig. 1B, right
images and Fig. S3B), indicating that maternal Ezh1/2 have a long-
lasting effect on H3K27me3 modification in early embryos.
During normal embryonic development, H3K27me2 and

H3K27me3 have similar expression patterns. In sKO/+ embryos,
the H3K27me2 in female PN was very weak in contrast to that in
sF/+, and that in the paternal PN was almost undetectable (Fig. 2A,
right images). Furthermore, H3K27me2 in sKO/+ embryos was
detected at the two-cell stage and was comparable with that in sF/+
embryos at the four-cell and morula stages, followed by decreased
intensity at the eight-cell and blastocyst stages (Fig. 2A and
Fig. S3C). However, H3K27me2 staining in dKO/+ embryos was
absent from the zygote to the eight-cell stage, faint from the morulae
to the early blastocysts and then fully recovered at the late blastocyst
stage (Fig. 2B, right images; Fig. S3D), indicating that maternal Ezh1
in conjunction with Ezh2 plays an important role in H3K27me2
modification.
Together, these observations demonstrate that H3K27 methylation

activated bymaternal PRC2 is dominant in pre-implantation embryos
and that maternal Ezh2 is required for H3K27me3 modification,
while maternal Ezh1 assists in H3K27me2 modification.

Double knockout of Ezh1 and Ezh2 in oocytes results in
female subfertility
Next, we investigated the reproductive performance of the KOmice.
KO females were mated with wild-type males. The cumulative

number of pups, number of pups per litter and the number of litters
per mouse were analyzed. The results showed that sKO females had
normal fertility (Fig. 3A-C). Although the cumulative number of
pups produced from dKO females was obviously lower than that of
dCtrl females (Fig. 3D), the average litter size of dKO females
(2.69±1.35) was significantly smaller than that of dCtrl females
(7.10±2.13) (Fig. 3E). The number of litters per mouse was also
greatly decreased in dKO females (Fig. 3F). These data suggest that
the loss of both Ezh1 and Ezh2 in oocytes impaired female fertility
in mice.

Maternal Ezh1/2 knockout embryos develop abnormally
after implantation
As histone modifications are broadly reprogrammed during
gametogenesis (Matsui and Mochizuki, 2014; Zheng et al., 2016),
we first examined ovary development and ovulation to reveal the
cause of the subfertility. In dKO females, ovarian morphology was
not affected and follicles developed normally (Fig. S4A). The
average number of ovulated oocytes in the dKO groups was also
similar to that of dCtrl mice (Fig. S4B,C). Moreover, there was no
difference in the number of implantation sites on day 5 of pregnancy
between dKO and dCtrl females (Fig. S4D,E), indicating that pre-
implantation development and embryo implantation were normal.
These results suggest that the observed decrease in fertility is not
due to defects in oogenesis and implantation.

We then focused on post-implantation embryos and isolated
embryos at E10.5, when the mouse embryo is undergoing

Fig. 2. Delayed recovery of H3K27me2 modification in the pre-implantation stage of sKO/+ and dKO/+ embryos. (A) H3K27me2 patterns in sF/+ and
sKO/+ embryos. In sKO/+ late zygotes, H3K27me2 was undetectable in the male PN and faint in the female PN. H3K27me2 was recovered completely in
four-cell embryos in sKO/+. Number of zygotes examined: sF/+, n=21; sKO/+, n=20. Number of two-cell embryos examined: sF/+, n=38; sKO/+, n=19.
Number of four-cell embryos examined: sF/+, n=30; sKO/+, n=13. Number of eight-cell embryos examined: sF/+, n=36; sKO/+, n=44. Number of morula
stage embryos examined: sF/+, n=8; sKO/+, n=10. Number of early blastocyst stage embryos examined: sF/+, n=12; sKO/+, n=5. Number of late blastocyst
stage embryos examined: sF/+, n=13; sKO/+, n=5. Scale bars: 50 μm. (B) H3K27me2 patterns in dF/+ and dKO/+ embryos. H3K27me2 in dKO/+ embryos
was not detectable until the morula stage. Note the isolated signals in morulae and blastocysts. Number of zygotes examined: dF/+, n=17; dKO/+, n=10.
Number of two-cell embryos examined: dF/+, n=12; dKO/+, n=13. Number of four-cell embryos examined: dF/+, n=20; dKO/+, n=8. Number of eight-cell
embryos examined: dF/+, n=11; dKO/+, n=14. Number of morula stage embryos examined: dF/+, n=12; dKO/+, n=18. Number of early blastocyst stage
embryos examined: dF/+, n=12; dKO/+, n=5. Number of late blastocyst stage embryos examined: dF/+, n=4; dKO/+, n=14. Scale bars: 50 μm. Zy, zygote
(PN4-PN5); 2C, two-cell embryo; 4C, four-cell embryo; 8C, eight-cell embryo; Mo, morula; EB, early blastocyst; LB, late blastocyst; M, male pronucleus;
F, female pronucleus.
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organogenesis (Kojima et al., 2014) and the basic structure of
the mouse placenta is formed (Rossant and Cross, 2001).
Morphologically, the development of the dKO/+ fetus and
placenta appeared severely retarded at E10.5 (Fig. 4A). Some
embryos (26.83%) had been absorbed and could not be isolated
(Fig. 4B). In addition, the decidua weight of dKO females was
greatly reduced compared with that of dCtrl females (Fig. 4C),
indicating growth restriction. Tissue sections with Hematoxylin and
Eosin staining showed that the phenotypes of the dKO/+ embryos at
E10.5 could be divided into three categories: type I had a placenta
containing a labyrinth (Lab) layer, spongiotrophoblast (Sp) layer
(always smaller) and trophoblast giant cells (TGC) (Fig. 4D, left
second images); type II had a fetus but had no Lab or Sp (Fig. 4D,
right second images); and type III embryos were partially or
completely absorbed (Fig. 4D, right first images).
Furthermore, growth retardation of embryos from E5.5-E7.5

was observed in decidual sections (Fig. 4E, E5.5-E7.5).
Indeed, analysis of paraffin-embedded sections and tissue
dissection under stereoscope showed that the embryos decreased
in size beginning at E5.5. Moreover, failure of chorioallantoic
attachment and branching was observed in dKO/+ embryos at E9.5,
in line with the placental defects observed at E10.5 (Fig. 4E). This
demonstrates that growth arrest during the post-implantation phase
is responsible for the subfertility in these mice. It is known that
chorioallantoic attachment during placental development is
dependent on Vcam1, a cell-adhesion molecule that is expressed
on the tip of the allantois, and on its ligand integrin α4, which
is expressed on the basal surface of the chorion (Rossant and
Cross, 2001). However, IHC analysis showed that Vcam1 and
integrin α4 were expressed normally in dKO/+ embryos (Fig. 4F,G),
indicating that the interactions between Vcam1 and integrin α4
alone are not sufficient for a successful union of the chorion and
allantois (Walentin et al., 2016), and other factors may account
for the failed chorioallantoic attachment observed in dKO/+
embryos.

Surprisingly, morphological and histological analyses revealed
that the placentas of dKO/+ embryos were enlarged in the late
stages of pregnancy (Fig. 5A,B), as indicated by the overgrowth
of spongiotrophoblasts and increased placental weight at E17.5
(Fig. 5C,F). However, the fetuses were smaller than those in the dF/+
groups (Fig. 5A), with decreased weight and length (Fig. 5D,E).

In summary, the development defects of the embryos fell into
three distinct categories. Embryos in the first category ceased
development shortly after implantation and could not develop
past gastrulation; those in the second category failed to establish
placentation and were destined to die; and those in the third category
successfully achieved gastrulation and placentation, but were
accompanied by a large abnormal placenta and fetal growth
restriction.

To determine whether the maternal uterine environment
contributed to the observed growth retardation, embryo transfer
experiments were pursued. dF/+ and dKO/+ blastocysts were
separately transferred to wild-type pseudopregnant recipients. The
dKO/+ groups showed a considerably reduced number of term pups
(Table S1). This result was consistent with the subfertility of dKO
females. Approximately 18% of the dKO/+ blastocysts developed to
term pups, much lower than the rate for dF/+ blastocysts (about
48%) (Table S1). This finding indicates that defects in the dKO/+
embryo per se, rather than the maternal uterine environment,
contribute to abnormal embryonic development. Above all, these
results suggest that maternal Ezh1/2 deficiency in oocytes disturbs
embryonic development and that the loss of maternal Ezh1/2 has
long-lasting consequences for embryogenesis.

Epiblast cells are abnormal in dKO/+ embryos during
peri-implantation
To trace the onset and progression of developmental abnormalities,
the development of dKO/+ embryos was examined during peri-
implantation in mice. Normally, epiblast (EPI) cells differentiated
from the inner cell mass (ICM) proliferate rapidly after implantation,

Fig. 3. Double knockout of Ezh1 and Ezh2 in
oocytes leads to female subfertility.
(A-C) Fertility studies of sCtrl and sKO mice.
Number of females: sCtrl, n=6; sKO, n=6.
(A) The cumulative number of pups.
(B) The average number of pups per litter.
Data are mean±s.d. Mann–Whitney test:
ns, not significant. (C) The average number of
litters per mouse. Data are mean±s.d.
Mann–Whitney test: ns, not significant.
(D-F) Fertility studies of dCtrl and dKO mice.
Number of females: dCtrl, n=15; dKO, n=15.
(D) The cumulative number of pups.
(E) The average number of pups per litter.
Data are mean±s.d. Mann–Whitney test:
****P<0.0001. (F) The average number of
litters per mouse. Data are mean±s.d.
Mann–Whitney test: ****P<0.0001.
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Fig. 4. Double knockout of Ezh1 and Ezh2 in oocytes causes growth retardation during the post-implantation phase. (A) Representative images of E10.5
fetuses (top) and placentae (bottom). (B) Ratio of resorption sites at E10.5 in dCtrl and dKO females. Numbers within parentheses indicate the number of
resorption sites over the total number of implantation sites. The number of females examined is shown above the bars. (C) The weight of implantation sites at
E10.5. Number of implantation sites: dCtrl, n=36; dKO, n=33. Data are mean±s.d. Unpaired t-test: ****P<0.0001. (D) Representative images of placentae at
E10.5 by Hematoxylin and Eosin (HE) staining. Black rectangles indicate the regions shown at higher magnification in the panels below. (E) Representative
images of uterine decidua sections from E5.5 to E9.5 stained using HE. Black rectangles in E9.5 images indicate the regions shown at higher magnification in the
panels below. Lines in the bottom left panel at E9.5 indicate progression of labyrinth branching. The image in the bottom right shows failed branching.
(F) The expression of integrin α4 in the chorion at E9.5 by immunohistochemical (IHC) staining. (G) Vcam1 expression in allantois at E9.5 by IHC staining.
TGC, trophoblast giant cells; Sp, spongiotrophoblast; Lab, labyrinth; ExE, extra-embryonic ectoderm; EPI, epiblast; E, embryo; EPC, ectoplacental cone;
Ch, chorion; Al, allantois.
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and then the embryos form a proamniotic cavity at E5.5, which is a
prerequisite for gastrulation (Mole et al., 2020; Tam and Loebel,
2007). However, no discernible epiblast was observed in dKO/+
embryos at E4.75 (Fig. 6A). Successive sections showed that dKO/+
embryos had few Oct4+ cells at E4.75 (Fig. 6B and Fig. S7A). At
E5.5, dKO/+ embryos had no proamniotic cavity with a reduced EPI
area, while dF/+ embryos showed an obvious proamniotic cavity
(Fig. 6C and Fig. S7B). Our careful morphological examinations at
different embryonic stages revealed that growth arrest occurs during
the peri-implantation period and that EPI/ICM development is
defective.
We next sought to determine how the EPI/ICM cells are

impaired. In mouse development, the first cell lineage decision
occurs before implantation (around at E3.0∼3.5) and generates two
cell populations: TE cells expressing Cdx2 and ICM cells
expressing the Oct4 gene (Chazaud and Yamanaka, 2016). We
examined the first cell fate decision by immunostaining for Oct4
and Cdx2 at E3.75. There was no difference in TE and ICM cell
allocation between dF/+ and dKO/+ embryos (Fig. S5A). Neither
the number of ICM and TE cells nor their ratio was significantly
changed, although the number of cells expressing both factors was
increased in dKO/+ embryos (Fig. S5B,C). Thus, the first cell fate
decision appears to be normal in embryos with maternal Ezh1/2
deletion.
The second cell lineage decision, occurring during implantation,

segregates the ICM into EPI cells and primitive endoderm (PrE)
cells that express Nanog and Gata6, respectively (Chazaud and
Yamanaka, 2016). EPI cells produce the fetus, while the PrE cells
and trophectoderm produce extra-embryonic tissues (DePamphilis,
2016). The phenotypic similarity between dKO/+ embryos and
Nanog null mice at the peri-implantation period (Mitsui et al., 2003)
prompted us to examine whether the loss of maternal Ezh1/2 results
in the dysregulation of the second cell fate decision. As shown in
Fig. 7, the morphology of E4.5 dKO/+ embryos was no different

from that of dF/+ embryos at the same stage (Fig. 7A). Although the
expression of Nanog and Gata6 was observed in late blastocysts
(Fig. 7B), Nanog-positive (Nanog+) cells in dKO/+ embryos were
obviously fewer in number than that in dF/+ embryos, indicating
that the number of EPI cells was reduced (Fig. 7B). Cell counts
showed that the numbers of cells in dF/+ and dKO/+ embryos were
nearly equivalent (Fig. 7C), while the number of EPI cells in dKO/+
embryos was remarkably reduced (6.83±3.24) compared with that
in dF/+ embryos (11.58±3.00) (Fig. 7C). Unexpectedly, the PrE
cell number was significantly decreased, to around 66% of that
of dF/+ embryos (Fig. 7C). Moreover, the ratios of both EPI and
PrE were obviously reduced (Fig. 7D). The TE cell number was not
significantly changed, but its ratio to the total cell number was
obviously increased, while mixed-expressed cells appeared and
accounted for about 4.21% of total cells (Fig. 7C,D). Consistent
with this result, Oct4 and Gata6 were expressed in late blastocysts
(Fig. S6A). The average cell numbers per embryo was not changed
significantly (Fig. S6B), but the number of Oct4-only+ cells was
obviously decreased in dKO/+ embryos at E4.5 (Fig. S6C,D). These
results show that maternal Ezh1/2 deletion impaired the second cell
fate decision, leading to fewer EPI cells and more cells with mixed
stem cell marker expression during implantation.

It has been shown that the promoters of developmental genes are
strongly marked with H3K27me3 in EPI in post-implantation
embryos (Rugg-Gunn et al., 2010; Zheng et al., 2016). Therefore,
we hypothesized that the defects in second lineage commitment
may be associated with reduced H3K27me3 signals. To test this
hypothesis, we examined H3K27me3 modification and Nanog
expression in embryos at E4.5. In addition to punctate H3K27me3
signals in some embryos, H3K27me3 modification appeared in
Nanog+ cells and was apparently reduced in dKO/+ embryos and
almost absent in Gata6+ cells of both dF/+ and dKO/+ late
blastocysts (Fig. 7E and Fig. S7C). We found strong correlations
between Nanog+ cells and H3K27me3 modification in both dF/+

Fig. 5. Placental enlargement in late stage
of dKO/+ embryos. (A) Representative
images of E17.5 fetuses and placentae.
The top seven embryos are dF/+; the
bottom three embryos are dKO/+.
(B) Representative images of E17.5
placentae under the stereoscope. Scale
bars: 1 mm. (C) Morphology of E17.5
placentae as evaluated by Hematoxylin and
Eosin staining. Sp, spongiotrophoblast; Lab,
labyrinth. Scale bars: 1 mm. (D) The weight
of fetus at E17.5. Data are mean±s.d.
Mann–Whitney test: ****P<0.0001.
(E) The length of fetus at E17.5. Data are
mean±s.d. Mann–Whitney test:
****P<0.0001. (F) The weight of placenta at
E17.5. Data are mean±s.d. Unpaired t-test:
****P<0.0001.
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and dKO/+ embryos (Fig. S7D). However, the number of Nanog+

and H3K27me3+ cells was not notably different between sF/+ and
sKO/+ late blastocysts, although they exhibited an obvious
correlation in both sF/+ and sKO/+ embryos (Fig. S8). These
observations suggested that EPI development is associated with
H3K27me3 modification. In summary, the maternal Ezh1/2 is
crucial for second cell lineage determination and propagation of the
EPI state during implantation.

Identifying differentially expressed genes and putative
imprinted genes in dKO/+ embryos
To further examine how maternal Ezh1/2 KO caused embryonic
growth arrest, we performed RNA-seq at the morula stage and E7.5
(Fig. 8A,B). Few DEGs were identified in morulae, whereas
thousands of DEGs were found in both the EPI and extra-
embryonic ectoderm (ExE) at E7.5 (Fig. 8C). GO analysis showed
that many DEGs were enriched in the stem cell population and over
the course of embryonic development (Fig. 8D). The expression of
essential genes associated with stem cell identity and embryonic
development, such as Fgf4 and Sox2 in EPI and Cdx2, Ascl2 and
Slc34a2 in ExE, were remarkably decreased (Fig. 8E). This result

indicates that embryonic arrest is probably caused by stem cell
defects.

Previous studies have demonstrated that maternal KO of Eed
causes embryonic lethality and loss of H3K27me3 imprinting
(Inoue et al., 2018). To investigate whether maternal Ezh1/2 KO
also causes a loss of H3K27me3 imprinting, we performed PN
exchange and RNA-seq (Fig. 8A,B). Although only a few DEGs
were discovered in the morula, one of these genes, Rlim, which is
involved in random inactivation of X chromosome (Barakat et al.,
2011; Shin et al., 2010), was decreased expressed (LogFC=−1.4065
and FDR=0.042762) (Fig. 8B). This prompted us to analyze the
gene expression of X chromosome genes. Genes on the X
chromosome were specifically downregulated (Fig. 8F). Thus, the
X chromosome inactivation may be affected by maternal Ezh1/2
KO. To examine the allelic gene expression and to screen putative
H3K27m3-dependent imprinted genes, we performed RNA-seq on
PN exchanged morulas (Fig. 8A,B). Eighty genes, including Xist,
Gramd1b and Epas1, were identified as putative H3K27me3-
dependent imprinted genes (Fig. 8G and Table S4). To examine the
allelic H3K27me3 modification of these genes, ChIP-seq data from
maternal Eed KO (Inoue et al., 2018) were used. Among the 80
genes, 26 showed maternal H3K27me3 modification at their
promoters (Table S4). These results suggest that maternal Ezh1/2
KO caused a loss of H3K27me3-dependent imprinting.

DISCUSSION
Our study investigated the effects of maternal Ezh1/2 on H3K27
methylation patterns and mouse embryonic development by
deleting Ezh1 and Ezh2 in oocytes. We reveal that Ezh2 is
required for H3K27me3, and that Ezh1 partially complements Ezh2
for H3K27me2 in oocytes. The effect of maternal Ezh1/2
was inherited in descendant embryos. Loss of maternal Ezh1/2
causes a delay in the restoration of H2K27me2/3 modification
in pre-implantation embryos in vivo. We also demonstrated that
the loss of maternal Ezh1/2 has long-term developmental
consequences, resulting in growth retardation. Maternal Ezh1/2
is essential for second lineage determination and EPI cell fate
during implantation. Crucial developmental genes were
dysregulated in post-implantation embryos, and putative
H3K27me3-dependent imprinted genes were identified. These
findings uncover the essential function of maternal Ezh1/2 on
H3K27me2/3 modification and embryonic development, providing
a novel understanding of embryonic development regulation by
epigenetic modulators.

Maternal Ezh1 and Ezh2 in descendant development in mice
It has been shown that Ezh1 and Ezh2 are functionally redundant
(Ezhkova et al., 2009; Margueron et al., 2008; Shen et al., 2008),
and tissues deficient in Ezh1 and Ezh2 show more severe defects
than those lacking only Ezh2 (Ezhkova et al., 2011; Mochizuki-
Kashio et al., 2015). This is also the case in our work. Previous
reports indicated that mice lacking Ezh1 were normal (Ezhkova
et al., 2011), while oocyte-specific deletion of Ezh2 induced
growth retardation in offspring but did not influence mouse fertility
(Erhardt et al., 2003), which is consistent with the fertility
performance of dCtrl and sKO females in the present work. In our
mouse model, double knockout of Ezh1 and Ezh2, but not Ezh1 or
Ezh2 alone, in oocytes caused embryonic sublethality, suggesting
that Ezh1 complements (or partially complements) Ezh2 function in
embryonic development, and that maternal Ezh2 and Ezh1 working
together governs descendant development. Notably, the patterns of
H3K27me3 in late blastocysts and the breeding results were

Fig. 6. Developmental defects of epiblasts in post-implantation dKO/+
embryos. (A) Hematoxylin and Eosin staining of uterine decidua sections at
E4.75. Scale bar: 50 μm. EPI, epiblast; PrE, primitive endoderm. (B) The
expression of Oct4 and Gata6 in embryos at E4.75 by immunofluorescent (IF)
staining. Scale bars: 50 μm. (C) The expression of Oct4 and Gata6 in embryos
at E5.5 by IF staining. Scale bars: 50 μm. Epiblast (EPI) cells are marked by
Oct4 (red). Primitive endoderm (PrE) cells, visceral endoderm (VE) cells and
parietal endoderm (PE) cells are marked by Gata6 (green).
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consistent to some extent. Considering that H3K27me3
modification is associated with pluripotent EPI, it is possible that
the pattern of H3K27me3 during the peri-implantation period may
determine the embryonic development potential, which might
explain the fertility discrepancy between different groups.

Maternal Ezh1 and Ezh2 in H3K27 methylation in
pre-implantation embryos in vivo
Our knockout mouse model showed that Ezh2 is required for
H3K27me3 and that Ezh1 complements Ezh2 in H3K27me2 in
oocytes. The effect of Ezh1/2 is inherited in maternal knockout
zygotes. H3K27me3 was lost in the sKO/+ and dKO/+ maternal
PN whereas H3K27me2 was reduced in the sKO/+ female PN
but absent in the dKO/+ female PN. The H3K27me2 signal was
almost undetectable in both the paternal and maternal PN in the
dKO/+ zygotes, similar to the H3K27me2 pattern in Eed m-/p+
zygotes, but different from a previous report in which the
H3K27me2 of maternal PN was normal in Ezh2m-p+ Ezh1
siRNA zygotes (Meng et al., 2020). In addition, the asymmetric
parental H3K27me2/3 signal in the PNs of sF/+ and dF/+ zygotes is
consistent with previous reports (Huang et al., 2014; Santos et al.,

2005). Interestingly, similar patterns of H3K27me3 and H3K27me2
signals appeared in the paternal PN of maternal KO zygotes in this
work. Normally, the histones in the paternal PN are initially
hypomethylated and gradually acquire H3K27me2/3 modifications
in late zygotes due to a preferential recruitment of the PRC2
complex to maternal PNs; these marks become apparent in the
paternal PN at later stages (Burton and Torres-Padilla, 2010; Erhardt
et al., 2003). The lost deposition of H3K27me2/3 in the paternal PN
of KO/+ zygotes indicates that the PRC2 complex is inactive in late
zygotes or at least absent in the paternal PN. According to the results
in our study, we speculate that Ezh1 and Ezh2 are required for de
novo H3K27me2 in oocytes, which could be restored and inherited
in the maternal PN in zygotes.

Deficiency of Ezh1 does not affect H3K27me2/3 patterns,
whereas the loss of maternal Ezh2 alone or in combination with
Ezh1 leads to delayed restoration of H3K27me2/3 in pre-
implantation embryos in vivo, indicating that maternal Ezh2 has a
long-term effect on H3K27me2/3 in early embryos. However,
the loss of H3K27me3 induced by Ezh2 single maternal KO
did not affect embryo development. Potential explanations for this
observation are as follows:

Fig. 7. Decreased numbers of epiblast cells in dKO/+ embryos
at E4.5. (A) Representative images of flushed embryos at E4.5.
Scale bar: 50 μm. (B) Representative images of stem cell
distribution in late blastocysts at E4.5. EPI cells were stained for
Nanog (red), PrE cells were stained for Gata6 (green) and TE cells
were stained for Cdx2 (magenta). Total number of embryos: dF/+,
n=31; dKO/+, n=35. Scale bars: 50 μm. (C) The number of
different cell parts in embryos. Data are mean±s.d. Statistical
comparisons of values were made using the Mann–Whitney test
(Total, EPI, PrE and Mix) or an unpaired t-test (TE). ns, not
significant. ***P<0.001; ****P<0.0001. (D) The ratio of different cell
parts. Data are mean±s.d. Statistical comparisons of values
between dF/+ and dKO/+ were made using Student’s t-test. ns, not
significant; ***P<0.001; ****P<0.0001. (E) Single optical sections
of late blastocysts immunostained for Nanog, Gata6 and
H3K27me3. Number of embryos: dF/+, n=11; dKO/+, n=7.
Scale bars: 50 μm.
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Fig. 8. Transcriptomes and putative imprinted genes in dKO/+ embryos. (A) Principal component analysis (PCA) comparison between all samples.
(B) Correlation between biological replicates of RNA-seq samples. Control_morula, Control_E7.5_EPI and Control_E7.5_ExE are from dF/+ embryos.
KO_morula, KO_E7.5_EPI and KO_E7.5_ExE are from dKO/+ embryos. Control_morula_male and Control_morula_female are from pronucleus exchange of dF/
+ zygotes. KO_morula_male and KO_morula_female are from pronucleus exchange of dKO/+ zygotes. (C) Volcano plot comparing RNA transcripts in control and
KO embryos. Cutoff: FDR<0.05 and | logFC |>1.5. Datawere plotted by Bioinformatica (http://www.bioinformatics.com.cn). (D) Biological process associated with
stem cells and development at E7.5. GO was analyzed in Metascape. (E) Relative expression levels of genes associated with stem cells and development by
RNA-seq at E7.5. The expression level of the control was set as 1. (F) Relative gene expression levels of morula from chromosomes 1 to X (excluding Y). One-way
ANOVA test: ****P<0.0001. (G) Heatmap showing putative H3K27me3-dependent imprinted genes at the morula stage. C, control; F, female; M, male.
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(1) H3K27me3 is still enriched in the locus of imprinted genes,
despite the loss of H3K27me3 staining; in this case, Ezh1 may
safeguard this modification. H3K27me2/3 status in dKO/+ embryos
is severely delayed compared with that in sKO/+, supporting this
hypothesis and suggesting that Ezh1 compensates to sustain some
residual PRC2 activity (Mochizuki-Kashio et al., 2015).
(2) Imprinting is lost from some genes that are not crucial to

development.
(3) Extra epigenetic regulators probably guard the imprinting of

crucial genes in Ezh2 KO. These hypotheses are all need to be
investigated.
However, the H3K27me2/3 patterns in in vivo pre-implantation

embryos in our study are different from those in previous reports
(Erhardt et al., 2003; Inoue et al., 2018; Meng et al., 2020).
H3K27me3 was not recovered in early blastocysts of sKO/+
and dKO/+ embryos in our research. Erhardt et al. showed that a
normal H3K27me3 pattern emergence in maternal Ezh2 knockout
embryos (16-cell stage), but after the time of embryonic Ezh2
activation (Erhardt et al., 2003), whereas H3K27me3 of maternal
Eed knockout embryos becomes comparable at the morula stage
(Inoue et al., 2018). This difference may be attributable to
differences in the collections of embryos, as histone modification
may be changed by in vitro operation and culture (Kohda, 2013);
alternatively, activation of Ezh1/2 may occur later than activation of
Eed in maternal knockout embryos. Additionally, the conversation
to histone methylation to H3K27me3 is more time-consuming than
conversion of H2K27me1 and H3K27me2 (Laugesen et al., 2019),
and recent work indicates that H3K27me2 might be a crucial
prerequisite for de novo H3K27me3 (Meng et al., 2020). Therefore,
the delayed restoration of H3K27me3 may be induced by deferred
H3K27me2. In dKO/+ pre-implantation embryos, H3K27me2
appeared from the morula stage onwards and completely
recovered at the late blastocyst stage. As Ehmt1 is also involved
in the establishment of H3K27me2 (Meng et al., 2020), we suggest
that this may be associated with delayed embryonic Ezh1/2 or
Ehmt1 transcription to initiate H3K27me2. This hypothesis should
be verified in the future work. Above all, it can be stated that the
capacity of H3K27 methylation reprogramming in pre-implantation
embryos was compromised by the deletion of maternal Ezh2 alone
or in combination with Ezh1.

Maternal PRC2-H3K27me3 in the second cell fate decision
and embryonic development
Erhardt et al. suggested that Ezh2 may be crucial for the propagation
of pluripotency and for cell fate determination during the early
stages of embryonic development (Erhardt et al., 2003). In this
work, we reveal that maternal loss of Ezh1/2 leads to a reduction in
EPI cell number and defective second cell fate specification during
implantation, revealing the importance of Ezh1/2 and H3K27me3
for the EPI state and cell fate decisions. Therefore, the fact that stem
cells from Ezh2 mutant embryos are difficult to establish and show
impaired potential for outgrowth (O’Carroll et al., 2001) may be
associated with pluripotency failure of EPI cells due to a lack of
Ezh2 and H3K27me3.
It is now clear that a reduction in ICM cell numbers diminishes

embryogenetic potential (Tam, 1988). The initiation of gastrulation
is suggested to require the attainment of some threshold, either a
minimum cell number or a certain tissue mass of EPI (Kojima et al.,
2014). Our results showed a markedly decrease in the number
of ICM/EPI cells in dKO/+ embryos during implantation. Fgf4
and Sox2 are pluripotency markers associated with both pre- and
post-implantation EPI (Boroviak et al., 2015). Moreover, Oct4 and

Sox2 collaboratively induce the expression of genes essential for
maintaining pluripotency, Nanog and Fgf4 (Rizzino and Wuebben,
2016), and their own expression. Considering the reduced number
of Oct4-only+ and Nanog-only+ cells during the peri-implantation
phase and decreased expression of Fgf4 and Sox2 post-
implantation, it is suggested that the Sox2, Oct4, Nanog and Fgf4
feedback loop is disrupted, resulting in embryo loss and growth
retardation during gastrulation. It is worth mentioning that the in
vitro culture (IVC) system is a powerful tool for visualizing the
development of the EPI and its surrounding tissues through the
implantation stages (Bedzhov and Zernicka-Goetz, 2014; Morris
et al., 2012). By using this system, the dynamics of blastocyst
transformation into the egg cylinder will be directly revealed.

In our study, EPI cells (Nanog+) possessed H3K27me3 signals at
E4.5 in both dF/+ and dKO/+ embryos. Similar H3K27me3 patterns
were observed in previous reports (Erhardt et al., 2003; Liu et al.,
2019). In ESCs, a set of genes are bivalently modified with
H3K4me3 and H3K27me3, and remain ‘poised’ (Liu et al., 2016;
Rugg-Gunn et al., 2010). Thewithdrawal of PRC2 core components
and H3K27me3 methylation results in bivalent derepression of
genes and abnormal differentiation (Azuara et al., 2006; Boyer et al.,
2006; Jørgensen et al., 2006; Lee et al., 2006). Considering the
H3K27me3 modifications of developmental genes in EPI cells
(Rugg-Gunn et al., 2010; Zheng et al., 2016), the decrease in
Nanog+ cells may result from the deficiency of H3K27me3 and
the derepression of cell fate-specific factors, which lead to
differentiation into other lineages. A recent report demonstrated
that in mouse ESCs, Nanog blocks differentiation by maintaining
the H3K27me3 modification at developmental regulators
(Heurtier et al., 2019). However, whether this regulatory network
functions in vivo remains to be addressed in detail. For the two
rounds of cell fate specification, cells in the wrong position or with
ectopic expression of the transcriptional profile will eventually
be cleared out by apoptosis (Zhu and Zernicka-Goetz, 2020).
Whether the decreased number of ICM (EPI and PrE) cells is
associated with increased apoptosis needs further assessment.
In brief, the loss of maternal Ezh1/2 and delayed restoration
of H3K27 methylation change the epigenetic plasticity of
pluripotent cells.

Maternal Ezh1/2 and gene imprinting in placental
development
In maternal Ezh1/2 double KOmice, the development defects of the
fetuses and placentas fell into three distinct categories. The cause of
phenotypic variation may be related to epigenetic modification of
maternal PRC2 on fetal and placental development (Kohda, 2013;
Lee et al., 2006). The process involves multiple factors, including
the imprinting of many genes and the development of multiple cell
types (Jambhekar et al., 2019; Jørgensen et al., 2006; Mei et al.,
2021). Therefore, the long-term effects of maternal Ezh1/2 KO may
vary based on the context in each embryo. The placental failure in
our study is likely caused by multiple factors. It is known that a lack
of chorioallantoic attachment and branching results in placental
failure and embryonic mortality (Rossant and Cross, 2001;Walentin
et al., 2016). Hence, in our work, failure of placentation in mid-
gastrulation is at least one of the reasons for embryonic loss. But, it
is not clear how the loss of maternal Ezh1/2 leads to chorioallantoic
attachment failure; this error might be a by-product of additional
mechanisms (Inoue et al., 2018; Perez-Garcia et al., 2018). Fgf4
is expressed by EPI during implantation development and is
necessary for trophoblast stem cell proliferation (Boroviak et al.,
2015; Christodoulou et al., 2019; Tanaka et al., 1998). Thus, the
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diminished Cdx2 in ExE at E7.5 and placental failure may be caused
by lower Fgf4 in EPI, which is a secondary effect of maternal Ezh1/
2 KO. Additionally, Mash2 (Ascl1) mutants die from placental
failure at around E10, and in Slc34a2 mutants, the placental
labyrinth is absent (Guillemot et al., 1994; Shibasaki et al., 2009).
H3K27me3-modified imprinted genes are found to play

important roles in placental development (Inoue et al., 2020).
Several imprinted genes, including Slc38a4, Sfmbt2 and Gab1,
remain in their imprinted state in the placenta (Inoue et al., 2018).
Deletion of these gene in mouse causes the defect of placenta and
fetus (Mei et al., 2021). Here, we have also obtained 80 putative
H3K27me3-dependent imprinted genes in our Ezh1/2 maternal KO
morulas. So far, there are no other report on the H3K27me3
imprinting genes in Ezh1/2 or Ezh2 maternal KO embryos. But the
H3K27me3-dependent imprinted genes have been analyzed in
maternal Eed KOmouse embryos, and 26 of H3K27me3-dependent
imprinted genes in our study were maternally marked according to
their ChIP-seq data (Inoue et al., 2018). Three of these genes (Xist,
Gramd1b and Epas1) were also reported to be imprinted by Inoue
et al. (2018), indicating that maternal Ezh1/2 KO could lead to loss
of H3K27me3-dependent imprinting.
In contrast, placental enlargement was observed during the later

development of dKO/+ embryos, characterized by expansion of the
spongiotrophoblast layer. This phenotype was also reported in
mouse embryos generated by somatic cell nuclear transfer (SCNT)
(Tanaka et al., 2001). Some recent reports have demonstrated that
the loss of H3K27me3 imprinting during SCNT contributes to
placentomegaly in SCNT embryos, and that a more normal placenta
weight could be restored by regulating H3K27me3-imprinted genes
(Inoue et al., 2020; Matoba et al., 2018;Wang et al., 2020; Xie et al.,
2022). However, placental enlargement is suggested to be
associated with the PRC1 complex, which guides the maternal
inheritance and deposition of H3K27me3 in embryos (Chen et al.,
2021; Mei et al., 2021).

MATERIALS AND METHODS
Animals
Unless otherwise stated, the mice used in this study were of mixed
background (129/SvJ and C57BL/6). The Ezh2 loxp and Ezh1−/− mice
were gifts from Professor Alexander Tarakhovsky (The Rockefeller
University, New York, USA). The mice were housed at Xiamen
University Laboratory Animal Center under a 12 h light-dark cycle. Food
and water were available ad libitum and room temperature was 24°C with
controlled humidity. All animal work was undertaken in accordancewith the
Xiamen University Animal Ethics Committee (approval number 2015014).
Genotyping was performed from tail DNA. Primers for genotype are shown
in Table S2.

Fertility studies
Fertility studies were performed as previously described (Andreu-Vieyra
et al., 2008). To evaluate reproductive performance, individually caged
females (2 months old) were bred with adult wild-type males (C57BL/6J)
of known fertility. After delivery, the number of pups was recorded. On
the seventh day, the pups were removed, and the females and males
continued to cage together. The breeding experiment lasted 6 months. The
number of litters and the number of pups were recorded during fertility study
period.

Mating, implantation, embryo collection and decidua dissection
For basic embryological analyses, adult dCtrl and dKO females were
naturally mated with adult wild-type males (C57/BL6J). The morning on
which a plug was foundwas counted as embryonic day 0.5 (E0.5) or day 1 of
pregnancy. Implantation sites on day 5 (09:00 am) of pregnancy were
visualized by an intravenous injection of Chicago Blue dye solution.

Blastocysts were flushed from the uterine horn with M2 medium at E3.75
and E4.5. Deciduae of pregnant females were dissected from E4.75-E10.5.
The fetuses and placentas were collected and dissected carefully under a
stereoscope at E10.5 and E17.5.

Histology, immunohistochemistry and immunofluorescence
Tissues were fixed in 4% paraformaldehyde (PFA), dehydrated in ethanol,
embedded in paraffin wax, and sectioned (5 μm). For tissue morphology
observation, sections were stained with Hematoxylin and Eosin (HE). For
immunohistochemistry, sections were treated with 3%H2O2 for 20 min after
antigen retrieval, followed by blocking for 1 h in 5% bovine serum albumin
(BSA). Sections incubated in primary antibodies overnight at 4°C were
subsequently treated with PV-9001 kits (ZSBIO) before being exposed to
diaminobenzidine (DAB). Finally, sections were counterstained with
Hematoxylin. For immunofluorescence, after antigen retrieval, sections
were blocked in 5% bovine serum albumin or 5% donkey serum and then
incubated in primary antibodies overnight at 4°C. The sections were then
washed in wash buffer and incubated with the appropriate Alexa-Fluor-
conjugated secondary antibodies at 37°C for 1 h. After staining with DAPI
(Vector Laboratories), the samples were analyzed using confocal
microscopy (Zeiss LSM 780). The antibodies are listed in Table S3.

Oocyte and early embryo collection
MII oocytes were collected from females (3-5 weeks old) that
have been superovulated by injection with PMSG and hCG
(San-Sheng Pharmaceutical). Pre-implantation embryos were collected
from superovulated females mated with adult wild-type males (C57BL/6).
Each set of embryos at a particular stage was flushed from the reproductive
tract at defined time periods after hCG administration: 20 h (MII oocyte),
27-28 h (late zygote), 48 h (late 2-cell), 54-56 h (4-cell), 68-70 h (8-cell),
80 h (morula), 90-96 h (early blastocyst) and 120 h (late blastocyst).

Whole-mount immunostaining
Oocytes and embryos were fixed in 4% PFA containing 0.1% BSA for
20 min at room temperature. After that, all fixed samples were washed with
PBS containing 0.1% BSA and permeabilized in 0.1% Triton X-100 in PBS
with 0.1% BSA at room temperature for 30 min, and blocked in 1% BSA or
5% donkey serum in PBS at room temperature for 1 h. Blocked oocytes and
embryos were incubated with primary antibodies at 4°C overnight.
Secondary antibodies were incubated at 37°C for 1 h. After washing, the
oocytes and embryos were mounted on a glass slide in DAPI. Fluorescence
was detected under a laser-scanning confocal microscope (Zeiss, LSM 780).

Antibody labeling
A 4AF647R-Antibody conjugation Kit (4A Biotech) was used to label
H3K27me3 antibody with 4AF647R dyes. According to the labeling
protocol, H3K27me3 antibody solutions (CST, 9733) were concentrated
by ultrafiltration and resuspended in PBS to 0.5-1 mg/ml, as indicated by
the labeling protocol. An appropriate amount of antibody to be labeled
was transferred to a clean tube. A 1/10 volume of reaction buffer was added
to the tube with antibody and then mixed well. The vial was incubated in the
dark for 30 min at room temperature. Labeled antibody solution was diluted
with storage buffer, and stored in single use aliquots at −20°C. When
performing immunofluorescence, labeled H3K27me3 was used after
standard immunofluorescence staining with primary and secondary
antibodies.

Quantitative real time PCR (QPCR) analyses
Oocyte preparation was performed as reported previously (Kim et al., 2015).
RNA from oocytes was isolated using the SuperPrep Cell Lysis &RTKit for
real-time PCR (TOYOBO, Osaka, Japan). PCR was performed on the
Agilent AriaMx Real-Time PCR System. Primers are listed in Table S2. The
relative transcripts amount was calculated by the cycle threshold method
described by Agilent using the AtiaMx Real-Time PCR System Software
and normalized to the endogenous reference (β-actin). The relative amount
of target gene expression for each sample was calculated and plotted as the
mean±s.d.
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Western blot analyses
Western blotting was carried out as previously described (Kim et al., 2015).
Equal numbers of oocytes were collected in PBS containing 0.1% BSA.
Proteins were isolated by centrifuging the oocytes at 12,000 g for 15 min at
4°C. The protein samples were then mixed and treated with 2×SDS buffer
containing protease inhibitor. The protein molecules were separated by gel
electrophoresis and transferred onto PVDF membranes. The membranes
were blocked in 5% milk in TBST and then incubated with primary
antibodies, followed by washing then incubation with secondary antibodies.
The band was detected with a Bio-Rad imaging system.

Vasectomy
Vasectomy was operated as previous documented (Bermejo-Alvarez et al.,
2014). Wild-type male mice (CD1) with a proven mating performance were
selected and anesthetized. The abdomen surface was cleaned and wiped
with 70% ethanol and then opened, and the vas deferens was exposed by
gripping the testicular adipose pad with forceps. The vas deferens was cut
and cauterized at two points simultaneously by using flamed dressing
forceps. The testicle, epididymis and vas deferens were moved back to the
abdominal cavity, and the procedure was repeated for the other side. The
muscle and skin were sutured. The vasectomized male was moved to the
cage placed on awarm stage and observed until it recovered from anesthesia.
Wound clips were removed 14 days after vasectomy. The infertility of the
vasectomized malewas tested bymating fertile females before using them to
obtain recipients (pseudopregnant female mice that were produced to mate
with vasectomized male mice and received the blastocysts from the embryo
transfer experiment).

Embryo transfer
Embryo transfer was performed as previously described (Bermejo-Alvarez
et al., 2014). Female mice were superovulated and mated with wild-type
males (C57BL/6). Blastocysts were flushed out of the uteri on day 4 of
pregnancy, then transferred into the uteri of pseudopregnant female mice
(CD1, wild type) mated with vasectomized males. About 17 days after
embryo transfer, the recipients were examined for the presence of a fetus.
The number of fetuses was recorded.

RNA-seq library preparation and sequencing
Libraries for RNA-seq were constructed with Smart-seq2 (Picelli et al.,
2014). Cells were washed at least three times with 0.5% BSA-PBS and
selected into lysis buffer by mouth pipetting. After cell lysis and reverse
transcription, the cDNAwas amplified for 18 cycles in a thermal cycler. The
products were fragmented with a Covaris S220 instrument, and the libraries
were constructed with a Kapa Hyper Prep kit (KAPA KK8504). The
libraries were sequenced on an Illumina HiSeq 2500 with 125 bp single end
sequencing, and quality control was performed by Berry Genomics. RNA-
seq data processing was performed according to a previous report (Liu et al.,
2016). ChIP-seq data (GSE116713) were downloaded from GEO (Inoue
et al., 2018).

Analysis of H3K27me3 imprinting genes
We performed RNA-seq on PN-exchanged morulas and identified the
putative H3K27m3-dependent imprinted genes according to the expression
of genes in different PN exchanged morulas. A H3K27m3-dependent
imprinted genes should be have the following: (1) low expression in wild-
type female PN-exchanged morulas, but high expression in wild-type male
PN-exchanged morulas; (2) clearly lower expression in wild-type female
PN-exchanged morulas than in female Ezh1/2 KO (dKO) PN-exchanged
morulas; and (3) no difference in the expression in male PN-exchanged
morulas between wild type and dKO.

Statistical analyses and data visualization
Statistical analyses were performed in GraphPad Prism 7. The quantitative
data presented show the mean±s.d., percentages or the total number of data
points obtained. Levels of significance were calculated using the Mann–
Whitney test, an unpaired t-test or a χ2 test. In all figures: ns, not significant;
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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