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Abstract 

Mammalian embryonic development is a complex process regulated by various 

epigenetic modifications. Recently, maternal histone H3 methylations were found to be 

inherited and reprogrammed in early embryos to regulate embryonic development. The 

enhancer of zest homolog 1 and 2 (Ezh1 and Ezh2) belong to the core components of 

Polycomb repressive complex 2 (PRC2) and are the histone methyltransferase of 

histone 3 lysine 27 (H3K27). How maternal Ezh1 and Ezh2 function on H3K27 

methylation in in vivo preimplantation embryos and embryonic development are not 

clear. Here, we deleted Ezh1 or/and Ezh2 in growing oocytes using gene knockout 

mouse models, and found that H3K27me3 in oocytes was disappeared by loss of Ezh2 

alone while H3K27me2 was absent upon deletion of both Ezh1 and Ezh2. The effects 

of Ezh1/2 were inherited in maternal knockout zygotes and early embryos, in which 

restoration of H3K27me3 was delayed until late blastocyte by loss of Ezh2 alone and 

H3K27me2 was reestablished until morulae by deletion of Ezh1 and Ezh2. However, 

the ablation of both Ezh1 and Ezh2, but not single Ezh1 or Ezh2, led to significantly 

decreased litter size due to growth retardation during post-implantation. Furthermore, 

maternal Ezh1/2 deficiency caused compromised H3K27me3 and pluripotent epiblast 

cells in late blastocyst, followed by defective development of epiblast. These results 

demonstrate that in oocytes, Ezh2 is indispensable for H3K27me3 while Ezh1 

complements Ezh2 in H3K27me2. Also, maternal Ezh1/2-H3K27 methylation is 

inherited in descendant embryos and has a critical effect on fetus and placenta 

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 when a fully developed fetus is delivered. This colorful process is accompanied 

with a variety of epigenetic modifications (Saitou et al., 2012). Histone modifications 

are found to play key roles in epigenetic regulation (Canovas and Ross, 2016). The 

methylations of lysine 4, 9, 27 on histone H3 are transcriptional modulators that 

regulate specific sets of genes involved in embryogenesis, embryonic stem cell (ESC) 

pluripotency and differentiation, maintenance of tissue stem cell, establishment and 

maintenance of genomic imprinting, as well as 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 critical 

roles in maternal X-chromosome inactivation (XCI), zygotic genome activation (ZGA) 

and developmental genes, are illustrated in mouse oocytes and preimplantation 

embryos (Inoue et al., 2018; Liu et al., 2016; Zhang et al., 2016). Histone modifications 

are germ line inherited or reestablished during early embryogenesis (Liu et al., 2016; 

Zhang et al., 2016; Zheng et al., 2016). However, the regulation and underlying 

mechanism of maternal histone modifications in embryonic development need to be 

fully explored.  

PRC2 is a histone methyltransferase (HMT) complex to produce cell type specific 

H3K27 mono- (H3K27me1), di- (H3K27me2), and tri-methylation (H3K27me3) 

patterns (Bracken et al., 2006; Ferrari et al., 2014). H3K27me3 is a well-known 

repressive histone modification ultimately resulting in transcriptional silence (Cao et 

al., 2002). In mammals, the core subunits of 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)] in oogenesis 

causes embryonic lethality although H3K27me3 is reestablished in late zygotes (Zenk 

et al., 2017), indicating H3K27me3 requires maternal PRC2 during early 
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embryogenesis. But, the effects of maternal PRC2 on mammalian embryonic 

development remain unclear and inconsistent. In mice, oocyte-specific deletion of Ezh2 

by Zp3-Cre shows no change in litter size but growth retardation in progeny (Erhardt, 

2003). Maternal Eed knockout by Gdf9-Cre shows loss of H3K27me3 imprinting and 

growth arrest in post-implantation (Inoue et al., 2018). Loss of Eed from growing 

oocytes by Zp3-Cre results in a significant overgrowth phenotype that persisted 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, it seems that maternal PRC2 core components have a long-term effect on 

descendant development. But the exact details need to be discovered. Recently, a report 

shows that Ezh2 is required for the establishment of H3K27me3 in mouse zygotes, 

Ezh1 could partially safeguard the role of Ezh2 (Meng et al., 2020), indicating that Ezh1 

might compensate for Ezh2 in specific developmental systems (Ezhkova et al., 2011; 

Mochizuki-Kashio et al., 2015). However, how maternal Ezh1 and Ezh2 

comprehensively mediate H3K27 methylation in in vivo preimplantation embryos is 

unknown. 

To this end, we use maternal Ezh1/2 knockout mice to gain insights into the 

dynamic patterns of H3K27 methylation during preimplantation and reveal their 

regulation on the embryonic development. The results demonstrated that maternal 

Ezh1/2 are required for the establishment of H3K27me2/3 in in vivo preimplantation 

embryos and play critical roles in embryonic development in mouse.  

 

Results 

 

Recovery of H3K27me3 and H3K27me2 are delayed in early maternal knockout 

embryos 

To reveal the maternal PRC2 mediated histone modifications and its long-term 

effect on embryonic development, we introduced 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 established two pairs of mouse lines, one pair were sCtrl 
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(single control) and sKO (single knockout of Ezh2 in oocyte with Gdf9-Cre) (sFig. 1A), 

and the other were dCtrl (double control, that is Ezh1 knocked out) and dKO (double 

knockout, that is both Ezh1 and Ezh2 knocked out in oocytes) (sFig. 2A). In sKO mice, 

the mRNA and protein of Ezh2 in oocytes was undetectable (sFig. 1B and 1C), whereas 

the expression of other PRC2 core components, Ezh1, Eed, and Suz12 was not affected 

(sFig. 1B). In dKO mice, Ezh1 and Ezh2 genes were deleted while the mRNA level of 

Eed and Suz12 was not affected (sFig. 2B and 2C). These observations showed that 

Ezh1 and Ezh2 in oocytes were successfully deleted in these mice. 

PRC2 complex is responsible for methylations on H3K27 through its enzymatic 

subunits Ezh1 and Ezh2 (Schuettengruber and Cavalli, 2009; Simon and Kingston, 

2009). Then, we checked 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 (sFig. 1D and 1E) 

and dKO mice (sFig. 2D-2F). But, H3K27me2 was disappeared only in MII oocytes of 

dKO mice, neither in sKO nor in dCtrl mice (sFig. 2F). These results suggest that Ezh2 

is indispensable for H3K27me3 while Ezh1 and Ezh2 are complementary on 

H3K27me2 modification in oocytes.  

Then, we examined H3K27 methylation patterns at different stage of early 

embryos. Embryos from sCtrl, sKO, dCtrl and dKO females mated with wild type males 

were referred to as sF/+, sKO/+, dF/+ and dKO/+ respectively hereafter. H3K27me3 

staining was strongly in female pronucleus (PN) but relatively weak in paternal PN in 

sF/+ late zygotes (Fig. 1A). From late 2-cell stage to early blastocysts, H3K27me3 was 

clearly detected in sF/+ embryos, while H3K27me3 staining was not restored until late 

blastocysts in sKO/+ groups (Fig. 1A), suggesting the modification of H3K27me3 in 

preimplantation embryos is dependent on maternal Ezh2. Enhanced H3K27me3 

staining in inner cell mass (ICM) appeared at sKO/+ late blastocyst stage, along with 

dot staining in trophectoderm (TE) in some embryos, which was comparable to sF/+ 

embryos (Fig. 1A). In addition, H3K27me3 staining was still faint in late blastocysts 

of dKO/+ embryos (Fig. 1B, right images), indicating that maternal Ezh1 assists Ezh2 

in H3K27me3 modification in early embryos.   
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During normal embryonic development, H3K27me2 has a similar expression 

pattern to that of H3K27me3. In sKO/+ embryos, H3K27me2 in female PN was very 

weak in contrast to that of sF/+, and was almost undetectable in paternal PN (Fig. 2A, 

right images). H3K27me2 was detected at 2-cell stage in sKO/+ embryos and 

comparable to sF/+ embryos from 4-cell to late blastocyst stage (Fig. 2A). However, 

H3K27me2 staining is absent from zygotes to 8-cell stage in dKO/+ embryos, faint 

from morulae to early blastocysts, and fully recovered until late blastocysts (Fig. 2B, 

right images), indicating maternal Ezh1 in conjunction with Ezh2 plays an important 

role in H3K27me2 modification. Intriguingly, the dot staining of H3K27me2 was 

strongly increased in dKO/+ embryos and some cells had two dot staining at morula 

stage (sFig. 3A and 3B), unveiling that H3K27me2 may be contributed to X-

chromosome inactivation (XCI).  

Together, these observations revealed the dynamic patterns of maternal H3K27 

methylation during preimplantation and demonstrate that H3K27 methylation activated 

by maternal PRC2 is dominant in preimplantation embryos. Maternal Ezh2 is required 

for H3K27me3 modification and maternal Ezh1 plays assistant roles in H3K27me2/3 

modification in oocyte and early embryo.  

 

Double knockout of Ezh1 and Ezh2 in oocytes results in female subfertility  

Then, we investigated the reproductive performance of the KO mice. Females were 

mated with wild type (WT) males. The cumulative number of pups, number of pups per 

litter and the number of litters per mouse were analyzed. The results showed sKO 

females had normal fertility (Fig. 3A-3C). While cumulative number of pups produced 

from dKO females was obviously lower than that of dCtrl females (Fig. 3D), the 

average litter size from dKO females (2.69 ± 1.35) was significantly smaller compared 

to dCtrl females (7.10 ± 2.13) (Fig. 3E). The number of litters per mouse in dKO 

females was also greatly decreased (Fig. 3F). These data discovered that loss of both 

Ezh1 and Ezh2 in oocytes impaired female fertility in mouse, indicating that maternal 

PRC2 has a long-term effect on embryonic development and maternal Ezh2 combined 

with Ezh1 governs the descendant development.  
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Maternal Ezh1/2 knockout embryos develop abnormally after implantation 

Since histone modifications are reprogrammed widely during gametogenesis 

(Matsui and Mochizuki, 2014; Zheng et al., 2016), ovary development and ovulation 

were firstly examined to reveal the reason responsible for subfertility. In dKO females, 

ovarian morphology was not affected and follicles developed normally (sFig. 3A). The 

average number of ovulated oocytes in dKO groups was also similar to that of dCtrl 

mice (sFig. 3B and 3C). Then, there was no difference in the number of implantation 

sites on day 5 of pregnancy between dKO and dCtrl females (sFig. 3D and 3E), 

indicating that preimplantation development and embryo implantation are normal. 

These results suggest that decreased fertility is not due to oogenesis and implantation.  

Then, we focused on embryos in post-implantation and isolated embryos at E10.5, 

when the mouse embryo is under organogenesis (Kojima et al., 2014) and the basic 

structure of mouse placenta is formed (Rossant and Cross, 2001). Morphologically, the 

dKO/+ fetus and placenta appeared severely retarded at E10.5 (Fig. 4A). Partial 

embryos (26.83%) had been absorbed and failed to isolate (Fig. 4B). In addition, the 

decidua weight of dKO females was greatly reduced compared to that of dCtrl females 

(Fig. 4C), indicating growth restriction. HE staining showed that phenotypes of dKO/+ 

embryos at E10.5 could be identified into three categories. Type I had a placenta 

containing labyrinth (Lab) layer, spongiotrophoblast (Sp) layer (always smaller) and 

trophoblast giant cells (TGC) (Fig. 4D, left second images); type II had fetus while had 

no Lab and Sp (Fig. 4D, right second images); and embryos from type III were in 

absorption or have been absorbed (Fig. 4D, right first images). 

Furthermore, growth retardation of embryos from E5.5-E7.5 was observed in 

decidua sections (Fig. 4E, E5.5-E7.5). Indeed, paraffin section and dissection under 

stereoscope showed that embryos diminished from E5.5. Moreover, failure of 

chorioallantoic attachment and branching was observed in dKO/+ embryos at E9.5, in 

line with placental defects at E10.5 (Fig. 4E). This demonstrates that growth arrest 

during post-implantation is responsible for subfertility. It has been known that 

chorioallantoic attachment during placental development is dependent on Vcam1, a 
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cell-adhesion molecule expressed on the tip of the allantois, and its ligand integrin α4, 

expressing on the basal surface of the chorion (Rossant and Cross, 2001). However, 

IHC analysis showed that Vcam1 and integrin α4 expressed normally in dKO/+ 

embryos (Fig. 4F and 4G), indicating that the interactions between Vcam1 and integrin 

α4 alone is not sufficient for a successful union of chorion and allantois (Walentin et 

al., 2016) and other factors may account for failed chorioallantoic attachment observed 

in dKO/+ embryos. 

Surprisingly, morphological and histological analyses revealed that the placentas 

of dKO/+ embryos were enlarged in late stage of pregnancy (Fig. 5A and 5B), which 

was shown by the overgrowth of spongiotrophoblast and increased placenta weight at 

E17.5 (Fig. 5C and 5F). However, fetuses were smaller than dF/+ groups (Fig. 5A), 

which were exhibited by the decreased weight and length of fetus (Fig. 5D and 5E). 

In summary, the defective development of embryos fell into three distinct 

categories. The first was that embryos ceased development shortly after implantation 

and could not exceed gastrulation; the second was that embryos with failure of 

placentation were destined to death; the third was that embryos could overcome 

gastrulation and placentation, but accompanied by giant placenta and smaller fetus.  

To determine whether maternal uterine environment contributes to growth 

retardation, embryo transfer experiments were pursued. dF/+ and dKO/+ blastocysts 

were transferred to WT pseudo-pregnant recipients separately. dKO/+ groups showed 

considerably reduced number of term pups (Supplemental Table 1). This result is 

consistent with subfertility of dKO females. About 18% of dKO/+ blastocysts 

developed to term pups, much lower than that of dF/+ blastocysts (about 48%) 

(Supplemental Table 1). This indicates that dKO/+ embryo per se rather than maternal 

uterine environment that contributes to abnormal embryonic development.  

Above all, these results suggest that maternal Ezh1/2 deficiency in oocytes disturbs 

the embryonic development and loss of maternal Ezh1/2 has a long-lasting consequence 

on embryogenesis. 

 

EPI cells are abnormal in dKO/+ embryos during peri-implantation 
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To trace the onset and progression of developmental abnormalities, the 

development of dKO/+ embryos were examined during peri-implantation in mice. 

Normally, epiblast (EPI) cells differentiated from the inner cell mass (ICM) proliferate 

rapidly after implantation, and then the embryos form pro-amniotic cavity at E5.5, 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). At E5.5, 

dKO/+ embryos had no pro-amniotic cavity while dF/+ embryos showed an obvious 

pro-amniotic cavity (Fig. 6C). Our careful morphological examinations at different 

embryonic stages reveal that growth arrest appears during peri-implantation and the 

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 in preimplantation (around at 

E3.0~3.5) and generates two cell populations: TE cells expressing the Cdx2 genes and 

ICM cells expressing the Oct4 gene (Chazaud and Yamanaka, 2016). We examined the 

first cell fate decision by immunostaining with Oct4 and Cdx2 at E3.75. There was no 

different in the allocation of TE and ICM cells between dF/+ and dKO/+ embryos (Fig. 

S5A). Neither the number of ICM and TE cells nor their ratios were significantly 

changed, although both-expressed cells were increased in dKO/+ embryos (Fig. S5B 

and 5C). It’s shown that the first cell fate decision seems 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 PrE 

along with trophectoderm produces extraembryonic tissues (DePamphilis, 2016). The 

phenotypic similarity between dKO/+ embryos and Nanog null mice in peri-

implantation (Mitsui et al., 2003) reminded us to examine whether loss of maternal 

Ezh1/2 results in the dysregulation of second cell fate decision. As shown in Fig. 7, the 

morphology of E4.5 dKO/+ embryos had no discriminable difference compared to dF/+ 

embryos (Fig. 7A). While the expression of Nanog and Gata6 were observed in late 
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blastocysts (Fig. 7B), Nanog-positive (Nanog+) cells in dKO/+ embryos were 

obviously fewer than that in dF/+ embryos, indicating EPI cells was reduced (Fig. 7B). 

Cell counts showed that cell numbers of dF/+ and dKO/+ embryos were nearly 

equivalent (Fig. 7C), while EPI cells in dKO/+ embryos were remarkably reduced (6.83 

± 3.24) compared to that in dF/+ embryos (11.58 ± 3.00) (Fig. 7C). Unexpectedly, PrE 

cell number was significantly decreased, leaving about 66% to that of dF/+ embryos 

(Fig. 7C). Moreover, both the ratio of EPI and PrE were obviously reduced (Fig. 7D). 

TE cell number was not significant changed but its ratio to total cells was obviously 

increased, while mix-expressed cells appeared and accounted for about 4.21% of total 

cells (Fig. 7C and 7D). Consistent with this result, Oct4 and Gata6 were expressed in 

late blastocysts (sFig. 6A). Average cell numbers per embryo were not changed 

significantly (sFig. 6B), but number of Oct4+ only cells were obviously decreased in 

dKO/+ embryos at E4.5 (sFig. 6C and 6D). These results show that maternal Ezh1/2 

deletion impaired the second cell fate decision with less EPI cells and increased mix-

expression of stem cell markers 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), so we hypothesized that the defective 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. Besides 

H3K27me3 dot signals in some embryos, H3K27me3 modification appeared in Nanog+ 

cells and were reduced in dKO/+ embryos, without occurrence in Gata6+ cells of both 

dF/+ and dKO/+ late blastocysts (Fig. 7E), indicating that EPI development is 

associated with H3K27me3 modification.  

In summary, the maternal Ezh1/2 is crucial for second cell lineage determination 

and propagation of EPI state during implantation. 

 
 

Discussion 
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Our study investigated the effects of maternal Ezh1/2 on H3K27 methylation 

patterns and embryonic development by deletion of Ezh1 and Ezh2 in oocytes in mice. 

The results showed that Ezh2 is required for H3K27me3 and 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 delayed restoration 

of H2K27me2/3 modification in preimplantation embryos in vivo. We also demonstrate 

that loss of maternal Ezh1/2 has long-term developmental consequences resulting in 

growth retardation and sub-lethality in mice. The maternal Ezh1/2 is essential for 

second lineage determination and EPI cell fate during implantation. These findings 

uncover the essential function of maternal Ezh1/2 on H3K27me2/3 modification and 

embryonic development, which provides a novel understanding in embryonic 

development regulated by epigenetic modulators. 

 

Maternal Ezh1 and Ezh2 in descendant development in mice 

It is shown that Ezh1 and Ezh2 are functionally redundant (Ezhkova et al., 2009; 

Margueron et al., 2008; Shen et al., 2008), and tissues deficient of Ezh1 and Ezh2 show 

severe defects than that lack of Ezh2 (Ezhkova et al., 2011; Mochizuki-Kashio et al., 

2015). This is the case in the context in our work. Mice lacking Ezh1 were normal 

(Ezhkova et al., 2011), while oocyte-specific deletion of Ezh2 induces growth 

retardation in offspring but does not influence mouse fertility (Erhardt, 2003), which is 

consistent with the fertility performance of dCtrl and sKO females in the present work. 

In our mice model, double knockout of Ezh1 and Ezh2, but not Ezh1 or Ezh2 alone 

deficiency in oocytes caused embryonic sub-lethality, suggesting Ezh1 complements 

(or partially) Ezh2 function in embryonic development and maternal Ezh2 combined 

with Ezh1 governs the descendant development. Notably, we notice that patterns of 

H3K27me3 in late blastocysts and the breeding results are consistent to some extent. 

Considering that H3K27me3 modification is associated with pluripotent EPI, it is 

possible that the pattern of H3K27me3 in peri-implantation may determine the potential 

of embryonic development, which might explain fertility discrepancy between different 

groups. 
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Maternal Ezh1 and Ezh2 in H3K27 methylation in pre-implantation embryos in 

vivo 

Our knockout mice model show that Ezh2 is required for H3K27me3 and Ezh1 

complements Ezh2 in H3K27me2 in oocytes. The effect of Ezh1/2 is inherited in 

maternal knockout zygotes. H3K27me3 was lost in sKO/+ and dKO/+ maternal PN 

while H3K27me2 was reduced in sKO/+ female PN but absent in dKO/+ female PN. 

H3K27me2 signal was almost undetectable in both paternal and maternal PN in dKO/+ 

zygotes, which is similar to H3K27me2 pattern in Eed m-p+ zygotes, but different with 

a prior report in which H3K27me2 of maternal PN is normal in Ezh2m-p+ Ezh1 siRNA 

zygotes (Meng et al., 2020). In addition, the asymmetric signal of H3K27me2/3 in 

parental PN of sF/+ and dF/+ zygotes are in coincidence with previous reports (Huang 

et al., 2014; Santos et al., 2005). Interestingly, similar patterns of H3K27me3 and 

H3K27me2 signal appear in paternal PN of maternal KO zygotes in this work. Normally, 

paternal PN is initially histone hypo-methylated and gradually deposited with 

H3K27me2/3 modifications in late zygotes, due to a preferential recruitment of PRC2 

complex to maternal PN and apparent in paternal PN at later stage (Burton and Torres-

Padilla, 2010; Erhardt, 2003). The lost deposition of H3K27me2/3 in paternal PN of 

KO/+ zygotes indicates PRC2 complex is inactive in late zygotes or at least absent in 

paternal PN. According to these results, we speculate that, in our study, Ezh1 and Ezh2 

are required for de novo H3K27me2 in oocytes which could be restored and inherited 

in maternal PN of zygotes. 

Deficiency of Ezh1 does not affect H3K27me2/3 patterns, while loss of maternal 

Ezh2 alone or combined with Ezh1 leads to delayed restoration of H3K27me2/3 in 

preimplantation embryos in vivo, indicating that maternal Ezh2-mediated H3K27me2/3 

were inherited in early embryos. H3K27me2/3 status in dKO/+ embryos is severely 

delayed than that in sKO/+, suggesting Ezh1 compensating to sustain some residual 

PRC2 activity (Mochizuki-Kashio et al., 2015). However, H3K27me2/3 patterns in in 

vivo preimplantation embryos in our study are different with previous reports (Erhardt, 

2003; Inoue et al., 2018; Meng et al., 2020). H3K27me3 was not recovered in early 
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blastocysts of sKO/+ and dKO/+ embryos in our research. Erhardt et al. showed that 

emergence of normal H3K27me3 pattern in maternal Ezh2 knockout embryos (16-cell 

stage) is beyond embryonic Ezh2 activation (Erhardt, 2003), while H3K27me3 of 

maternal Eed knockout embryos becomes comparable at the morula stage (Inoue et al., 

2018). Reasons for this difference may be as follows: (1) different collection of embryos, 

as histone modification may be changed by in vitro operation and culture (Kohda, 2013); 

(2) activation of Ezh1/2 may be later than Eed in maternal knockout embryos. 

Additionally, the conversation of histone methylation to H3K27me3 is more time 

consuming compared to H2K27me1 and H3K27me2 (Anne Laugesen et al., 2019), and 

a recent work indicates that H3K27me2 might be a critical prerequisite for de novo 

H3K27me3 (Meng et al., 2020). So, the more delayed restoration of H3K27me3 may 

be induced by deferred platform of H3K27me2. In dKO/+ preimplantation embryos, 

H3K27me2 appeared from morula stage and completely recovered until late blastocysts. 

Since Ehmt1 is also involved in the establishment of H3K27me2 (Meng et al., 2020), 

we suppose that this may be associated with delayed embryonic Ezh1/2 or Ehmt1 

transcription for initiating H3K27me2. This hypothesis should be verified in the future 

work. 

It’s worth noting that dKO/+ morulae had more H3K27me2 dot signals, which is 

reminiscent of the intense staining and the role of Xist and H3K27me3 in XCI 

(Borensztein et al., 2017; Chen and Zhang, 2020; Strehle and Guttman, 2020), 

indicating that H3K27me2 may act on XCI in early embryos. In addition, Inoue et al. 

showed that maternal Eed knockout causes active of maternal X chromosome (Xm) and 

decreased expression level of Xm-linked genes in morula, but the initial repression of 

X-linked genes might be independent of H3K27me3 (Inoue et al., 2018). It’s known 

that H3K27me2 is a repressive modification (Conway et al., 2015), so we guess 

H3K27me2 might be involved in the repression of Xm. 

Above all, the capacity of H3K27 methylation reprogramming in preimplantation 

embryos was compromised by deletion of maternal Ezh2 alone or combined with Ezh1.  

 

Maternal PRC2-H3K27me3 in second cell fate decision 
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Erhardt et al. suggested that Ezh2 may be crucial for the propagation of the 

pluripotent state and cell fate determination during early stages of embryo (Erhardt, 

2003). In this work, we reveal that maternal loss of Ezh1/2 leads to reduced EPI cells 

and defective second cell fate specification during implantation, unveiling the 

importance of Ezh1/2 and H3K27me3 for the EPI state and cell fate decision. Therefore, 

the fact that stem cells from Ezh2 mutant embryo are difficult be established and show 

impaired potential for outgrowth (O'Carroll et al., 2001) may associate with failed 

pluripotent EPI cells induced by abolishment of Ezh2 and H3K27me3.  

It’s now clear that reduction of ICM cell numbers diminishes the potential of 

embryogenesis (Tam, 1988). The initiation of gastrulation is suggested to need 

attainment of either a threshold of cell number or tissue mass of EPI (Kojima et al., 

2014). Our results showed markedly decreased ICM/EPI cells in dKO/+ embryos 

during implantation. It is likely that deficient ICM/EPI development could be 

responsible for embryonic loss and growth retardation during post-implantation. It is 

worth mentioning that the in vitro culture (IVC) system is a powerful tool for 

visualizing EPI development and its surrounding tissues through the implantation 

stages (Bedzhov and Zernicka-Goetz, 2014; Morris et al., 2012). By this system, the 

dynamics of blastocyst transforming into the egg cylinder will be directly revealed. 

In our study, EPI cells (Nanog+) possess H3K27me3 signal in both dF/+ and 

dKO/+ embryos at E4.5. Similar H3K27me3 patterns are observed in previous reports 

(Erhardt, 2003; Liu et al., 2019). In ESCs, a set of genes are bivalent modified with 

H3K4me3 and H3K27me3, and stay in “poised” (Liu et al., 2016; Rugg-Gunn et al., 

2010). Withdrawal of PRC2 core components and H3K27me3 methylation results in 

de-repression of bivalent genes and abnormal differentiation (Azuara et al., 2006; Boyer 

et al., 2006; Jorgensen et al., 2006; Lee et al., 2006). In consideration of H3K27me3 

modifications on developmental genes in EPI cells (Rugg-Gunn et al., 2010; Zheng et 

al., 2016), decreased Nanog+ cells may be resulted from the deficiency of H3K27me3 

and the de-repression of cell fate specific factors, which lead to differentiation into other 

lineages or mix-expression. A recent report demonstrates that in mouse ESCs, Nanog 

blocks differentiation by maintaining H3K27me3 modification at developmental 
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regulators (Heurtier et al., 2019). However, whether this regulatory network functions 

in vivo remains to be elaborately addressed. For the two rounds of cell fate specification, 

cells in the wrong position or with ectopic expression of 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 apoptosis needs further 

assessment. 

In brief, loss of maternal Ezh1/2 and delayed restoration of H3K27 methylation 

change the epigenetic plasticity of pluripotent cells. 

 

Maternal Ezh1/2 in placental development 

It’s known that 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’s not clear how loss of maternal Ezh1/2 leads to 

failed chorioallantoic attachment, or it might be a by-product by additional mechanisms 

(Inoue et al., 2018; Perez-Garcia et al., 2018), which needs further investigation. In 

contrast, enlarged placentas existed in late development of dKO/+ embryos, which was 

characterized by expansion of spongiotrophoblast layer. This phenotype was reported 

in mouse embryos of somatic cell nuclear transfer (SCNT) (Tanaka et al., 2001). Some 

recent reports have demonstrated that loss of H3K27me3 imprinting in SCNT 

contributes to placentomegaly of SCNT embryos, and placenta weight could be 

ameliorated by regulating H3K27me3-imprinted genes (Inoue et al., 2020; Matoba et 

al., 2018; Wang et al., 2020). Given that maternal Eed knockout causes loss of 

H3K27me3 imprinting in the extraembryonic genes (Inoue et al., 2018), it’s possible 

that loss of maternal Ezh1/2 may contribute to the loss of H3K27me3 dependent 

imprinting, thus the enlarged placenta is probably caused by derepression of 

H3K27me3-imprinted genes.  

 

 

Materials and Methods 
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Animals 

Unless otherwise stated, mice used in this study were of mixed background 

(129/SvJ and C57BL/6). The Ezh2 loxp mice were gifts from Professor Alexander 

Tarakhovsky (The Rockefeller University, New York, USA). Ezh1 knockout mice were 

obtained from Thomas Jenuwein’s laboratory and will be reported elsewhere. Mice 

were housed at Xiamen University laboratory Animal Center using a 12 h light-dark 

cycle. Food and water were available ad libitum and room temperature was 24 ℃ with 

controlled humidity. All animal work was undertaken in accordance with Xiamen 

University Animal Ethics Committee approvals (2015014). Genotyping was performed 

from tail DNA. Primers for genotype were in Supplement 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. The number of 

litters and the number of pups were recorded over a 6-month period. 

 

Mating, implantation, embryo collection and decidua dissection 

When basic embryological methods performed, adult dCtrl and dKO females were 

naturally mated with adult wild type males (C57/BL6J). The morning of finding plug 

was 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 �hicago 

blue dye solution. Blastocysts were flushed from uterine horn with M2 medium at E3.75 

and E4.5. Deciduae of pregnant females were dissected from E4.75-E10.5. Fetus and 

placentas were dissected carefully under 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). To observe the morphology of tissues, 

sections were stained with the hematoxylin-eosin (HE). For immunohistochemistry, 
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sections were treated with 3% H2O2 for 20 minutes after antigen retrieval, followed by 

1 hour in 5% bovine serum albumin (BSA). Sections incubated in primary antibodies 

overnight at 4 ℃ 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 ℃. Then the sections were washed in wash buffer and 

incubated with the appropriate Alexa-Fluor-conjugated secondary antibodies at 37 ℃ 

for 1 h. After staining with DAPI (Vector laboratories), samples were analyzed using 

confocal microscopy (Zeiss LSM 780). Antibodies were in Supplement Table S3. 

 

Oocytes and early embryos collection 

MII oocytes were collected from females (3-5 weeks old) super-ovulated by 

injection with PMSG and hCG (San-Sheng pharmaceutical Co. Ltd). Preimplantation 

embryos were collected from super-ovulated 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 by 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 ℃ overnight. Secondary antibodies were incubated at 37 ℃ for 1 h. 

After washing, they were mounted on a glass slide with DAPI. Fluorescence was 

detected under a laser-scanning confocal microscope (Zeiss, LSM 780). 
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Antibody-labeling 

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 were resuspended in 

PBS to 0.5-1 mg/ml. An appropriate amount of antibody to be labeled was transferred 

to a clean tube. 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 as reported (Kim et al., 2015). RNA from oocytes was 

isolated using the SuperPrep Cell Lysis & RT Kit for real-time PCR (TOYOBO, Osaka, 

Japan). PCR was performed on the Agilent AriaMx Real-Time PCR System. Primers 

were in Supplement Table S2. The relative number of transcripts was calculated by 

the cycle threshold method as 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 ± SD. 

 

Western blot analyses 

Western blots were carried out as previously described (Kim et al., 2015). Equal 

oocytes were collected in PBS containing 0.1% BSA. Proteins were isolated by 

centrifuging oocytes at 12,000 g for 15 minutes at 4 ℃. Protein samples were then 

mixed and treated with 2×SDS buffer containing protease inhibitor. Protein molecules 

were separated by gel electrophoresis and transferred onto PVDF membranes. 

Membranes were blocked in 5% milk in TBST and incubated in primary antibodies. 

Membranes were incubated in second antibodies after washing. Band was detected by 
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using Bio-Rad imaging systems. 

 

Vasectomy 

Vasectomy was operated as previous documented (Bermejo-Alvarez et al., 2014). 

Wild type male mice (CD1) with a proven mating performance were used and 

anesthetized. Abdomen surfaces were cleaned and wiped with 70% ethanol. Abdomen 

was opened and vas deference was exposed by grabbing the testicular adipose pad with 

forceps. The vas deferens was cut and cauterize in two points at once by using flame 

dressing forceps. Testicle, epididymis and vas deferens were moved back to the 

abdominal cavity. The other vas deference was proceeded. Muscle and skin were 

sutured. The vasectomized male was moved to the cage placed on a warm stage and 

observed until it recovered from anesthesia. Wound clips were removed 14 days after 

vasectomy. The infertility of the vasectomized male was tested by mating fertile 

females before using it to obtain recipients.  

 

Embryo transfer 

Embryo transfer was performed as previously described (Bermejo-Alvarez et al., 

2014). Female mice were super-ovulated 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 pseudo-pregnant female mice (CD1, wild type) mated with vasectomized 

males. About 17 days after embryo transfer, the recipients were examined for the 

presence of fetus. The number of fetus was recorded. 

 

Statistical analyses and data visualization 

Statistical analyses were performed in GraphPad Prism 7. Quantitative data 

presented, shows the mean ± SD, percentages, or the total number of data points 

obtained. Levels of significance were calculated using Mann Whitney test, unpaired t-

test or χ2 test. In all figures: ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; 

****, P < 0.0001.  
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Figure legends 

 

Figure 1. Delayed recovery of H3K27me3 modification in preimplantation stage 

of sKO/+ and dKO/+ embryos. (A) H3K27me3 patterns in sF/+ and sKO/+ embryos. 

In late zygotes, H3K27me3 was absent in both male and female pronucleus (PN) of 

sKO/+. H3K27me3 was not detectable until late blastocysts in sKO/+ embryos. The 

number of zygote examined: sF/+, n=22; sKO/+, n=21. 2-cell embryo: sF/+, n=21; 

sKO/+, n=25. 4-cell embryo: sF/+, n=32; sKO/+, n=12. 8-cell embryo: sF/+, n=12; 

sKO/+, n=16. Morula: sF/+, n=19; sKO/+, n=17. Early blastocyst: sF/+, n=18; sKO/+, 

n=14. Late blastocyst: sF/+, n=5; sKO/+, n=11. Scale bars, 50 μm. (B) H3K27me3 

patterns in dF/+ and dKO/+ embryos. H3K27me3 was not detectable even in dKO/+ 

late blastocysts. The number of zygote examined: dF/+, n=19; dKO/+, n=14. 2-cell 

embryo: dF/+, n=25; dKO/+, n=18. 4-cell embryo: dF/+, n=20; dKO/+, n=17. 8-cell 

embryo: dF/+, n=19; dKO/+, n=14. Morula: dF/+, n=35; dKO/+, n=38. Early blastocyst: 

dF/+, n=13; dKO/+, n=11. Late blastocyst: dF/+, n=4; dKO/+, n=12. Scale bars, 50 μm. 

Zy: zygote (PN4-PN5); 2C: 2-cell embryo; 4C: 4-cell embryo; 8C: 8-cell embryo; Mo: 

morula; EB: early blastocyst; LB: late blastocyst; M: male pronucleus; F: female 

pronucleus.  
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Figure 2. Delayed recovery of H3K27me2 modification in preimplantation stage 

of sKO/+ and dKO/+ embryos. (A) H3K27me2 patterns in sF/+ and sKO/+ embryos. 

In sKO/+ late zygotes, H3K27me2 was undetectable in male PN and faint in female PN. 

H3K27me2 was recovered completely in 4-cell embryos in sKO/+. The number of 

zygote examined: sF/+, n=21; sKO/+, n=20. 2-cell embryo: sF/+, n=40; sKO/+, n=29. 

4-cell embryo: sF/+, n=25; sKO/+, n=16. 8-cell embryo: sF/+, n=36; sKO/+, n=44. 

Morula: sF/+, n=20; sKO/+, n=16. Early blastocyst: sF/+, n=12; sKO/+, n=5. Late 

blastocyst: sF/+, n=13; sKO/+, n=6. Scale bars, 50 μm. (B) H3K27me2 patterns in dF/+ 

and dKO/+ embryos. H3K27me2 in dKO/+ embryos was not detectable until the 

morula stage. Note dot signals in morulae and blastocysts. The number of zygote 

examined: dF/+, n=17; dKO/+, n=10. 2-cell embryo: dF/+, n=32; dKO/+, n=38. 4-cell 

embryo: dF/+, n=22; dKO/+, n=23. 8-cell embryo: dF/+, n=11; dKO/+, n=14. Morula: 

dF/+, n=24; dKO/+, n=25. Early blastocyst: dF/+, n=12; dKO/+, n=5. Late blastocyst: 

dF/+, n=4; dKO/+, n=15. Scale bars, 50 μm. Zy: zygote (PN4-PN5); 2C: 2-cell embryo; 

4C: 4-cell embryo; 8C: 8-cell embryo; Mo: morula; EB: early blastocyst; LB: late 

blastocyst; M: male pronucleus; F: female pronucleus. 

 

Figure 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 presented as the mean ± SD. Mann Whitney test: ns, not significant. (C) The 

average number of litters per mouse. Data are presented as the mean ± SD. 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 presented as the mean ± SD. Mann Whitney 

test: ****P < 0.0001. (F) The average number of litters per mouse. Data are presented 

as the mean ± SD. Mann Whitney test: ****P < 0.0001. 

 

Figure 4. Double knockout of Ezh1 and Ezh2 in oocytes causes growth retardation 

during post-implantation.  
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(A) Representative images of E10.5 fetuses (top) and placentae (bottom). (B) Ratio of 

resorbed sites at E10.5 in dCtrl and dKO females. Numbers within parentheses 

indicated the number of resorbed sites over total number of implantation sites. Number 

of females examined was shown on top of the bars. (C) The weight of implantation sites 

at E10.5. Number of implantation sites: dCtrl, n=36; dKO, n=33. Results are presented 

as mean ± SD. Unpaired t test: ****P < 0.0001. (D) Representative images of placentae 

at E10.5 by HE staining. Black rectangles indicated the enlarged regions shown in the 

below panels. (E) Representative images of uterine decidua sections from E5.5 to E9.5 

stained with HE. Black rectangles indicated the enlarged regions shown in the below 

panels. Lines at E9.5 in left bottom indicated progression of labyrinth branching and 

the image in right bottom showed that branching was failed. (F) The expression of 

Integrin α4 in chorion at E9.5 by IHC staining. (G) Vcam1 expression in allantois at 

E9.5 by IHC staining. TGC, trophoblast giant cells; Sp, spongiotrophoblast; Lab, 

labyrinth; ExE, extraembryonic ectoderm; EPI, epiblast; E, embryo; EPC, ectoplacental 

cone; Ch, chorion; Al, allantois.  

 

Figure 5. The enlarged placentae in late stage of dKO/+ embryos. (A) 

Representative images of E17.5 fetuses and placentae. The top seven showed the dF/+ 

embryos and the bottom three showed the dKO/+ embryos. (B) Representative images 

of E17.5 pacentae under the stereoscope. Scale bars, 1 mm. (C) Morphology of E17.5 

placentae by HE staining. Sp, spongiotrophoblast; Lab, labyrinth. Scale bars, 1 mm. (D) 

The weight of fetus at E17.5. Results are presented as mean ± SD. Mann Whitney test: 

****P < 0.0001. (E) The length of fetus at E17.5. Results are presented as mean ± SD. 

Mann Whitney test: ****P < 0.0001. (F) The weight of placenta at E17.5. Results are 

presented as mean ± SD. Unpaired t test: ****P < 0.0001.  

 

Figure 6. The defective development of epiblast in post-implantation dKO/+ 

embryos. (A) Uterine decidua sections by HE staining at E4.75. Scale bars, 50 μm. EPI: 

epiblast; PrE: primitive endoderm. (B) The expression of Oct4 and Gata6 in embryos 

at E4.75 by IF staining. Scale bars, 50 μm. (C) The expression of Oct4 and Gata6 in 
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embryos at E5.5 by IF staining. Scale bars, 50 μm. Epiblast (EPI) cells were marked by 

Oct4 (red). Primitive endoderm (PrE) cells, visceral endoderm (VE) cells and parietal 

endoderm (PE) cells were marked by Gata6 (green).  

 

Figure 7. Decreased epiblast cells in dKO/+ Embryos at E4.5. (A) Representative 

images of flushed embryos at E4.5. Scale bars, 50 μm. (B) Representative images of 

stem cell distribution in late blastocysts at E4.5. EPI cells were stained with Nanog 

(red), PrE cells were stained with Gata6 (green) and TE cells were stained with Cdx2 

(magenta). Number of total embryos: dF/+, n=31; dKO/+, n=35. Scale bars, 50 μm. (C) 

The number of different cell parts in embryos. Results are presented as mean ± SD. 

Statistical comparisons of values were made using Mann Whitney test (Total, EPI, PrE 

and Mix) or unpaired t test (TE). ns, not significant. ***P < 0.001; ****P < 0.0001. (D) 

The ratio of different cell parts. Results are presented as mean ± SD. Statistical 

comparisons of values were made using Mann Whitney test (PrE, TE and Mix) or 

unpaired t test (EPI). ns, not significant; ***P < 0.001; ****P < 0.0001. (E) Single 

optical sections of late blastocysts immunostained with Nanog, Gata6 and H3K27me3. 

Number of total embryos: dF/+, n=11; dKO/+, n=7.  
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