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Abstract

BRG1‐associated factor 250a (BAF250a) is a component of the SWI/SNF adenosine

triphosphate‐dependent chromatin remodeling complex, which has been shown to

control chromatin structure and transcription. BAF250a was reported to be a key

component of the gene regulatory machinery in embryonic stem cells controlling

self‐renewal, differentiation, and cell lineage decisions. Here we constructed

Baf250aF/F;Gdf9‐cre (Baf250aCKO) mice to specifically delete BAF250a in oocytes to

investigate the role of maternal BAF250a in female germ cells and embryo devel-

opment. Our results showed that BAF250a deletion did not affect folliculogenesis,

ovulation, and fertilization, but it caused late embryonic death. RNA sequencing

analysis showed that the expression of genes involved in cell proliferation and

differentiation, tissue morphogenesis, histone modification, and nucleosome

remodeling were perturbed in Baf250aCKO MII oocytes. We showed that covalent

histone modifications such as H3K27me3 and H3K27ac were also significantly

affected in oocytes, which may reduce oocyte quality and lead to birth defects. In

addition, the DNA methylation level of Igf2r, Snrpn, and Peg3 differentially methy-

lated regions was decreased in Baf250aCKO oocytes. Quantitative real‐time poly-

merase chain reaction analysis showed that the relative messenger RNA (mRNA)

expression levels of Igf2r and Snrpn were significantly increased. The mRNA ex-

pression level of Dnmt1, Dnmt3a, Dnmt3l, and Uhrf1 was decreased, and the protein

expression in these genes was also reduced, which might be the cause for impaired

imprinting establishment. In conclusion, our results demonstrate that BAF250a plays

an important role in oocyte transcription regulation, epigenetic modifications, and

embryo development.
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1 | INTRODUCTION

Following gonadotropin stimulation, profound changes take place in

oocytes of preovulatory follicles. These changes are necessary for

normal fertilization and embryonic development. The processes that

drive these changes can be divided into two categories, one involving

the resumption and completion of first meiosis, and the other involving

cytoplasmic maturation, which facilitates normal fertilization and sub-

sequent embryonic development. These processes are termed nuclear

and cytoplasmic maturation, respectively (Eppig, 1996). Recently, the

importance of oocyte epigenetic maturation for embryo development

has gained increased attention. Epigenetic maturation occurs during

oocyte growth and leads to key genomic modifications that regulate

gene expression, nuclear structure, and chromosome stability (Viveiros

& De La Fuente, 2019). As oocytes grow within the follicles, their

chromatin organization changes both locally (as in specific promoter

regions) and globally (De La Fuente, 2006). In oocytes isolated from

primordial follicles and primary follicles, centromeres and chromosomes

are mainly located at the periphery of the nucleus. In the process of

oocyte growth, centromeres and chromosomes initially disperse in the

nucleus, and then gradually accumulate at the periphery of the nucleus

(Garagna et al., 2004; Longo et al., 2003). The chromatin configuration

transition from nonsurrounded nucleolus to surrounded nucleolus in

oocytes has been shown to be essential for the developmental

competence of oocytes and embryos (Zuccotti et al., 1998; Zuccotti,

Piccinelli, Giorgi Rossi, Garagna, & Redi, 1995). After global genomic

reprogramming in germ cells, maternal specific DNA methylation pat-

terns are reconstructed during the critical window of postnatal oocyte

growth. The DNA methylation status of the maternal imprinting genes

differentially methylated region (DMR) is established gradually (Hiura,

Obata, Komiyama, Shirai, & Kono, 2006; Lucifero, Mann, Bartolomei, &

Trasler, 2004). Altered expression of multiple imprinted growth reg-

ulatory genes may result in imprinting disorders (Brzezinski et al., 2017;

Chen, 2007; Choufani, Shuman, & Weksberg, 2013; Soellner

et al., 2017; Zhang et al., 1993). It has been reported that histone

modifications can regulate the establishment of DNA methylation in the

early embryo (Cedar & Bergman, 2009; Hatanaka et al., 2015; Ooi

et al., 2007). Aberrant histone modifications can result in impaired

oocyte maturation or abnormal embryonic development (Andreu‐Vieyra
et al., 2010; Baumann, Viveiros, & De la Fuente, 2010; Hanna

et al., 2018; Sha et al., 2018; Xu et al., 2017; Yu et al., 2017). Therefore,

epigenetic changes are critical for the acquisition of developmental

competence of oocytes.

BAF250a, the protein encoded by BRG1‐associated factor 250a

(Baf250a), also named the AT‐rich interactive domain 1A gene

(Arid1a), is one of the accessory subunits of the SWI–SNF complex,

which has been shown to control chromatin structure and

transcription by using the energy of adenosine triphosphate

(ATP)‐hydrolysis to physically disrupt histone‐DNA contacts and

move, destabilize, eject, or restructure nucleosomes (Cairns, 2007).

BAF250a was identified as a Trithorax group protein (trxG) in a

screen for suppressors of Polycomb mutations (Kennison &

Tamkun, 1988). A series of studies have determined that BAF250a

plays a role in the regulation of heart and brain development (Singh &

Archer, 2009; Son & Crabtree, 2014). In addition, BAF250a is

required for peri‐implantation development and placenta function

(Gao et al., 2008; Kim et al., 2015; Wang, Khatri, Broaddus, Wang, &

Hawkins, 2016). Loss of zygotic BAF250a in homozygous mutant

mice results in developmental arrest at E6.5 and absence of the

mesodermal layer, indicating its critical role in early germ layer for-

mation (Gao et al., 2008). However, the exact functions of maternally

derived BAF250a protein, stockpiled in oocytes of females, remain

unknown. Therefore, we generated BAF250a oocyte‐specific deletion
mice to study the role of maternal BAF250a in oocytes and

embryonic development.

2 | RESULTS

2.1 | Generation of mice with oocyte‐specific
deletion of BAF250a

To delete the Baf250a gene from oocytes of primordial follicles, we

crossed Baf250aF/F mice in which exon 8 was flanked by two loxP

sites with Gdf9‐cre transgenic mice to generate Baf250aF/+;Gdf9‐cre

offspring, and then Baf250aF/F female mice were crossed with

Baf250aF/+;Gdf9‐cre male mice to induce frame‐shift mutation in

oocytes during folliculogenesis in Baf250aF/F;Gdf9‐cre (Baf250aCKO)

female offspring at Day 3 (Figure 1a). To determine the efficiency of

deletion of BAF250a, oocytes were collected by physically isolating

pregnant mare serum gonadotropin‐treated ovaries, followed by

immunofluorescent analysis and western blot analysis. Western blot

analysis provided evidence that the expression of BAF250a was

almost completely deleted in oocytes at protein levels (Figure 1b).

In accordance with the result of western blot, immunohistochemistry

analysis of 2‐month‐old ovary showed loss of BAF250a localization in

the cell nucleus, whereas control oocytes from Baf250aF/F mice

showed an obvious signal (Figure 1c). Therefore, we have confirmed

that BAF250a has been completely knocked out in oocytes.

2.2 | BAF250a is dispensable in follicular genesis
and oocyte maturation

To investigate the effect of maternal BAF250a on female fertility, we

conducted a breeding assay. Eight‐week‐old wild‐type males were

mated with 6‐week‐old mutant (Baf250aCKO) and control (Baf250aF/F)

females. No live offspring were obtained from Baf250aCKO females

during the 6 months experiment, whereas Baf250aF/F females pro-

duced an average of 7.4 pups/litter (Figure 2a). The drastic decrease

in numbers of pups does not appear to be related to the ovulation

rate, as the 2‐ and 7‐month‐old Baf250aCKO mice could ovulate an

equivalent number of oocytes compared with Baf250aF/F control

mice in the natural ovulation assay (Figure 2b).

To identify whether the loss of BAF250a has an effect on folli-

cular development, we compared the ovaries of 7‐month‐old
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Baf250aCKO mice with those of Baf250aF/F mice. No obvious

morphological difference was found in the level of ovary weight

(Figure 2c). The number of primordial or activated follicles also

showed no obvious difference between the two groups (Figure 2c). In

addition, the number of embryos generated from 7‐month‐old female

knockout mice was similar to that of control mice (Figure 2d). These

results revealed that BAF250a deletion from primordial follicle

oocytes did not impair folliculogenesis, oocyte maturation, ovulation,

and early embryonic development.

2.3 | Loss of maternal BAF250a impairs late
embryonic development

To investigate whether the reduced reproductive performance of

Baf250aCKO females might be explained by an embryonic phenotype,

we bred Baf250aCKO and control females to wild‐type males and

generated E12.5, E15.5, and E18.5 embryos. The uterus of each

mouse was removed carefully and each embryo was separated from

the placenta and amniotic membrane and placed in Dulbecco's

modified Eagle's medium supplemented with 10% fetal bovine serum.

Typical abnormal mutant E15.5 embryo is shown in Figure 2e. As

shown in Table 1, even though many embryos did not show ex-

encephaly at E12.5 and E15.5, all Baf250aMatΔ/+ embryos lacking

maternal BAF250a died shortly after caesarean at E18.5, with an ex-

encephaly rate of 69.6%, which was similar to the rate of Baf250a+/−

embryos obtained from chimera test breeding (Gao et al., 2008). These

data indicate that the embryonic phenotype of Baf250aMatΔ/+ is similar

to Baf250a+/−; the embryonic lethality might be caused by

ventricular septal defects. However, by analysis of the number of

embryos from E12.5, E15.5, and E18.5, we found that the ratio of

resorbed embryos was significantly increased in the mutant mice. In

the control group, no resorbed embryos were observed, while in the

BAF250a mutant group, that rate of resorbed embryos was 8.43%

(*p < .05; Tables 1 and S2). To exclude the effect of haploinsuffi-

ciency, Baf250aF/F;Stra8‐cre male mice were also mated with wild

type female mice, and the embryo resorption rate was not

significantly increased compared to the control group. Therefore,

maternal loss of BAF250a causes an increase in the rate of

resorptions, which suggests a lower embryo quality.

2.4 | The transcriptome of BAF250a null oocytes is
dramatically perturbed

To further understand the regulatory function of BAF250a in oo-

cytes, we performed single‐cell RNA sequencing (RNA‐seq) on

germinal vesicle (GV) and MII stage oocytes from Baf250aF/F and

Baf250aCKO mice, respectively. The RNA‐seq results showed that 984

and 1,091 genes were differentially expressed in GV and MII stage

oocytes, respectively, after BAF250a deletion, with 284 genes

overlapping (Figure 3a). Scatter plot showed that BAF250a MII stage

F IGURE 1 Specific deletion of BAF250a in mouse oocytes. (a) Schematic representation of Baf250a exon 8 deletion by GDF9‐Cre mediated
recombinase in oocytes. (b–d) Validation of BAF250a knockout in mouse oocytes. (b) Western blot shows the absence of BAF250a in oocytes of
Baf250aCKO mice. Proteins from a total of 200 GV oocytes were loaded for each sample. B‐actin levels were used as internal controls.

(c) Absence of BAF250a in oocytes of Baf250aCKO mouse ovaries. Ovaries from Baf250aF/F and Baf250aCKO mice were embedded in paraffin, and
serial sections of 8 μm thickness were prepared and stained with anti‐BAF250a antibody (brown) and counterstained with hematoxylin to
visualize DNA (blue). Scale bar = 100 µm. BAF250a, BRG1‐associated factor 250a; GV, germinal vesicle
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F IGURE 2 Maternal deletion of BAF250a did not affect folliculogenesis, ovulation and embryo implantation, but affected late embryonic
development. (a) The number of pups alive generated in breeding assay. Three control and three conditional knockout mice were used for

breeding assay. Each dot represents the number of litters. (b) The upper figure represents the natural ovulated and fertilized oocytes generated
from 2‐month‐old mice. The bottom figure shows the statistical analysis of zygotes number generated from 2‐ and 7‐month‐old female mice by
natural ovulation. ns, p > .05. (c) H&E‐stained ovary sections from 7‐month‐old control (left) and conditional mutant (right) mice. The middle

chart shows the weight of ovaries, n = 4. The bottom chart shows the number of follicles in 7‐month‐old ovaries, n = 3. (d) Representative images
of 7‐month‐old mice uteruses at 15.5 dpc, showing that embryo implantation was not affected in Baf250aCKO mice. Asterisk represents an
resorbed embryo. The scattergram shows the number of embryos at 15.5 dpc. (e) Representative images of typical abnormal embryos at

E15.5. The embryos with exencephaly were often accompanied by edema along their back. Red arrow represents exencephaly. BAF250a,
BRG1‐associated factor 250a; dpc, day post coitum; H&E, hematoxylin and eosin
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oocytes exhibited more downregulated genes than GV oocytes, while

the number of upregulated genes was little changed (Figure 3b,c).

Genes significantly perturbed (logFC ≥ 2 or ≤−2, p < .05, false dis-

covery rate [FDR] < 0.05) in GV and MII stage oocytes after BAF250a

knockout were selected for venn diagram visualization (Figure 3d). In

GV stage oocytes, 200 genes were significantly upregulated after

BAF250a deletion, while 320 genes were significantly down-

regulated. In MII stage oocytes, 375 genes were significantly upre-

gulated after BAF250a deletion, while 199 genes were significantly

downregulated. However, among transcripts changed in either

stages, there was a small number of genes in common.

The greater impact of BAF250a on the downstream tran-

scriptome of MII oocytes paralleled the greater severity of pheno-

typic differences in oocytes and embryonic development. Gene‐
enrichment analysis revealed some of the transcriptomic changes

between control and Baf250aCKO MII oocytes that could bring about

the observed defects in embryonic development. These include genes

regulating cell differentiation, proliferation, apoptosis, transcription

and morphogenesis, and actin cytoskeleton organization (Figure 3e,f).

For example, downregulation of genes involved in cerebellar cortex

morphogenesis (i.e., Trnp1 and Gli2), endothelial cell proliferation (i.e.,

Gja1 and Vegfa), epidermis morphogenesis (i.e., Runx1 and Atp7a), and

vasculature development (i.e., Gata6, Fgf7) in Baf250aCKO MII oocytes

could potentially affect the organ and embryonic development. In

addition, misregulation of several genes for epigenetic modification

could dysregulate the transcript dosage of certain factors that are

key for embryonic development. These include Prdm16 and Hist1h4i,

both of which are reported to control organic development processes

and they are essential for histone modifications or nucleosome re-

modeling (Shull et al., 2020; Tessadori et al., 2017). Quantitative real‐
time polymerase chain reaction analysis of the genes mentioned

above was conducted and shown in Figure S2.

To group differentially expressed genes (DEGs) with similar tem-

poral expression profiles, fuzzy c‐means clustering was used. The tem-

poral transcript profiles were grouped into 12 clusters ordered by the

number of DEGs, and the results are shown in Figures 4 and S1. Genes

in clusters 1–7 showed a similar monotonic behavior during meiotic

maturation from GV to MII stages after BAF250a deletion. However,

the remaining clusters showed greater expression profile changes after

BAF250a deletion (Figure 4). The Gene enrichment analysis of each

cluster is shown in Table S3. Cluster 1 was enriched for genes coding for

proteins that are assigned to translational regulation. Cluster 2 was

mainly enriched for genes coding for proteins that are important to

protein localization. Cluster 3 was mainly enriched for genes coding for

proteins that regulate cellular component movement and cell migration.

Cluster 4 was mainly enriched for genes coding for proteins that

regulate ribonucleoprotein complex biogenesis. Clusters 6 and 7 were

mainly enriched for genes coding for proteins that participate in

noncoding RNA and transfer RNA processing. Clusters 9 and 10 were

mainly enriched for genes coding for proteins that regulate cell

differentiation and tissue development.

Taken together, according to RNA‐seq analysis, we conclude that

loss of BAF250a perturbed the transcriptome of MII stage oocytes,

resulting in dysregulation of genes involved in cell proliferation and

differentiation, cortex development, and epigenetic modification.

2.5 | BAF250a absence affects the covalent histone
modifications in GV oocytes

Considering that SWI/SNF was reported to regulate other covalent

histone modifications tightly correlated with transcriptional activity, we

analyzed the levels of H3K27me3, H3K4me3, and H3K27ac in GV

oocytes by immunofluorescent analysis. The relative fluorescent

intensity (RFI) was calculated as the ratio of the mean fluorescence

intensity of specific staining to that of control staining. In our experi-

ments, the fluorescence of DNA was used as control. As shown in

Figure 5a,b, the signal level of H3K27me3 was significantly increased in

Baf250aCKO oocytes. Correspondingly, the signal level of H3K27ac was

significantly decreased in Baf250aCKO oocytes (Figure 5c,d). However,

the RFI of H3K4me3 was slightly enhanced, but it did not show a

significant difference compared to the Baf250aF/F group (Figure 5e,f).

2.6 | BAF250a absence affects the methylation of
maternal imprinted genes

To determine the effect(s) of BAF250a on the defects of oocytes, we

used mature oocytes arrested at metaphase II (MII) to detect the

DNA methylation level of DMRs of imprinting genes including H19,

Gtl2, Igf2r, Snrpn, and Peg3. As shown in Figure 6a,b, the methylation

status of paternal imprinting genes H19 and Gtl2 DMRs was similar

TABLE 1 Embryonic lethality of Baf250aMatΔ/+ mice embryos

Baf250aF/+ Baf250aMatΔ/+ Baf250a+/PatΔ

Age Normal Exencephaly Resorbed Normal Exencephaly Resorbed Normal Exencephaly Resorbed

E12.5 24 0 0 20 (69%) 8 (27.6%) 1 (3.4%) 21 (70%) 9 (30%) 0

E15.5 25 0 0 18 (58.0%) 10 (32.3%) 3 (9.7%) 16 (69.6%) 7 (30.4) 0

E18.5 28 0 0 4 (17.4%) 16 (69.6%) 3 (13%) 9 (40.9) 13 (59.1) 0

Postnatal 22 0 0 0 0 / 0 0 0

Note: Baf250aF/+: embryos obtained from female Baf250aF/F mice mated with wild‐type males. Baf250aMatΔ/+: embryos obtained from female Baf250aF/F;

Gdf9‐cre mice mated with wild‐type males. Baf250a+/PatΔ: embryos obtained from wild‐type female mice mated with Baf250aF/F;Stra8‐cre males.
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F IGURE 3 Baf250 deletion affected oocyte transcriptome. (a) Venn diagram illustrating the differentially expressed genes between GV and

MII oocytes after BAF250a deletion. A total of 984 DEGs are found in GV oocytes after BAF250a deletion, while 1,091 DEGs are found in MII
oocytes. There are 284 overlapped genes between GV and MII DEGs. (b,c) Scatter plot comparing transcripts between control and Baf250aCKO
oocytes at GV and MII stages. Log2(fold change) decreased or increased more than 2 in Baf250aCKO oocyte samples are highlighted with green
or red, respectively. (d) Venn diagram illustrating the relationship of upregulated and downregulated transcripts identified by RNA‐seq in

Baf250aCKO GV and MII oocytes. (e,f) Bar plot shows the enriched terms (GO/KEGG terms or canonical pathways) of down‐ and Upregulated
genes. BAF250a, BRG1‐associated factor 250a; DEG, differentially expressed gene; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO,
Gene Ontology; GV, germinal vesicle

6 | ZHOU ET AL.



between Baf250aF/F and Baf250aCKO oocytes, which indicated that

the DNA methylation level in the DMR of H19 and Gtl2 in MII

oocytes was not significantly affected by the BAF250a deletion.

However, the DNA methylation level in DMR of Igf2r decreased from

98.21% (control) to 77.87% (BAF250a mutant, Figure 6c, p < .01),

which represents a significant difference. The methylation level of

Snrpn DMR in MII oocytes showed a significant decrease from 97.5%

(control) to 84.06% (BAF250a mutant, Figure 6d, p < .01). Meanwhile,

the methylation level of Peg3 DMR in MII oocytes also showed a

significant decrease from 93.79% (control) to 75.17% (BAF250a

mutant, Figure 6e, p < .01).

2.7 | BAF250a absence affects the messenger RNA
(mRNA) expression of imprinting genes, dnmts and
Uhrf1 in GV oocytes

The expression of H19, Gtl2, Igf2r, Snrpn, and Peg3 in Baf250aCKO MII

oocytes is shown in Figure 7a. Maternal imprinted Snrpn and Igf2r

expression levels in the BAF250a mutant group showed an increased

trend (p < .05). However, the other maternal imprinted gene Peg3 was

insignificantly changed compared to the control group (p > .05).

Paternal imprinted genes H19 and Gtl2 were not significantly

affected (p > .05).

DNA methylation transferases (DNMTs) are a family of enzymes

needed in the process of gene methylation (Bourc'his, Xu, Lin, Boll-

man, & Bestor, 2001; Robertson, 2001), and the expression of DNMTs

is closely related to the establishment of gamete imprinting. Previous

studies also found that the gain in DNA methylation in oocytes was

also affected by the Ubiquitin‐like with PHD and Ring Finger

Domains 1 (Uhrf1) (Maenohara et al., 2017). To investigate how

maternal deletion of BAF250a affects the methylation patterns of

some imprinted genes, we analyzed the mRNA expression levels of

Dnmt1, Dnmt3a, Dnmt3l, and Uhrf1 in fully grown GV oocytes by

using quantitative real‐time polymerase chain reaction (qRT‐PCR). As
shown in Figure 7b, their expression decreased significantly in the

Baf250aCKO group compared to the Baf250aF/F group (**p < .01).

Western blot analysis was conducted to detect the alteration of

F IGURE 4 Clusters of DEGs according to expression profiles. Fuzzy c‐means clustering of DEGs according to temporal expression profiles of

GV and MII oocytes in control and Baf250aCKO mice. Each individual DEG profile was centered to mean and scaled to variance. The solid
aubergine line represents the mean value of the cluster. DEG, differentially expressed gene; GV, germinal vesicle
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protein expression. As shown in Figure 7c, DNMT1, DNMT3a,

DNMT3l, and UHRF1 expression levels decreased after BAF250a

deletion.

3 | DISCUSSION

BAF250a has been reported to function in the processes of tran-

scription, establishment of poised chromatin configuration and DNA

damage response (Gao et al., 2008; Kim et al., 2015; Lei et al., 2015;

Singh & Archer, 2009; Smith‐Roe et al., 2015). These important

biological processes occur in the context of DNA packaging into

nucleosomes and higher‐order chromatin configuration (Yodh, 2013).

SWI/SNF chromatin remodeling complexes regulate transcription,

and Brg1, a catalytic subunit of SWI/SNF‐related complexes, was

reported to participate in germline transcriptional regulation and

zygotic genome activation (Bultman et al., 2006; Menon, Shibata, Mu,

& Magnuson, 2019). Thus, our original hypothesis was that the de-

letion of BAF250a with Gdf9‐Cre would impair follicular develop-

ment or oocyte meiotic maturation in mice. Here, by conditional

F IGURE 5 The deletion of BAF250a in oocytes resulted in changes in histone modifications. (a) Fluorescent staining showing decreased
H3K27me3 levels (green) in GV oocytes from Baf250aCKO mice. (b) Quantification of H3K27me3 signals in GV oocytes of each group.
(c) Fluorescent staining of H3K27ac levels (green) in GV oocytes from Baf250aCKO mice. (d) Quantification of H3K27ac signals in GV oocytes of

each group. (e) Fluorescent staining of H3K4me3 levels (red) in GV oocytes from Baf250aCKO mice. (f) Quantification of H3K4me3 signals in GV
oocytes of each group. Scale bar = 50 µm. BAF250a, BRG1‐associated factor 250a; GV, germinal vesicle
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knockout of BAF250a in oocytes of female mice from primordial

follicles, we provide evidence that loss of BAF250a is not sufficient to

cause abnormal follicular development or oocyte meiotic maturation.

However, we show that BAF250a is important for the correct

establishment of epigenetic modifications in fully grown oocytes.

Female mice with conditional deletion of BAF250a show impaired

DNA methylation in DMRs of maternal imprinting genes and per-

turbed histone modifications in GV oocytes. Transcriptome analysis

also revealed the perturbed expression of genes related to embryo-

nic development and epigenetic modifications in BAF250a null MII

oocytes. These alterations may be harmful to embryo quality,

resulting in an increased rate of postimplantation embryo absorption

or perinatal death in BAF250a mutant mice.

Neural tube defect was reported in correlation with gene

imprinting (Bai et al., 2014; Wang et al., 2017; Wu et al., 2013).

Supplemental intake of formate during pregnancy was suggested as a

method of preventing some neural tube defects owing to its function

as methyl donor (Caffrey, McNulty, Irwin, Walsh, & Pentieva, 2018;

Rochtus, Jansen, Van Geet, & Freson, 2015). Abnormal DNA

methylation status in imprinting genes is related to diseases such as

Beckwith‐Wiedemann Syndrome (Brzezinski et al., 2017; Chen, 2007;

Cui et al., 2001; Sparago et al., 2004). The five imprinted genes, H19,

Gtl2, Snrpn, Peg3, and Igf2r measured in our experiments, play im-

portant roles in animal embryo development, fetal growth and dis-

ease (Reik & Walter, 2001). H19 is a type of growth‐regulating gene

and regulates many genes that are mostly related to cell

migration, invasion and angiogenesis (Nakagawa et al., 2001;

Rachmilewitz et al., 1992; Steenman et al., 1994). Gtl2 preserves

long‐term repopulating HSC functions by inhibiting the PI3K‐mTOR

pathway to restrict mitochondrial metabolism (Qian et al., 2016).

Snrpn can regulate follicular maturation and early embryo develop-

ment. The methylation pattern of Snrpn promoter is correlated with

sperm motility and morphology (Botezatu, Socolov, Socolov, Iancu, &

Anton, 2014). Igf2r knockout in mice leads to embryo overgrowth,

while H19 knockout leads to placental weight increase and

fetal overgrowth (Bressan et al., 2009). Peg3 is significant in the

p53‐mediated apoptotic pathway (Deng & Wu, 2000). After pregnant

F0 mice were exposed to vinclozolin, changes in the methylation

pattern of Peg3 were detected in the germ cells (Stouder &

Paoloni‐Giacobino, 2010). Therefore, we were curious about whether

F IGURE 6 Methylation patterns in DMRs of imprinted genes in MII oocytes from Baf250aF/F and Baf250aCKO females. The methylation rates

of H19 (a), Gtl2 (b), Igf2r (c), Snrpn (d), and Peg3(E) DMRs were analyzed by bisulfite sequencing. Black cycles represent methylated cytosines,
white cycles represent unmethylated cytosines. DMR, differentially methylated region
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the DNA methylation status was altered in Baf250aCKO mouse

oocytes. We conducted DNA methylation analysis of maternal

imprinting DMRs using bisulfite sequencing PCR. Previous studies

confirmed that the methylation pattern of maternal imprinting genes

in oocytes is generated progressively (Hiura et al., 2006; Obata &

Kono, 2002; Song, Min, Pan, Shi, & Shen, 2009). Hiura et al. (2006)

confirmed that maternal imprinting establishment is correlated with

oocyte growth. Lucifero et al. (2004) found that maternal methyla-

tion imprinting progression is related to oocyte diameter, which

suggests that the accumulation of DNMTs is necessary for maternal

imprinting establishment. To exclude a potential influence of oocyte

developmental stages on the methylation level of imprinted genes,

we used MII oocytes as material to study the methylation status of

DMRs in imprinting genes. In MII oocytes, maternal imprinted DMRs

such as Igf2r, Snrpn, and Peg3 were reported to be well established

(Geuns, De Rycke, Van Steirteghem, & Liebaers, 2003; Stoger

et al., 1993). By investigating the DNA methylation status of im-

printing DMRs in oocytes, we found that in Baf250aCKO matured MII

oocytes, the methylation of the maternal imprinted DMRs of Igf2r,

Snrpn, and Peg3 was significantly decreased, while the paternal im-

printing genes H19 and Gtl2 were unaffected. To investigate the

cause of this aberrant DNA methylation status, we used qRT‐PCR to

detect the mRNA level of different DNMTs. As predicted, we found

that the mRNA levels of Dnmt1, Dnmt3a, and Dnmt3l were all de-

creased in the GV oocytes, which is in accordance with the decreased

DNA methylation status. The protein expression level of DNMT1,

DNMT3a, Uhrf1 also decreased according to the western blot result.

Gibbsons et al. (2000) reported that mutations in ATP‐
Dependent Helicase ATRX, a member of the SWI2/SNF2 chromatin

remodeling complex, gives rise to alteration of the methylation pat-

tern of several highly repeated sequences, which provides a potential

link between the processes of chromatin remodeling and DNA me-

thylation. In our experiments, up to 69.6% of Baf250aMatΔ/+ embryos

showed a phenotype of exencephaly, and this ratio is similar to that

reported by Gao et al. (2008) in BAF250a heterozygote embryos. In

accordance with the RNA‐seq result, we found that the maternal

imprinting gene snrpn was included in cluster 2, which shows an in-

creased expression in Baf250aCKO MII oocytes compared with control

MII oocytes. We speculate that the perturbed expression might be

due to the decreased DNA methylation level at the imprinting DMR

of Snrpn. However, other maternal imprinting genes (Igf2r and Peg1,

Peg3) were not included in the DEGs. This is different from the

qRT‐PCR result, in which we detected an increase in maternal im-

printing genes expression. This difference is due to the parameter

setting during RNA‐seq analysis. The DEGs were selected with

log2(fold change) > 2 or log2(fold change) < −2 and with statistical

significance (p < .05). However, as shown in Figure 7a, the fold change

of imprinting genes were <2. This explains why maternal imprinting

genes were not included in the DEGs list. Taken together, according

to the result of the DNA methylation status of imprinting DMRs and

qRT‐PCR analysis, our experiments confirmed that the decrease in

the methylation levels of the DMRs in the Igf2r, Snrpn, and Peg3

genes affected the expression levels of these genes in Baf250aCKO

MII oocytes.

The loss of BAF250a may have some effects on the transcrip-

tional disorder, including destruction of the sliding activity of

nucleosomes, assembling of various SWI/SNF complexes, targeting of

F IGURE 7 Expression of imprinting genes and Dnmts and Uhrf1 in
oocytes. (a,b) qRT‐PCR of imprinting genes and Dnmts. Each group was
composed of fully grown GV oocytes, and RNA was extracted and

reverse‐transcribed to cDNA. The cDNA was used as a template to
evaluate the expression of imprinting genes and Dnmts by qRT‐PCR.
Gapdhwas used as reference gene. **p < .01. (c) Western blot analysis of

DNMT1, DNMT3A, UHRF1, and GAPDH expression in control and
BAF250aCKO oocytes. cDNA, complementary DNA; GV, germinal
vesicle; qRT‐PCR, quantitative real‐time polymerase chain reaction
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specific genomic loci and the recruitment of coactivator or cor-

epressor activity. This probably is achieved by alterations in histone

modifications. Bourgo et al. (2009) found that loss of BRG1 in somatic

cells could lead to a significant dispersion and redistribution of

H3K9me3. Menon et al. (2019) reported that histone modifications

such as H3K27ac and H2AK119ub1 were perturbed in Brg1cKO testis.

Another component of SWI/SNF‐like protein, SMARCAD1, was also

found to have a function of promoting methylation of H3K9, and

establishing heterochromatin (Rowbotham et al., 2011). These stu-

dies shed light on the relationship between SWI/SNF complex and

histone modifications. In our research, the loss of BAF250a resulted

in a significantly decreased level of Prdm16 and Hist1h4i, suggesting

a perturbed histone modification and chromatin remodeling. Re-

cently, Prdm16 was reported to play a role in zebrafish and mouse

craniofacial development, while mutation of Hist1h4i causes a syn-

drome of growth delay, microcephaly and intellectual disability

(Tessadori et al., 2017). Therefore, we speculated that the normal

histone modifications might be perturbed in BAF250a mutant oo-

cytes. We detected several bivalent histone modifications in fully

grown GV oocytes. The loss of BAF250a resulted in a significantly

increased H3K27me3 signal and decreased H3K27ac signal in the GV

oocytes, but the global H3K4me3 was not significantly affected.

Thus, BAF250a epigenetically regulates the female germ cell

maturation.

After fertilization, the paternal and maternal genomes undergo

extensive epigenetic remodeling to satisfy the needs of embryonic

development. The posttranscriptional modification of histones di-

rectly regulates the activation and silencing of gene expression. Liu

et al. found that Histone H3K4me3 and H3K27me3 have significantly

different features of establishment in early embryos. H3K4me3 is

more rapidly modified and tends to be established in promoter re-

gions with higher CpG content and lower DNA methylation level,

while H3K27me3 is more slowly modified and tends to be estab-

lished in promoter regions with lower CpG content (Liu et al., 2016).

Dahl et al. (2016) reported that approximately 22% of the oocyte

genome is linked to broad H3K4me3 domains that are anticorrelated

with DNA methylation. Previous studies also found that maternal

defects of H3K4me3 could lead to an impaired cytoskeleton, poor

oocyte quality, defects in maternal mRNA decay, and eventually

result in early developmental arrest (Andreu‐Vieyra et al., 2010; Dahl

et al., 2016; Hanna et al., 2018; Hatanaka et al., 2015; Xu et al., 2017;

Yu et al., 2017). Therefore, the result of the normal number of

embryos detected in the uterus of Baf250aCKO mice is consistent with

the nonsignificant alteration in H3K4me3 signal in oocytes.

Maternal mRNA stocked in oocytes usually encodes proteins

that are critical for biological processes needed after fertilization.

Therefore, maternal H3K27me3 should be deposited at specific lo-

cations during oocyte growth. In our research, we detected increased

H3K27me3 and decreased H3K27ac in the GV oocytes. But we are

not yet sure whether it is affected locally or globally. According to

the result of ChIP‐seq conducted in BAF250a knockout ES cells (Lei

et al., 2015), BAF250a controls proper nucleosome occupancy in ES

cells by mediating the level of Brg1 binding. In addition, BAF250a

contributes to a poised chromatin signature; loss of it in ES cells led

to decreased H3K27me3 modifications at BAF250a repressed genes.

However, the loss of BAF250a did not affect the H3K27me3 in all

genes. Therefore, it is likely that the BAF250a‐mediated nucleosome

remodeling might contribute to the chromatin structure as well as

histone modifications by a different mechanism in oocytes. However,

different from the severe phenotype of H3K4me3 deletion, the

maternal loss of H3K27me3 did not have a severe impact on the

development of early embryos (Erhardt et al., 2003). Zhang et al.

reported that H3K27me3 in the promoter region of sperm and

oocytes was deleted after fertilization, while part of H3K27me3 in

the non‐promoter region of oocytes was retained. Since H3K27me3

is a key epigenetic regulator of cellular fate memory, this study

suggests that many parents’ epigenetic memories may be erased

during early embryonic development (Zhang et al., 2016). According

to a recent study by Wang et al., the paternal genome could rescue

the mouse preimplantation embryo development, even in the

absence of maternally recruited EZH2 activity (Wang, Paulson, Ma,

Ross, & Schultz, 2019). Hence, the increased H3K27me3 and

decreased H3K27ac we detected in the BAF250a null GV oocytes

may be insufficient to cause severe abnormalities in early embryonic

development. This is consistent with our result that embryonic

lethality mainly occurred in late embryonic development, which

might be mainly due to insufficient amounts of BAF250a.

4 | MATERIALS AND METHODS

4.1 | Ethics statement

All experiments and methods referred to in this study were con-

ducted under the guidelines of the Ethics and Experimental Animal

Committee of the Institute of Zoology, Chinese Academy of Sciences,

China.

4.2 | Mice

The oocyte‐specific mutant mice with the deletion of BAF250a

were generated by crossing Baf250aF/F mice (obtained from

Jackson Laboratories) with Gdf9‐Cre transgenic mice. The resulting

Baf250aF/+;Gdf9‐Cre male mice were then crossed with Baf250aF/F

female mice. Baf250aF/F;Gdf9‐Cre (Baf250aCKO) female mice

were used as the experimental group, while Baf250aF/F littermate

female mice were used as the control. Genotypes were determined

by PCR amplification of mouse tail DNA samples as reported

previously (Gao et al., 2008). Western blot analyses, immuno-

fluorescence, and immunohistochemistry analysis were used to

confirm the knockout efficiency of BAF250a protein in germinal

vesicle (GV) oocytes. Primers used in this article are listed in

Table S3. Mice were housed under controlled environmental

conditions with 12‐hr alternating light/dark cycles, with free

access to water and food supplies.
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4.3 | mRNA extraction and qRT‐PCR

Total RNA was extracted from oocytes using RNeasy Mini Kit

(Qiagen, Hilden, Germany) following the manufacturer's instructions.

The mRNA level of each gene was validated by qRT‐PCR analysis on

Light Cycler® 480 (Roche, Switzerland) according to the manu-

facturer's instruction. Primer sets used are listed in Table S1.

4.4 | Immunofluorescence and confocal microscopy

Oocytes were fixed in 4% (w/v) paraformaldehyde in phosphate‐
buffered saline (PBS; pH 7.4) for 30min at 37°C. After being per-

meabilized with 0.5% (v/v) Triton X‐100 at room temperature for

30min, oocytes were blocked in 1% (w/v) bovine serum albumin‐
supplemented PBS (pH 7.4) for 1 hr at room temperature and in-

cubated overnight at 4°C with 1:50 anti‐H3K27me3 (Abcam ab6002)

or 1:50 anti‐H3K4me3 (Abcam ab8580) antibody. After three washes

in PBS containing 0.1% Tween‐20% and 0.01% (v/v) Triton X‐100,
the oocytes were incubated with corresponding F594 or F488‐
conjugated secondary antibody for 1 hr at room temperature.

Oocytes were stained with 4’,6‐diamidino‐2‐phenylindole (10 μg/ml

in PBS) for 20min. Then, the oocytes were mounted on glass slides

and examined with a confocal laser scanning microscope (Zeiss LSM

780; Carl Zeiss AG, Germany). Images were processed using ZEN

imaging software and quantified using the ImageJ software (Media

Cybernetics, Silver Spring, MD).

Images were converted to grayscale and inverted. After optical

density correction, we outlined a single nucleus and measured the

integrated optical density (IOD) and area. The average normalized

fluorescence intensity of a single cell was expressed as “sum

IOD/sum area.” To minimize differences among same batches of

oocytes, all images were taken in the same environment using the

same parameters and normalization into their own cytoplasmic

background before measurement.

4.5 | Histological analysis and
immunohistochemistry

Ovaries were collected from female mice and fixed in 4% v/v for-

maldehyde for 24 hr at 4°C, dehydrated in ethanol series, followed

by clearing in xylene, and embedding in paraffin. Then 8 μm serial

sections were prepared for hematoxylin and eosin analysis.

Immunohistochemistry was performed as described previously

(Huang et al., 2019). The anti‐BAF250a (Abcam ab182560) antibody

dilution was 1:100.

4.6 | Bisulfite treatment and PCR amplification

Bisulfite treatment of MII oocyte DNA was conducted according to

procedures previously described by Ge et al (2014). Briefly, MII

oocytes collected from Baf250aF/F and Baf250aCKO mice were placed

in M2 medium, and the zona pellucida was removed carefully. After

washing three times in M2 medium, oocytes were divided and placed

into PCR tubes, each containing five oocytes. Samples were then

digested in lysis buffer at 37°C for 45min and denatured with

0.3mol/L NaOH at 37°C for 15min. After a short spin, 15 μl melted

2% low‐melting point agarose (A9414; Sigma‐Aldrich) was added into

the tube and mixed. The mixtures were added into chilled mineral oil

and incubated on ice to generate agarose beads. The beads were

treated with bisulfite solution by incubation at 50°C for 16 hr in the

dark. After bisulfate treatment, the beads were washed with Tris‐HCl

and ethylenediaminetetraacetic acid (TE) buffer, followed by de-

sulfonation. After washing with TE buffer and water for three times,

respectively, the beads were used as templates for PCR amplification.

4.7 | Single‐cell transcriptome analysis

Six oocytes were subjected to single‐cell RNA sequencing per group.

RNA was isolated, amplified and sequenced by Capitalbiotech Cor-

poration (Beijing, China). Library construction was performed ac-

cording to the manufacturer's instructions (Illumina, San Diego, CA).

RNA‐seq data have been deposited in the Gene Expression Omnibus

(datasets GSE144658).

DNA library was constructed in paired‐end form with insert size

350 bp and sequenced 150 bp read length on HiSeq 4000 Illumina

sequencers. The raw reads were processed using Trimmomatic Ver-

sion 0.38 (Bolger, Lohse, & Usadel, 2014) to remove adapters, low‐
quality base and shorter reads <60 with SLIDING WINDOW:4:20

MINLEN:60 parameters. FastQC Version 0.11.9 (Andrews, 2010) was

used to evaluate the quality of raw reads and processed reads. Then,

Hisat2 (Kim, Paggi, Park, Bennett, & Salzberg, 2019) was used to map

processed reads to mouse reference mm10 with default parameters.

Samtools Version 1.9 (Li et al., 2009) was utilized to transform sam to

bam. Next, reads count for each gene was quantified by HTseq

software (Anders, Pyl, & Huber, 2015) with default parameters.

Reads per kilobase of exon model per million mapped reads (RPKM)

was calculated with the reads count matrix according to the formula:

= /( ( )

× ( ))

RPKM total exon reads mapped reads Millions

exon length KB .

Number of aligned reads per sample is shown in Table S4.

The DEGs analysis was conducted with edgeR package in R with

default parameters (Robinson, McCarthy, & Smyth, 2010; https://

bioconductor.org/packages/release/bioc/html/edgeR.html). The dif-

ferential expression genes were used as input for the clusterProfiler

package (Yu, Wang, Han, & He, 2012; https://bioconductor.org/

packages/release/bioc/html/clusterProfiler.html) for Gene Ontology

(GO) annotation. Upregulated genes and downregulated genes were

annotated respectively (logFC ≥ 2 or ≤−2, p < .05). When multiple

hypotheses were considered simultaneously, p‐values were adjusted

to control the FDR with the method described previously (Benjamini
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& Hochberg, 1995). The GO biological processes, including cell

differentiation and proliferation regulation, apoptotic regulation,

transcription, morphogenesis, metabolic processes, and signal trans-

duction were selected and the DEGs involved in these important

processes were screened out. The figures were realized by

ggplot2 package (https://cran.r‐project.org/web/packages/ggplot2/)

and pheatmap package (https://cran.r‐project.org/web/packages/

pheatmap/).

4.8 | Statistical analysis

The methylation level was presented as a percentage, and the

significance between groups was checked in GraphPad Prism using

the Chi‐square test. If the p value was <.05, it was considered as a

significant difference between groups. Other data were evaluated

with Student's t test using SPSS 22 (SPSS, IBM).

5 | CONCLUSION AND FUTURE
PERSPECTIVES

Our findings of epigenetic changes in maternal BAF250a deleted

oocytes suggest that BAF250a mutation influences the correct es-

tablishment of maternal imprinting genes and histone modifications

in oocytes, which are critical for oocyte epigenetic maturation. This is

the first time to show that the loss of BAF250a results in epigenetic

abnormalities in oocytes. What is different from previous studies is

that the maternal imprinting defects in MII oocytes did not affect

early embryogenesis, which might be due to the expression of com-

pensatory genes triggered by perturbed histone modifications.

Further studies are needed to clarify how the chromatin structure

changes after deletion of BAF250a.
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