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Abstract
Zygotic chromatin undergoes extensive reprogramming immediately after fertilization. It is generally accepted that maternal
factors control this process. However, little is known about the underlying mechanisms. Here we report that maternal
RAD9A, a key protein in DNA damage response pathway, is involved in post-zygotic embryo development, via a mouse
model with conditional depletion of Rad9a alleles in oocytes of primordial follicles. Post-zygotic losses originate from
delayed zygotic chromatin decondensation after depletion of maternal RAD9A. Pronucleus formation and DNA replication
of most mutant zygotes are therefore deferred, which subsequently trigger the G2/M checkpoint and arrest development of
most mutant zygotes. Delayed zygotic chromatin decondensation could also lead to increased reabsorption of post-
implantation mutant embryos. In addition, our data indicate that delayed zygotic chromatin decondensation may be
attributed to deferred epigenetic modification of histone in paternal chromatin after fertilization, as fertilization and
resumption of secondary meiosis in mutant oocytes were both normal. More interestingly, most mutant oocytes could not
support development beyond one-cell stage after parthenogenetic activation. Therefore, RAD9A may also play an important
role in maternal chromatin reprogramming. In summary, our data reveal an important role of RAD9A in zygotic chromatin
reprogramming and female fertility.

Introduction

In mammalian zygotes, chromatin undergoes drastic
reprogramming after fertilization. It includes protamine-
histone replacement, chromatin decondensation, histone
modifications, and so on [1, 2]. It is widely accepted that
maternal factors mainly control chromatin-reprogramming
process [3]. Indeed, totipotency of somatic cells can be
fully recovered via transferring their nuclei into the oocytes
[4]. And studies have started to uncover the underlying
mechanisms about protamine-histone replacement in mice
[5]. There are also data implying the importance of
maternal genome reprogramming in zygote development
[5]. Maternal genome also drastically loses higher-order
structure after fertilization [6]. However, we need more
efforts to elaborate the factors in zygotic chromatin
reprogramming.

Cells have developed complex DNA damage response
pathways to maintain genomic stability. ATR and ATM
signaling pathways are the two main DNA damage response
pathways in eukaryotic cells [7, 8]. To maintain genomic

These authors contributed equally: Lin Huang, Tie-Gang Meng, Xue-
Shan Ma, Zhen-Bo Wang.

Edited by M Piacetini.

* Qing-Yuan Sun
sunqy@ioz.ac.cn

1 State Key Laboratory of Stem Cell and Reproductive Biology,
Institute of Zoology, Chinese Academy of Sciences,
Beijing, China

2 Department of Pediatrics, The Affiliated Hospital of Southwest
Medical University, Luzhou, Sichuan, China

3 University of Chinese Academy of Sciences, Beijing, China
4 The Reproductive Medical Center, the First Affiliated Hospital,

Zhengzhou University, Zhengzhou 450052, China
5 State Key Laboratory of Biomembrane, Institute of Zoology,

Chinese Academy of Sciences, Beijing, China

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41418-018-0181-9) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0181-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0181-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0181-9&domain=pdf
http://orcid.org/0000-0003-2850-3008
http://orcid.org/0000-0003-2850-3008
http://orcid.org/0000-0003-2850-3008
http://orcid.org/0000-0003-2850-3008
http://orcid.org/0000-0003-2850-3008
mailto:sunqy@ioz.ac.cn
https://doi.org/10.1038/s41418-018-0181-9


integrity, members in DNA damage response pathways
work coordinately to detect and repair damage sites. They
need to sense various aberrations of DNA structural
alterations and respond properly [9, 10]. This implies that
proteins in DNA damage response pathways may be
potential candidates of maternal factors in zygotic chro-
matin reprogramming.

As a key factor in DNA damage response pathways,
mouse Rad9a gene is highly conserved during evolution
[11]. In mammalian cells, RAD9A functions always as part
of the heterotrimeric 9-1-1 complex formed by RAD9A,
RAD1, and HUS1 [12]. RAD9A primarily participates in
various mitotic DNA repair process, recruited by both ATR
and ATM signaling pathways [7, 8]. RAD9A recruits the
phosphorylated form of histone H2A variant X (γH2AX) to
DNA damage sites. And inactivated RAD9A delays the
appearance and disappearance of ionizing radiation-
induced γH2AX foci, implying that RAD9A may partici-
pate in the modulation of chromatin structure [13, 14]. It is
also verified that Rad9a has a pivotal role in repair of
meiotic DNA double-strand breaks (DSBs) during

spermatogenesis in mice [15]. In addition to its well-known
function in DNA damage response, mammalian RAD9A
can also work as a regulating transcription factor [16].
Rad9a gene is also important for maintenance of chromo-
somal stability [13, 14]. Human cells with overexpressed
RAD9A protein show programmed death [17, 18]. Our
recent study also demonstrated that RAD9A has an anti-
apoptosis function during spermatogonia differentiation
[19]. Moreover, RAD9A protein was also reported to serve
as an oncongene or tumor suppressor [20–23]. Global
disruption of RAD9A leads to lethality of mouse embryos,
and even heterozygous Rad9a knockout mice are suscep-
tive to cataractogenesis [24, 25].

Here in this study, we investigated the effect of con-
ditional ablation of Rad9a alleles in oocytes on female
reproductive activity and the underlying mechanisms, via
crossing Rad9aflox/flox mice (referred to as Rad9aF/F) with
transgenic mice expressing growth differentiation factor 9
promoter-mediated Cre recombinase (referred to as GCre
mice) [24, 26, 27]. The female mice with oocyte-specific
disruption of RAD9A were severely subfertile. We

Fig. 1 Location of RAD9A
during pre-zygotic and post-
zygotic embryo development.
a Immunohistochemistry
analysis showing the location of
RAD9A in follicles at different
stages. ProF, primordial
follicles; PriF, primary follicles;
SecF, secondary follicles. Bar,
100 μm. b Confocal microscopy
showing the subcellular location
of RAD9A in mouse oocytes at
different stages. Bar, 20 μm.
c Confocal microscopy showing
the subcellular location of
RAD9A in mouse embryos. Bar,
20 μm. d Confocal microscopy
confirming the subcellular
location of RAD9A after myc-
tagged RAD9A mRNA
microinjection and anti Myc-
FITC antibody staining in
mouse oocytes at different
stages. Bar, 20 μm
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confirmed that subfertility of mutant females was attrib-
uted to post-zygotic losses, which arose from delayed
chromatin decondensation. Our results determine for the
first time that RAD9A is essential for zygotic chromatin
reprogramming and female fertility.

Results

Location of RAD9A during mouse pre-zygotic and
post-zygotic embryo development

To understand the function of RAD9A, we first char-
acterized its expression pattern in ovaries, oocytes, and
embryos of wild-type mice. RAD9A was located in
the oocyte nuclei during folliculogenesis in the ovary. The

signal of RAD9A was especially strong in the oocyte
nuclei of primordial follicles and primary follicles. Little
RAD9A staining was observed in the granulosa cells,
possibly because the expression of RAD9A was below the
detection limit of the assay (Fig. 1a). We also detected the
expression of RAD9A during the meiotic maturation of
oocytes and embryonic development by confocal micro-
scopy, and showed that RAD9A concentrated in the
oocyte nuclei at the germinal vesicle (GV) stage and
disappeared after GV breakdown (GVBD) (Fig. 1b).
RAD9A was relocated in the nuclei of zygote and two-cell
embryos (Fig. 1c). To further confirm the nuclear locali-
zation of RAD9A, we also constructed an exogenous
myc-tagged RAD9A mRNA and injected it into the
oocytes, which showed the same nuclear localization of
RAD9A in meiotic oocytes (Fig. 1d).

Fig. 2 RAD9A is pivotal for
fertility of female mice.
a Schematics of specific deletion
of Rad9a gene driven by Gdf9-
Cre. b Oocyte-specific ablation
of RAD9A verified by
immunohistochemistry analysis
of the ovaries of both genotypes.
Bar, 100 μm. c Western blot
analysis confirming the ablation
of RAD9A in the Rad9aF/F;
GCre oocytes, using GAPDH as
a loading control. d Rad9aF/F;
GCre female mice gave birth to
much fewer pups than Rad9aF/F

control mice. e The litter size of
Rad9aF/F;GCre female mice was
much smaller than that of
Rad9aF/F mice. *, P < 0.05.
f Rad9aF/F;GCre female mice
had less litters than Rad9aF/F

mice. *, P < 0.05

Rad9a is involved in chromatin decondensation and post-zygotic embryo development in mice 971



Oocyte-specific disruption of RAD9A causes severe
subfertility of female mice

Because global knockout of Rad9a in mice causes
embryonic lethality, it is impossible to study its role in
folliculogenesis and reproductive activity of female mice
[24]. So, we generated mice with oocyte-specific disruption
of RAD9A by crossing Rad9aF/F mice with GCre trans-
genic mice (referred to as Rad9aF/F; GCremice) (Fig. 2a),
in which Cre begins to be expressed in the oocytes of pri-
mordial follicles since postnatal Day 3 [24, 26]. Then we
compared the expression level of RAD9A between the
oocytes of Rad9aF/F and Rad9aF/F; GCre female mice, via
immunochemistry and western blot. Results of immu-
nochemistry indicated the loss of RAD9A location in the
oocyte nuclei during folliculogenesis in Rad9aF/F;GCre
female mice (Fig. 2b). Western blot analysis also confirmed
the oocyte-specific depletion of RAD9A in the Rad9aF/F;
GCre female mice (Fig. 2c).

Next, we carried out a breeding assay by mating six
Rad9aF/F or Rad9aF/F;GCre female mice, respectively, with
males of proven fertility during a 6-month period, to
determine whether oocyte-specific disruption of RAD9A
affected the fertility of mutant females. The statistical

results indicated that the fertility of Rad9aF/F;GCre female
mice was sharply decreased. In average, Rad9aF/F;GCre
female mice gave birth to less than half of the pups that
control female mice produced (Fig. 2d). The litter size of
mutant female mice was much smaller than that of control
females (Fig. 2e). Moreover, mutant female mice had less
litters than control mice during a 6-month period (Fig. 2f).

No obvious pre-zygotic losses occur in Rad9aF/F;
GCre female mice

To determine the reason why Rad9aF/F;GCre female mice
became severely subfertile after oocyte-specific ablation of
RAD9A, we examined folliculogenesis and meiotic
maturation of oocytes in both Rad9aF/Fand Rad9aF/F;GCre
adult female mice. No apparent morphological difference
was observed in the ovaries of adult Rad9aF/F;GCre female
mice, compared with that of control mice (Fig. 3a). The
oocytes ovulated by Rad9aF/F;GCre female mice were also
as normal as those of control mice (Fig. 3b), both of which
had normal metaphase II (MII)-stage meiotic spindle orga-
nization indicated by confocal microscopy of tubulin
(Fig. 3c). Analysis of chromosome spread demonstrated that
mutant oocyte had the same number of normal

Fig. 3 There are no evidences of
pre-zygotic losses after oocyte-
specific ablation of RAD9A.
a Representative H&E staining
of ovaries from adult female
mice of both genotypes. CL,
corpus luteum. b The oocytes
ovulated by Rad9aF/F;GCre
female mice were as normal as
those of Rad9aF/F mice. Bar,
100 μm. c Normal spindle
organization in the oocytes of
both genotypes. Bar, 20 μm.
d Samples of chromosome
spread of oocytes from female
mice of both genotypes
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chromosomes as control oocyte (Fig. 3d). These results
indicate that oocyte-specific deletion of RAD9A has no
obvious impact on follicular development and meiotic
maturation of oocyte. So the impairment in reproductive
potential of Rad9aF/F;GCre female mice may come from
defect in later stage of development.

Subfertility of Rad9aF/F; GCre female mice arises
from post-zygotic losses

To further investigate the reason for subfertility of mutant
mice, we crossed Rad9aF/Fand Rad9aF/F; GCre female vir-
gin mice with wild-type males with known fertility. Mice
with vagina plugs were killed after intravenous injection of
trypan blue at day 5 post intercourse. Although there were
no losses of pregnant corpora lutea in Rad9aF/F; GCre
female mice (Fig S2A and S2B), the number of implanta-
tion sites in mutant mice, indicated by distinct blue bands,
was much fewer than that of control mice (Fig. 4a, b). We
confirmed this result via directly comparing the implanted
embryos of both genotypes at day 10 post copulation (Fig
S2C and S2D). More interestingly, there were more

reabsorbed embryos in mutant female mice (Fig S2E and
S2F). These data illustrate that subfertility of Rad9aF/F;
GCre female mice mainly arises from pre-implantation
stage. To determine when mutant embryos started to loss,
we collected embryos at day 2 post crossing from the ovi-
ducts of both genotypes with vagina plugs. All the control
embryos were at the two-cell stage, whereas only a small
portion of mutant embryos reached the two-cell stage, and
the other portion stopped development, arrested at the
zygote stage with two pronuclei (Fig. 4c, d). To further
define this result, we collected zygotes at day 1 post
crossing from the oviducts of both genotypes with vagina
plugs for culture analysis. The number of mutant zygotes
was statistically identical to that of control zygotes, indi-
cating that ovulation and fertilization of mutant mice are
normal (Fig. 4e, f). After 1-day culture, however, most of
the mutant embryos were arrested at the zygotic stage,
whereas all of control embryos mice reached the two-cell
stage (Fig 4e, f). Moreover, most mutant oocytes are also
arrested at one-cell stage after parthenogenetic activation
(Figure S1A). These data indicate that reproductive defect of
Rad9aF/F; GCre female mice arises from post-zygotic losses.

Fig. 4 Oocyte-specific ablation
of RAD9A causes post-zygotic
losses, which are clearly
identifiable at the pre-
implantation stages. a, b Much
less but morphologically normal
implantation sites in Rad9aF/F;
GCre female mice in
comparison with Rad9aF/F mice,
as determined by trypan blue
injection on day 5. IS,
implantation site; bar, 10 mm; *,
P < 0.05. c, d Significantly fewer
embryos collected from Rad9aF/
F;GCre female mice reached
two-cell stage as compared with
that from Rad9aF/F;GCre female
mice. Bar, 100 μm. *, P < 0.05.
e, f Most of the embryos from
mutant mice were arrested at
zygote stage after 1-day culture.
Bar, 100 μm; *, P < 0.05

Rad9a is involved in chromatin decondensation and post-zygotic embryo development in mice 973



Delayed pronuclear formation and DNA replication
in mutant zygotes triggers G2/M checkpoint

As the well-known function of RAD9A in DNA damage
response, RAD9A has a key role in G2/M checkpoint exit
after replication [7, 8, 28]. Arrest of zygote development
without maternal RAD9A may arise from disturbed G2/M
checkpoint exit after replication. therefore, we compared the
expression of phosphorylated CDC2 (p-CDC2), the key
kinase promoting mitotic entry, in the zygotes of both
genotypes [29]. We observed little p-CDC2 in mutant
zygotes, compared with that in control 12 h after in vitro
fertilization (IVF) (Figure S1B). Then we detected DNA
repair molecules in zygotes from both in vivo fertilization

and IVF. Our results confirmed that localization of γH2AX
and p-Chk2 was significantly delayed in mutant zygotes
from in vivo fertilization (Fig. 5a). In addition, localization
of γH2AX and p-Chk2 to the pronuclei of most Rad9aF/F;
GCre zygotes was also delayed, compared with that of
Rad9aF/F zygotes from IVF (Fig. 5b).

The data above indicate that DNA replication in the
mutant zygotes may be delayed. Indeed, as shown by the
results of bromodeoxyuridine (BrdU) labeling (Fig. 5c),
there was strong DNA replication activity in control zygotes
from 5 h to 8 h after IVF, whereas no DNA replication
activity could be observed in control zygotes from 9 h to
12 h after IVF. By contrast, there was no DNA replication
activity in most of Rad9aF/F;GCre zygotes from 5 h to 8 h

Fig. 5 Deletion of Rad9a delayes pronuclear formation and DNA
replication. a Comparison of location of γH2AX and p-CHK2 between
control and mutant zygotes derived from internal fertilization at dif-
ferent time points: 24 h, 24 h after HCG treatment; 27 h, 27 h after
HCG treatment. Bar, 20 μm b Comparison of location of γH2AX and
p-CHK2 between control and mutant zygotes derived from IVF at
different time points; IVF8, 8 h after IVF; IVF12, 12 h after IVF; bar,

20 μm. c Comparison of DNA replication between control and mutant
zygotes derived from IVF via BrdU labeling. IVF5-8, labeling from 5 h
to 8 h after IVF; IVF9-12, labeling from 9 h to 12 h after IVF; bar,
20 μm. d Respective calculation of pronuclear formation for control
and mutant zygotes derived from IVF. IVF5, 5 h after IVF; IVF8, 8 h
after IVF; *, P < 0.05
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after IVF, but strong DNA replication activity could be
observed in mutant zygotes from 9 h to 12 h after IVF.
Delayed DNA replication may arise from disturbed pro-
nuclear formation. To ascertain this question, we detected
the development of zygotes of both genotypes derived from
IVF. As shown in Fig. 5d, explicit pronuclei could be
observed in majority of Rad9aF/F zygotes under light
microscope 5 h after IVF, and the number of Rad9aF/F

zygotes with explicit pronuclei kept constant 8 h after IVF.
However, only a few Rad9aF/F;GCre zygotes with explicit
pronuclei could be observed 5 h after IVF, and pronuclei
became explicit in dominant Rad9aF/F;GCre zygotes 8 h
after IVF. These data above demonstrate that deletion of
maternal RAD9A delays pronuclear formation and DNA
replication in zygotes, triggering G2/M checkpoint of
mutant zygotes.

Chromatin decondensation is delayed in most
mutant zygotes

To further examine why pronuclear formation and DNA
replication are delayed in mutant zygotes after deletion of
maternal RAD9A protein, we collected zygotes of both

genotypes 4 h after IVF and compared the formation of their
pronuclei via 4′,6-diamidino-2-phenylindole (DAPI) stain-
ing. As shown in Fig. 6a, b, round decondensed pronuclei
had been formed in most of the control zygotes 4 h after
IVF. However, parental chromatin in most of mutant
zygotes still kept condensed 4 h after IVF. Moreover, we
also collected zygotes of both genotypes 2.5 h after intra-
cytoplasmic sperm injection (ICSI). Then we compared
chromatin structure in them. As shown in Fig. 6c, parental
chromatins in most of mutant zygotes also kept condensed
2.5 h after ICSI. Meanwhile, pronuclei had been formed in
the control zygotes 2.5 h after ICSI. This demonstrated that
deferred chromatin decondensation in mutant zygotes was
not attributed to delayed fertilization. Meanwhile, chromo-
some segregation in mutant oocytes was also normal,
compared with that in control 2.5 h after parthenogenetic
activation (Fig. 6e), i.e., deletion of maternal RAD9A had
no impact on resumption of secondary meiosis of mutant
oocytes. Moreover, incorporation of histone H3 in mutant
zygotes was as normal as that in control (Fig. 6d). In all, the
data above confirm that deletion of maternal RAD9A pro-
tein disturbs the chromatin decondensation in most mutant
zygotes after fertilization.

Fig. 6 Ablation of RAD9A
protein disturbs chromatin
decondensation in most zygotes.
a Statistical calculation of
zygotes of both genotypes with
chromosome or pronuclei at 4 h
after IVF. CP, condensed
pronuclei; DP, decondensed
pronuclei; *, P < 0.05.
b Representative image for
H3K27me1 immunostaining in
zygotes of both genotypes at 4 h
after IVF. CP, condensed
pronuclei; DP, decondensed
pronuclei; IVF 4 h, 4 h after
IVF; bar, 20 μm. c Statistical
calculation of zygotes of both
genotypes with chromosome or
pronuclei at 2.5 h after ICSI. CP,
condensed pronuclei; DP,
decondensed pronuclei; *, P <
0.05. ICSI 2.5 h, 2.5 h after
ICSI; d Representative image
for H3 immunostaining in
zygotes of both genotypes at 2.5
h after ICSI. ICSI 2.5 h, 2.5 h
after ICSI; bar, 20 μm.
e chromosome segregation in
zygotes of both genotypes 2.5 h
after parthenogenetic activation.
PA 2.5 h, 2.5 h after
parthenogenetic activation
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As chromatin decondensation in zygotes is accompanied
with epigenetic modifications of histones [30–32], we
compared the methylation of H3 histone in the zygotes from
both genotypes. As shown in our result, strong H3K27
monomethylation (H3K27me1) signals were located at both
pronuclei in all control zygotes 4 h after IVF (Fig. 6b).
However, little H3K27me1 signals could be observed at
condensed paternal pronulei, whereas strong
H3K27me1 signals were located at condensed maternal
pronuclei in the mutant zygotes 4 h after IVF (Fig. 6b). In
addition, strong signals were located at both decondensed
pronulei in small part of mutant zygotes 4 h after IVF
(Fig. 6b). Moreover, H3K27 dimethylation (H3K27me2)
signals started to become apparent in paternal pronuclei of
control zygotes, whereas H3K27me2 signals kept strong in
maternal pronuclei 12 h after IVF. By comparison, almost
no H3K27me2 signals could be detected in both pronuclei
of mutant zygotes 12 h after IVF (Figure S1C). There were
also almost no H3K27 trimethylation (H3K27me3) signals
in both pronuclei of mutant zygotes, compared with
apparent H3K27me3 signals in paternal pronuclei and
strong H3K27me3 signals in maternal pronuclei of control
zygotes 12 h after IVF (Figure S1D). Our data demonstrate
that some epigenetic modifications of H3 histone are dis-
turbed, which may account for delayed chromatin decon-
densation in most mutant zyogtes.

Discussion

As a member of 9-1-1 complex, mammalian RAD9A par-
ticipates in multiple cellular processes [12]. And its role in
cellular response to DNA repair in mitosis has been well
established [7, 8, 13, 14]. In addition, we recently confirmed
that RAD9A is required for spermatogonia differentiation
[15]. However, role of RAD9A in the fertility of female
mice and the corresponding mechanisms have not been
demonstrated till now. In this study, we verify the impor-
tance of maternal RAD9A for zygotic development, via a
conditional Rad9a knockout mouse model.

Our data reveal that RAD9A is localized in the nuclei of
oocytes, zygotes and two-cell embryos. And oocyte-specific
disruption of RAD9A evidently reduces the fertility of
females; however, there are no evidences of pre-zygotic
losses after oocyte-specific ablation of RAD9A. This result
seems surprising considering the function of RAD9A in
promoting genome integrity. It may be attribute to other
molecules that keep genome intact during folliculogenesis
and oocyte maturation after oocyte-specific ablation of
RAD9A. Moreover, endogeneous DSBs in mouse oocytes
mainly occur during DNA synthesis and homologous
recombination, both have been finished before birth [33].
So, it is expectable that oocyte-specific ablation of RAD9A

after birth by GCre has little effect on the folliculogenesis
and oocyte maturation.

Strikingly, our data indicate that the reduced fertility of
mutant female mice in this study is attributed to post-
zygotic losses. Although no defects in fertilization and
secondary meiosis were observed, we confirm that arrest of
mutant zygotes arises from disturbed chromatin repro-
gramming, i.e., deletion of maternal RAD9A delays chro-
matin decondensation. Pronucleus formation and DNA
replication of most mutant zygotes are therefore deferred,
which subsequently trigger the G2/M checkpoint and arrest
development of most mutant zygotes. Our data verify the
role of RAD9A in zygotic chromatin reprogramming for the
first time. It is a novel discovery as previous studies focus
on the role of Rad9a gene in DNA damage repair [34]. It
has been reported that inactivated RAD9A delays the
appearance and disappearance of ionizing radiation-induced
γH2AX foci in cell lines [13, 14]. We also observed this
phenotype in mutant zygote, and our data provided an
explicit explanation for it. Moreover, our data also verify
the importance of drastic structure transformation of par-
ental genome in zygote development after fertilization, in
accordance with a recent study [6]. Previous study has
indicated that disrupted incorporation of H3 interrupts
pronuclear formation and zygote development [5, 30].
Although pronucleus has appeared in most control zygotes,
parental genomes of most mutant zygotes still stay at
chromosome stage. And deletion of maternal RAD9A has
no impact on incorporation of H3 into paternal genome in
our study. So zygote arrest here does not arise from inter-
fered incorporation of H3, but merely from retarded chro-
matin decondensation. More interestingly, most mutant
oocytes are also arrested at one-cell stage after pathenoge-
netic activation. It implies that retarded decondensation of
maternal chromosomes also plays an important role in arrest
of mutant zygotes. More interestingly, we detected dis-
turbed appearance of H3K27me1, H3K27me2, and
H3K27me3 in the mutant zygotes. However, more details
are needed to elucidate how deletion of maternal RAD9A
defers chromatin decondensation in zygotes after
fertilization.

We observed that a few mutant embryos could overcome
one-cell stage, and develop to post-implantation embryos,
even alive offspring. This may be attributed to knockout
efficiency driven by Gdf9-Cre, so we performed genotyping
of the pups born by Rad9aF/F;GCre female mice. Similar to
a previous study [35], our results demonstrated that all the
pups of mutant female mice carrying a Rad9a deletion
allele. Therefore, the deletion of Rad9a gene in mutant
oocytes was complete. Moreover, some mutant oocytes
after pathenogenetic activation can also overcome one-cell
stage. So paternal Rad9a gene has no impact on zygote
development, no matter whether it is expressed in later stage
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of mutant zygote. In addition, most implanted mutant
embryos, in which paternal Rad9a gene has been expressed
after two-cell stage, are still reabsorbed. It means expression
of paternal RAD9A cannot rescue defects in most post-
implantation mutant embryos, which arises from delayed
zygotic chromatin reprogramming. There may be other
molecules to commit similar function to RAD9A in zygote
after fertilization, which needs further study.

In summary, our findings reveal for the first time that
maternal RAD9A is essential for chromatin reprogramming
in mouse zygotes. Ablation of maternal RAD9A causes
severe post-zygotic losses, and finally reduces fertility in
mice.

Materials and methods

Mice

Rad9aflox/flox mice (JAX Lab, referred to as Rad9aF/F) were
maintained with a mixed genomic background of 129S4/
SvJaeand C57/BL6, and Gdf9-Cre mice were maintained
with a C57/BL6 genomic background [24, 26, 27]. Mice
with specific ablation of Rad9a (referred to as Rad9aF/F;
GCremice) were generated by crossing Rad9aF/F mice with
GCre mice. Mice were housed under controlled environ-
mental conditions with free access to water and food, and
12-hour alternating light/dark cycles. Animal care and
handling were conducted according to the guidelines of the
Animal Research Committee of the Institute of Zoology,
Chinese Academy of Sciences, China.

Oocyte collection and culture

The GV-stage oocytes were isolated from ovaries of 6- to 9-
week-old female mice and cultured in M2 medium under
paraffin oil at 37 °C and 5% CO2 in air. Then they were
collected at different times of culture for immunofluorescent
staining, western blot analysis, and microinjection.

Natural ovulation, superovulation, and implantation
analysis

Virginal female mice about 2-month old were mated with
fertile wild-type males to produce pregnancy and mice with
vaginal plugs the next day were regarded on day 1 of
pregnancy. For natural ovulation analysis, fertilized eggs
were harvested from the oviducts on day 1 or day 2, cul-
tured, and counted. To examine implantation, pregnant
female mice were injected intravenously with trypan blue
and killed on day 5. And the number of implantation sites
indicated by distinct blue bands was recorded. We also

compared the number of implantation sites in pregnant
female mice of both genotypes directly on day 10.

To induce ovulation and collect MII oocytes, each
female mouse was injected with five international units of
pregnant mare's serum gonadotropin (PMSG) followed by
five international units of human chorionic gonadotropin
(HCG) at 48 h to promote ovulation. Mice were killed at
12–14 h after the HCG treatment, and cumulus–oocyte
complexes were recovered from each oviduct. Cumulus-free
oocytes were obtained after a 5-min treatment with hya-
luronidase (1 mg/ml) in M2 medium (Sigma).

In vitro and in vivo fertilization

IVF was performed as described before with minor mod-
ifications [32]. In brief, cauda epididymis spermatozoa of
males with known fertility were preincubated in human
tubal fluid (HTF) medium for 1 h in an atmosphere of 5%
CO2 and 95% air at 37 °C. Superovulated cumulus–oocyte
complexes were collected and inseminated with capacitated
spermatozoa. After 2 h of insemination, fertilized eggs were
washed and transferred to equilibrated KSOM+AA med-
ium (Millipore) for further culture and analysis.

For in vivo fertilization, female mice after treatment with
PMSG and HCG were crossed with fertile wild-type males.
Fertilized eggs were recovered from mice with vaginal
plugs the next day, at 16 h after the HCG treatment. Ferti-
lized eggs were cultured and collected at the time points
indicated.

ICSI and parthenogenesis

ICSI was carried out as described [36, 37]. In brief, pro-
cessed spermatozoa were injected into MII-stage oocytes
via an inverted microscope equipped with a Piezo-drill
micromanipulation system. Fertilized eggs were transferred
to equilibrated KSOM+AA medium (Millipore) for further
culture and analysis.

For parthenogenesis, MII-stage oocytes were activated in
calcium-free CZB medium containing 10 mM strontium and
5 μg/ml cytochalasin B for 2 to 6 h. And then embryos were
collected or transferred into KSOM+AA medium for
further culture.

cDNA cloning, mRNA synthesis, and microinjection

The full-length coding sequence of mouse RAD9A was
amplified from oocyte cDNA derived as described pre-
viously [38] using the following primer: Forward: 5′-T
ATGGCCGGCCGTCGTGTGCAAAACAAGCTCGA-3′;
Reverse: 5′-TAAGGCGCGCCGTCTAAGGACTGACGC
CCAACTC-3′. The PCR products were purified, then
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digested using FseI and AscI (New England Biolabs, Inc.)
and cloned into the pCS2+ vector. The synthesis and
microinjection of myc-tagged RAD9A mRNA were per-
formed as described previously [39].

Antibodies, immunofluorescence, and confocal
microscopy

Antibodies used in this study were purchased from the
following companies: mouse monoclonal anti-RAD9A (BD
Biosciences, USA); rabbit polyclonal anti γH2AX (Cell
Signaling Technology, Beverly, MA, USA); rabbit poly-
clonal anti p-CHK2 (T68) (Bioworld, MN, USA); mouse
monoclonal anti α-Tubulin-FITC (Sigma); anti Myc-FITC
and anti GAPDH (Invitrogen, Carlsbad, CA, USA); mouse
monoclonal anti H3(EMAR, Beijing, China); rabbit poly-
clonal anti H3K27me1(Abcam, Cambridge, UK); rabbit
polyclonal anti H3K27me2(Cell Signaling Technology,
Beverly, MA, USA); rabbit monoclonal anti H3K27me3
(Cell Signaling Technology, Beverly, MA, USA); rabbit
polyclonal anti p-CDC2 (ABclonal, Beverly, MA, USA);
mouse monoclonal anti ACTIN (ZhongShan Golden Bridge
Biotechnology, Beijing, China); Secondary antibodies were
purchased from ZhongShan Golden Bridge Biotechnology
Co., Ltd (Beijing, China). Immunofluorescent analysis and
confocal microscopy were performed as described pre-
viously [40] using the following antibody dilution: anti-
RAD9A/ p-Chk2/myc-FITC/H3/ H3K27me1/H3K27me2/
H3K27me3/α-tubulin-FITC: 1:200 and anti γH2AX:1:400.

Chromosome spread

For chromosome spread, MII oocytes were left in hypotonic
solution (1% Na Citrate) for 20 min at room temperature
and fixed with methanol/glacial acetic acid (3:1). The
oocytes were then stained with DAPI for 5 min and slides
were mounted for observation by immunofluorescence
microscopy as described previously [41].

Histological analysis and immunohistochemistry

Ovaries were collected from adult female mice, fixed in 4%
paraformaldehyde overnight at 4°C, dehydrated in a graded
ethanol series, cleared in xylene, and embeded in paraffin.
Then 8 μm serial sections are prepared for hematoxylin and
eosin analysis. Immunohistochemistry was also performed
on 8 μm sections using the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA). The anti-RAD9A antibody
dilution was 1:200.

BrdU labeling for DNA replication

BrdU labeling for DNA replication test was performed as
described previously with minor modifications. In short, the
zygotes were incubated in HTF medium supplemented with
100 μM BrdU (858811; Sigma-Aldrich) in an atmosphere of
5% CO2 and 95% air at 37 °C. After incubation, the zygotes
were fixed for 15 min in 4% paraformaldehyde in
phosphate-buffered saline (PBS), permeabilized with 0.5%
Triton X-100 in PBS for 20 min at room temperature,
treated with 4 N HCl at room temperature for 10 min, and
subsequently neutralized for 10 min with 100 mM Tris-HCl
buffer (pH 8.5) after permeabilization. After blocking at 4 °
C overnight with 0.2% Tween 20 in PBS/bovine serum
albumin (BSA; PBS containing 10 mg/ml BSA), the cells
were incubated with anti-BrdU antibody (1:1000; B8434;
Sigma-Aldrich), followed by secondary Alexa Fluor
488–conjugated antibody (1:1000; A11001; Life Technol-
ogies, Shanghai, China), according to the procedure of
confocal microscopy.

Western blot analysis

A total of 150 mouse oocytes or zygotes per sample were
mixed with sodium lauryl sulfate sample buffer and boiled
for 5 min at 100 °C for sulfate polyacrylamide gel electro-
phoresis. Western blots were performed as described pre-
viously [42] using the following antibody dilution: anti-
RAD9A/GAPDH: 1:1000; p-CDC2/ACTIN: 1:1000.

Statistical analysis

All experiments were repeated at least three times for sta-
tistical analysis. For comparisons, means and standard
deviations were calculated, and the difference between two
groups was analyzed with Student’s t test or χ2-test. Dif-
ference was considered statistically significant if P < 0.05.
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