UC Davis
UC Davis Previously Published Works

Title

Inhibitory phosphorylation of Cdkl mediates prolonged prophase | arrest in female germ
cells and is essential for female reproductive lifespan

Permalink

https://escholarship.org/uc/item/8p23t8gN

Journal
Cell Research, 26(11)

ISSN
1001-0602

Authors

Adhikari, Deepak
Busayavalasa, Kiran
Zhang, Jingjing

Publication Date
2016-11-01

DOI
10.1038/cr.2016.119

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8p23t8qh
https://escholarship.org/uc/item/8p23t8qh#author
https://escholarship.org
http://www.cdlib.org/

Open

ORIGINAL ARTICLE

Cell Research (2016) 26:1212-1225.
www.nature.com/cr

Inhibitory phosphorylation of Cdk1 mediates prolonged
prophase | arrest in female germ cells and is essential for
female reproductive lifespan

Deepak Adhikari"* ", Kiran Busayavalasa" ", Jingjing Zhang', Mengwen Hu', Sanjiv Risal',
Mustafa Bilal Bayazit', Meenakshi Singh', M Kasim Diril>”, Philipp Kaldis>’, Kui Liu'

'Department of Chemistry and Molecular Biology, University of Gothenburg, Gothenburg SE-405 30, Sweden; “Institute of Molec-
ular and Cell Biology (IMCB), A*STAR (Agency for Science, Technology and Research), 61 Biopolis Drive, Proteos #3-09, Singa-
pore 138673, Republic of Singapore; *Department of Biochemistry, National University of Singapore (NUS), Singapore 117597,
Republic of Singapore

A unique feature of female germ cell development in mammals is their remarkably long arrest at the prophase of
meiosis I, which lasts up to 50 years in humans. Both dormant and growing oocytes are arrested at prophase I and
completely lack the ability to resume meiosis. Here, we show that the prolonged meiotic arrest of female germ cells is
largely achieved via the inhibitory phosphorylation of Cdk1 (cyclin-dependent kinase 1). In two mouse models where
we have introduced mutant Cdk1"**Y"*" which cannot be inhibited by phosphorylation (Cdk1AF) in small meiotically
incompetent oocytes, the prophase I arrest is interrupted, leading to a premature loss of female germ cells. We show
that in growing oocytes, Cdk1AF leads to premature resumption of meiosis with condensed chromosomes and germi-
nal vesicle breakdown followed by oocyte death, whereas in dormant oocytes, Cdk1AF leads to oocyte death directly,
and both situations damage the ovarian reserve that maintains the female reproductive lifespan, which should be
around 1 year in mice. Furthermore, interruption of the inhibitory phosphorylation of Cdk1 results in DNA damage,
which is accompanied by induction of the Chk2 (checkpoint kinase 2)-pS3/p63-dependent cell death pathway, which
eventually causes global oocyte death. Together, our data demonstrate that the phosphorylation-mediated suppres-
sion of Cdkl1 activity is one of the crucial factors that maintain the lengthy prophase arrest in mammalian female
germ cells, which is essential for preserving the germ cell pool and reproductive lifespan in female mammals.
Keywords: meiotic prophase I; Cdkl inhibitory phosphorylation; immature oocyte; female fertility lifespan
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Introduction

In mammals, female germ cells enter meiosis in the
embryonic gonad, but they are subsequently arrested at
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the dictyate stage of prophase I in the form of dormant
oocytes that are enclosed within primordial follicles [1].
Such meiosis arrest can last for a very long time, which
can be, for example, up to 50 years in humans and more
than 1 year in mice. In addition, before the oocytes can
resume meiotic maturation, they must undergo a pro-
longed growth period from small primary oocytes to
fully grown oocytes. During such growth, which usually
takes weeks to months or even longer, the oocytes remain
arrested at prophase I [2-4]. In other words, throughout
the lengthy dormancy and growth of oocytes, the oocytes
are incompetent for meiosis resumption [5].

The pool of primordial follicles with dormant oocytes
provides the ovarian reserve that maintains the female
reproductive lifespan [4]. Only a limited number of dor-



mant oocytes are recruited into the growth phase, and of
these only some will eventually reach the fully grown
stage and gain the ability to resume meiosis (illustrated
in Figure 1A). Importantly, the maintenance of genomic
integrity in the meiotically incompetent oocytes is cru-
cial for generating future healthy progeny. The prophase
I arrest of the small oocytes could thus be an essential
mechanism for maintaining the genomic integrity of fe-
male germ cells.

Although the prophase I arrest in dormant and grow-
ing oocytes appears to be similar to that of fully grown
germinal vesicle (GV)-stage oocytes, their cell cycle
behaviors are fundamentally different. For example, in
mice, meiotic resumption can occur in fully grown oo-
cytes either upon stimulation by luteinizing hormone or
upon release from the follicular environment in vitro.
However, in growing oocytes, such as oocytes smaller
than 60 um or oocytes from the ovaries of postnatal day
(PD) 15 or younger mice, release from the follicular
environment in vitro does not lead to the resumption of
meiosis [6, 7].

Based on published data, we hypothesize that the mo-
lecular regulation of meiotic arrest in dormant and grow-
ing oocytes is distinct from mechanisms maintaining
the GV-stage of fully grown oocytes. For example, high
cyclic AMP (cAMP) levels maintain the meiotic arrest in
fully grown oocytes, but they do not maintain the mei-
otic arrest of smaller oocytes because even if the cAMP
levels are decreased in growing oocytes, these oocytes
do not resume meiosis [8, 9]. In addition, prophase I ar-
rest in fully grown mouse oocytes is maintained by the
constant degradation of cyclin B1 by the anaphase-pro-
moting complex/cyclosome (APC/C)-Cdhl, which keeps
the activity of cyclin-dependent kinase 1 (Cdk1) low
[10]. However, the prevention of cyclin B1 degradation
in growing Cdhl-null oocytes, where APC/C activity is
suppressed, is not sufficient to release the oocytes from
prophase I arrest, and these growing Cdhl-null oocytes
still do not resume meiosis in vivo (i.e., inside the fol-
licles) [11]. Moreover, increasing the amount of Cdkl
protein by microinjection of Cdkl mRNA into growing
mouse oocytes does not lead to the resumption of meiosis
[12]. Similarly, more rapid GV breakdown (GVBD) oc-
curs in fully grown mouse oocytes only when the activity
of Cdkl is increased by knocking out the lysine-specific
demethylase 1 [13] or by downregulating WeelB that can
phosphorylate and inhibit Cdk1 [14], but GVBD is not
seen in growing oocytes in these mutant models. These
results raise the important question of whether Cdk1 ac-
tivity is regulated in dormant and growing oocytes, and
if so, what the physiological significance of Cdk1 regula-
tion is in these immature oocytes.
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By generating two knock-in mouse models to express
a Cdk1 variant that is non-inhibitable by phosphorylation
(Cdk1AF) in dormant and growing oocytes, we were able
to demonstrate that the simple phosphorylation-mediated
suppression of Cdkl activity plays an important role in
maintaining the seemingly complicated lengthy dictyate
arrest of mammalian female germ cells. This mechanism
also prevents the accumulation of DNA damage and sub-
sequent death of female germ cells, which is essential for
maintaining the normal female reproductive lifespan.

Results

Expression of CdklAF in dormant mouse oocytes causes
DNA damage and rapid oocyte death

To first determine the effects of premature Cdk1 acti-
vation on dormant oocytes, we generated a mouse model
in which two point mutations lead to substitutions of T14
and Y15 in Cdkl with alanine 14 and phenylalanine 15
(Figure 1B and Supplementary information, Figure S1).
Because these two amino acids are non-phosphorylat-
able, Cdkl with these two mutations becomes non-in-
hibitable by phosphorylation (Cdk1AF) [15, 16] (Figure
1B). We introduced the T14A and Y15F mutations into
one Cdkl allele to generate the Cdkl "'*"" (in short, Cd-
kI1AF) allele, but with a loxP-flanked STOP (S) sequence
in front of the CdklAF allele to prevent its expression in
the absence of Cre recombinase. Wild-type Cdkl1 is ex-
pressed by the other allele (Supplementary information,
Figure S1). The mice carrying one floxed STOP-CdklAF
(SAF) allele and one wild-type Cdkl allele are referred to
as Cdkl™*"" mice. The Cdkl ™" mice displayed normal
ovarian development and fertility (see below) and were
used as controls.

By crossing Cdkl mice with growth differentiation
factor 9 (Gdf-9)-Cre mice in which the Cre recombinase
is efficiently expressed in dormant oocytes of primordial
follicles [17, 18] (Figure 1C), we specifically deleted
the STOP sequence and induced the expression of the
CdkI1"" in one allele of the CdkI gene (referred to as
OoCdkl™"; Gdf9-Cre) in dormant and growing oocytes
(illustrated in Figure 1C), while the other allele carried
the wild-type CdklI gene (OoCdkl"™).

To maintain the normal length of female reproductive
life, the majority of primordial follicles must be main-
tained in a dormant state throughout the reproductive
lifespan. In comparison with the healthy ovaries from
control Cdkl™"" mice at PD8 (Figure 2A and 2C) and
PD16 (Figure 2E), the mutant QoCdkl™™"; Gdf9-Cre
ovaries contained only a few follicles at PD8 (Figure 2B
and 2D, arrows, and Supplementary information, Figure
S2G), and they were depleted of almost all oocytes by

+/SAF
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Figure 1 lllustrations of oocyte prophase | arrest and the strategy for expressing the Cdk1*" allele in dormant and growing
oocytes. (A) All of the dormant and growing oocytes remain in prophase | arrest with GV and are meiotically incompetent.
Only the fully grown oocytes are meiotically competent and have the capability of resuming meiosis. Gdf9-Cre recombinase
starts to be expressed in dormant oocytes in primordial follicles, and Zp3-Cre starts to be expressed only in growing oocytes
in developing follicles. GV, germinal vesicle. (B) Cdk1 remains in an inactive state due to its phosphorylation at T14 and Y15
by Wee1/Myt1. Cdk1 activation requires dephosphorylation of T14 and Y15 by Cdc25. Cdk1 with mutation of T14 and Y15 to
A14 and F15 cannot be phosphorylated and therefore Cdk1 activity cannot be inhibited by Wee1/Myt1. (C) Oocyte-specific

expression of the Cdk1*

mediated by Zp3-Cre.

PD16 (Figure 2F and Supplementary information, Figure
S2G). These results indicate that suppression of Cdk1 ki-
nase activity is needed to maintain the survival of dormant
oocytes. This early loss of all female germ cells makes the

allele starting from dormant oocytes as mediated by Gdf9-Cre or starting from growing oocytes as

OoCdkI™: Gdf9-Cre mice infertile (Figure 2G).

We checked whether the elevated Cdk1 activity in
dormant oocytes causes oocyte death via increased DNA
damage, because in human KBM-7 cell line elevated

SPRINGER NATURE | Cell Research | Vol 26 No 11 | November 2016
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Figure 2 Expression of Cdk1AF in dormant oocytes causes DNA damage and oocyte depletion in OoCdk1™"; Gdf9-Cre mice.
(A-F) Hematoxylin-stained sections of mouse ovary at PD8 and PD16. By PD8, only a few follicles were left in OoCdk1"’;
Gdf9-Cre ovaries (B arrows), and the oocytes of surviving primordial follicles remained arrested at GV stage (D, arrows). The
follicular structures had mostly disappeared in the mutant ovaries by PD16 (F). As controls, normal ovaries of PD8 (A and C)
and PD16 (E) Cdk1”*" mice containing healthy follicles are shown. The experiments were repeated more than three times
each, and for each time and each age ovaries from one mouse of each genotype were used. (G) Comparison of the average
cumulative number of pups per OoCdk1"*"; Gdf9-Cre female (dotted blue line) and per Cdk1”**" female (solid black line), in-
dicating that the OoCdk? "**; Gdf9-Cre females were infertile. The numbers of females used are shown as n. (H and 1) Prom-
inent y-H2AX staining was observed in dormant oocytes enclosed in primordial follicles of PD6 OoCdk1”*": Gdf9-Cre ovaries
(I, arrows) but not in the control oocytes (H, arrowheads). DDX4 was used to label the oocytes and the same sections were

counterstained with hematoxylin to visualize ovarian histology. The experiments were repeated more than three times each.
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Cdk1 kinase activity can cause DNA damage [19]. One
of the first cellular responses to DNA double-strand
breaks is the phosphorylation of histone H2AX [20].
Immunostaining for phosphorylated histone H2AX at
Ser139 (known as y-H2AX) in PD6 QoCdkl™*"; Gdfv-
Cre ovarian sections revealed substantially increased
DNA damage in the dormant oocytes (Figure 21, arrows).
In contrast, almost no y-H2AX foci were seen in control
Cdk1™"" oocytes (Figure 2H, arrowheads). These results
demonstrate that the direct suppression of Cdkl kinase
activity by its phosphorylation is essential for protect-
ing genomic integrity of dormant oocytes arrested at
prophase I, thereby maintaining the female reproductive
lifespan.

Premature meiotic resumption in growing oocytes ex-
pressing CdklAF

The rapid depletion of all of the oocytes in QoCdkl™;
Gdf9-Cre ovaries makes it impossible to obtain mutant
oocytes to study the underlying mechanisms of oocyte
depletion caused by CdklAF. Therefore, we crossed the

www.cell-research.com | Cell Research | SPRINGER NATURE

CdkI™*" mice with Zona pellucida 3 (Zp3)-Cre mice [21]
to introduce the expression of Cdk1AF starting in the
growing oocytes but not in the dormant oocytes (Figure
1A and 1C). The resulting mice are referred to as OoC-
dk1™; Zp3-Cre mice. We have previously validated that
the Zp3 promoter-mediated Cre recombinase expression
is oocyte-specific and is expressed only in growing oo-
cytes but not in dormant oocytes [22]. We used small
growing oocytes from PD14 ovaries from OoCdkl ™",
Zp3-Cre mice in the subsequent experiments.

We first isolated growing oocytes from the ovaries of
PD14 OoCdkl™*"; Zp3-Cre and control Cdkl ™" mice
and measured their Cdk1 kinase activity. As shown in
Figure 3A, Cdk1 kinase activity was significantly elevat-
ed in the PD14 OoCdkl™"; Zp3-Cre oocytes, and as ex-
pected it was accompanied by a decrease in phosphory-
lation at Y15 of Cdk1 due to the expression of a CdkIAF
allele in OoCdkl™"; Zp3-Cre oocytes (Figure 3A), and
the stability of Cdkl protein in growing oocytes seems
to be positively affected by its dephosphorylation (Fig-
ure 3A). We found that the OoCdkl"*"; Zp3-Cre mice



Cdk1 inhibition in small oocytes preserves female fertility

1216
< (5,0& sar Control Cdk1*/SAF OoCdk1*4F; Zp3-Cre
A (\9‘? A8 B —— Control Cdk1 (n=6) _—
03# R o ~——— OoCdk1*AF; Zp3-Cre (n = 6)
& & g
o& oo &
QO () o
3
poai (1 3
W) (S -] Cok1 :
— - o
~a— S
PD14 oocytes Ovarian sections PD14
Control Cdk1 */4F OoCdk1+4F; Zp3-Cre | 70, EEE Control Cdk1*/S4F es
y D [ OoCdk1*AF; Zp3-Cre
60
c
S 5o n=97
6 weeks g
S 40
3 46.5% 64.4%
200pm :.g 30 1
g 2
X
10 n =220
n=218 1.5% n=107 n=90
3 months 0o l—— ——
Primary follicles S dary follicles P | follicles
Type of follicles (PD14 ovaries)
200pm" -
Decondensed DNA
DNA s ' ¥ ' Control Calk1¥s4F
SMC3 »
CREST
PD14 oocytes
Condensed DNA
00Cdk1*AF; Zp3-Cre i@ : ?
DNA i
. GV . GV
T [ GVBD u [ GVBD
100 100
sSMc3 OGSO w0 o
s » 73
o) o
& o0 Do
< c
8 8
D 40 o 40
o o
20 4 20
CREST
°“Control  OoCdk1"AF; * “Control _ O0Cdk1"4F;
0 Cdk1+s4F  Zp3-Cre Cdk1¥/s4F  Zp3-Cre
10um opm (n = 320) (n = 450) (n=340) (n=450)
PD14 oocytes In vivo In vitro culture

SPRINGER NATURE | Cell Research | Vol 26 No 11 | November 2016



were completely infertile (Figure 3B). To study how the
expression of CdkIAF in oocytes leads to infertility, we
compared the follicular development in QoCdkl ™",
Zp3-Cre mice with that in Cdkl ™" mice. No apparent
morphological difference was found in PD8 ovaries of
Cdk1™" and OoCdkl™"; Zp3-Cre mice, where ovaries
of both genotypes had mostly primordial and some grow-
ing follicles (Supplementary information, Figure S2A
and S2B) and contained comparable numbers of total
follicles (Supplementary information, Figure S2H). By
PD14, however, the QoCdkl ™" Zp3-Cre ovaries (Sup-
plementary information, Figure S2D) appeared smaller
than the Cdkl™"" ovaries (Supplementary information,
Figure S2C) and contained less number of follicles (Sup-
plementary information, Figure S2H). By PD24, most
of the growing follicles in OoCdkl™"; Zp3-Cre ovaries
were undergoing atresia and contained degenerating oo-
cytes (Supplementary information, Figure S2F, arrows)
as compared with the healthy follicles in the Cdkl™**"
ovaries (Supplementary information, Figure S2E, arrows).
Quantification results showed that PD24 OoCdkl HAF
Zp3-Cre ovaries contained significantly less number of
follicles than in the Cdkl™*"" ovaries (Supplementary
information, Figure S2H). Compared with the healthy
control Cdkl™"" ovaries at 6 weeks (Figure 3C) and 3

Deepak Adhikari et al.
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months (Figure 3E) of age, the mutant QoCdkl™"; Zp3-
Cre ovaries contained only a few follicles at 6 weeks of
age (Figure 3D, arrows and Supplementary information,
Figure S2H), and they were depleted of almost all oo-
cytes by 3 months of age (Figure 3F and Supplementary
information, Figure S2H).

In the control mouse ovary, all analyzed oocytes with-
in small or large follicles remained arrested at the GV
stage at any given age, as seen in the ovarian section of
PD14 control Cdkl ™" mice (Figure 3G, arrowhead).
However, we found that the young PD14 QOoCdkl™";
Zp3-Cre oocytes, where Cdk1AF was expressed, had
already undergone GVBD within the follicles in vivo and
their chromosomes were condensed (Figure 3H, arrow).

Quantification results showed that within the primary,
secondary, and preantral follicles in PD14 OoCdkl™"";
Zp3-Cre ovaries, 1.5% (n = 220), 46.5% (n = 97), and
64.4% (n ="78) of the oocytes had already resumed meio-
sis, respectively (Figure 31I). This was in sharp contrast to
the control PD14 Cdkl™*" ovaries in which all oocytes
were at the meiotically arrested GV stage (Figure 31).

Using chromosome spreads, we observed condensed
chromosomes in PD14 QoCdkl""; Zp3-Cre oocytes
that had already undergone GVBD (Figure 3K and 3M,
arrows). In sharp contrast, the chromosomes remained

Figure 3 Premature in vivo resumption of meiosis in small growing oocytes in OoCdk1**"; Zp3-Cre mice. (A) Elevated Cdk1
kinase activity and total Cdk1 level but decreased inhibitory phosphorylation of Cdk1 (p-Cdk1, Y15) were observed in OoCdk1"”";
Zp3-Cre oocytes, suggesting that Cdk1AF was successfully introduced into the growing oocytes in the mutant mice. B-Actin
was used as the loading control. For the Cdk1 kinase assay, 10 oocytes per reaction were used. For Western blots (WB), ly-
sate from 200 oocytes was loaded in each lane. The experiments were repeated more than three times each. (B) Comparison
of the average cumulative number of pups per OoCdk1**; Zp3-Cre female (red dotted line) and per Cdk1"**" female (solid
blue line). All OoCdk1*#"; Zp3-Cre females were infertile. The numbers of females are shown as n. (C-F) Hematoxylin-stained
sections from mouse ovary at 6 weeks and 3 months. By 6 weeks of age, only a few follicles were observed in OoCdk1";
Zp3-Cre ovaries (D, arrows), and healthy follicular structures had mostly disappeared in 3-month-old OoCdk1**"; Zp3-Cre
ovaries (F). Control Cdk1”**F ovaries (C and E) contained healthy oocytes and follicles. CL, corpus luteum. The experiments
were repeated more than three times each, and for each time and each age; ovaries from one mouse of each genotype
were used. (G, H) Premature in vivo GVBD and chromosome condensation in small primary oocytes of OoCdk1**; Zp3-Cre
mice. Ovaries from PD14 OoCdk1"": Zp3-Cre and Cdk1"**" females were embedded in paraffin, and serial sections of 8-um
thickness were prepared and stained with hematoxylin. (G) A wild-type primary oocyte in a secondary follicle showing the GV
(G, arrowhead) from a PD14 Cdk1"**Fovary. (H) A representative growing primary oocyte from a PD14 OoCdk1™*"; Zp3-Cre
ovary where GVBD and chromosome condensation had already occurred (H, arrow). The experiments were repeated more
than three times each, and for each time and each age ovaries from one mouse of each genotype were used. (I) Quantifi-
cation of the percentages of oocytes that resumed meiosis in vivo in PD14 ovaries within primary, secondary, and preantral
follicles. Numbers of each type of follicles included (n) are shown. (J-Q) Condensed chromosomes with cohesin localization
at the chromosome axis in PD14 OoCdk1”*": Zp3-Cre oocytes. Staining with DAPI for DNA (L, M, blue), SMC3 for cohesin
(N, O, green), CREST for kinetochores (P, Q, red), and merge (J, K) in OoCdk1""; Zp3-Cre and Cdk1"”**" oocytes. The ex-
periments were repeated more than three times each, and the representative images from one experiment are shown. (R,
S) Increased GVBD in mutant OoCdk1""; Zp3-Cre oocytes upon release from the follicular environment. In wild-type PD14
Cdk1”* oocytes, GV was maintained even if the oocytes were released from the follicles by enzymatic digestion (R, arrow-
heads). However, an increased rate of GVBD was seen in PD14 OoCdk1""; Zp3-Cre oocytes upon release from the follicles (S,
arrows) by enzymatic digestion of ovaries from PD14 mice. Representative Hoechst-stained oocyte nuclei are shown to the
right. Quantification of GV and GVBD rates of oocytes immediately after their isolation from follicles in PD14 Cdk1”* and
OoCdk1"F; Zp3-Cre mice (T) and after further in vitro culture (U). The numbers of oocytes analyzed (n) are shown.
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Cdk1 inhibition in small oocytes preserves female fertility

1218

decondensed in the control oocytes (Figure 3J and 3L,
arrowheads). This indicates that meiosis had already re-
sumed in the small oocytes of PD14 OoCdkl™"; Zp3-
Cre ovaries. The homologous chromosome arms are held
together by cohesin during meiosis I until late metaphase
I when cohesin is cleaved by separase [23]. Simultane-
ous staining of SMC3 (structural maintenance of chro-
mosome 3) (Figure 30, arrows), and CREST (Figure
3Q, arrows) showed that SMC3 was localized along the
chromosome axis, indicating that the chromosomes were
at prometaphase I in the QoCdkl ™" Zp3-Cre oocytes.
These results demonstrate that these growing oocytes ex-
pressing Cdk1AF are not arrested at the diplotene stage
of prophase 1.

Earlier studies have shown that oocytes isolated from
prepubertal mouse ovaries or oocytes that are smaller
than 60 pm in diameter are meiotically incompetent be-
cause they fail to resume meiosis spontaneously when
denuded and cultured in vitro [6, 7]. This was observed
in oocytes isolated from PD14 control Cdkl"*"" ovaries
where all oocytes were arrested at the GV stage and
contained decondensed DNA (Figure 3R, arrowheads,
and Figure 3T control oocytes, n = 320). We also iso-
lated oocytes from PD14 mutant OoCdkl™*"; Zp3-Cre
ovaries and quantified the proportion of oocytes that had
resumed meiosis as evidenced by GVBD. We observed
premature in vivo resumption of meiosis in PD14 mutant
OoCdkl™"; Zp3-Cre oocytes as small as 25 pm in diam-
eter. The results showed that 48% of the oocytes isolated
from PD14 mutant QoCdkl™; Zp3-Cre ovaries, which
were all smaller than 60 um in diameter, had undergone
premature GVBD with condensed DNA (Figure 3S, ar-
rows, and quantification in Figure 3T, n = 450).

Notably, when the isolated growing QoCdkl™"; Zp3-
Cre oocytes were cultured in vitro for 16 h, the propor-
tion of mutant oocytes undergoing GVBD increased to
68% (Figure 3U, n = 450), whereas none of the control
CdkI™™" oocytes underwent GVBD in the in vitro culture
(Figure 3U, n = 340). Therefore, the Cdk1AF increases
the rate of meiosis resumption in otherwise meiotically
incompetent mouse oocytes. These results indicate that
the inhibition of Cdk1 kinase activity by its inhibitory
phosphorylation in growing mouse oocytes is important
for sustaining arrest in the middle of prophase I.
Accumulation of DNA damage in growing OoCdkl™";
Zp3-Cre oocytes

Increased Cdkl activity led to premature resumption
of meiosis in the QoCdkl™; Zp3-Cre oocytes (Figure
3G-3U), which was followed by oocyte depletion (Figure
3F), and immunostaining for y-H2AX in PD14 ovarian
sections revealed increased DNA damage in the OoC-

dk1™: Zp3-Cre oocytes (Figure 4B, arrows). In con-
trast, y-H2AX foci were mostly absent in control Cdkl ™"
oocytes (Figure 4A, arrowheads).

We next isolated oocytes from PD14 OoCdkl1™:
Zp3-Cre and control Cdkl™**" ovaries and immunos-
tained for y-H2AX. The DNA in QoCdkl™"; Zp3-Cre
oocytes showed intense y-H2AX staining (Figure 4D,
arrow), whereas the y-H2AX signal was mostly absent
in the DNA of control Cdkl"*"" oocytes (Figure 4C, ar-
rowhead). Quantification of the y-H2AX foci-positive
oocytes indicated that 94% (n = 85) of the OoCdkl™
¥ Zp3-Cre oocytes were positive for nuclear y-H2AX
foci compared with only 4% (n = 80) of the control
CdkI™™" oocytes (Figure 4E). Western blot analysis also
confirmed the increased level of y-H2AX in OoCdkl™
4. Zp3-Cre oocytes (Figure 4F). The level of 53BPI1,
another marker of DNA double-strand break [24] was
also increased in OoCdkl™"; Zp3-Cre oocytes (Figure
4F). These results indicate that the elevated Cdkl1 kinase
activity leads to DNA damage in the growing QoCdkl"”
4. Zp3-Cre oocytes and that this is apparently the cause
of the accelerated oocyte death.

The Cdk1-ATM cascade activates Chk2 in OoCdkl ™
Zp3-Cre oocytes

In somatic cells, DNA double-strand breaks cause
the activation of ATM, the master regulator of the DNA
damage checkpoint. ATM is the major kinase involved
in the phosphorylation of y-H2AX during the cellular
response to double-strand breaks [25, 26]. However, the
induction of DNA damage in fully grown mouse oocytes
does not lead to their death or prevent the oocytes from
maturing because in fully grown oocytes the DNA dam-
age-response pathway is not activated effectively [27,
28].

To test whether the DNA damage-response pathway
in growing OoCdkl™"; Zp3-Cre oocytes is triggered,
we analyzed the levels of p-ATM (S1981) in relation to
v-H2AX in these oocytes. We found that both p-ATM
(Figure 4J, arrow) and y-H2AX (Figure 4K, arrow) foci
were present in the nuclei of GVBD oocytes in PD14
OoCdk1"""; Zp3-Cre ovaries, whereas staining for
p-ATM (Figure 4G, arrowhead) and y-H2AX foci (Figure
4H, arrowhead) were absent in control Cdkl " oocytes.
In addition, we also observed DNA damage and increased
p-ATM signal in analyzed GV stage OoCdkl™*"; Zp3-
Cre oocytes (Supplementary information, Figure S3B,
arrows). Thus, these results suggest that elevated Cdkl
activation in growing oocytes triggers DNA damage, and
unlike in fully grown oocytes, the DNA damage in grow-
ing oocytes lead to oocyte death.
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Figure 4 Expression of Cdk1AF leads to DNA damage and ATM activation in growing OoCdk1™"; Zp3-Cre oocytes. (A)
Absence of y-H2AX staining in the oocytes of control PD14 Cdk1”*F ovarian sections (arrowheads). (B) Prominent y-H2AX
staining in the oocytes of PD14 QOoCdk1"*"; Zp3-Cre ovaries (arrows). DDX4 was used to label the oocytes and the same
sections were counterstained with hematoxylin to visualize ovarian histology. The experiments were repeated more than
three times each, and representative images are shown. (C) Absence of y-H2AX staining in isolated oocytes of control PD14
Cdk1**F mice (arrowhead). (D) Strong y-H2AX staining in isolated oocytes from PD14 OoCdk1""; Zp3-Cre ovaries (arrow).
(E) Quantification of y-H2AX-positive oocytes that were isolated from PD14 Cdk1”*"and OoCdk1"*; Zp3-Cre ovaries. Num-
bers of each genotype of oocytes checked (n) are shown. (F) Western blot for y-H2AX and 53BP1 levels in oocytes isolated
from PD14 Cdk1”*" and OoCdk1*4F; Zp3-Cre ovaries. p-actin was used as the loading control. Lysate from 200 oocytes was
loaded in each lane. The experiments were repeated more than three times. (G-L) High level of p-ATM (S1981) accompanied
by increased y-H2AX staining in PD14 OoCdk1"*"; Zp3-Cre oocytes (J-L, arrows), in comparison with PD14 control Cdk1"**"
oocytes where there was almost no signal for p-ATM (S1981) or y-H2AX (G-I, arrowheads). The experiments were repeated

more than three times each, and representative images are shown.

Ablation of Chk2 prevents the death of OoCdkl™"; Zp3-
Cre oocytes

Chk?2 is a downstream effector of ATM kinase that
responds to DNA damage and it is a component of the
DNA damage-sensing checkpoint [29-31]. ATM acti-
vates Chk2 by phosphorylating it at T68 [32]. We found
that although p-Chk2 (T68) and total Chk2 levels were
almost undetectable in control PD14 Cdkl ™" oocytes,
the p-Chk2 (T68) and total Chk2 levels were elevated in
OoCdkl™"; Zp3-Cre oocytes (Figure 5A), showing that
the DNA damage in OoCdkl™"; Zp3-Cre oocytes leads
to the activation of the Chk2 pathway. We also found that
the level of active caspase 3 was elevated in OoCdkl HAE.
Zp3-Cre oocytes as compared with the control PD14
Cdk1™"" oocytes (Figure 5B).

To provide in vivo evidence that Cdk1AF activates
the Chk2 pathway and leads to the death of OoCdkl™*";
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Zp3-Cre oocytes, we generated QoCdkl™"; Zp3-Cre
oocytes in a Chk2-null background (referred to as OoC-
dk1™"; Zp3-Cre; Chk2™" mice). We found that although
the ovaries in QoCdkl ™", Zp3-Cre mice were depleted
of almost all follicles by 2 months of age (Figure 5C
and Supplementary information, Figure S3C), OoCdkl”’
4. Zp3-Cre; Chk2”" ovaries of the same age had many
healthy-looking follicles (Figure 5D, arrows and Sup-
plementary information, Figure S3C). These results sug-
gest that the loss of Chk2 largely prevented the death of
oocytes caused by the Cdk1AF in OoCdkl™"; Zp3-Cre
oocytes.

We further stained for y-H2AX in ovarian sections
from 2-month-old QoCdkl"": Zp3-Cre; Chk2™" mice
and found that the surviving oocytes still exhibited DNA
damage (Figure 5E, arrows). As a control, y-H2AX foci
were mostly absent in the oocytes in 2-month-old control



Cdk1 inhibition in small oocytes preserves female fertility

1220

E
B & ,b,cfG OoCdk1¥4F; Zp3-Cre;
N Chk2*
PR
N X
& &
& F
| —_— Chk2 Active caspase 3
(- - p-ecin [T, ¢-ocir Control Cdk1+547
PD14 oocytes PD14 oocytes

Ovarian sections PD60

OoCdk1*4F; Zp3-Cre OoCdk1*4F; Zp3-Cre; Chk2*

ds
o o
o .'\'Q

PD14 oocytes

Figure 5 Cdk1AF triggers the Chk2-p63/p53 and cell death pathways in OoCdk7"*"; Zp3-Cre oocytes. (A) Western blot for
p-Chk2 (T68) and Chk2 in oocytes isolated from PD14 Cdk1***" and OoCdk1**"; Zp3-Cre ovaries. (B) Western blot for ac-
tive caspase 3 in oocytes isolated from PD14 Cdk1”**" and OoCdk1*F; Zp3-Cre ovaries. B-actin was used as the loading
control. Lysate from 200 oocytes was loaded in each lane. The experiments were repeated more than three times each. (C,
D) Hematoxylin-stained sections of mouse ovary at 2 month of age. Rescue of follicle depletion by the concomitant deletion
of Chk2 in OoCdk1"*F; Zp3-Cre ovaries. By 2 months of age, although healthy follicular structures and oocytes had mostly
disappeared in mutant OoCdk1”**: Zp3-Cre ovaries (C), concomitant deletion of Chk2 largely prevented the death of follicles
in double-mutant OoCdk1"™"; Zp3-Cre ; Chk2™ ovaries, and many surviving oocytes could be observed (D, arrows). The
experiments were repeated more than three times each, and for each time and each age ovaries from one mouse of each
genotype were used. (E) Surviving oocytes in PD60 double-mutant OoCdk1*"; Zp3-Cre ; Chk2™ ovaries stained positive
for y-H2AX (arrows) indicating that DNA damage is still present. (F) Control Cdk1”**" ovaries with y-H2AX-negative oocytes.
The experiments were repeated more than three times, and representative images are shown. (G) Western blot for p63 and
p53 levels in oocytes isolated from PD14 Cdk1”%*", OoCdk1**F; Zp3-Cre, and OoCdk1"*": Zp3-Cre ; Chk2™" ovaries. B-actin
was used as the loading control, and lysate from 200 oocytes was loaded in each lane. The experiments were repeated more

than three times.

Cdk1™*" ovarian sections (Figure 5F, arrowheads). Thus,
the prevention of oocyte death was mostly due to the
lack of Chk2 or its downstream effectors but not due to
the repair of DNA because the DNA damage was already
present in QoCdkl™*"; Zp3-Cre ; Chk2™" oocytes.

We checked whether the activated Chk2 in mutant
OoCdkl™"; Zp3-Cre oocytes (Figure 5A) triggered the
accumulation of p63 and p53 which may mediate the
depletion of oocytes. Indeed, the levels of p63 and p53 in
OoCdkl™"; Zp3-Cre oocytes were much higher than in
the control Cdkl™** oocytes (Figure 5G). Moreover, the
levels of p63 and p53 in OoCdkl™"; Zp3-Cre ; Chk2™"~
oocytes returned to the level in Cdkl ™" oocytes (Figure
5G). Thus, DNA damage in OoCdkl"*"; Zp3-Cre oocyte
leads to the Chk2-dependent activation of p53 and p63,
which in turn leads to oocyte elimination. These results

show that the phosphorylation-mediated suppression of
Cdk1 in small oocytes is essential in preventing loss of
oocytes prematurely.

Discussion

The mechanisms sustaining the prolonged meiotic
arrest in female germ cells are of great importance and
far from clear. In the present study, we have demonstrat-
ed that the maintenance of meiotic arrest in mammalian
female germ cells relies on the constant suppression of
Cdk1 activity, which is largely achieved by inhibitory
phosphorylation of Cdkl. This constant suppression of
Cdkl activity is not only needed for maintaining the
arrested meiotic cell cycle, but it is also essential for
safeguarding the integrity of the DNA in the dormant and
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growing oocytes. These molecular mechanisms are es-
sential for preserving the germ cell pool and maintaining
the female reproductive lifespan.

There are at least three processes known to be re-
quired for Cdk1 activity: the availability of cyclin, de-
phosphorylation of T14 and Y15, and phosphorylation
of the T-loop. In fully grown mouse oocytes, the activity
of Cdkl remains suppressed by the maintenance of low
levels of cyclin B1 and cyclin B2 [10, 33] or through
WeelB/Mytl-mediated phosphorylation of Cdkl [14].
A previous study has shown that growing oocytes lack-
ing Cdhl accumulate higher levels of cyclin B1 due to
low APC/C activation, but higher levels of cyclin B1 are
not sufficient to drive smaller oocytes into premature
resumption of meiosis in vivo within the follicles [11].
Even so, it is still likely that Cdk1-activating cyclins in
growing oocytes have not reached high enough levels to
activate Cdk1. This is because that although the growing,
meiotically incompetent oocytes already contain higher
concentration of cyclin B1 protein than Cdkl1, the level
of cyclin B1 further increases several folds by the time
the oocytes are fully grown [34].

Similarly, downregulation of WeelB in mouse oocytes
causes more rapid GVBD in fully grown oocytes, but
GVBD is not seen in growing oocytes, which implies
that WeelB is not important for regulating Cdk1 phos-
phorylation in growing oocytes [14]. However, the lack
of GVBD in growing oocytes by knockdown of WeelB
in this transgenic mouse model might be due to the fact
that WeelB was only partially depleted [14]. In addition,
another kinase in oocytes, Mytl, might still be able to
maintain meiotic arrest in the absence of WeelB [14]. It
is also possible that the growing oocytes might not suffi-
ciently activate Cdc25 for the removal of Cdk1 inhibitory
phosphorylation. Therefore, whether Cdk1 is regulated
in smaller oocytes is far from understood. However, our
direct genetic approach revealed that the phosphoryla-
tion-mediated suppression of Cdk1 activity is one of the
crucial factors for the prolonged prophase I arrest in dor-
mant and growing oocytes.

When fully grown oocytes resume meiosis after Cdkl
activation, it does not lead to DNA damage. Even the
induction of DNA damage in fully grown mouse oocytes
does not lead to their death; instead, these oocytes still
progress through meiosis. This is because DNA damage
in fully grown oocytes does not effectively activate the
DNA damage-response pathway [27, 28]. In contrast,
as we have shown in this study, premature activation of
Cdkl in meiotically incompetent dormant and growing
oocytes cannot be tolerated and it triggers massive DNA
damage and oocyte death. This is because as we showed
the activated Cdk1 in smaller oocytes leads to active
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response to DNA damage through the ATM-Chk2-p53/
p63-mediated pathway and activation of this pathway
quickly causes oocyte loss. However, the mechanism
for increased level of Chk2 protein observed in growing
mutant oocytes remains unclear. It is possible that the
degradation of Chk2 might be affected in the mutant oo-
cytes as ubiquitin-mediated Chk2 degradation has been
recently reported to regulate Chk2 protein level in other
cell lines [35].

Interestingly, we found that genetic ablation of Chk2
largely prevented the death of oocytes, which is in line
with a previous study showing that the death of mouse
oocytes due to ionizing radiation-induced DNA dou-
ble-strand breaks is prevented by concomitant ablation of
Chk2 [29]. Nevertheless, a possibility for a contribution
of ATR (ataxia telangiectasia and Rad3-related)-Chk1
pathway [36] for death of the mutant oocytes cannot be
ruled out. Our results thus show that a direct phosphory-
lation-mediated suppression of Cdk1 activity is essential
for safeguarding the DNA integrity of meiotically arrest-
ed female germ cells.

Studies in both yeast and mammals have revealed that
Cdk1 is involved in the regulation of DNA double-strand
break processing, DNA repair by homologous recombi-
nation, and DNA damage checkpoint activation, through
which the DNA-repair capacity is coordinated with pro-
gression through the cell cycle [37]. In human MCF-7
cell lines, inhibition of Weel increases Cdk1 activity and
results in the inactivation of DNA repair [38]. In yeast,
the detection of DNA damage in G2 activates a check-
point that prevents entry into mitosis through the main-
tenance of the phosphorylation of Y15-Cdc2p (the single
Cdk in yeast); however, inactivation of Weel and Cdc25
abolishes the G2 checkpoint control [39]. Similarly,
Cdk1 hyperactivation in the Drosophila imaginal wing
disc also causes genome instability and chromosomal
abnormalities [40]. These findings suggest that overacti-
vated Cdk1 activity leads to genome instability, indicat-
ing that Cdk1 activity needs to be properly suppressed in
order to maintain genome stability.

Due to the multiple downstream substrates of Cdkl,
elevated Cdk1 activity might cause DNA damage
through various routes. For example, Cdk1 has been
shown to be involved in the regulation of DNA dam-
age-related molecules such as polo-like kinase 1 (PLK1)
in U20S and HeLa cells [41], making it attractive to
hypothesize that Cdkl1 activation in quiescent and grow-
ing oocytes might enhance PLK1 activity and affect the
DNA damage-repair response. Previous studies showed
that Weel inhibition (and thus elevated Cdk1 activity) in
mitotic cells leads to dysregulated endonuclease activity
and might cause DNA damage [42]. More in-depth stud-
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ies are needed to elucidate the mechanisms behind the
DNA damage in dormant and growing oocytes caused by
active Cdk1. Understanding the response to DNA dam-
age by mouse oocytes in a developmental stage specific
manner may have important implications in helping iden-
tify additional targets for fertility preservation therapies
in cancer patients who are at the verge of losing ovarian
reserve.

The rapid loss of growing follicles in OoCdkl ™",
Zp3-Cre ovaries seems to indirectly increase the activa-
tion and subsequent depletion of primordial follicles in
the adult ovaries. It is known that the larger follicles se-
crete inhibitory signals such as Anti-Miillerian hormone
to prevent primordial follicle recruitment [43], and it is
likely that in the absence of growing follicles in OoC-
dkI™"; Zp3-Cre ovaries, the activation of the primordial
follicle pool is accelerated (Supplementary information,
Figure S4). In summary, our data demonstrate that the
Cdk1 inhibitory phosphorylation sustains the prolonged
period of meiotic arrest in female germ cells and protects
the small dormant and growing oocytes from accumulat-
ing DNA damage and their death. Therefore, the phos-
phorylation-mediated direct suppression of Cdkl kinase
activity is essential for preserving the oocyte pool for
maintaining the reproductive lifespan of female mam-
mals.

Materials and methods

Generation of Cdkl"" conditional expression knock-in mice

Mouse genomic DNA harboring the Cdkl locus was retrieved
from the clone pBeloBACII 305J21 (ResGen) and inserted into
the pBlight-TK vector as described previously [44]. Using re-
combineering methods [45], a floxed neomycin-selection cassette
adjacent to a strong splice acceptor site (derived from exon 2 of
the mouse Engrailed gene) with multiple stop codons was intro-
duced to the 5’ end of exon 3 of Cdkl, which had been modified
by site-directed mutagenesis to introduce the point mutations into
the Cdkl coding sequence to generate the T14A and Y 15F substi-
tutions. The resultant targeting vector (PKB945) was linearized by
Notl digestion and electroporated into ES cells. After positive and
negative selection with Geneticin and ganciclovir, respectively, ge-
nomic DNA from resistant ES cell colonies was used to screen for
homologous recombination by Southern hybridization. Correctly
targeted ES cell clone #2681 was used for generation of the CdkI""
conditional expression knock-in mouse strain. The presence of the
point mutations in the knock-in mice was verified by sequencing
of the DNA from tail snips (see Supplementary information, Fig-
ure S1). CdkI™*" mice carry one allele of wild-type CdkI and one
allele of Cdkl*"".

Cdk1"*""mice of mixed background (129S1/SvimJ and
C57BL/6) were backcrossed to C57BL/6J mice for four gen-
erations and then crossed with transgenic mice carrying Gdf-9
promoter-mediated Cre recombinase in a C57BL/6J background'®
to induce the expression of the Cdkl"" allele in the oocytes of pri-

mordial follicles and further developed follicles (QoCdkl™"; Gdf-
Cre mice). The Cdkl™*"* mice were also crossed with transgenic
mice carrying Zp3 promoter-mediated Cre recombinase in a
C57BL/6J background [21] to obtain mutant female mice express-
ing the Cdkl"" allele only in their growing oocytes but not in the
primordial oocytes (QoCdkl™"; Zp3-Cre mice). Littermates that
expressed a wild-type Cdkl allele and a CdkI**" allele, but not the
Cre transgene, were used as controls (Cdkl ™" mice). OoCdkl™";
Zp3-Cre ; Chk2”" mice were obtained by multiple rounds of cross-
ings among Cdkl™**; Zp3-Cre, and Chk2”" mice [46].

All mice were housed under controlled environmental con-
ditions with free access to water and food. Illumination was on
between 0600 hours and 1800 hours. Experimental protocols were
approved by the regional ethical committee of the University of
Gothenburg, Sweden, and by the Institutional Animal Care and
Use Committee at the Biological Research Centre mouse facility
at Biopolis, Singapore.

Reagents, antibodies, and immunological detection methods

Rabbit polyclonal antibodies to y-H2AX (phospho S139),
DDX4, and Chk2 were purchased from Abcam (Cambridge, UK).
Rabbit polyclonal antibodies to phospho-Chk2 (T68) and 53BP1
were purchased from Novus Biologicals (Littleton, CO, USA).
Mouse monoclonal antibodies against Cdk1, p63, and p-ATM
(S1981) were purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Rabbit polyclonal antibodies against phospho-Cdk1
(Y15) and mouse monoclonal antibodies against pS3 were ob-
tained from Cell Signaling Technologies (Beverly, MA, USA).
Mouse monoclonal antibodies against B-actin, M2, and M16 me-
dia, dibutyryl cyclic AMP (dbcAMP), 4',6-diamidino-2-phenylin-
dole (DAPI), and mineral oil were purchased from Sigma (St.
Louis, MO, USA). Human anti-CREST serum was from Antibod-
ies (Davis, CA, USA). Western blots were performed according to
the instructions of the suppliers of the different antibodies and vi-
sualized using the ECL Prime Western Blotting Detection System
(GE Healthcare, UK).

Isolation of oocytes from postnatal mouse ovaries

Mice were killed and their ovaries were dissected free of fat
and connective tissue using a stereo microscope (Carl Zeiss, Ger-
many). The ovaries were then minced with a pair of dissection
scissors before being incubated in 0.05% collagenase dissolved in
Dulbecco’s modified Eagle’s medium-F12 (DMEM/F12; Invitro-
gen) supplemented with 4 mg/ml bovine serum albumin (BSA),
100 U/ml penicillin, and 100 pg/ml streptomycin with frequent
agitation and pipetting. After the tissues had mostly been digested
by collagenase, usually within 45-60 min, EDTA was added to
this mixture to a final concentration of 40 mM, and the mixture
was incubated at 37 °C with frequent pipetting for another 15-20
min until clusters of granulosa cells or other cells were completely
dispersed. The mixture of cells and oocytes was then washed once
with PBS by centrifugation, and pellets were resuspended in 5
ml of the above-mentioned serum-free DMEM/F12 medium and
poured into 6-cm culture dishes. Oocytes were picked by mouth
pipetting. For Western blots, oocytes were washed in HBSS, and
lysed in a buffer containing 50 mM Tris HCI (pH 8.0), 120 mM
NaCl, 20 mM NaF, 20 mM f-glycerophosphate, 1 mM EDTA, 6
mM EGTA (pH 8.0), 1% NP-40, 1 mM DTT, 5 mM benzamidine,
1 mM PMSF, 250 uM sodium orthovanadate, 10 pg/ml aprotinin,
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10 pug/ml leupeptin, and 1 pg/ml pepstatin and lysate from 200
growing oocytes was loaded in each lane.

For the isolation of fully grown oocytes, 3- to 4-week-old fe-
male mice were injected with 7.5 IU pregnant mare serum gonad-
otropin intraperitoneally, and 42-44 h later the mice were killed
and their ovaries were collected in 100 pg/ml dbcAMP-containing
M2 medium. Fully grown GV-stage oocytes surrounded by cumu-
lus cells were released by puncturing the ovaries in M2 medium
supplemented with dbcAMP to maintain meiotic arrest during the
in vitro operation. Oocytes were freed from the attached cumulus
cells by repetitive pipetting through a narrow-bore glass pipette.

Oocyte immunofluorescence and confocal microscopy

Oocytes obtained by collagenase-EDTA digestion were fixed in
4% paraformaldehyde (PFA). After the fixed oocytes were perme-
abilized with 0.5% Triton X-100 at room temperature (RT) for 20
min, they were blocked with 1% BSA-supplemented PBS for 1 h
and incubated at 4 °C with anti-y-H2AX (phospho S139) antibody
(1:500 dilution) and anti-p-ATM (S1981) antibody (1:500 dilution)
overnight followed by an incubation with Alexa Fluor 488 goat
anti-rabbit IgG and Alexa Fluor 555 goat anti-mouse IgG (Invit-
rogen Molecular Probes, Carlsbad, CA, USA) for 1 h at RT. DNA
was stained with DAPI (1 pg/ml in PBS). Finally, the oocytes were
mounted on glass slides with DABCO-containing mounting me-
dium and examined by laser-scanning confocal microscopy (Zeiss
LSM700 Inverted).

Chromosome spreads

For chromosome spreads, the oocytes isolated from PD14
Cdk1"*" and OoCdkl™"; Zp3-Cre ovaries were first freed of the
zona pellucida with acidic Tyrode’s solution (Sigma-Aldrich).
After a brief recovery in M2 medium, the oocytes were transferred
onto glass slides and fixed in a solution of 1% PFA in distilled H,O
(pH 9.2) containing 0.15% Triton X-100 and 3 mM dithiothreitol.
The slides were left to dry and then blocked with 1% BSA in PBS
for 1 h at RT. The spreads were incubated with primary antibod-
ies against CREST and SMC3 (Abcam) overnight at 4 °C using
a dilution of 1:100. After three washes, the slides were incubated
with the corresponding secondary antibodies (Invitrogen) at 1:500
dilution for 1 h at RT. DNA on the slides was stained with DAPI,
and the slides were mounted for observation with laser-scanning
confocal microscopy (Zeiss LSM700 Inverted).

Histone H1 kinase assay

Cdk1 activity was measured using histone H1 kinase assays.
This assay was performed using 10 oocytes in a 10 pl reaction vol-
ume based on a published protocol [23]. In brief, the reaction was
carried out in a buffer containing 25 mM HEPES (pH 7.4), 15 mM
MgCl,, 20 mM EGTA, 50 mM NacCl, 0.05% NP-40, 0.1 mM ATP,
100 mM PMSF, 1 mM DTT, 1 pg histone H1 (Roche, Mannheim,
Germany), and 3 pCi of (y-P) ATP (Perkin-Elmer, Boston, MA,
USA) and incubated at 37 °C for 30 min. Samples were boiled in
SDS sample buffer and then separated on a 15% SDS-polyacryl-
amide gel. The radioactive signal was detected by exposing the
gels on an FLA 3000 phosphorimager (Fuji, Tokyo, Japan).

Histological analysis of ovarian tissues and immunofluores-
cence staining
Histological analysis of ovarian tissue was performed as pre-
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viously described [17]. Briefly, ovaries were fixed in 4% PFA,
dehydrated, and embedded in paraffin. Paraffin-embedded ovaries
were serially sectioned at 8 um thickness and stained with hema-
toxylin for morphological observation. To quantify total number of
follicles per ovary, every fifth section was counted throughout the
entire ovary, beginning with the first section, and the final count
was multiplied by 5 as a correction factor. To calculate the ovarian
follicles at different stages of development, all the follicles were
counted in all sections of an ovary based on the well-accepted
standards established by Pedersen and Peters [47]. Oocytes that
had resumed meiosis were identified by observation of the con-
densed chromosomes.

To detect the DNA damage in ovarian sections by immunofluo-
rescence staining, the sections were treated with 0.01% sodium ci-
trate buffer (pH 6.0) for antigen retrieval. After blocking with 1.5%
goat serum in PBS, the sections were incubated with anti-y-H2AX
(phospho S139) and DDX4 primary antibodies overnight at 4 °C
followed by an incubation with Alexa Fluor 488 goat anti-rabbit
IgG and Alexa Fluor 555 goat anti-mouse IgG (Invitrogen Mo-
lecular Probes) for 1 h at RT. The sections were then stained with
DAPI for 5 min. The fluorescent images were taken with a Zeiss
Axio Scope Al upright microscope. After imaging for y-H2AX,
DDX4, and DAPI, the same sections were stained with hematoxy-
lin to clearly visualize the histology.

Statistical analysis

All experiments were repeated at least three times. For compari-
sons between groups, the differences were calculated with Student’s
t-test, and a difference was considered to be significant if p < 0.05.
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