CELL CYCLE
2016, VOL. 15, NO. 11, 1450-1461
http://dx.doi.org/10.1080/15384101.2016.1175256

Taylor & Francis
Taylor & Francis Group

REPORT

PP2A regulates kinetochore-microtubule attachment during meiosis | in oocyte

An Tang®*, Peiliang Shi**, Anying Song®*, Dayuan Zou®*, Yue Zhou®, Pengyu Gu®, Zan Huang®, Qinghua Wang?,

Zhaoyu Lin% and Xiang Gao®

“State Key Laboratory of Pharmaceutical Biotechnology and MOE Key Laboratory of Model Animal for Disease Study, Model Animal Research Center,
Nanjing Biomedical Research Institute, Collaborative Innovation Center of Genetics and Development, Nanjing University, Nanjing, China; ®State Key
Laboratory of Food Science and Technology, Jiangnan University, Wuxi, China; “Neurobiology Department, University of Massachusetts Medical School,
Worcester, MA, USA; “College of Animal Science & Technology, Nanjing Agricultural University, Nanjing, China

ABSTRACT

ARTICLE HISTORY

Studies using in vitro cultured oocytes have indicated that the protein phosphatase 2A (PP2A), a major
serine/threonine protein phosphatase, participates in multiple steps of meiosis. Details of oocyte
maturation regulation by PP2A remain unclear and an in vivo model can provide more convincing
information. Here, we inactivated PP2A by mutating genes encoding for its catalytic subunits (PP2Acs) in
mouse oocytes. We found that eliminating both PP2Acs caused female infertility. Oocytes lacking PP2Acs
failed to complete 1°** meiotic division due to chromosome misalignment and abnormal spindle assembly.
In mitosis, PP2A counteracts Aurora kinase B/C (AurkB/C) to facilitate correct kinetochore-microtubule (KT-
MT) attachment. In meiosis | in oocyte, we found that PP2Ac deficiency destabilized KT-MT attachments.
Chemical inhibition of AurkB/C in PP2Ac-null oocytes partly restored the formation of lateral/merotelic KT-
MT attachments but not correct KT-MT attachments. Taken together, our findings demonstrate that
PP2Acs are essential for chromosome alignments and regulate the formation of correct KT-MT
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attachments in meiosis | in oocytes.

Introduction

Female meiosis in mammals is a complex process and prone
to have segregation errors. After entering meiosis, oocytes
need to be arrested at prophase I for a long period of time
(weeks to months in mice, decades in human) before meiotic
resumption. Interruption of prophase I arrest may lead to pre-
cocious meiotic resumption and depletion of oocyte stock.'
The cohesin complex that holds sister chromatids together is
seldom renewed and deteriorates with age during prophase I
arrest, which may lead to precocious chromatid separation.”™*
Due to error-prone chromosome-microtubule interactions
and permissive spindle assembly checkpoint control, the mis-
alignment of chromosomes cannot be efficiently corrected in
oocyte meiotic division.”

Reversible protein phosphorylation plays important roles in
a wide range of cellular processes. PP2A is a major serine/thre-
onine protein phosphatase in eukaryotic cells. The PP2A holo-
enzyme consists of a 36 kDa catalytic subunit (C subunit,
PP2Ac), a 65 kDa structural scaffolding subunit (A subunit,
PR65) and a regulatory B subunit.® Each PP2A subunit has sev-
eral isoforms; thus, different holoenzyme composition can exert
specific functions in different cell types. In mammalian cells,
the 2 isoforms of the C subunit of PP2A, PP2Aca and PP2Acp,
are encoded by the Ppp2ca gene and Ppp2cb gene, respectively.

Both isoforms consist of 309 amino acids and share 97%
sequence similarity. In most human tissues, Ppp2ca is expressed
at a higher abundance than Ppp2ch.” Tissue specific loss of
Ppp2ca in the liver and heart causes severe physiological abnor-
malities, indicating that the functions of PP2Aco cannot be
compensated by PP2AcB.>'* The PP2Acs are highly expressed
in the ovary’ and whether PP2Aca and PP2Acp are mutual
independent in oocyte growth and maturation is unknown.

In vitro studies suggest that PP2A participates in multiple
events during the meiotic maturation of oocytes. Meiotic
resumption, also known as germinal vesicle break down
(GVBD) in mouse oocytes, marks the entry of meiotic matura-
tion. After GVBD, bivalent alignment generally occurs simulta-
neously with acentrosomal spindle formation in oocytes during
meiosis I. At the early stage of meiosis I, when bivalents are
individualized and move to the surface of the microtubule ball,
microtubule organizing centers (MTOCs) are ejected from the
center of the microtubule ball. Then, the bivalents are con-
gressed at the middle of the spindle, MTOCs progressively clus-
ters to form 2 dominant poles, and a bipolar spindle axis is
established. At the late stage of meiosis I, bivalents are progres-
sively stretched and form the equator plate in the middle of the
spindle. The correct KT-MT attachment is formed and stabi-
lized on fully stretched bivalents.>'*>""> At the end of meiosis I,
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cohesins along the chromosome arms are cleaved by separase in oocytes. We found that each PP2Ac isoform could support
whereas centromeric cohesin is not cleaved, then all bivalents female fertility independently. We demonstrated that the
are segregated synchronously.'® Interestingly, during mouse PP2Acs were essential for bivalent congression, bivalent
oocyte maturation, the activity of PP2A oscillates: it increases stretching and the stabilization of lateral/merotelic KT-MT
in prometaphase I and prometaphase I.'” Inactivation of PP2A  attachments during meiosis I in oocyte.
by OA treatment or RNAI disturbs multiple events in oocyte
meiosis, including GVBD, spindle assembly, chromosome seg-
regation and cytokinesis.'*** How PP2A regulate female fertil- Results
ity, cannot be confirmed by in vitro research methods. Using
genetically modified mouse model to study the in vivo roles of
PP2A could provide more reliable evidence.** PP2Ac exists in 2 isoforms that are encoded by the Ppp2ca gene
The risk of trisomic pregnancies increases with female age, the and Ppp2cb gene. To inactivate PP2A in mouse oocytes at the
vast majority of human aneuploidies, such as Down’s syndrome, early stage of oocyte growth, we deleted Ppp2ca and Ppp2cb
result from segregation errors in female meiosis 1.>> Meiosis I in  specifically in oocytes using Zp3-Cre transgenic mice in which
oocytes can be disrupted by OA treatment but the regulation of Cre recombinase is expressed in the oocytes at primary follicu-
PP2A in dynamic spindle assembly and chromosome alignment lar stages (Supplementary information, Figure S1A).*° The
during this stage, are not clear. In mitosis, sister KT's are bioriented ~ resulting Ppp2ca”".Zp3-Cre females and Ppp2cb”:Zp3-Cre
to segregate sister chromatids (univalent). However, in meiosis I, ~females were normally fertile, but Ppp2ca” :Ppp2cb™.Zp3-Cre
sister KT's are monooriented to segregate homologous chromo-  double knockout (DKO) females were infertile (Fig. 1A). Thus,
some (bivalent). Previous studies have shown that PP2A can be only the loss of both PP2Acw and PP2Acp in oocytes caused
recruited to KTs to facilitate correct KT-MT attachments forma-  female infertility.
tion both in mitosis and meiosis."***** However, how PP2A regu- Hematoxylin-eosin (HE) staining on ovary sections from 3-wk-
late KT-MT attachments in oocyte meijosis I remains elusive. old, 9-wk-old and 27-wk-old female mice showed no apparent
To investigate the in vivo role of PP2A in oocytes matura- morphological difference between DKO and Ctr]l mice (Supple-
tion and female fertility, we established a mouse model in mentary information, Figure S1B). Ovaries from DKO females
which the catalytic subunits of PP2A were specifically deleted harbored a normal number of GV stage oocytes after PMSG

Deleting both PP2Acs in oocytes caused female infertility
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Figure 1. Loss of PP2Acs in oocytes caused female infertility and bivalent segregation failure in meiosis I. (A) 6-wk-old female mice were mated with wild-type male
C57BL/6J mice for 15 wks. Cumulative number of pups between Ctrl, Ppp2ca™:zZp3-Cre (Ca KO), Ppp2cb™.Zp3-Cre (CB KO) and DKO females were compared (mean = SD).
Experiments were repeated twice and representative result is shown. Numbers of female mice were indicated. (B) DKO oocytes had normal GVBD kinetics. The percentage
of oocytes that had undergone GVBD was scored every 0.5 h after release from IBMX (mean =+ SD). Experiments were repeated 3 times and a representative result is
shown. The numbers of mice are indicated. (C) Oocytes from DKO mice could not extrude 1°* PBs. Kinetics of 1°* PBE after GVBD are shown. Oocytes that had undergone
GVBD within 1.5 h after release into IBMX-free medium were selected for further culture. 1°* PBE was scored every 1 h. Data were collected from 3 independent experi-
ments. The numbers of oocytes are indicated. (D) Chromosomes failed to segregate in DKO oocytes. Still images with times from representative live imaging series are
shown. The DIC (differential interference contrast) channel and H2B-mCherry channel were merged together. Genotypes of oocytes and injected mRNA (H2B-mCh for
H2B-mCherry) are indicated. Types of chromosome movements are labeled on the right side of each series. Time is shown in h:min after GVBD. The white asterisk indi-
cates the chromosome segregation in Ctrl oocytes; the white arrow indicates the metaphase Il plate; yellow asterisks indicate unstable chromosome alignment in DKO
oocytes. Bar = 20 um. (E) Comparison of the frequencies of different types of chromosome segregation in oocytes. The numbers of ooyctes used for analysis are indi-
cated. Data were collected from 3 independent experiments. (F) Bivalents failed to separate in DKO oocytes after GVBD. Chromosome spreads were prepared from the
indicated time after GVBD and immunostained for DNA and centromeres (ACA, anti-centromere antibodies). Bar = 5 um. Statistics: n.s., no significant difference;
***, P < 0.001.
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stimulation (Supplementary information, Figure S1C and S1D).
Immunoblotting on GV stage oocytes and immunofluorescence
on chromosome spreads confirmed the absence of PP2Ac proteins
in DKO oocytes™ (Supplementary information, Figure S1E and
F). Ovaries from DKO females exhibited superovulatory responses
normally after induction but the 1* polar body extrusion (PBE)
rate in the DKO eggs was low (Supplementary information,
Figure S1G-I). To explore preimplantation embryonic develop-
ment, 24-day-old DKO and Ctrl females were mated with wild
type males after superovulation, and embryos were isolated from
the oviduct 1.5 d post coitum (dpc). In the embryos from Ctrl
females, 66.3% had reached the 2-cell stage, 5.5% had degenerated
and 28.2% were undivided (including oocytes, unfertilized eggs,
and fertilized eggs that had not undergone the 1% mitotic division).
In the embryos from DKO females, no 2-cell stage embryos were
found, 62.4% had degenerated and 37.6% were undivided cells
(Supplementary information, Figure S1J and S1K). Thus, DKO
females could not produce functional zygotes to develop into nor-
mal embryos. These results demonstrated that deleting PP2Acs in
primary follicular stage oocytes did not affect ovarian functions
but produced defective oocytes, leading to female infertility.

Oocytes lacking PP2Acs failed to segregate bivalents
in meiosis |

DKO females were infertile due to the defective oocytes in
which the 1* PBE seldom happen; thus, we focused on the mei-
otic maturation process in DKO oocytes. We isolated oocytes
from mouse ovaries and examined the GVBD Kkinetics which
marks the meiotic resumption of oocyte. Previous studies have
shown that PP2A can inhibit GVBD in mouse oocytes.'®'* We
found that DKO oocytes showed indistinguishable GVBD
kinetics compared to Ctrl oocytes when they were cultured in
M2 medium (Fig. 1B). Then, we examined the 1* PBE kinetics
which marks meiosis I exit in oocytes. In 67.4% of Ctrl oocytes,
1°" PBE occurred before 12 h after GVBD (GVBD 12 h). How-
ever, in DKO oocytes, no 1* PBE occurred at GVBD 12 h; at
GVBD 16 h, only 3.5% of DKO oocytes had extruded 1* polar
bodies (PBs) (Fig. 1C). Thus, the PP2Ac deficiency did not
affect meiotic resumption but caused 1% meiotic division
failure.

The failure to extrude 1** PBs prompted us to investigate the
process of chromosome segregation in DKO oocytes. To visual-
ize chromosomes movements in oocytes, we injected GV stage
oocytes with histone H2B-mCherry mRNA (0.4 pg/pl) and fol-
lowed chromosome movements by time-lapse epifluorescence
microscopy. Oocytes expressing H2B-mCherry that had under-
gone GVBD within 1.5 h after release from IBMX were chosen
for analysis. We distinguished 3 predominant phenotypes of
chromosome movements: align before GVBD 8 h and segregate
before GVBD 12 h (type ‘@’); align GVBD 8 h but could not seg-
regate (type ‘b’); neither align before GVBD 8 h nor segregate
(type ‘¢). In Ctrl oocytes, the proportion of the 3 phenotypes
was 62.2%, 29.7% and 8.1%, respectively. In contrast, 100% of
the DKO oocytes showed phenotype ‘c’ (Fig. 1D and E). In
most Ctrl oocytes, chromosomes individualized, congressed,
aligned and segregated normally (Fig. 1D, series 1, type ‘a’; Sup-
plementary information, Video 1). However, in DKO oocytes,
although chromosomes could individualize, they could not

congress. Chromosomes in DKO oocytes continued moving
and became scattered in the ooplasm. (Fig. 1D, series 4, type ‘C’;
Supplementary information, Video 1). In some DKO oocytes,
at a very late time (> GVBD 12 h), chromosomes were unsta-
bly aligned. In these oocytes with unstably aligned chromo-
somes, the aligned chromosomes dispersed later (Fig. 1D, series
3, type ‘C, yellow asterisks; Supplementary information, Video
1). Immunostaining on the chromosome spreads showed that
the Ctrl oocyte chromosomes remained as bivalents at GVBD
6 h and were segregated to univalents after GVBD 12 h. How-
ever, in the DKO oocytes, the chromosomes remained as biva-
lents up to 16 h after GVBD (Fig. 1F).

To confirm whether the chromosome segregation defects in
DKO oocytes resulted from the PP2Ac deficiency, we evaluated
whether the complementation of PP2Acs in GV stage DKO
oocytes would recover the defects. We injected mRNAs encod-
ing PP2Aca (0.1 pg/pl), PP2AcS (0.01 pg/pl) and H2B-
mCherry (0.2 pg/pl) to complement PP2Acs in DKO oocytes
(DKO+PP2Acs). Meanwhile, a group of DKO oocytes were
only injected with H2B-mCherry mRNA as the control. Com-
plementation of PP2Acs recovered the proportions of the ‘@’
and ‘D’ phenotypes in the DKO+PP2Acs oocytes (Supplemen-
tary information, Figure S2A and S2B; Supplementary informa-
tion, Video 2). The proportions of the ‘a’ or ‘b’ phenotype in
DKO+-PP2Acs oocytes did not reach the levels in Ctrl oocytes,
which might be due to the different expression levels of the
injected mRNAs. After live microscopy, oocytes were collected,
and the complementation of PP2Acs in DKO+PP2Acs oocytes
was confirmed by immunoblotting (Supplementary informa-
tion, Figure S2C). From these results we found that the biva-
lents in DKO oocytes failed to align or segregate in meiosis I.

Chromosome alignment and spindle formation were
disrupted in DKO oocytes

To determine chromosome alignment in the spindle, we simul-
taneously immunostained chromosomes and microtubules in
oocytes. Consistent with the results from time lapse micros-
copy, in most of the Ctrl oocytes, bipolar spindles had formed
at GVBD 4 h; chromosomes had aligned in the middle of the
spindles and formed metaphase I plates at GVBD 6 h; and
chromosomes had segregated and metaphase II plates had
formed at GVBD 12 h (Fig. 2A, upper row). However, chromo-
somes were persistently scattered in the spindles in most of the
DKO oocytes (Fig. 2A, lower row). Multipolar spindles
appeared in some DKO oocytes (Fig. 24, yellow asterisks). We
set a criterion to classify chromosome alignments into aligned,
segregated, severely misaligned and mildly misaligned accord-
ing to the chromosome distribution in the spindle (Fig. 2B). At
GVBD 8 h, chromosomes had aligned in 96.6% of Ctrl oocytes,
whereas chromosomes were severely misaligned in 91.0% of
DKO oocytes. At GVBD 16 h, chromosomes had segregated in
79.3% of Ctrl oocytes, whereas chromosomes were severely
misaligned in 69.1% of DKO oocytes or mildly misaligned in
19.8% of DKO oocytes (Fig. 2C). Moreover, spindles elongated
more in DKO oocytes (Supplementary information,
Figure S3B), in agreement with previous studies.”"** Note that
at GVBD 8 h and GVBD 16 h, chromosomes were aligned in
1.1% and 8.6% of the DKO oocytes, respectively. These DKO
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Figure 2. Bivalents were severely misaligned in DKO oocytes. (A) Bivalents in DKO oocytes were misaligned after GVBD. Oocytes were fixed at the indicated times after
GVBD and immunostained for DNA and a-tubulin. Representative z-projected confocal images are shown. The yellow asterisks indicate the DKO oocytes containing multi-
polar spindles. Bar = 20 um. (B) Cartoon showing the possible chromosome distribution in a spindle during meiosis I. Spindle area was 1:2:1 divided into a central region
and the 2 flanking polar regions. Four different Chromosome alignments were distinguished: chromosomes aligned inside the central region (defined as ‘aligned’); no
more than 6 chromosomes distributed in the polar regions (defined as ‘mildly misaligned’); more than 6 chromosomes distributed in the polar regions (defined as
‘severely misaligned’); chromosomes were separated (defined as ‘segregated’). (C) Chromosomes in the majority of DKO oocytes were severely misaligned after GVBD.
The frequencies of 4 types of chromosome alignments in Ctrl and DKO oocytes at GVBD 8 h and GVBD 16 h are shown. The numbers of oocytes used for analysis are indi-

cated. Data were collected from 3 independent experiments

oocytes may correspond to the DKO oocytes with unstably
aligned chromosomes that were observed in the live micros-
copy experiments (Fig. 1D, series 3; Supplementary informa-
tion, Video 1).

Mammalian oocytes lack conventional centrosomes during
meiotic division.” In mouse oocyte meiosis I, MTOCs func-
tionally replace centrosomes, and progressively organize into a
bipolar intermediate to establish the bipolar spindle and chro-
mosome biorientation.'**> Some of the DKO oocytes contained
bipolar spindles although the chromosomes were misaligned,
so we wondered whether the self-organization of MTOCs was
affected in DKO oocytes. MTOCs were indicated by the loca-
tion of y-tubulin. At 2 h after GVBD, multiple MTOC foci had
emerged on the surface of the microtubule ball in both Ctrl and
DKO oocytes. In Ctrl oocytes, at GVBD 6 h and GVBD 8 h,
multiple MTOC:s poles had clustered into 2 bipolar dominant
poles in the spindle (Supplementary information, Figure S3A,
white arrows). However, in DKO oocytes, MTOCs were persis-
tently fragmented and distributed in the spindle, no dominant
MTOC:s clusters had emerged before GVBD 8 h, even in the
bipolar spindles (Supplementary information, Figure S3A). At
GVBD 8 h and GVBD 16 h, dominant MTOC clusters emerged
but were not bipolar in the spindles of some DKO oocytes
(Supplementary information, Figure S3A, yellow arrows). From
these data we demonstrated that the self-organization of
MTOCs was disrupted in DKO oocytes. Thus, the PP2Acs are
required for proper chromosome alignment and acentrosomal
spindle formation during meiosis I in mouse oocytes.

Loss of bivalent stretching and stable KT-MT attachments
in DKO oocytes

In oocyte meiosis I, bivalent stretching is coupled with the align-
ment of bivalents. After fully stretching bivalents, stable KT-MT
attachments increases.>* The loss of PP2Acs caused severe
chromosome misalignment in the spindle, which indicated the
absence of stable and balanced forces on bivalents. To monitor
the biorientation and stretching of bivalents in oocytes during
mejosis I, we analyzed the inter-KT distances at 2, 4, 6, and 8 h
after GVBD. In Ctrl oocytes, we found an increasing proportion
of bioriented bivalents (Fig. 3A), and the mean inter-KT

distance increased after GVBD and peaked at GVBD 6 h
(Fig. 3B, 4.7 & 1.0 um). However, in DKO oocytes, only a few
bivalents were bioriented (Fig. 3A). Most of the bivalents in
DKO oocytes remained weakly stretched, although the mean
inter-KT distance gradually increased from GVBD 2 h to GVBD
8 h (Fig. 3B, 1.5+ 1.0 um to 2.7 & 1.4 um). Therefore, the pro-
portion of bioriented and stretched bivalents remained low in
DKO oocytes.

To determine the stability of the KT-MT attachments, we
treated oocytes on ice to depolymerize the dynamic non-stable
microtubules. After ice treatment, the KT-MT attachments were
categorized into 3 types. KTs that had no contact with MT bun-
dles or contacted short MT bundles from multiple directions
were defined as “no attachment” (Fig. 3C, red panes); KTs that
attached to the side of the MT bundles or attached to 2-3 differ-
ent microtubules from different directions were defined as “lat-
eral/merotelic attachment” (Fig. 3C, green panes); and KT's that
attached to one end of the microtubules were defined as “correct
attachment” (Fig. 3C, blue panes). In Ctrl oocytes, from GVBD
4 h to 8 h, correct attachments substantially increased. However,
in most of the DKO oocytes, coupled with the severe misalign-
ment of bivalents, most of the KT's were unattached from GVBD
2 h to GVBD 16 h (Fig. 3C and D). The DKO oocytes whose
bivalents had aligned or were mildly misaligned at GVBD 16 h
corresponded to DKO oocytes with unstably aligned chromo-
somes (Fig. 1D, series 3; Supplementary information, Video 1),
and bivalents were not well stretched or bioriented in them(Sup-
plementary information, Fig. S4). Those oocytes also contained
few correct KT-MT attachments (Fig. 3C and D, mildly mis-
aligned DKO oocytes at GVBD 16 h). Therefore, the PP2Acs are
required for bivalent stretching and the stabilization of KT-MT
attachments during meiosis I in oocytes.

AurkB/C inhibition partly reversed the defects in DKO oocytes
AurkB/C phosphorylates components of KNL1/Misl2 com-
plex/Ndc80 complex (KMN) network to regulate the stability
of KT-MT attachments.”>** In both mitosis and meiosis, the
phosphorylation level of the KMN network is negatively corre-
lated with the stability of KT-MT attachments '**%**
(Fig. 4A-C). Using an antibody recognizing phosphorylated
serine 24 in hKNLI,>* we compared bivalents with similar
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shown. Magnified views for 3 representative bivalents in each oocyte are shown in the right side of each z-projected image. Bar = 5 um. (B) Inter-KT distances of biva-
lents in DKO and Ctrl oocytes at indicated times after GVBD were plotted (mean =+ SD are shown). The numbers of oocytes used for analysis are indicated. Representative
result from 3 independent experiments. (C) Oocytes at indicated time points were ice-treated and immunostained for DNA, a-tubulin and KTs (ACA) to determine KT-MT
attachments. Representative z-projected images of the whole spindles are shown in the upper row. Magnified views of the KT-MT attachments, indicated by circles and
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Green panes indicate lateral/merotelic attachments; blue panes indicate correct attachments. Bar = 5 um. (D) KT-MT attachments in oocytes at times after GVBD were
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***, P < 0.001.

stretching (inter KT distance between 4 to 6 um) from DKO
and Ctrl oocytes at GVBD 6 h and found that the fluorescence
intensities of phosph-hKNLI-ser24 in KTs were increased by
1.3-fold in DKO oocytes (Fig. 4D and E). In addition, phos-
phorylation of Ser 10 in histone H3 (pH3s10), a well-known
substrate of AurkB/C during mitosis and meiosis,”> was
increased by 2.6 and 3.6-fold at GVBD 4 h and 8 h respectively,
in DKO oocytes (Fig. 3F and G). To determine whether the
defects of KT-MT attachment, as well as the chromosome
alignment in DKO oocytes, could be restored by suppressing
AurkB/C activity, we treated oocytes with an AurkB/C inhibi-
tor, hesperadin (250 nM), during meiotic maturation. After
treatment, oocytes were immunostained and chromosome
alignments were classified (Fig. 5A and B). In Ctrl oocytes, hes-
peradin treatment from GVBD 3 h to GVBD 5 h accelerated
the alignment of chromosomes (Fig. 5B, from 16.1% to 30.3%,
at GVBD 5 h); hesperadin treatment from GVBD 5 h to GVBD
9 h accelerated the extrusion of the 1** PBs (Supplementary
information, Figure S5A and S5B, from 13.1% to 75.3%, at
GVBD 9 h). Hesperadin treatment also caused mild misalign-
ment in Ctrl oocytes, which was consistent with previous stud-
ies™° (Fig. 5B, 9.7% to 18.2% at GVBD 5 h; Supplementary
information, Figure S5B, 0% to 6.5% at GVBD 9 h). In DKO
oocytes, hesperadin treatment from GVBD 5 h to 9 h decreased
severely misaligned oocytes (Fig. 5B, from 91.6% to 60.4%) and
increased the mildly misaligned oocytes (Fig. 5B, from 4.7% to

32.4%). However, the majority of DKO oocytes after hespera-
din treatment were still severely misaligned (60.4%, n = 111).
Next we analyzed bivalent stretching and KT-MT attach-
ments in oocytes that had not extruded 1** PBs after hesperadin
treatment (Figs. 5A and 6A). In Ctrl oocytes, compared with the
untreated oocytes, hesperadin treatment from GVBD 3 h to 5 h
had little effects on bivalents stretching (Fig. 5C, 3.9 £ 1.3 um
versus 4.1 £ 2.0 um) but significantly increased the proportion
of correct KT-MT attachments (Fig. 6B, 1.8 = 0.4 to 12.5 £ 7.6).
This result is consistent with previous studies.'****” In DKO
oocytes, both the severely and mildly misaligned oocytes were
analyzed. Compared with untreated DKO oocytes, hesperadin
treatment from GVBD 5 h to GVBD 9 h significantly increased
bivalent stretching, in both mildly and severely misaligned DKO
oocytes (Fig. 5C, from 3.1 &+ 1.3 um to 3.9 £ 1.3 um in mildly
misaligned DKO oocytes, from 2.7 & 1.2 um to 3.7 == 1.8 um in
severely misaligned DKO oocytes). Note that without hespera-
din treatment, there were more stretched bivalents in the mildly
misaligned DKO oocytes than in the severely misaligned DKO
oocytes (3.1 &= 1.3 umvs. 2.7 £ 1.2 um). After hesperadin treat-
ment, the resulting mildly and severely misaligned DKO oocytes
exhibited similar bivalent stretching (3.9 £ 1.3 um versus 3.7 £
1.8 um). Concomitant with the recovery of bivalent stretching,
lateral/merotelic attachments significantly increased, to similar
amounts, in both the mildly and severely misaligned DKO
oocytes after hesperadin treatment (Fig. 6B, from 14.0 & 4.6 to
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sequences of hKNL1-ser24 was compared between human and mouse. Identical residues are indicated in red font. The black box marks the Serine 24 phosphorylation
site. (B) Feasibility of the antibody was evaluated in Ctrl oocytes. Ctrl oocytes were fixed at 2 h or 8 h after GVBD and immunostained for DNA and hKNL1-ser24. Represen-
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els. Note that the anti-hKNL1-ser24 antibody also targeted in the area of MTOCs. Bar = 5 um. (C) The anti-hKNL1-ser24 antibody is feasible for immunostaining mouse
oocytes. Intensities of hKNL1-ser24 signals on KTs were normalized to the average of Ctrl oocytes at GVBD 2 h and plotted (mean =+ SD bars are shown). Numbers of
oocytes used for analysis are indicated. Representative result from 3 independent experiments. (D) Oocytes were fixed at 6 h after GVBD and immunostained for DNA
and hKNL1-ser24. Z-projected images of all the chromosomes are shown in the left panel. Magnified views of the representative single chromosomes, indicated by the
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The intensities of pH3s10 signal on Chromosome clusters were normalized to the average intensity of Ctrl oocytes at GVBD 4 h and plotted (mean =+ SD bars are shown).
Representative result from 2 independent experiments. Statistics: ***, P < 0.001.

23.8 £ 2.2 in mildly misaligned DKO oocytes, from 4.9 £ 3.8 to
21.2 £ 6.7 in severely misaligned DKO oocytes). However, cor-
rect attachments were not significantly increased after hespera-
din treatments in DKO oocytes, even in the DKO oocytes whose
bivalents were largely stretched (Fig. 6A, hesperadin treated
DKO oocytes, mildly misaligned). From the above data, we con-
clude that the defects of chromosome alignment, bivalent
stretching and lateral/merotelic KT-MT attachments caused by
PP2Ac deficiency can be partly reversed by AurkB/C inhibition
in oocytes.

Discussion

PP2Aca and PP2Ac compensate each other to support
oocyte maturation

Many in vitro studies have indicated that PP2A regulate several
essential processes during meiotic maturation in oocytes. Using a
genetically modified mouse model to delete the C subunits of PP2A
in oocytes, we showed that the PP2Acs are important for oocyte mat-
uration and female fertility. The PP2Aco-null zygote is embryonic

lethal, whereas the PP2AcS-null mouse has no obvious abnormal-
ity."” The function of PP2Acf has never been demonstrated. Previ-
ous studies have shown that Ppp2ca is expressed at a higher
abundance than Ppp2ch in most human tissues” and the dominant
functions of PP2Aco cannot be compensated by PP2Acg in embry-
onic development, the liver, or the heart.*'* From our data, a single
knockout of Ppp2ca or Ppp2cb in oocytes resulted in normal fertility,
revealing that each PP2Ac could support oocyte maturation by itself.
We suspect that PP2Acf may exist as a backup regulator for
PP2Acu to regulate cell division in both meiosis and mitosis, which
can only be revealed when PP2Acor and PP2Acg are simultaneously
depleted. DKO females had normal ovary morphology and ovula-
tion, indicating that oocyte specific loss of PP2A activity has few
effects on follicular development, in agreement with a previous study
in which PP2A-A« were deleted specifically in mouse oocytes.**

PP2A is essential for chromosome alignment and spindle
formation in meiosis |

Previous studies showed that inhibition of PP2A by OA or spe-
cifically deleting scaffold PP2A-A« facilitates GVBD in
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oocytes, and PP2Acp may play a key role in the meiotic
arrest of oocytes."®'” In our study, the loss of PP2Acs did not
significantly affect GVBD kinetics in oocytes under normal cul-
ture condition. It is worth determining whether DKO oocytes
exhibit altered GVBD Kkinetics under challenging conditions.
Generally, the dynamics of bivalent movement during meiosis I
can be divided into 4 stages: individualization, congression,
stretching and stabilization.™'* Due to PP2Ac deficiency in
oocytes, bivalent individualization was retarded, congression
did not occur, and the bivalents were in continuous misalign-
ment and could not biorient. In a few DKO oocytes, the biva-
lents occasionally aligned but could not persist. In these
chromosome-unstable-aligned DKO oocytes, the aligned biva-
lents were not bioriented or stretched by KT-MT attachments.
The bivalents may be pushed to the central region of the spin-
dles by an unstable interaction between MT and chromosome
arm through MT and/or chromosome associated motor pro-
teins. A recent study in mitosis suggests that PP2A regulate
HSET to balance chromosome movement toward the meta-
phase plate.”” It is worth determining whether HSET play a
similar role in oocyte meiosis I.

OA treatment in oocytes prevents the formation of the spin-
dle in meiosis I and rapidly disrupts the spindle in meiosis
11.2**! In DKO oocytes, the microtubules were retained, but
spindles were assembled incorrectly with abnormal MTOC
self-organization. Interestingly, PP2A and AurkA co-localize to
centrosomes in mitosis*® and AurkA localizes to meiotic
MTOCs and spindle poles in mouse oocytes.’>*'** PP2A
dephosphorylate residue S51 in AurkA to promote AurkA deg-
radation in mitosis.*® Overexpression of AurkA is associated
with supernumerary centrosomes and defective mitotic spin-
dles in many types of solid tumor **; both overexpression and
down regulation of AurkA cause incorrect spindle assembly in
mouse oocytes.*"** Is it possible that PP2A regulate the self-
organization of MTOCs to facilitate chromosome alignment
and spindle assembly? What is the interplay between PP2A and
AurkA in meiotic maturation of oocytes? These questions
remain to be addressed. Note that in both mildly and severely
misaligned DKO oocytes, dominant MTOC clusters emerged
in the spindles at a late stage after GVBD (8-16 h), suggesting
that the motor proteins responsible for MTOC clustering were
still functional in DKO oocytes."? Besides, in DKO oocytes,
degradation of securin, which is controlled by the spindle
assembly checkpoint, was delayed (Supplementary information,
Figure S3C).* The loss of scaffold subunit PP2A-Ac in mouse
oocytes compromised spindle shape and cytokinesis in meiosis
IT without affecting spindle formation during meiosis I.>* Com-
paring with our results, the scaffold and catalytic subunits of
PP2A appear to play different specific roles during meiotic mat-
uration. Another possibility is that PP2A-ApB functionally com-
pensates for PP2A-Aw during oocyte meiosis I.

AurkB/C and PP2A counteract on stabilizing lateral/merotelic
KT-MT attachments in meiosis |

DKO oocytes lack stretched bivalents and stable KT-MT
attachments, even in the minority whose bivalents were unsta-
bly aligned. Previous studies have shown that PP2A balances
the activity of AurkB/C to regulate the formation of correct
KT-MT attachment in mitosis, and the loss of correct KT-MT
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attachments caused by decreasing the recruitment of PP2A to
KTs can be reversed by chemical inhibition of AurkB/C.>>*’
However, we found that inhibition of AurkB/C significantly
restored lateral/merotelic attachments but not correct attach-
ments in DKO oocytes. We also found that inhibition of
AurkB/C partly restored the stretching of bivalents in both
severely and mildly misaligned DKO oocytes. The discrepan-
cies between previous studies in mitosis and our study in meio-
sis may be partially due to the technical reasons of knockdown
efficiencies. In our DKO oocytes, PP2Ac was nearly absent; in
previous mitosis models, the inactivation of PP2A by RNAi
was not complete. The residual PP2A activity on KTs after
RNAi may be sufficient to promote correct KT-MT attach-
ments formation when AurkB/C are inhibited by hesperadin in
mitosis, which was not the same case in DKO oocytes. We
speculate that that simultaneous inactivation of AurkB/C and
activation of PP2A are required for the formation of correct
KT-MT attachments. BubR1, an important component of the
mitotic spindle assembly checkpoint, recruits PP2A to KTs
through its phosphorylated KARD domain to facilitate the for-
mation of correct KT-MT attachments in both mitosis and
meiosis."**” In mitosis, the loss of stable KT-MT attachment
caused by BubRl knock down and overexpression of the
BubR1-3A mutant (which cannot recruit PP2A to KTs) can be
reversed by AurkB/C inhibition *’; in meiosis, artificially target-
ing of PP2A-B56 to KTs restores KT-MT attachments in
BubR1-3A-expressing oocytes during meiosis I.'* However, in
BubR1 knock out oocytes, the loss of correct KT-MT attach-
ments are not restored by inhibiting AurkB/C but are restored
by complementing cytosolic BubR1, which cannot localize to
KTs.*® The mild rescue effects by AurkB/C inhibition on cor-
rect KT-MT attachment in DKO oocytes are similar to the phe-
nomena in the BubR1 knock out oocytes, so we speculate that
BubR1 can recruit PP2A to specific locations in ooplasm.
Whether cytosolic PP2A, other than KT-localized PP2A, can
regulate the formation of KT-MT attachment during meiotic
maturation, remain to be addressed. Only upon bivalent
stretching, AurkB/C inhibition can selectively stabilize correct
KT-MT attachments in mouse oocytes."* From our data, in
DKO oocytes after hesperadin treatment, correct KT-MT
attachments did not increase correspondingly with increased
bivalent stretching. Therefore, we conclude that PP2A and
AurkB/C counteract each other on stabilizing lateral/merotelic
KT-MT attachments in meiosis I of oocytes. We suspect that
PP2A may be a key regulator in the conversion of the lateral/
merotelic attachment to the correct attachment, which requires
further investigation.

Many details regarding how reversible protein phosphoryla-
tion controls the meiotic maturation of oocytes remain elusive.
Here, we found that the PP2Acs are essential for bipolar spindle
formation and chromosome alignment in oocyte meiosis I. We
demonstrated that PP2A regulates lateral/merotelic KT-MT
attachment stability and bivalent stretching by counteracting
AurkB/C. PP2A has been shown to participate in multiple key
processes of mitosis; therefore, in addition to KT-MT attach-
ment stability, many key processes in meiotic maturation should
be regulated by PP2A. Using this knockout model, we can gain
better insights into the mechanism by which reversible protein
phosphorylation regulates meiotic maturation of oocytes.
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Materials and methods
Mice

Ppp2ca” mice and Ppp2cb” mice were generated as previously
described.'® Zp3-Cre transgenic mice (Jackson laboratories)
were crossed with Ppp2ca” mice and Ppp2cb” mice to obtain
female Ppp2ca”:Ppp2cb™.Zp3-Cre mice, Ppp2ca”’:Zp3-Cre
mice and Ppp2cb”.Zp3-Cre mice for experiment. Female litter-
mates without Zp3-Cre transgene were used as the controls. All
the mice were in C57BL/6] genomic background. Mice were
maintained in specific pathogen-free animal facility diet adlibi-
tum. All animal welfare and experimental procedures were per-
formed according to guidelines from the Animal Care and Use
Committee of the Model Animal Research Center, Nanjing
University.

Fertility assay

Each 6-wk-old female mouse with indicated genotypes were
bred to 9-wk-old C57BL/6] male mouse for a 15-wk period.
During this period, the total number of pups produced by each
female was recorded.

Paraffin section and HE staining

Ovaries were isolated from females at indicated age and fixed in
4% (wt/vol) PFA (Sigma P6148) overnight, dehydrated in gra-
dient ethanol, cleared by xylene and embedded in paraffin. Sec-
tions were done in 5 um per slice then deparaffinated in
xylene, rehydrated in gradient ethanol, rinsed in distilled water,
stained with hematoxylin for 6 min and eosin for 15 seconds,
dehydrated in gradient ethanol and mounted with neutral
resins.

Isolation and culture of oocytes

3-4 wk female mice were i.p. injected with 5IU pregnant mare
serum gonadotropin (PMSG, Sansheng Inc.) and 48 h later,
fully grown GV-stage oocytes surrounded by cumulus cells
were released from the ovaries by puncturing with 25-gauge
needles in M2 medium (Sigma M7167) containing 20 uM
IBMX (Sigma I5879). GV stage oocytes were denuded by repet-
itive pipetting through a narrow-bore glass pipette. For further
culture, oocytes were washed for 3 times and cultured in
IBMX-free M2 medium drops covered with mineral oil (Sigma
M8410) at 37°C.

Microinjection and live imaging

mRNAs were synthesized using the Ultra T7 kit (Ambion
AM1345) and purified using the RNeasy Mini Kit (Qiagen
74104). GV stage oocytes were arrested in M2 medium supple-
mented with 20 uM IBMX, 5-10 pl mRNA was injected into
each oocyte on a inverted microscope (Olympus, IX51)
equipped with Eppendorf micromanipulators (Eppendorf,
Transferman 4r) and a microinjector (Eppendorf, Femto]et 4i).
After injection, oocytes were arrested for 2 h then released into
IBMX free M2 medium. Oocytes expressing H2B-mCherry
fluorescence and undergoing GVBD within 1.5 h after releasing

were selected for live imaging. Live imaging was done on an
Olympus IX81 microscope equipped with a LUCPlanFLN 20X
objective (0.45 NA), a X-Cite 120 excitation light source
(EXCELITAS), a MIU-IBC heating stage at 37°C, a Retiga EXi
Fast 1394 camera (QIMAGING). Live imaging was controlled
by Image-Pro plus software (Media Cybernetics). Captured
images were processed by using Image] software (NIH).

Immunofluorescence and Confocal microscopy on oocytes

Oocytes at indicated stage were fixed in PHEM buffer(60 mM
Pipes,25 mM HEPES, 25 mM EGTA, 4 mM MgSO4, pH to 6.8)
containing 4% (wt/vol) paraformaldehyde and 0.5% (vol/vol)
TritonX-100 in at RT for 20min, permeabilized with 0.5% (vol/
vol) TritionX-100 in PBS buffer at RT for 10min. For cold
treatment, oocytes were transferred into pre-cooled M2
medium (containing corresponding concentration of hespera-
din for the hesperadin treated oocytes) on ice and incubated
for 10min before fixation. Incubations with primary antibody
and secondary antibody were performed in blocking solution
containing 7% (vol/vol) normal goat serum and 0.1% (vol/vol)
Tween-20 in PBS buffer for 2 h at RT. Chromosomes were
stained with Hoechst 33342 (Sigma B2261) for 20 min. The fol-
lowing primary antibodies were used for immunofluorescence:
a-tubulin  (Sigma T5168), 1:500; «-tubulin (Bioworld,
bs501699), 1: 200; y-tubulin (Sigma, T6557), 1:400, PP2Ac
(CST 2038), 1:100; Anti-centromere antibodies (ACA, Fitzger-
ald, 90C-CS1058), 1:50; pH3s10 (CST 9701s), 1:200; hKNL1-
ser24 (Gift from Iain M. Cheeseman group), 1:1000. The fol-
lowing Fluorescent conjugated secondary antibodies were used:
Anti-Mouse IgG-FITC (Sigma, F5262), 1:200; Anti-Rabbit IgG-
FITC (Sigma, F9887), 1:200; Anti-Rabbit IgG-Cy3 (sigma,
C2306), Anti-Human IgG-FITC (Sigma, F9512). All the confo-
cal microscopy images were taken at RT on a confocal laser
scanning microscope (Olympus FV1000) equipped with a 60X
oil objective (1.42 NA) by using FV10-ASW 4.0 software
(Olympus). Interval between z-sections was 0.5 um. Z sections
were analyzed and projected using FV10-ASW Viewer 2.0 soft-
ware (Olympus).

Drug treatment

For inhibiting AurkB/C in oocytes, Hesperadin (Selleck S1529)
was prepared as stock solution in DMSO (Sigma D2650) at
10 mM then diluted to 250 nM in M2 medium for culture. For
untreated controls, M2 medium containing equal concentra-
tion of DMSO was used. The duration of treatments were indi-
cated in the text. Drug treated oocytes and untreated controls
were cultured in separated dishes.

Plasmid construction

For constructing H2B-mCherry expression vector: Coding
sequence of mouse Hist2h2be gene (H2B) was cloned from
mouse brain ¢cDNA pool. Coding sequence of mCherry was
cloned from pmCherry vector (Takara). H2B was fused to the
N-terminal of mCherry via Mlul restriction site and the result-
ing H2B-mCherry was inserted into Xhol-EcoRI restriction
sites of pBluscriptIISK(+) vector (Invitrogen).



For constructing PP2Ac expression vectors: Coding
sequence of mouse PP2Aco and PP2AcfS were cloned from
mouse brain cDNA pool. Both of them were inserted into Clal-
EcoRI restriction sites of pBluscriptIISK(+) vector respectively.

Protein sample preparation and Western blotting

Denuded oocytes at indicated stage were transferred into lysis
buffer containing 125 mM Tris (pH 6.8), 4% (wt/vol) SDS, 20%
(wt/vol) glycerol, 10% (vol/vol) B-mercaptoethanol, 0.004%
(wt/vol) bromophenol blue and heated to 100°C for 5 min.*
Protein samples were seperated in discontinuous Bis-Tris Gels
(Invitrogen NP0316) followed by blotting onto PVDF mem-
brane (Millipore IPVH00010). The following primary antibod-
ies were used for western blot: a-tubulin (Sigma T5168),
1:10,000; B-actin (Sigma A5441), 1:10,000; PP2Ac (CST 2038),
1:1,000; securin (Abcam, ab3305). The following secondary
antibodies were used: HRP-conjugated goat anti-rabbit IgG
(Sigma A9169), 1:20,000; HRP-conjugated goat anti-mouse
IgG, (Pierce 31439), 1:20,000. The immuno-reactive bands
were visualized with the immobilon western HRP Substrate
(Millipore WBKLS0500).

Chromosome spreading and Immunofluorescence

Chromosome spreads were prepared according to Ref. 30.
Briefly, oocytes at indicated time points after GVBD were
treated with Tyrode’s acid (Sigma T1788) to remove the zona
pellucida. The zona-pellucida-free oocytes were transferred
into a drop of spreading solution (pH 9.2) containing 1% (wt/
vol) paraformaldehyde, 0.15% (vol/vol) Triton X100 and 3 mM
DTT on a glass slide. The drop was air dried at R.T. then used
for immunostaining immediately or stored in —20°C. For
immunofluorescence, chromosome spreads were washed in
PBS buffer for 3 times, blocked in 3% (wt/vol) BSA, incubated
with primary antibodies for 2 h at R.T., washed for 3 times,
incubated with fluorescent conjugated secondary antibodies
and Hoechst 33342 for 1 h, washed for 3 times and mounted in
50% (vol/vol) glycerol.

Superovulation

Three-wk-old female mice were i.p. injected with 5 IU PMSG
(Sansheng Inc.) and 48 h later with 5 IU hCG (Sansheng Inc.).
Fourteen h after hCG injection, oviducts were isolated. The
cumulus-cell-enclosed eggs were released from the oviducts in
M2 medium containing 0.3 mg/ml hyaluronidase (sigma
H4272) by incubating at 37°C for 5 min. After removing the
cumulus cells, eggs were washed in M2 medium for further use.

Isolation of 1.5 dpc embryos

In day 0, 3-wk-old female mice were i.p. injected with 5 IU
PMSG (Sansheng Inc.) at 11:00 and 48 h later with 5 IU hCG
(Sansheng Inc.). After then, each female mouse was 1:1 bred to
a 9-wk-old male C57BL/6] mouse. On day 3 morning, vaginal
plugs were checked and females who had vaginal plugs were
selected for further use. On day 4 11:00 AM, which correspond
to 1.5 dpc, oviducts were isolated from the female mice.
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Embryos were flushed out from the oviducts and collected in
M2 medium.

Quantification of fluorescent intensities

Fluorescent intensities of the target on specific region (Ft) of
the image were determined by Image] software (NIH) accord-
ing to a previously reported method."” For each image, an inner
region that includes the target of interest and the larger outer
region including the inner region were selected. The total inte-
grated fluorescence densities (Fi for inner, Fo for outer) and
areas (Ai for inner, Ao for outer) were measured in each region.
Ft was calculated through the formula: Ft = Fi-(Fo-Fi)*Ai/(Ao-
Ai). For quantification Ft on KTs, a 2020 pixels inner region
(~1 um?) and a 28*28 pixels outer region (~2 um>) were man-
ually selected around the best-in-focus image of each KT. For
quantification Ft on Chromosomes, an inner region that
includes all the chromosomes in and a 1.5-fold larger outer
region covers the inner region were manually selected on the z-
projected image of a oocyte.

Statistical analysis

Two tailed, unpaired ¢-test was performed to compare the dif-
ferences between groups. n.s., no significant difference; *, P <
0.05; **, P < 0.01; ***, P < 0.001.

Abbreviations

ACA anti-centromere antibodies

Aurk Aurora kinase

dpc day post coitum

GV germinal vesicle

GVBD  germinal vesicle break down

KMN  KNL1/Mis12 complex/Ndc80 complex
KT-MT kinetochores-microtubule

PB polar body

PBE polar body extrusion

pH3s10 phosphorylation of Ser 10 in histone H3
PP2A  protein phosphatase 2A

PP2Ac  catalytic subunit of protein phosphatase 2A
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