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ABSTRACT

Tightly controlled fluctuations in kinase and phosphatase activity play important roles in regulat-
ing M-phase transitions. Protein Phosphatase 1 (PP1) is one of these phosphatases, with oscilla-
tions in PP1 activity driving mitotic M-phase. Evidence from a variety of experimental systems also
points to roles in meiosis. Here, we report that PP1 is important for M-phase transitions through
mouse oocyte meiosis. We employed a unique small-molecule approach to inhibit or activate PP1
at distinct phases of mouse oocyte meiosis. These studies show that temporal control of PP1
activity is essential for the G2/M transition, metaphase I/anaphase | transition, and the formation
of a normal metaphase Il oocyte. Our data also reveal that inappropriate activation of PP1 is more
deleterious at the G2/M transition than at prometaphase I-to-metaphase |, and that an active pool
of PP1 during prometaphase is vital for metaphase I/anaphase | transition and metaphase Il
chromosome alignment. Taken together, these results establish that loss of oscillations in PP1
activity causes a range of severe meiotic defects, pointing to essential roles for PP1 in female
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fertility, and more broadly, M-phase regulation.

Introduction

Accurate oocyte meiosis is essential for female
fertility and the development of healthy off-
spring. Paradoxically, mammalian oocyte meiosis
is inherently error-prone, with aneuploidy
observed in 10-30% of human oocytes, making
aneuploidy a leading cause of miscarriage and
birth defects [1,2]. Key to successful meiosis is
precise M-phase regulation driven by widespread
changes in protein phosphorylation (Figure 1).
This dynamic phospho-environment is driven by
tightly controlled fluctuations in both kinase and
phosphatase activity. CDK1 is largely responsible
for the increase in protein phosphorylation that
propels M-phase entry and progression [3,4].
Phosphatases, including the closely related ser-
ine/threonine phosphatases protein phosphatase
1 (PP1) and protein phosphatase 2A (PP2A), act
as the major phosphatases that oppose CDKI1
and regulate M-phase exit by removing phos-
phorylations needed to maintain M-phase [5]
(Figure 1a).

PP1 and PP2A are critically important for
mitotic and meiotic M-phase progression and
exit. In mitosis, PP1 and PP2A have unique tem-
poral and spatial regulation, and work in concert
to oppose CDKI activity, preventing M-phase
entry, and promoting metaphase-to-anaphase
transition [6-9]. In mammalian oocytes, inhibi-
tion of PP1/PP2A with reagents, such as Okadaic
Acid and Calyculin A causes major meiotic
abnormalities, and oocyte-specific conditional
loss of PP2A causes substantial defects in chro-
mosome segregation and M-phase progression
[10-19]. However, data also suggest that PP2A
is not the only phosphatase that regulates meiosis
in mammalian oocytes, and so we sought to elu-
cidate PP1’s functions in this important cell type,
building on evidence that PP1 has important
roles in meiosis in Drosophila, Caenorhabditis
elegans, starfish oocytes, and mammalian sperma-
togenesis [20-23].

PP1 is a holoenzyme consisting of a catalytic
subunit (PP1c) and one to two regulatory subunits
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Figure 1. Phospho-dynamics and M-phase regulation in oocyte meiosis. (a) Enzymatic activity of CDK1 and PP1 in mouse oocytes
from prophase | to metaphase Il, a process known as meiotic maturation. PP1 activity is shown as global activity based on the
presence of the PP1 inhibitory phosphorylation (pT320 on PP1ca). (b) Oocytes are arrested at prophase | (Pro 1) until just prior to
ovulation. Resumption of meiosis and entry into meiosis | M-phase is equivalent to the G2/M transition in mitosis. Oocytes progress
through nuclear envelope breakdown (NEBD) and metaphase | (Met I), then exit M-phase. After telophase | (Telo 1) completion,
oocytes exit meiosis I, but bypass interphase and reenter M-phase, arresting at metaphase Il (Met Il). In mice, it takes ~12 hours to
progress from prophase | to metaphase Il (at which point oocytes arrest until fertilization), with the time needed to reach each stage
noted in the figure. Mass changes in protein phosphorylation drive this M-phase entry and exit (orange = high phosphorylation,
white = low phosphorylation). (c) Windows of experimental PP1 inhibition with tautomycetin (TMC) and activation with PDP-Nal.

(called PIPs, for PPl-interacting subunit, or
RIPPOs, for regulatory interactors of protein
phosphatase 1) [24,25]. In mammals, there are
three PP1c genes and hundreds of RIPPOs, result-
ing in hundreds of unique holoenzymes with dis-
tinctive functions and substrates [24,25]. Various
forms of PP1 holoenzymes allow PPI activity to
contribute to numerous processes in mitosis,
including the G2/M transition, microtubule-kine-
tochore attachments, the spindle assembly check-
point, and aspects of cytokinesis [6,26-32].
Oscillations in phosphorylation of RIPPOs and
PP1c, particularly phosphorylation of PP1c’s inhi-
bitory site (pT320 on PPlca and the equivalent
sites in PP1cP and PPlcy), during M-phase play
a critical role in the formation of PP1 holoenzymes
and PP1 activity, and ultimately mitotic M-phase
progression [33-35]. Notably, oscillations in
RIPPO and PPlc phosphorylations in M-phase of
starfish and mammalian oocytes mirror those
observed in mitotic cells [4,17,23,34,35].

As noted above, exposure of mammalian
oocytes to PP1/PP2A inhibitors (Okadaic Acid
or Calyculin A) leads to significant aberrations
during in vitro meiotic maturation, including

accelerated  nuclear  envelope  breakdown
(NEBD, G2/M transition), abnormal spindle
morphology, meiosis I failure, and aneuploidy
[12-19]. However, only two studies have
attempted to tease apart the functions of PP1
and PP2A in mammalian oocytes, and these
studies suggest that PP1 is important for
NEBD and chromosome condensation in
mouse oocytes [17,18]. To establish the roles
that PP1 plays in mammalian oocyte M-phase,
we leveraged a small molecule approach to
manipulate PP1 activity in opposition to its
anticipated activity (e.g. inappropriately activat-
ing PP1 at G2/M) or preventing oscillations in
PP1 activity (e.g. inhibiting PP1 for the duration
of meiosis). It is worth noting that mammalian
oocytes present a valuable and unique opportu-
nity to unravel the functions of cell cycle regu-
latory proteins due to their relatively slow and
synchronous progression through M-phase of
meiosis I. As a result of this synchronicity and
extended M-phase (7-10 h), mouse oocytes offer
an exceptional model for the precise study of
PP1 at discrete windows of time (e.g. the G2/
M transition only), without the need for
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potentially damaging synchronization methods.
To leverage these strengths of the mouse oocyte
system and to investigate PP1 roles with unpre-
cedented control, mouse oocytes were exposed
to the PP1 selective inhibitor tautomycetin [36]
and a recently developed PP1 activator PDP-Nal
[37] at discrete windows of meiosis (Figure 1c).
These studies reveal that alteration of normal
PP1 activity caused a range of severe meiotic
defects, pointing to roles for PP1 in oocyte
M-phase and female fertility.

Materials and methods
Animals and ethics approval

6-11-week-old female CF-1 mice or CD-1 (Envigo)
were used in accordance with Purdue Animal Care
and Use Committee guidelines. Mice were housed

under a 12 h light:dark cycle with ad libitum water
and food.

Oocyte collection and in vitro maturation

Prophase I stage oocytes were collected into
Whitten’s-HEPES medium (109.5 mM NaCl, 4.7
mM KCl, 1.2 mM KH,PO,, 1.2mM MgSO,, 5.5
mM glucose, 0.23 mM pyruvic acid, 4.8 mM lactic
acid hemicalcium salt, with 7mM NaHCOs;, 15
mM HEPES) supplemented with 0.25mM
dbcAMP (Sigma-Aldrich, D0627) or 2.5 pM mil-
rinone (Sigma-Aldrich, M4659) to maintain pro-
phase I arrest. Cumulus cells were mechanically
removed via repeated pipetting of oocytes before
transfer into Whitten’s bicarbonate (Whitten’s
medium without HEPES and with 22mM
NaHCO3) supplemented with dbcAMP or milri-
none. For each experiment, oocytes were pooled
from 3 to 7 females.

For in vitro maturation (IVM), oocytes were
washed into Whitten’s-Bicarb without dbcAMP
or milrinone to release oocytes from prophase
I arrest. Oocytes were matured for up to 16 h at
37°C, 5% CO,. For assays to evaluate inappropri-
ate exit from prophase I arrest, oocytes were
washed into Whitten’s-Bicarb supplemented with
0.2 uM milrinone for 16 h at 37°C, 5% CO,.

Small molecule inhibitors and activators

Oocytes were cultured in 0.5-5pM tautomycetin
(TMG; selective PP1c inhibitor; Bio-Techne, 2305),
2.5-40 uM PDP-Nal (PPlc activator; a gift from
Maja Kohn), 50nM Calyculin A (CalA; Cell
Signaling Technology (CST), 9902S) or vehicle
(0.1% DMSO, equal to DMSO in 5 uM TMC treat-
ment group) for the duration of IVM or for dis-
crete windows of time (see Figure 1c). For
experiments that added TMC or PDP-Nal during
meiosis I (e.g. 3h post-meiotic arrest release),
oocytes still at prophase I arrest at 2.5h post-
dbcAMP/milrinone washout were removed.
Finally, for oocytes with TMC treatment for 7
and 9 h post-meiotic arrest release, oocytes still at
prophase I arrest at 6.5 h post-dbcAMP/milrinone
washout were manually removed from the culture
droplets. Inhibitor/activator concentration and
culture conditions for individual experiments are
detailed in the results section and figure legends.

Immunofluorescence and F-actin staining

Oocytes were fixed in 4% paraformaldehyde
(Sigma-Aldrich, P6148) in HEPES buffer (130
mM KCl, 25mM HEPES, 3mM MgCl,, and
0.06% Triton-X, pH 7.4) for 30 min at 37°C prior
to permeabilization in PBS with 0.1% Triton X-100
(Fisher Scientific, BP151) and blocking in PBS
with 0.1% BSA (Sigma-Aldrich, A9647) and
0.01% Tween-20 (Sigma-Aldrich, P7949) at room
temperature. Oocytes were incubated with primary
antibodies for a-tubulin (Zymed, clone Z023,

3605884, 1:100, or Developmental Studies
Hybridoma Bank, clone 12G10, 10.6 pg/ml),
pH3T3 (Cell Signaling Technology (CST),

13576S, 220 ng/ml), pH3S10 (CST, 9701S, 25 ng/
ml), or pAKT(S473) (CST, 9271T, 200 ng/ml) for
16 h at 4°C. After 16 h, oocytes were washed in
PBS with 0.1% BSA and 0.1% Tween-20 and incu-
bated with 7.5 ug/ml goat anti-mouse IgG or don-
key anti-rabbit conjugated to Alexa Fluor 488
(Jackson ImmunoResearch) at room temperature.
For pAKT(S473) immunofluorescence 100 pM
Na;VO, (Sigma-Aldrich, S6508) was included in
all buffers. For F-actin staining, 140 nM Acti-stain
555 phalloidin (Cytoskeleton Inc., PHDHI-A) was



added to the secondary antibody. Oocytes were
mounted in VectaShield (Vector Laboratories,
H-1000) containing 0.75pg/ml 4-6-diamidino-
2-phenylindole (DAPIL; Sigma-Aldrich, D9542).
Imaging was performed using a Zeiss Axio
Observer Z1 microscope with AxioCam MRm
Rev3 camera and ApoTome optical sectioning
(Carl Zeiss, Inc.). Optical sectioning of oocytes
was performed to include all DNA and associated
microtubules within the cytoplasm with an optical
distance of 1 um between sections.

Immunofluorescence analysis

Image analysis was performed with Image] Fiji
distribution (Freeware; National Institutes of
Health - https://imagej.net/software/fiji/). Details
for each type of analysis are specified below.

Chromatin configuration and chromosome
alignment: Slides were blinded, and oocytes were
imaged and assessed for DNA morphology and
chromosome alignment to classify stage of meiosis
(e.g. prophase I, metaphase I, metaphase II) and
chromosome alignment on the metaphase plate.
Oocytes were classified as aligned if all DNA con-
gressed on the metaphase plate, as mild chromo-
some misalignment if one to two chromosomes
had not congressed to the metaphase plate, as
moderate misalignment if three to four chromo-
somes had not congressed to the metaphase plate,
or as severe misalignment if >4 chromosomes had
not congressed to the metaphase plate or no meta-
phase plate was present.

Histone H3 phosphorylation fluorescence inten-
sity (pH3T3 and pH3S10): DNA and histone H3
immunofluorescence optical sections were merged
into a single DNA or histone H3 immunofluores-
cence Z-projection. Image threshold and analyze
particles Fiji functions were used to determine
DNA region-of-interest on DNA Z-projections
automatically. Calculations of the pH3T3 and
pH3S10 fluorescence intensity were then per-
formed by first obtaining the value for the back-
ground signal (by multiplying the DNA area by
the average of the mean background signal), and
then subtracting this background signal from the
integrated density value of the phospho-Histone
H3 signal. Control oocytes were then normalized
to an average value of 1, with this used to
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normalize all other groups. For experiments estab-
lishing H3T3 phospho-dynamics through meiosis,
the fluorescence intensity of pH3T3 was per-
formed on all oocytes regardless of their meiotic
stage. For all other experiments quantifying
pH3T3 and pH3S10 dynamics, only the fluores-
cence intensity of prometaphase or metaphase
I oocytes was measured.

AKT(S473) phosphorylation fluorescence inten-
sity: pAKT(S473) becomes enriched on microtu-
bules after NEBD during prometaphase [38].
Because of this, meiotic stage, the size of the meio-
tic spindle, and spindle orientation can all impact
fluorescence quantification. To ensure these fac-
tors did not impact fluorescence intensity, fluores-
cence was quantified as follows. A ROI (region of
interest) was set in ImageJ Fiji distribution. On
a single optical section, this ROI was used to
measure the fluorescence adjacent to the chromo-
somes (where the meiotic spindle would be) and
also four cytoplasmic regions; see Supplementary
Fig. S1A for an example of ROI’s. Fluorescence
intensity for each ROI was then calculated as
described above. The chromosome-adjacent ROI
was normalized to control oocytes (DMSO or
PDPm-Nal) to an average value of 1. Next, the
fluorescence intensity of the cytoplasmic ROI’s
for each oocyte was averaged, with these average
cytoplasmic ROI’s normalized to control oocytes
as above. Finally, normalized chromosome-adja-
cent fluorescence intensity was added to normal-
ized average cytoplasmic fluorescence intensity to
generate the final pAKT(S473) fluorescence inten-
sity values.

Distance of metaphase I plate to the cortex:
A Z-projection of the DNA optical sections and
the central F-actin optical section were merged
into a single image. The metaphase I spindle
migrates to the cortex in a pole-first manner
(Supp Fig. S2B) [39]. Therefore, a straight line
from the center of the metaphase I plate to the
closest region of the cortex with this pole-first
directionality was measured (Supp Fig. S2C).

Immunoblotting

Oocyte lysates were made by adding 20 oocytes
to 4x SDS loading buffer (50% glycerol, 520.1
mM Sodium Dodecyl Sulfate, 3.1 M Tris base,
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and 1.4mM bromophenol blue) with 100 pM
Na;VO,. Each lysate contained exactly 20
oocytes and the whole lysate was loaded in
a single lane. Prior to loading oocyte lysates
onto the gel, samples were diluted to 2x SDS
with TBS (137 mM NaCl, 2.7 mM KCI, 19 mM
Tris base). SDS-PAGE was performed using
standard protocol, and proteins were transferred
onto PVDF (Millipore Sigma, IPVH00010). For
immunoblotting, 100 pM Na;VO, was included
in all buffers post-transfer. Membranes were
blocked in 5% BSA TBS-T (TBS with 0.1%
Tween-20) for 1h at room temperature.
Following blocking, membranes were incubated
in anti-pPP1c(T320) (Abcam, ab62334, 0.134 ug/
ml) in 1% BSA TBS-T at 4°C. After 16 h, mem-
branes were washed in TBS-T prior to incuba-
tion with goat anti-rabbit IgG-horseradish
peroxidase (Jackson ImmunoResearch, 0.3 pg/
ml) in 1% BSA TBS-T for 2h at room tempera-
ture. Membranes were again washed with TBS-
T, prior to X-ray film (Bioland Scientific LLC,
A03-02) detection of chemiluminescence signal.
A GelDoc Go (Bio Rad) was used to make
digital images of films, and densitometry was
performed wusing Image] Fiji distribution.
Densitometry was normalized so that control
lanes (Veh or PDPm-Nal) equaled 1. See
Supplementary Fig. SIB for representative
image of an uncropped immunoblot.

Statistical analysis

GraphPad Prism 9.2.0 (GraphPad Software, www.
graphpad.com) was used for statistical analysis,
with a p-value of<0.05 considered statistically
significant. For categorical data, the Fisher’s
exact test was used. For continuous/numerical
data, D’Agnostino-Pearson omnibus normality
test was performed to determine if the data fol-
lowed a normal distribution. For normally dis-
tributed numerical data, the Student’s t-test or
ANOVA with Tukey’s post hoc test was used.
For all other data, the Mann-Whitney test or
Kruskal-Wallis test with Dunn’s post hoc was
used. The exact p-values for each analysis can be
found in “Results” section. Additionally, further
information on statistical tests used for each data-
set can be found within the figure legends.

Results

Tautomycetin (TMC) selectively inhibits PP1 in
mouse oocytes

Tautomycetin (TMC) is a PP1 selective inhibitor,
with a ~ 40-fold higher affinity for PP1 over PP2A
[36]. We examined TMC’s selectivity for PP1 in
mouse oocytes by assessing phosphorylation of
three PP1 substrates as well as a PP2A substrate.
To evaluate how phosphorylation of these PP1 and
PP2A substrates was affected by phosphatase inhi-
bitors, oocytes were treated with either TMC
(tested at 5uM because this concentration of
TMC causes a 90% reduction in PP1 activity with
no impact on PP2A activity in COS-7 cells [40]) or
with Calyculin A (CalA; an inhibitor of both PP2A
and PPI, tested at 50 nM, a concentration known
to cause significant chromosome condensation
defects in mouse oocytes [18]).

We assessed three different PP1-specific sub-
strates in TMC-treated oocytes: Histone H3 on
Threonine 3 (pH3T3), histone H3 on Serine 10
(pH3S10), and PPlc on Threonine 320 (pPPlc
(T320)). H3T3 is dephosphorylated by PP1 at
M-phase exit [41,42], with a significant decrease in
pH3T3 observed at 9h post-meiotic arrest release
(M-phase exit; Supp Fig. S3A), suggestive of high
PP1 activity on this substrate. Treatment of oocytes
with 5uM TMC from 0-7h or 0-9 h post-meiotic
arrest release caused a significant increase in the PP1
substrate pH3T3 compared to vehicle control
(Figure 2a and Supp Fig. S3B; 7h, 23.1+£5.3%
pH3T3 increase, p=0.0332; 9 h, 41.0 £ 4.9% pH3T3
increase, p=0.0002). The second PP1 substrate
examined, H3S10, shows high phosphorylation
from M-phase entry to metaphase II arrest [18,42],
and previous studies treating oocytes with Okadaic
Acid (a PP1/PP2A inhibitor) from 0 to 3h post-
meiotic arrest release (M-phase entry) resulted in
increased  H3S10  phosphorylation  [18,42].
Therefore, the phosphorylation status of H3S10 was
evaluated in oocytes treated with 5 uM TMC from 0
to 3 h post-meiotic arrest release. Similar to what was
observed with Okadaic Acid exposure, treatment of
oocytes with 5 pM TMC in this time window (0-3 h
post-meiotic arrest release) significantly increased
pH3S10 (Figure 2b and Supp Fig. S3C; 19.8 +4.8%
pH3S10 increase, p = 0.0181). Finally, the third PP1
substrate examined was PP1c(T320), a site that is
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Figure 2. PP1 manipulation alters PP1, but not PP2A, substrate phosphorylation. (a-c) Graphical comparison of PP1 substrate
phosphorylation between vehicle control (0.1% DMSO) and TMC (5 pM)-treated oocytes. (a) pH3T3 fluorescence intensity. Prophase
| oocytes were released from meiotic arrest and cultured in TMC or Veh medium for 7 or 9 h. n =42-77 oocytes over two replicates.
(b) pH3510 fluorescence intensity. Prophase | oocytes were released from meiotic arrest and cultured in TMC or Veh medium for 3 h.
n = 67-98 oocytes over two replicates. (c) pPP1c(T320) densitometry. Prophase | oocytes were kept meiotically arrested (Pro 1) or
released from meiotic arrest and cultured for 2 h. At 2 h post-meiotic arrest release, NEBD oocytes were cultured in TMC or Veh
medium for 2 h (4 h post-meiotic arrest release). 20 oocytes per lane, n =3 replicates. (d) Graphical comparison of PP2A substrate
phosphorylation, pAKT(S473) fluorescence intensity, between vehicle control (0.1% DMSO), TMC (5 uM)-treated, and CalA (50 nM)-
treated oocytes. Prophase | oocytes were released from meiotic arrest and cultured for 2 h before exposure to TMC, CalA, or Veh for
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auto-dephosphorylated by PP1. pPP1c(T320) was
shown to be sensitive to Calyculin A (CalA) in star-
fish oocyte meiosis [23] with phosphorylation
increasing at M-phase entry, decreasing at meiosis

PP1-disrupting peptide (PDP-Nal) specifically
activates PP1 in mouse oocytes

PP1-disrupting peptides (PDPs) are cell-permeable

peptides that disrupt the interaction of the PP1 cata-
lytic subunits with regulatory subunits (RIPPOs), thus
increasing PP1 activity in cells [37,44]. The sequence
of PDPs is based on the motif through which most
RIPPOs interact with the PP1 catalytic subunits,
known as the RVxF-type PP1-binding motif. PDP-
Nal has the sequence RRKRPKRKRKNARVTF
NalEAAEII, from the RVTF motif in the RIPPO
NIPP1 (PPP1R8), with 2-naphthylalanine (Nal) repla-
cing a serine. The inactive form, PDPm-Nal (m for
inactive mutant), has the sequence
RRKRPKRKRKNARATANaIEAAEII, with RATA
(underlined) replacing RVTF [44]; these alanine sub-
stitutions in this motif abolish binding to the PP1
catalytic subunits [44,45]. We assessed the phosphor-
ylation status of substrates for PP1 (pH3T3, pH3S10,
and pPP1c(T320)) and PP2A (pAKT(S473)) in PDP-
Nal-treated oocytes. Phosphorylation of H3T3 and
H3S10 was interrogated at metaphase I following
PDP-Nal treatment from 3 to 8 h post-meiotic arrest
release, and phosphorylation of PP1¢(T320) was eval-
uated at prometaphase following PDP-Nal treatment
from 2-4 h post-meiotic arrest release. Treatment of
oocytes with 10 uM PDP-Nal caused a significant loss
in H3T3 and H3S10 phosphorylation compared to the

I exit, and increasing at meiosis II M-phase reentry
[4,17,23]. We treated mouse oocytes with TMC from
2 to 4h post-meiotic arrest release, which led to
a significant increase in pPP1c(T320) in TMC trea-
ted oocytes compared to vehicle controls (Figure 2¢;
55.8 +2.4% pPP1c(T320), p = 0.0059).

To validate the selectivity of TMC for PPI,
analysis of the PP2A substrate, AKT on Serine
473 (pAKT(S473)) was performed. pAKT(S473)
levels significantly decreased at 3h post-meiotic
arrest release (M-phase entry/early M-phase;
Supp Fig. S3D) [38,43]. Treatment of oocytes
with 50 nM CalA (PP1/PP2A inhibitor) from 2-3
h or 2-4h post-meiotic arrest release caused
a significant increase in phosphorylation of
pAKT(S473) (Figure 2d and Supp Fig. S3E; 3h,
91.5+7.8% pAKT(S473) increase, p <0.0001; 4 h,
268.9 £7.7% pAKT(S473) increase, p < 0.0001). In
contrast, treatment of oocytes with 5uM TMC in
these same time windows did not cause a change
in pAKT(S473) (Figure 2d and Supp Fig. S3E; 3 h,
p>0.9999; 4h, p>0.9999). Taken together, these
data highlight the selectivity of 5 uM TMC for PP1
in mouse oocytes.

1h (to 3h post-meiotic arrest release) or 2 h (to 4 h post-meiotic arrest release). n =29-37 oocytes over two replicates. (e-g)
Graphical comparison of PP1 substrate phosphorylation between control oocytes (no treatment or 10 uM PDPm-Nal) and PDP-Nal
(10 uM) treated oocytes. (e) pH3T3 fluorescence intensity. Prophase | oocytes were released from meiotic arrest and cultured in
PDPm-Nal, PDP-Nal or had no treatment (Ctl) for 3 to 8 h post-meiotic arrest release. n = 22-44 oocytes over three replicates. (f)
pH3S10 fluorescence intensity. Prophase | oocytes were released from meiotic arrest and cultured in PDPm-Nal, PDP-Nal or had no
treatment (Ctl) for 3 to 8 h post-meiotic arrest release. n =28-48 oocytes over three replicates. (g) pPP1c(T320) densitometry.
Prophase | oocytes were kept meiotically arrested (Pro 1) or released from meiotic arrest and cultured for 2 h. At 2 h post-meiotic
arrest release, NEBD oocytes were cultured in PDPm-Nal or PDP-Nal medium for 2 h (4 h post-meiotic arrest release). 20 oocytes per
lane, n=3 replicates (h) Graphical comparison of PP2A substrate phosphorylation, pAKT(S473) fluorescence intensity, between
PDPm-Nal (10 uM) and PDP-Nal (10 pM) treated oocytes. Prophase | oocytes were released from meiotic arrest and cultured for 1 h
before exposure to PDPm-Nal or PDP-Nal for 2h (3 h post-meiotic arrest release). n=29-37 oocytes over two replicates. For
experiments with two groups, * denotes a significant difference between the groups (Mann-Whitney test). For experiments with
three or more groups, different letters denote a significant difference between the groups (Kruskal-Wallis test with Dunn’s post hoc
or ANOVA with Tukey's post hoc). For example, in Panel D, the “a” with the Veh and TMC 3 h treatment groups indicates that the
levels of pAKT(S473) are not statistically significantly different between these two groups. The “b” over CalA in the 3 h treatment
group indicates that the level of pAKT(S473) is statistically significantly different from those in the Veh and TMC 3h and 4h
treatment groups. For TMC 4 h treatment, the “a,c” indicates that this group is not statistically significantly different from Veh 3 h
(“a”), TMC 3 h (“a"), or Veh 4 h (“c”) but is significantly different to CalA 3 h (“b”) and 4 h (“d") groups. Fluorescence intensity and
densitometry was normalized to control oocytes (Veh, no treatment, or PDPm-Nal). If fluorescence intensity was assessed at two
time-points, the first control time-point was used for normalization. Graphed values are mean and SEM with scatter dot plots
showing each individual oocyte’s fluorescence intensity. For immunoblots, oocytes for PP1 inhibition and activation were collected
and treated in parallel, and run on the same immunoblot. Therefore, prophase | oocyte data for C and G are the same, but
normalized to either Veh (c) or PDPm-Nal (d).



negative control peptide, PDPm-Nal (Figure 2e-f and
Supp Fig. S3F; pH3T3, 46.0 +4.9% pH3T3 loss, p <
0.0001; pH3S10, 24.0 + 6.0% pH3S10 loss, p = 0.0647).
Conversely, no change in PP1¢(T320) phosphoryla-
tion was observed following PP1 activation (Figure 2g;
p=0.9478). These results are consistent with the
observation of Rogers et al. of fast and substantial
loss of H3T3 phosphorylation in mitotic cells treated
with 40 uM of the first-generation PP1 disrupting
peptide (PDP3), but only a slow and modest loss of
PP1c(T320) phosphorylation [7]. Their findings and
ours suggest that distinct PP1 substrates have different
sensitivities to dephosphorylation following PP1 acti-
vation [7,46].

Having confirmed that PDP-Nal treatment leads
to dephosphorylation of PP1 substrates, we next
sought to confirm that uncoupled PPlc did not
have off-target effects on the PP2A substrate pAKT
(5473). Oocytes were exposed to 10 uM PDP-Nal
from 1 to 3 h post-meiotic arrest release. No change
in AKT(S473) phosphorylation was observed with
PDP-Nal compared to PDPm-Nal treatment
(Figure 2h and Supp Fig. S3G; p=0.6437).
Importantly, however, there was a significant reduc-
tion in phosphorylation of the PP1 substrate H3T3
(Supp Fig. S3G; 45.3 +4.2% pH3T3 loss, p < 0.0001).
Taken together, these data confirm the selectivity of
PDP-Nal driven PP1 substrate dephosphorylation.

PP1 inhibition through meiotic maturation
impairs M-phase exit and reduces oocyte quality

Prior studies investigating the role of PP1 in mam-
malian oocytes used inhibitors that inhibit both
PP1 and PP2A (e.g, Okadaic Acid and CalA),
which complicated interpretation of data and pre-
vented ascribing effects to one or the other phos-
phatase. For our initial assessment of the functions
of PP1 during mouse oocyte meiosis, we exposed
oocytes to TMC for the duration of in vitro
maturation (IVM; 0-16 h; Figure 3a) and assessed
the ability of oocytes to progress through meiosis
I and to metaphase II. TMC at 5uM impaired
M-phase exit compared to vehicle control, as
determined by the presence of a polar body (PB)
by phase microscopy (Figure 3b and Supp Table 1;
Veh, 91.9% PB emission (PBE); 0.5pM TMC
83.3% PBE, p=0.723; 1uM TMC 94.9% PBE, p
=0.5722; 2.5uM TMC 86.1% PBE, p=0.2382; 5
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uM TMC 68.5% PBE, p <0.0001). Using immuno-
fluorescence, we further characterized the meiotic
stage of oocytes and assessed features of oocyte
quality. Oocytes were scored as normal or abnor-
mal, with classification as abnormal if a normal
metaphase II DNA plate was not present after 16 h
of IVM (examples of abnormalities observed in
Figure 3c). PP1 inhibition resulted in
a substantial increase in meiotic abnormalities in
a dose-dependent manner compared to vehicle
control (Figure 3c-d; meiotic abnormalities: Veh
11.4% abnormal; 0.5 uM TMC 23.1% abnormal, p
=0.1365; 1 pM TMC 12.2% abnormal, p=>0.9999;
2.5uM TMC 32.6% abnormal, p=0.0077; and 5
uM TMC 83.3% abnormal, p<0.0001). These
abnormalities ranged from oocytes being arrested
in metaphase I (Figure 3ci) to two spindles with no
PB (Figure 3cv), with increasing doses of TMC
leading to more severe defects.

We attempted similar experiments treating
oocytes with PDP-Nal for the duration of IVM to
manipulate PPl to an activated state [37].
However, exposure of oocytes to PDP-Nal for the
duration of IVM (0-16h) resulted in 100% of
oocytes dying. Taken together, these data highlight
that oscillations in PP1 activity is essential for
normal meiotic progression.

Reduced PP1 activity drives G2/M transition in
oocytes

In mitosis, oscillations in PP1 activity are essential
for M-phase progression, with decreased PPl
activity driving the G2/M transition and increased
PP1 activity being crucial for metaphase/anaphase
transition [47]. This cyclic PP1 activity is driven in
part by a CDK1-mediated inhibitory phosphoryla-
tion of PP1c (pPP1c(T320)) [34,35]. The kinetics
of PP1 inhibitory phosphorylation follows an iden-
tical pattern in starfish and mouse oocytes, sug-
gesting similar fluctuations in PP1 activity during
oocyte meiosis [4,23]. Therefore, we sought to
determine if a reduction in PP1 activity is critical
for meiotic resumption by culturing oocytes in
PDP-Nal during the G2/M transition (0-5h post-
meiotic arrest release; Figure 4a). Oocytes were
released from prophase I arrest into increasing
concentrations of PDP-Nal, the negative control
peptide (PDPm-Nal; which has no PP1c binding),
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Figure 3. PP1 inhibition for the duration of oocyte meiotic maturation reduces meiosis | exit in oocytes and causes meiotic abnormalities. (a)
Schematic representation of the experimental design. Prophase | oocytes were cultured in medium lacking meiotic arrest reagents and
containing TMC (0.5-5 puM) or vehicle control (0.1% DMSO) for 16 h. (b) Graphical representation of meiotic stage based on phase microscopy
at 16 h into culture. Bar graph shows the percentages of oocytes at each meiotic stage. n = 78-127 oocytes over 4-6 replicates. * denotes
a significant difference from Veh control oocytes (Fisher’s exact test). The numbers of oocytes at each meiotic stage is shown in Supplemental
Table 1. (c) Representative images of the oocyte phenotypes observed, apostrophe denotes zoomed-in image, scale bar = 10 pM. Orange
dashed line denotes the PB boundary, and orange arrow points to single misaligned chromosomes. (i) Normal metaphase Il oocyte. Oocytes
that underwent NEBD but had no PB with a normal (ii) metaphase | spindle, with (iii and iii’) mild chromosome misalignment, with (iv and iv’)
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or standard culture medium (Ctrl). G2/M transi-
tion, as determined by NEBD, was hampered by
PP1 activation in a dose-dependent manner com-
pared to PDPm-Nal treatment (Figure 4b; NEBD
at 5h: PDPm-Nal 86.7%; Ctrl 86.8%, p >0.9999;
2.5 uM PDP-Nal 74.0%, p = 0.0031; 5 uM PDP-Nal
50.3%, p<0.0001; 7.5uM PDP-Nal 35.7%, p<
0.0001; 10uM PDP-Nal 19.3%, p<0.0001).
Moreover, PP1 activation significantly reduced
oocyte survival (Figure 4c; Dead oocytes at 5h:
PDPm-Nal 2.3%; Ctrl 0.6%, p=0.2147; 2.5uM
PDP-Nal 12.4%, p=0.0003; 5uM PDP-Nal
39.5%, p<0.0001; 7.5uM PDP-Nal 50.0%, p<
0.0001; 10uM PDP-Nal 66.9%, p<0.0001).
Critically, the majority of oocyte death was
observed in prophase I oocytes, rather than
oocytes that had resumed meiosis (Figure 4d; %
of oocytes that died at prophase I: 2.5 uM 85.7%; 5
UM 83.5%; 7.5 uM 85.7%; 10 uM 91.7%).

To confirm that PP1 was activated, we investi-
gated the phosphorylation status of H3T3 and
H3S10. pH3S10 was significantly decreased with
5, 7.5, and 10 uM PDP-Nal treatment compared to
PDPm-Nal (Figure 4e; 2.5 uM, 3.2 +12% pH3S10
loss, p>0.9999; 5uM, 71.1 +2.3% pH3S10 loss, p
<0.0001; 7.5uM, 68.2+3.8% pH3S10 loss, p<
0.0001; 10uM, 61.2+1.7% pH3S10 loss, p=
0.0001). PP1 activation also caused a reduction of
H3T3 phosphorylation, but this was only signifi-
cant with the highest PDP-Nal concentration (10
uM) compared to PDPm-Nal oocytes (Figure 4f;
2.5uM, 0.9£5.2% pH3T3 loss, p>0.9999; 5uM,
20.1 £6.6% pH3T3 loss, p>0.9999; 7.5 uM, 27.5 +
1.1% pH3T3 loss, p=0.2299; 10 uM, 88.6+ 1.0%
pH3T3 loss, p <0.0001).

To further define the role of PP1 activity at G2/M
transition, we evaluated inappropriate exit from pro-
phase I arrest, in conjunction with TMC treatment.
This assay employed a modification of culture con-
ditions used to maintain robust prophase I arrest for
extended periods (=16 h), culturing oocytes in 2.5
uM of the phosphodiesterase 3 inhibitor milrinone
[48,49]. To evaluate the effects of inhibiting PP1 on
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the maintenance of prophase I arrest, we used cul-
ture conditions that allow a portion of control
oocytes to undergo the G2/M transition (NEBD) by
culturing oocytes in a low concentration of milri-
none (0.2 uM; Figure 5a). With this lower concen-
tration of milrinone (0.2 uM), 36.3% of Veh-treated
oocytes were at prophase I arrest after 16 h of culture,
compared to 6.0% of IVM control oocytes (no mil-
rinone; p < 0.0001). Significantly more TMC-treated
oocytes (2.5 uM and 5 uM TMC) underwent the G2/
M transition (NEBD) and resumed meiosis as com-
pared to Veh-treated, as reflected by a smaller per-
centage of oocytes in these treatment groups being at
prophase I after 16 h (Figure 5b and Supp Table 2;
Veh 36.3%; 0.5uM TMC 26.4%, p =0.1280; 1 uM
TMC 26.9%, p =0.1336; 2.5 uM TMC 17.3%, p =
0.0007; 5uM TMC 25.6%, p=0.0375). However,
despite an increase in G2/M transition with TMC
treatment, the percentage of oocytes to exit M-phase
was significantly reduced compared to vehicle con-
trol oocytes (Figure 5b; % of oocytes arrested at
NEBD at 16 h: Veh 5.5%; 0.5 uM TMC 11.5%, p =
0.6916; 1 uM TMC 10.1%, p = 0.6943; 2.5 uM TMC
30.8%, p = 0.3228; 5 uM TMC 33.3%, p < 0.0001).
Additionally, two other effects of TMC treat-
ment in these experiments were observed. First,
the chromatin configuration of prophase
I oocytes altered by TMC treatment.
Chromatin configuration in prophase I oocytes is
characterized by the extent of condensation of the
DNA around the nucleolus, with two categories:
surrounded nucleolus (SN) with a ring of con-
densed DNA around the nucleolus, and non-sur-
rounded nucleolus (NSN) with uncondensed DNA
(Figure 5c¢). The transition from NSN to SN is
correlated with acquisition of meiotic competence
(ability of an oocyte to reach metaphase II) and
with developmental potential (ability of a fertilized
oocyte to support pre-implantation embryo devel-
opment), and NSN oocytes display lower meiotic
competence and developmental potential [50,51].
Veh-treated oocytes had equal numbers of SN and
NSN prophase I oocytes. In contrast, 100% of

was

chromosome misalignment, or with (viii and viii') severe chromosome misalignment. Oocytes with DNA ball, + PB refers to very condensed
chromatin in the oocyte, with no obvious meiotic spindle (not shown). (d) Graphical representation of the meiotic stage and DNA morphology
of oocytes at 16 h into culture. Solid colors represent normal DNA morphology for the meiotic stage, and hatched colors represent abnormal
DNA morphology for the meiotic stage. n = 43-96 oocytes over 4-6 replicates. * denotes a significant difference from Veh control oocytes

(Fisher's exact test).
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Figure 4. PP1 activation impairs meiotic resumption. (a) Schematic representation of the experimental design. Prophase
| oocytes were released from meiotic arrest into culture medium containing PDP-Nal (2.5-10 uM), 10 uM PDPm-Nal, or standard
culture medium (Ctrl; 0 uM PDP-Nal). Nuclear envelope breakdown (NEBD) was monitored to track meiotic resumption. (b-c)
Graphical representation of the percentage of oocytes to (b) resume meiosis (NEBD) or (c) die over time. n=140-181 oocytes
over 7-9 replicates. (d) Graphical representation of meiotic stage at oocytes death; n=21-121 oocytes over 7-9 replicates. (e)
Graphical comparison of pH3S10 fluorescence intensity. pH3S10 fluorescence was normalized to expression in Ctrl oocytes.
Different letters denote a significant difference between the groups (Kruskal-Wallis test with Dunn’s post hoc). n=13-41
oocytes over 2 replicates. Representative images of oocyte pH3S10 fluorescence, scale =10 um. (f) Graphical comparison of
pH3T3 fluorescence intensity. pH3T3 fluorescence was normalized to expression in Ctrl oocytes. Different letters denote
a significant difference between the groups (Kruskal-Wallis test with Dunn’s post hoc). n = 18-56 oocytes over 3-4 replicates.
Representative images of oocyte pH3T3 fluorescence, scale = 10 um. Scatter dot plots show each individual oocyte fluorescence
intensity plus mean and SEM.
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prophase I oocytes treated with 5puM TMC had
NSN configuration (Figure 5¢; Veh, 52.3% NSN;
5uM TMC 100% NSN, p < 0.0001). A similar trend
toward increased NSN configuration was also
observed with 0.5uM, 1uM, and 2.5uM TMC
(Figure 5¢; 0.5 uM, 89.5% NSN; 1 uM TMC 81.0%
NSN; 2.5uM TMC 70.6% NSN), but this did not
reach significance. Power analysis was performed
to establish the sample size needed to reject the
null hypothesis (TMC treatment does not impact
NSN rate) between two groups with NSN rates of
50% (observed Veh rate) and 70% (lowest observed
NSN rate with TMC treatment) or 85% (hypothe-
tical NSN rate). A sample size of 110 (50% vs. 70%)
or 34 (50% vs. 85%) prophase I oocytes per group
is needed to ensure appropriate statistical power.
Due to the large sample size needed to detect
a potential significant difference between 50% and
70% NSN, and the low levels of prophase I arrest in
TMC-treated oocytes, we decided not to pursue if
the lower doses of TMC (0.5-2.5 uM) were impact-
ing NSN rate. The second effect of TMC treatment
was observed in oocytes that had resumed meiosis.
TMC treatment resulted in a dose-dependent
increase in meiotic abnormalities, similar to those
observed with 16 h TMC treatment under standard
IVM conditions (Figure 5d; meiotic abnormalities:
Veh 32.4% abnormal; 0.5puM TMC 35.6% abnor-
mal, p=0.8405; 1 uM TMC 31.6% abnormal, p >
0.9999; 2.5 uM TMC 70.0% abnormal, p <0.0001;
and 5pM TMC 96.3% abnormal, p <0.0001).
Taken together, these results confirm that reducing
PP1 activity is central for G2/M transition in
oocytes.

PP1 activation during M-phase reduces oocyte
survival and alters chromosome shape

Having established that inhibition of PP1 is essen-
tial for the G2/M transition, we next sought to
determine the effects of premature PP1 activation
during M-phase. Oocytes were exposed to increas-
ing concentrations of PDP-Nal from prometa-
phase (3h post-meiotic arrest release) to
metaphase I (8h post-meiotic arrest release;
Figure 6a), when PP1 activity is low. We demon-
strated that exposure to 10uM PDP-Nal from
prometaphase to metaphase I (3-8 h post-meiotic
arrest release) decreased pH3T3 and pH3S10 levels

(Figure 2a-b). These reductions in pH3T3 and
pH3S10 were less than those observed with 10
uM PDP-Nal treatment in a different time win-
dow, 0-5h post-meiotic arrest release. Therefore,
to evaluate if we could achieve a higher extent of
PP1 activation (and potentially lower pH3T3 and
pH3S10 fluorescence signals at these time points),
we tested two higher doses of PDP-Nal, 20 and 40
uM, which are required for sufficient PP1 activa-
tion in mitotic cells [7,37]. However, treating
oocytes with these higher doses of PDP-Nal led
to 100% cell death (Figure 6b; Dead oocytes at 8 h:
20uM PDP-Nal 100% dead, p<0.0001; 40 uM
PDP-Nal 100% dead, p<0.0001). Thus, subse-
quent experiments used PDP-Nal at 2.5, 5.0, 7.5,
and 10 uM.

PP1 activation for this five-hour period from
prometaphase to metaphase I caused a dose-
dependent increase in oocyte death, compared
to no death observed in PDPm-Nal-treated
oocytes (Figure 6b; % of oocytes dead at 8h:
PDPm-Nal 0%; Ctrl 0%, p>0.9999; 2.5uM
PDP-Nal 3.4%, p=0.0963; 5uM PDP-Nal
7.5%, p=0.0068; 7.5uM PDP-Nal 13.3%, p<
0.0001; 10 uyM PDP-Nal 33.0%, p <0.0001). We
also compared the extent of oocyte death
observed with 5h of PDP-Nal treatment from
prometaphase to metaphase I and during the
G2/M transition (0-5h post-meiotic arrest
release). Surprisingly, PP1 activation for this
five-hour period during M-phase (3-8 h post-
meiotic arrest release) was less deleterious than
PP1 activation for 5 h during the G2/M transi-
tion (0-5h post-meiotic arrest release).
Significantly higher numbers of oocytes sur-
vived PDP-Nal treatment during M-phase than
during the G2/M transition (Figure 6¢; 2.5 uM:
12.4% (0-5h) vs. 2.9% (3-8 h) dead, p=0.0151;
5uM: 39.3% (0-5h) vs. 8.2% (3-8h) dead, p<
0.0001; 7.5uM: 50% (0-5h) vs. 13% (3-8h)
dead, p<0.0001; 10uM: 66.9% (0-5h) vs.
34.9% (3-8 h) dead, p < 0.0001).

PP1 has roles in mitotic chromosome alignment
and actin regulation [52-55]. In oocytes, actin is
essential for the migration of the meiotic spindle
from the center of the oocyte to the cortex, and
thus for asymmetrical cytokinesis [56,57].
Therefore, chromosome alignment on the meta-
phase I plate and the distance of the metaphase
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Figure 6. PP1 activation from prometaphase to metaphase of meiosis | decreases oocyte survival and alters chromosome
morphology. (a) Schematic representation of the experimental design. Prophase | oocytes were released from meiotic arrest and
cultured for 3 h before treatment with increasing concentrations of PDP-Nal (2.5-40 uM), PDPm-Nal (10 pM) or standard culture
medium (Ctrl; 0 uM PDP-Nal). (b) Graphical representation of the percentage of oocyte death over time. n =29-106 oocytes over 2-5
replicates. (c) Graphical representation of percentage of oocytes dead with 5 h of PDP-Nal treatment at G/2 M (0-5 h; solid color) or
during meiosis | (3-8 h; hashed color). * denotes a significant difference between 0-5 h and 3-8 h PDP-Nal treated oocytes (Fisher’s
exact test) (d) Graphical representation of the percentage of oocytes with at least one pointy chromosome, with sample images of
DAPI staining showing chromosome morphology. n=34-59 oocytes over five replicates. * denotes a significant difference from
PDPm-Nal control oocytes (Fisher's exact test). Scatter dot plots show each individual oocyte fluorescence intensity plus mean and

SEM.

I plate to the cortex was assessed in oocytes fol-
lowing PP1 activation from prometaphase to
metaphase I (3-8 h post-meiotic release). PP1 acti-
vation did not appear to affect these features of the
metaphase I spindle (Supp Fig. S2). However, PP1
activation did alter the shape of individual chro-
mosomes, with a shift from normal morphology of
chromosomes with rounded ends, to chromo-
somes with pointy ends observed at 10 pM PDP-
Nal treatment compared to PDPm-Nal (Figure 6d;
Oocytes with at least one pointy chromosome:
PDPm-Nal 29.4%; Ctrl 32.2%, p=0.8372; 2.5uM

PDP-Nal 25.0%, p =0.6577; 5 uM PDP-Nal 27.3%,
p=0.8322; 7.5 uM PDP-Nal 37.8%, p = 0.3964; 10
uM PDP-Nal 58.8%, p =0.0127). Taken together,
these results show that reduced PP1 activity during
M-phase plays a key role in oocyte survival and
chromosome architecture.

PP1 inhibition during M-phase slows the timing
of meiosis | exit

We next sought to determine the effect of PP1
inhibition during M-phase, given that PP1 activity
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would be anticipated to be important for meiosis
I exit. As our studies above found that TMC treat-
ment for the duration of meiotic maturation
impaired meiosis I exit (Figure 3), we treated
oocytes with 5uM TMC from 0-7h or 0-9h
post-meiotic arrest release (Figure 7a). These

timepoints were selected because analyses of chro-
matin appearance (Figure 7b) and phosphoryla-
tion of the PP1 substrate H3T3 in control
untreated oocytes (Supp Fig. S3A) revealed that
the 7-h timepoint corresponded to late prometa-
phase/early metaphase I with relatively low global



PP1 activity, and the 9-h timepoint corresponded
to the start of M-phase exit and relatively high
global PP1 activity.

At 7h, 100% of vehicle control and TMC-trea-
ted oocytes were at metaphase I (Veh, n=54
oocytes; TMC, n=>50 oocytes). By 9h, 16% of
vehicle control oocytes were beginning to exit
meiosis I, classified as anaphase I to cytokinesis,
whereas only 2.5% TMC-treated oocytes reached
this stage of M-phase exit (Figure 7c; p=0.0134).
We also examined the metaphase I plate of
oocytes for chromosome alignment and distance
from the cortex (as illustrated in Supp Figure 2b-
c). At 7h, 60.6% of Veh-treated oocytes and
85.2% of TMC-treated oocytes had an aligned
metaphase I plate (just outside of significance at
p=0.0514). At 9h, 84.4% of Veh-treated had an
aligned metaphase I plate (with this increase from
7 h being statistically significant, p = 0.0463), and
92.9% of TMC-treated oocytes had an aligned
metaphase I plate (Figure 7d; p=0.2764 as com-
pared to 7h). TMC treatment did not appear to
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affect metaphase spindle migration to the cortex,
with no difference in the distance of the meta-
phase plate to the cortex between the vehicle
control and TMC-treated groups (Supp Fig. S4).

Reduced PP1 activity from metaphase | onwards
impairs M-phase exit, but has no detectable
effects on oocyte quality

Our studies noted above (Figure 3) showed that
TMC treatment for the duration of meiotic matura-
tion significantly impaired meiosis I exit, with 19.8%
of 5 uM TMC-treated oocytes arrested at metaphase
I at 16h IVM compared to 2.8% of Veh-treated
oocytes. Similarly, PP1 inhibition in mitotic cells
caused arrest at metaphase, with PP1 found to have
essential roles at the metaphase/anaphase transition
[26]. To determine if the metaphase I arrest pheno-
type we observed resulted from a loss of PP1 activity
specifically at metaphase I/anaphase I transition,
oocytes were treated with TMC in this precise time
window from metaphase I onward (8-16h post-
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Figure 8. PP1 inhibition from metaphase | onwards impairs meiosis | exit, but has no impact on meiotic abnormalities. (a) Schematic
representation of the experimental design. Prophase | oocytes were released from meiotic arrest into standard culture medium for 8
h before being cultured in medium containing TMC (0.5-5 uM) or vehicle control (0.1% DMSO). (b) Graphical representation of
meiotic stage based on phase microscopy at 16 h into culture. Bar graph shows the percentage of oocytes at each meiotic stage. n
=50-52 oocytes over two replicates. * denotes a significant difference from Veh control oocytes (Fisher's exact test). For the total
number of oocytes at each meiotic stage see Supplemental Table 3. (c) Graphical representation of the meiotic stage and DNA
morphology of oocytes at 16 h into culture. Solid colors represent normal DNA morphology for the meiotic stage, and hatched colors
represent abnormal DNA morphology for the meiotic stage. n =33-40 oocytes over two replicates.



1630 N. J. CAMLIN ET AL.

meiotic arrest release; Figure 8a). TMC treatment
during this time of meiosis reduced M-phase exit
compared to vehicle control, as determined by the
presence of a polar body by phase microscopy
(Figure 8b and Supp Table 3; Veh, 100% PBE; 0.5
uM TMC 97.3% PBE, p =0.9999; 1 uM TMC 96.2%
PBE, p=0.4955 2.5uM TMC 87.6% PBE, p=
0.0267; 5uM TMC 84.7% PBE, p<0.0001).
However, the extent of impaired M-phase exit in
these experiments was substantially less than that
observed with TMC treatment for the duration of
meiosis (0-16h post-meiotic arrest release).
Furthermore, TMC treatment during this time of
meiosis did not cause the meiotic abnormalities
observed with the longer duration treatment
(Figure 8c; meiotic abnormalities: Veh 15.2% abnor-
mal; 0.5 uM TMC 8.8% abnormal, p = 0.4763; 1 uM
TMC 12.1% abnormal, p>0.9999; 2.5uM TMC
22.5% abnormal, p = 0.5542; and 5 uM TMC 26.5%
abnormal, p=0.3689). These results point to PP1
having critical roles earlier in meiosis.

Discussion

Temporal fluctuations in protein phosphorylation
is essential for M-phase entry and progression.
Kinases have a well-established role in this process,
although the contributions of phosphatases during
M-phase is poorly understood. Here, we establish
that loss of oscillations in PPI activity causes
a range of severe meiotic defects in mammalian
oocytes, pointing to crucial roles for PP1 in oocyte
meiosis and, more broadly, M-phase regulation.

PP1 and chromatin architecture

PP1 plays a key role in regulating chromatin architec-
ture in a variety of systems [58,59]. We found that PP1
inhibition and activation altered chromatin config-
uration at prophase I and metaphase I, respectively,
suggesting that PP1 has important functions in chro-
matin architecture during oocyte meiosis. Prophase
I oocytes have two chromatin configuration states:
uncondensed euchromatin (NSN) or a condensed
heterochromatin ring that surrounds the nucleolus
(SN) [60]. PP1 inhibition increased the proportion
of prophase I oocytes with NSN chromatin configura-
tion. As oocytes gain the ability to undergo the G2/M
transition and exit from prophase I arrest (acquiring

an ability known as meiotic competence), there is
a shift from NSN to SN chromatin [50,51], with this
shift accompanied by a translocation of PP1 to the
nucleus [16,19]. Post-translational modifications,
including phosphorylation of H3, play a major role
in heterochromatin formation. In somatic cells,
dephosphorylation of S28 on H3 (H3S28) via the
PP1 holoenzyme, PPlc:RepoMan, is fundamental
for heterochromatin formation [61]. H3S28 is phos-
phorylated in mouse prophase I oocytes, with pH3528
dephosphorylated in a PP1/PP2A-dependent manner
at prophase I [18]. Our findings, taken with these
studies, suggest that PP1 plays a role in chromatin
configuration changes at the NSN-to-SN transition,
potentially via PP1-mediated H3528 dephosphoryla-
tion. Therefore, it is possible that the observed change
in chromatin configuration with PP1 inhibition is
a product of SN heterochromatin decondensing, how-
ever, whether this results in a subsequent loss of
meiotic competence is unknown.

Condensins and phosphorylation of H3 play
a vital role in metaphase chromosome architecture
[62-65]. During M-phase, H3 is phosphorylated at
T3 by Haspin and at S10 by Aurora B and
C [41,42,66,67], and this phosphorylation of H3 at
T3 and S10 contributes to the recruitment of con-
densin to chromosomes. Additionally, in mouse
oocytes, active Haspin is required for the chromoso-
mal localization of Aurora C and condensin at meta-
phase I [41,68]. Our data show that PP1 activation
reduced M-phase phosphorylation of two PP1 sub-
strates, H3 at T3 and at S10. Notably, the abnormal
pointy chromosome architecture observed with PP1
activation is phenocopied in mouse oocytes with
oocyte-specific conditional loss of condensin or
with Haspin inhibition [41,69]. Therefore, activation
of PP1, and subsequent reduction of pH3T3 and
pH3S10 may lead to loss of chromosome condensin,
ultimately causing the observed chromosome
abnormalities. Further studies are warranted to
determine how PP1 regulates chromosome architec-
ture during M-phase.

Active pools of PP1 in prometaphase impact
M-phase exit and oocyte quality

In mitosis, PP1 plays a pivotal role in the meta-
phase/anaphase transition (e.g. silencing the
spindle assembly checkpoint and APC/C“P¢*°



activation) and cytokinesis. In human mitotic
cells, PP1 inhibition or siRNA-mediated loss of
PP1 leads to delayed metaphase/anaphase transi-
tion, metaphase arrest, and binucleated cells (a
sign of cytokinesis failure) [6,26-29]. We found
a similar phenotype in TMC-treated oocytes,
with PP1 inhibition for the duration of meiosis
(0-16h post-meiotic arrest release) causing
metaphase I arrest or meiotic abnormalities
(e.g., chromosome misalignment at metaphase
IT or cytokinetic failure (oocytes with two spin-
dles without a polar body)). On the other hand,
TMC-treatment from metaphase I-to-metaphase
IT arrest (8-16h post-meiotic arrest release)
showed remarkably few abnormalities, with
oocytes largely able to form a normal metaphase
IT oocyte by 16 h. These disparate results point
to an exciting new role for PP1 during prome-
taphase that establishes the ability of oocytes to
undergo metaphase I/anaphase I transition and
form a normal metaphase II  oocyte.
Approximately 40% of PP1 escapes the CDKI-
mediated inhibitory phosphorylation of T320,
such that there is a substantial subpopulation
of PP1 that could be active to mediate this
novel function for PP1 in prometaphase [70].
Our data further confirm the presence of an
active pool of PP1, with a significant increase
in pH3T3 observed in oocytes treated with TMC
during prometaphase (0-7h post-meiotic arrest
release).

There are two probable causes of the abnormal-
ities observed in oocytes treated with TMC for the
duration of meiosis (0-16h): (1) continued phos-
phorylation of prometaphase PP1 substrates, and (2)
altered protein stability. Prometaphase PP1 sub-
strates have been revealed in a recent study of meio-
tic phosphorylation dynamics in starfish oocytes,
with a subset of CalA (PP1/PP2A inhibitor) sensi-
tive protein phosphorylations peaking at NEBD and
decreasing by metaphase I [23]. In oocytes with PP1
inhibition for the duration of meiosis (0-16 h), these
early M-phase PP1 phospho-sites could be main-
tained, likely contributing to the defects observed
in these oocytes. In contrast, in oocytes with PP1
inhibition only during metaphase I (8-16h), these
early M-phase PP1 phospho-sites would not be
affected, thus being a possible explanation for the
differences in the effects of TMC treatments during
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these two time windows. Protein phosphorylation,
including phosphorylation affected by PP1, also
plays a role in targeting of proteins to the protea-
some, and therefore protein half-life. PP1-mediated
dephosphorylation prevents proteasome-mediated
degradation of specific proteins (PER2 and MYC)
[71,72]. Additionally, PP1-mediated dephosphoryla-
tion of CDC20 plays a role in activating APC/
CPC, the major E3 ligase involved in the degra-
dation of pro-M-phase proteins at metaphase/ana-
phase transition [6,73]. Degradation of the APC/
CPC substrates securin and cyclin B starts in
prometaphase of oocytes and is essential for meta-
phase I/anaphase I transition and accurate chromo-
some segregation [74,75]. Consequently, PP1
inhibition in oocytes at prometaphase may alter
the degradation kinetics of proteins, impacting
M-phase progression. Our results show that an
active pool of PP1 during prometaphase is essential
for M-phase exit and the formation of normal meta-
phase II oocytes. The specific PP1 holoenzymes and
their substrates involved in these prometaphase
events remain to be identified.

PP1 activity is needed to maintain metaphase
I chromosome congression

PP1 inhibition during prometaphase (0-7h post-
meiotic arrest release) appears to accelerate chro-
mosome alignment compared to controls.
However, this chromosome alignment is lost in
oocytes that fail to exit metaphase I by 16h of
maturation. A possible explanation for this obser-
vation relates to PP1’s kinetochore functions. At the
kinetochores, PP1 is in a feedback loop with PP2A-
B56. The changing activity of these phosphatases
has essential roles in chromosome alignment and
microtubule-kinetochore attachments [52]. PP2A-
B56 initializes microtubule-kinetochore attach-
ments, aligns chromosomes, and recruits PP1 to
the kinetochore, with PP1 then stabilizing micro-
tubule-kinetochore attachments and removing
PP2A-B56 from the kinetochore [76-78]. Thus,
PP1 inhibition may favor kinetochore-associated
PP2A-B56 and accelerate chromosome congression
initially (as observed at 7 h), but then later, failure
to stabilize microtubule-kinetochore attachments
could cause chromosome misalignment in meta-
phase I oocytes at 16 h.
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Timing of PP1 activation impacts oocyte survival

As discussed above, the timing of PP1 inhibition sig-
nificantly impacts M-phase outcomes in oocytes.
Similarly, treatment of oocytes with PDP-Nal at G2/
M transition (0-5h post-meiotic arrest release)
reduces oocyte viability significantly more than PDP-
Nal treatment during M-phase (3-8 h post-meiotic
arrest release). The interplay between kinase and
phosphatase activity is markedly different during
these two treatment periods. Prophase I arrest
(equivalent to G2 in mitosis) is a pro-phosphatase
state characterized by high phosphatase (e.g, PP1
and PP2A) and low kinase (e.g, CDK1) activity. At
the G2/M transition, this kinase/phosphatase interplay
reverses, resulting in high kinase and low phosphatase
activity during M-phase [3,79-81]. Therefore, the
increased sensitivity of oocytes to PDP-Nal treatment
during G2/M transition may result from an increase in
the pro-phosphatase state (i.e. low CDK1 activity, even
higher PP1 activity) at the start of PDP-Nal treatment.
Conversely, following M-phase entry, oocytes are in
a pro-kinase state; consequently, PDP-Nal needs to
reactivate PP1 and counter kinases that have already
established high activity, potentially causing less PP1
activation during M-phase than G2/M transition. In
support of this hypothesis, PDP-Nal treatment caused
a 2-to-2.5-fold greater loss of PP1 substrates pH3T3
and pH3S10 at G2/M transition (0-5h post-meiotic
arrest release) compared to M-phase (3-8h post-
meiotic arrest release). Another possible cause for
the high sensitivity of G2/M transition oocytes to
PDP-Nal treatment is the change in composition of
PP1 holoenzymes (PP1c:RIPPO) through meiosis.
RIPPOs control activity, substrates, and localization
of the PP1 catalytic subunit. Because of this, the
RIPPOs incorporated into the PP1 holoenzyme
change throughout M-phase, which allows for PP1’s
diverse M-phase functions. PDP-Nal activates PP1 via
outcompeting RIPPOs for PP1c binding sites, result-
ing in the uncoupling of PP1c from RIPPO regulation
[46]. However, the ability of PDP-Nal to outcompete
RIPPOs is dependent on what RIPPOs are bound to
PP1c [46]. Therefore, the reduced viability of oocytes
treated with PDP-Nal at G2/M transition compared to
M-phase might result from M-phase stage-specific
differences in PDP-Nal’s ability to uncouple PPlc
from RIPPO regulation and could be indicative of
different regulatory partners at these meiotic stages.

Conclusion

In summary, we found that (a) PP1 has critical roles at
multiple stages of mammalian oocyte meiosis and (b)
impairing the anticipated oscillations in PP1 activity
negatively impacts M-phase. Importantly, we show for
the first time that the timing of PP1 inhibition/activa-
tion significantly influences meiotic outcomes. Our
study also highlights the advantage of mouse oocytes
for studying PP1 at discrete subphases of M-phase
(e.g. prometaphase vs. metaphase). The extended
time frame of M-phase in mouse oocytes (~10h
from G2/M to M-phase exit) allows for the investiga-
tion of PP1’s roles at specific subphases of M-phase
that is not currently possible in M-phase of mamma-
lian cell lines. Demonstrating the importance of this
evaluation of PP1 at specific subphases of M-phase,
our study found a novel role for PP1 in prometaphase
that is essential for M-phase exit. Taken together, our
results establish the vital role PP1 plays in mammalian
oocyte meiosis, and therefore, female fertility. More
broadly, this study underscores the need for accurate
phosphatase regulation during M-phase.
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