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A delayed ovulation of progestin-primed ovarian

stimulation (PPOS) by downregulating
the LHCGR/PGR pathway

Yating Xie,"-? Wenya Guo,'? Xi Shen,’? Weina Yu,' Yanping Kuang," Qiuju Chen," Hui Long,"* Qifeng Lyu,"*

and Li Wang'-3*

SUMMARY

Progestin-primed ovarian stimulation (PPOS) is a new ovulation stimulation pro-
tocol, and its role in ovulation and regulatory mechanism is unclear. The clinical
PPOS protocol was simulated in mice. The ovulated oocytes, estradiol, progester-
one, and luteinizing hormone (LH) levels were analyzed at different hours after
trigger. mRNA extraction and real-time PCR, hematoxylin and eosin staining,
and immunofluorescence of ovaries were used to explore the involved signaling
pathways. The PPOS group had a delayed ovulation at 12.5 h after trigger. Its
suppressed LH level reduced the expression of luteinizing hormone/choriogona-
dotropin receptor (LHCGR) on the preovulatory follicles before trigger and signif-
icantly decreased the following progesterone synthesis, blood progesterone
level, and progesterone receptor (PGR) expression within 4-6 h after trigger.
Furthermore, the important ovulatory genes regulated by PGR including
ADAMTS-1, VEGF-A, and EDN2 were downregulated, ultimately delaying the
ovulation. PPOS suppresses the LH level before trigger and decreases the synthe-
sis of progesterone after trigger, thus delaying the ovulation by downregulating
the LHCGR-PGR pathway.

INTRODUCTION

For women undergoing controlled ovarian hyperstimulation (COH), progestin-primed ovarian stimulation
(PPOS) could prevent the premature luteinizing hormone (LH) surgew'2 and has been an effective choice, by
oral progestins which started simultaneously with the gonadotrophins and continued until the ovulation
trigger. And available evidence®® shows that PPOS provides a similar number of retrieved oocytes and
pregnancy rate per transfer as those of gonadotropin-releasing hormone (GnRH) analogues. PPOS shows
its peculiarity and importance in the COH, which has been specially reported twice in the review articles by
the “Human Reproduction Update” journal.®’

From initial “Luteal-phase ovarian stimulation” in 2013," “double stimulations during the follicular and
luteal phases (Shanghai protocol)” in 2014, “the prototype of PPOS" in 2015,” and “the random start
PPOS" in 2016'° to “the flexible PPOS” in 2019,"" we find that all of them could effectively inhibit the pre-
mature LH surge and ovulation. Furthermore, the patients in the prolonged ovulation trigger-oocyte
pickup (OPU) time interval group (36.4-37.1 h, 37.1-37.8 h) had significantly higher mature oocyte rate, im-
plantation rate, and live birth rate per transfer than the earlier group (35.6-36.4 h)."? These results indicate
that PPOS inhibits the LH level before trigger and might delay the process of ovulation, which is difficult to
be verified in the clinic.

In natural menstrual cycle, the onset of LH surge would be triggered by estradiol (E2) originating from the
dominant follicle, exceeding 200-300 pg/mL for a minimum of 50 h.'® Progesterone rise in circulation
would be 12 h before LH surge, which also plays an important role in generating LH surge.'"'® Therefore,
several medicines are used as a trigger for inducing an endogenous LH surge (GnRH agonist,'® progester-
.78 and kisspeptin'?) or mimicking LH function (human chorionic gonadotropin, hCG”*?") and ovula-
tion. After LH surge or hCG, a rapid and robust induction of progesterone receptor (PGR) expression is
accompanied by expressions of progesterone biosynthetic enzymes in granulosa cells of preovulatory
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follicles.”” And several lines of evidence support that the steroid hormone progesterone and its receptor
PGR are key regulators in the ovulation.”>?* Inhibition of progesterone synthesis by epostane blocks the
ovulation in rats?®; blocking PGR function with a selective antagonist mifepristone (RU486) or ulipristal ac-
etate (CDB-2914) reduces the number of ovulated oocytes in mice”®”’; and the mature preovulatory folli-

cles fail to release the oocytes in the PGR-null mice.?®*”

In view of the vital role of progesterone in ovulation, it seems contradictory that PPOS probably delay the
process of ovulation. Because progesterone is injected along with human menopausal gonadotropin
(hMG) in patients from menstruation cycle day 3 onward in the PPOS protocol, it might increase progester-
one level and should accelerate ovulation. This drives us to uncover the role of PPOS in ovulation and its
regulating mechanism in this research, which could provide the crucial reference of oocyte retrieval time
for worldwide patients when choosing PPOS.

RESULTS
The clinical PPOS and control protocols were simulated in mice

We simulated the clinical PPOS and set up its control protocol in mice (Figure 1A). Compared with the con-
trol group, PPOS group (5 mg/kg) reduced the oocyte yields significantly (Figure 1B), which is similar as the
PPOS group (10 mg/kg) in our former research.” While the PPOS group (2 mg/kg) had comparable oocyte
yields with the control group (Figure 1B), the serum progesterone (P) level increased significantly every half
an hour after progesterone intraperitoneal injection (p < 0.001 at 0.5 h and 24.5 h, two-way repeated
ANOVA, Figure 1C). Meanwhile, the serum E2 increased gradually and reached the maximum concentra-
tion at 48 h after pregnant mare serum gonadotropin (PMSG) injection within two groups, but without dif-
ference (Figure 1D). Therefore, we chose 2 mg/kg progesterone to be used in the PPOS group for exploring
its function in ovulation.

The mice of PPOS group had a postponed ovulation compared with control group

Both the PPOS and control groups were given exogenous gonadotropin (hCG) to trigger ovulation. After
12 h, two groups had a comparable number of oocytes in the ovaries before ovulation (Figure 1E, left), and
the percentages of metaphase | (Ml), metaphase Il (Mll), and death oocytes were similar in the ovaries (Fig-
ure 1E, right). However, the ovaries of control group had more large follicles and corpus luteum than the
PPOS group at 12.5 h after hCG injection (Figure 1F, up). And the ampulla of oviduct was obviously
enlarged and protruded in the control group at 12.5 h after hCG injection (Figure 1F, down). As seen in Fig-
ure 1G, when the total oocytes in the ovaries and oviduct were similar between the two groups, the control
group had significantly more ovulated oocytes than the PPOS group at 12.5 h after hCG injection (4.8 + 1.4
vs. 1.0 £ 0.8, p < 0.01).

The delayed ovulation of PPOS group still existed atthe 13h (11.6 + 1.6 vs. 5.1 + 1.3, p < 0.05, Figure 2A)
and 14 h (10.5 £ 1.2vs. 5.4 £ 1.1, p < 0.05, Figure 2B) after hCG trigger. As seen in Figure 2C, the rates of
ovulation were significantly lower in the PPOS group from 12.5to 14 h after hCG (p <0.05at 12.5h and 14 h,
p < 0.01 at 13 h, two-way ANOVA), while at 16 h after hCG, the PPOS and control groups had the similar
oocytes in the oviduct (Figure 2D). Furthermore, the PPOS group had significantly less ovulated MIl oocytes
(Figure 2E) and ovulation rates (Figure 2F) than the control group at 12.5 h, 13 h, and 14 h after hCG, but
without difference at 16 h after hCG (p < 0.05at 12.5h, p < 0.01 at 13 h, p < 0.01 or 0.05 at 14 h, two-way
ANOVA). Ovaries were examined for histological change within 12-16 h after hCG administration (Fig-
ure 2G). At 12 h, 13 h, and 14 h after hCG, the ovaries of control group exhibited more corpora lutea
(CL) and less preovulatory follicles than the PPOS group, while at 16 h after hCG, two groups had similar
CL in the ovaries.

The suppressed LH level of PPOS before trigger contributing to the reduced progesterone
synthesis and PGR expression after hCG trigger

After hCG trigger, the E2 levels were gradually decreased till the ovulation, but without difference between
two groups (Figure S1). The progesterone levels increased obviously within 4 h after hCG®' both in the con-
trol and PPOS groups (Figure 3A), but its level was significantly lower in the PPOS group at4 h (49.65 + 3.28
vs. 34.43 £+ 7.28, p < 0.05, two-way repeated ANOVA). The endogenous LH levels of the two groups were
without differences within 2-16 h after hCG (Figure 3B), while PPOS group had an obviously lower LH level
than the control group before hCG trigger (1.96 + 0.55vs. 0.59 + 0.17, p < 0.05, Figure 3D), although the
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Figure 1. The mice with simulated PPOS protocol have not ovulated at 12.5 h after hCG trigger

(A) Schematic of experimental design in mice: vehicle (control group) or two doses of progesterone (PPOS group) were
administered.

(B) The number of retrieved oocytes in the control group and PPOS groups (2 mg/kg progesterone, 5 mg/kg
progesterone at 16 h after triggering. (n = 10 mice in each group).

(C and D) Serum progesterone levels (C, n = 5-7 mice in each group) and estradiol levels (D, n = 5-8 mice in each group) of
mice in the PPOS (red line) and control groups (black line) from 0 to 48 h after PMSG injection.

(E) The total number and percentage of oocytes in the ovaries between control and PPOS groups at 12 h after hCG
injection. (n = 5-6 mice in each group).

(F) Micrographs of ovaries and oviducts at 12.5 h after hCG injection in control and PPOS groups. (n = 3-5 mice in each
group). Scale bar, 100 um.

(G) Comparisons of the number of total oocytes and ovulated oocytes at 12.5 h after hCG injection. (n = 8-11 mice in each
group).

Statistical analysis was performed by Mann-Whitney test in (B, E-left, and G), chi-squared test in E-right and two-way
repeated ANOVA with Holm-Sidak test in (C and D). Data are represented as mean & SEM. ns, no significance (p > 0.05).
*5 < 0.05, **p < 0.01 and ***p < 0.001.
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Figure 2. The mice of PPOS group have a delayed process of ovulation than the control group

iScience

(A and B) At 13 h (A) and 14 h (B) after hCG injection, the total oocytes within the ovaries and oviducts and the ovulated
oocytes in the oviducts between two groups (a: n = 9-11 mice in each group; b: n = 7-8 mice in each group).

(C) Comparison of ovulation rates between PPOS group (red line) and control group (black line) after hCG injection (n = 5-
10 mice in each group).

(D) At 16 h after hCG injection, the total oocytes within the ovaries and oviducts and the ovulated oocytes in the oviducts
between two groups (n = 6 mice in each group).

(E and F) Comparison of the number of ovulated MIl ococytes (E) and ovulation rates of MIl cocytes (F) from 12.5to 16 h
after hCG injection between two groups. (E and F: n = 6-10 mice in each group).

(G) HE-staining images of ovary sections in the PPOS and control groups at 12 h, 13 h, 14 h, and 16 h after hCG injection.
(n = 3-5 mice in each group). Scale bar, 500 pm.

Statistical analysis was performed by Mann-Whitney test in A, B, and D and by two-way ANOVA in C, E, and F. Data are
represented as mean + SEM. ns, no significance (p > 0.05). *p < 0.05, **p < 0.01.
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Figure 3. The serum progesterone and LH levels after hCG injection within the control and PPOS groups

(A and B) The serum progesterone (A) and endogenous LH levels (B) in the PPOS and control groups after hCG injection
(A: n = 8 mice in each group; B: n = 5-6 mice in each group).

(Cand D) The LH levels at 0 h before PMSG injection (C, n = 7-12 mice in each group) and 0 h before hCG trigger (D, n = 7-
12 mice in each group) in the control and PPOS groups.

(E) Immunofluorescence images of LHCGR expression on the ovaries in the PPOS and control groups when giving hCG
injection. (n = 3-5 mice in each group). The preovulatory follicles were indicated by asterisks and one of them indicated by
dotted rectangle box was enlarged in the bottom (Scale bar: 500 pm in the upper panel, 100 pm in the middle panel,
50 pm in the bottom panel).

(F) The relative LHCGR fluorescence intensity within control and PPOS groups analyzed by ImageJ software (n = 5
preovulatory follicles within 3-5 mice in each group).

Statistical analysis was performed by two-way repeated ANOVA with Holm-Sidak test in A-B and Mann-Whitney test in C,
D, and F. Data are represented as mean = SEM. ns, no significance (p > 0.05). *p < 0.05. *p < 0.01.

two groups had the similar LH levels at the beginning of COH (Figure 3C). Furthermore, the expression of
LH/choriogonadotropin receptor (LHCGR) on the theca cells of preovulatory follicles*—* was significantly
less in the PPOS group (Figures 3E and 3F).

The mRNA levels of Star, Cyp11a, and Hsd3B2, which are key-point steroidogenic enzymes of progester-
.36 were significantly less in the PPOS group (Figures 4A-4C), while, CYP19a, which was
337 was without difference within the two groups

one synthesis,
mainly needed for E2, but not progesterone synthesis,
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Figure 4. The decreased mRNA levels of progesterone synthesis enzymes and PGR expression in the mice of
PPOS group

(A-D) Star (A, n = 9-10 mice in each group), Cyp11a (B, n = 9-10 mice in each group), Hsd3B2 (C, n = 10 mice in each group), and
Cyp19a (D, n = 7-10 mice in each group) relative mRNA levels in the PPOS and control groups at 4 h after hCG injection.
(E) Immunofluorescence images of PGR expression on the preovulatory follicles in the PPOS and control groups at 6 h
after hCG injection (n = 3-5 mice in each group). Scale bar, 50 pm.

(F) The relative PGR fluorescence intensity within control and PPOS groups analyzed by ImageJ software (n = 6
preovulatory follicles within 3-5 mice in each group).

(G) PGR relative mRNA expression levels at 4 h after hCG injection within two groups (n = 7-9 mice in each group).
Statistical analysis was performed by Mann-Whitney test in A-D, F-G. Data are represented as mean + SEM. ns, no
significance (p > 0.05). *p < 0.05, **p < 0.01.

(Figure 4D). The PGR mRNA level of PPOS group was significantly reduced at 4 h after hCG (Figure 4G).
Furthermore, PGR expression on the mural granular cells of preovulatory follicles?**%37
decreased in the PPOS group at 6 h after hCG stimulation (Figures 4E and 4F).

also obviously

6 iScience 26, 107357, August 18, 2023

iScience



iScience ¢? CellPress
OPEN ACCESS

>
w

HIF ADAMTS-1
1.50 * x

°

1.25

lative mRNA
RNA

Q

R

0 .00 .00 0.00
Control PPOS Control PPOS Control PPOS Control PPOS

E HIF F ADAMTS-1
Control PPOS Control PPOS

*
*
*
*
i *

VEGF-A H
Control PPOS

Q

Control

%
*
.l

[

Relative flluorence intensity
a
o
o * :_E
*
ol
]

©0.00
[

©0.00
Control PPOS o Control PPOS Control PPOS Control PPOS

Figure 5. The mRNA levels and protein expressions of genes regulated by PGR were downregulated in the mice
of PPOS group

(A-D) The relative mRNA levels of HIF (A), ADAMTS-1 (B), VEGF-A (C), and EDN2 (D) in the control group (n =6, 8, 11, 10
mice in A-D) and PPOS groups (n = 9, 10, 10, 9 mice in A-D).

(E-H) The immunofluorescence images of HIF (E), ADAMTS-1 (F), VEGF-A (G), and EDN2 (H) expression in the ovaries (n =
3-5 mice in each group). The preovulatory follicles indicated by asterisks in the upper panel were enlarged in the lower
panel. Scale bar in the upper panel, 500 um. Scale bar in the lower panel, 200 pm.

(I-L) The relative fluorescence intensity of HIF (1), ADAMTS-1 (J), VEGF-A (K), and EDN2 (L) within control and PPOS groups
analyzed by ImageJ software (n = 6-8 preovulatory follicles within 3-5 mice in each group).

Statistical analysis was performed by Mann-Whitney test in A-D and |-L. Data are represented as mean + SEM. ns, no
significance (p > 0.05). *p < 0.05. **p < 0.01. ***p < 0.001.
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The PGR-regulated gene network which is essential for ovulation was downregulated in the
PPOS group

ADAMTS-1 (a disintegrin and metalloproteinase with thrombospondin motifs) plays a key role in the re-
modeling of extensive extracellular matrix (ECM) to facilitate assembly of the viscoelastic cumulus-oocyte
complex (COC) matrix before ovulation.”%*" Its mRNA levels at 4 h (Figure 5B) and protein expressions at
6 h (Figures 5F and 5J) after hCG were significantly reduced in the PPOS group. There was also a significant
decrease of HIFs (hypoxia-inducible factors) in the PPOS group (Figures 5A, 5E, and 5l), which serves as crit-
ical regulators of the tissue's response to changes in oxygen levels.”> EDN2 (Endothelin-2), a potent vaso-
active hormone and contributing to the follicle-wall breakdown,”® was also significantly decreased in the
PPOS group (Figures 5D, 5H, and 5L). Furthermore, VEGF-A (vascular endothelial growth factor A), which
promotes vascular permeability during ovulation,”® was obviously reduced in the PPOS group (Figures 5C,
5G, and 5K). Images by confocal microscope also show that expressions of ADAMTS-1, HIF, VEGF-A, and
EDN2 were significantly less in the granular cells of preovulatory follicles”’***? within the PPOS group até h
after hCG injection (Figures S2E-S2H).

However, PGR-regulated genes mediating the inflammatory process in breaking down the wall of preovu-
latory follicles®® had not been influenced in the PPOS group. Neither mRNA levels of PPARr (peroxisome
proliferator-activated receptors, Figure S2A) and ILé (interleukin-6, Figure S2B) nor PTGS2 (prostaglandin
endoperoxide synthase2, Figure S2C) had been obviously influenced in the PPOS group, although all of
them had the same tendency of slight increase. SNAP25 (Synaptosomal-associated protein 25) is involved
in the membrane fusion and may also participate in the ovulatory process;* its mRNA level was without
difference (Figure S2D).

DISCUSSION

Our research firstly finds that the PPOS protocol in the clinic could suppress the endogenous LH level and
LHCGR expression on the preovulatory follicles before trigger, which leads to the decreased biosynthesis
of progesterone and PGR expression within 4-6 h after hCG trigger and thus postpones the process of
ovulation.

These findings further verify our former clinical research'? in patients with PPOS protocol, which used the
propensity score to auto-match patients with the homogeneous clinical characteristics among three
trigger-OPU interval groups (group 1: 35.6-36.4 h; group 2: 36.4-37.1 h; group 3: 37.1-37.8 h) and found
that the trigger-OPU interval within groups 2 and 3 had significantly higher mature oocyte rates (84.54%
vs. 84.60% vs. 82.34%, p = 0.002) and implantation rates (34.17% vs. 34.37% vs. 29.61%, p < 0.05) than group
1. A relative prolonged ovulation trigger-OPU interval (36.4-37.8 h) is optimal for most patients using a
PPOS protocol.

For triggering ovulation in the COH, the same dosage of exogenous gonadotropin (hCG) was given to
simulate the endogenous LH surge in both PPOS and control groups. After hCG, the endogenous LH levels
of the two groups were without differences within 2-16 h, while the progesterone level was significantly
lower in the PPOS group at 4 h. It is confusing that the same dosage of exogenous hCG brought about
the different progesterone levels after trigger within the two groups, especially that the PPOS group
is the lower group. Progesterone is injected along with hMG in the PPOS protocol, which might increase
the progesterone level. Actually, the serum progesterone level increased significantly every half an hour
after progesterone intraperitoneal injection in the PPOS protocol, but this increasing was temporary and
only before hCG trigger.

After trigger, activation of LHCGR on preovulatory follicles in response to the LH/hCG surge induces the
expression of PGR specifically in granulosa cells, as well as luteinization-specific genes including steroido-
genic enzymes that synthesize progesterone.®® Former'? and this research has found that PPOS could
effectively suppress LH level and LHCGR expression on the preovulatory follicles before hCG trigger.
Therefore, despite giving the same dosage of exogenous hCG to trigger, the granulosa cells of preovula-
tory follicles in the PPOS group could not synthesize the similar level of progesterone as the control group.

This speculation was further verified by the mRNA levels of Star, Cyp11a, and Hsd3B2, which are key-
point steroidogenic enzymes of progesterone synthesis.*>*° They were obviously less in the PPOS

group. CYP19a, which was mainly needed for E2, but not progesterone synthesis,>**’ was without
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difference within the two groups. As the key regulator of ovulation, progesterone plays its biological
effects through the PGR. Therefore, a rapid and robust expression of PGR was induced in the preovu-
latory follicles after hCG injection; it peaks at 4-8 h and then declines to undetectable levels.”’
Exactly, the PGR mRNA level and expression on the preovulatory follicles were significantly reduced
in the PPOS group.

Research during the past year529'45’48 has identified that several genes, such as ADAMTS-1, HIFs, VEGF-A,
and EDNZ2, are acting as downstreams of PGR and essential for ovulation in regulating follicle-wall degra-
dation, vascular permeability, and vascular dynamics. These PGR-regulating genes which are essential for
ovulation were obviously downregulated in the PPOS group, from the mRNA level to protein expression,
leading to the delayed ovulation.

The possible molecular mechanism involved in the delayed ovulation of PPOS group might be the
following: (1) the PGR, which was activated by locally secreted progesterone and expressed in mural gran-
ulosa cells of preovulatory follicles, transactivates intermediary genes including HIF, which acts in concert
with PGR to induce ADAMTS-1 and VEGF-A.*® (2) ADAMTS-1, which plays a key role in the remodeling of
extensive ECM to facilitate assembly of the viscoelastic COC matrix before ovulation,’”"" also probably
plays an important role in the degradation of the collagen layer.?**"*% (3) VEGF as a vascular permeability
factor (VPF*") could alter local fluid fluxes and thus change hydrostatic pressure within the follicle and play
critical roles during ovulation.”® 4) EDN2 is produced downstream of PGR action in mural granulosa cells of
preovulatory follicles immediately preceding ovulation.”’ It regulates blood-vessel dynamics by controlling
the constriction or dilation of the vessels and also plays a role in inflammation.”’"*? The decreased EDN2 of
PPOS group contributes to the delayed follicle-wall degradation by influencing the dynamic changes in the
vasculature during ovulation. Through this sequential cascade of decreased PGR-initiated gene induction,
integrated functional events including protease activation, cumulus expansion, smooth muscle contrac-
tion, vascular permeability, and angiogenesis all contribute to delayed follicle rupture and oocyte release
in the PPOS group.

Our research firstly finds that the clinical PPOS protocol could inhibit the LH level and LHCGR expression on
the preovulatory follicles before trigger. When given the same dosage of exogenous hCG, the progester-
one synthesis, blood progesterone level, and PGR expression of PPOS group were obviously decreased,
thus downregulating the PGR-modulatory genes and postponing the ovulation. The possible regulating
mechanism of PPOS in delaying ovulation was summarized in the graphical abstract. Our research from
the important clinical experience to the mechanism exploration provides the crucial evidence for the pa-
tients using PPOS when arranging the OPU time interval, according to its endocrine effects on the hypo-
thalamic-pituitary-ovarian axis.

Limitations of the study

However, it is a pity and limitation that we could not set up a complete control for PPOS protocol in the
clinic to compare their ovulation process. For the patients using PPOS, they need not use any other
GnRH antagonist or agonist to suppress the pituitary gland and LH level within hyperstimulation process,
while in the actual clinical ovary hyperstimulation process, a complete control without any inhibitory effect
on LH level will induce premature LH surge and ovulation. We could only infer from the clinical research that
the mature oocyte rate and implantation rate of patients using PPOS were significantly higher in the groups

with prolonged trigger-OPU interval.'”
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Antibodies

Rabbit polyclonal anti-LHCGR antibody BOSTER Cat# BA3590

Rabbit anti- ET-2/Endothelin 2 antibody (FITC) Biorbyt Cat# orb466253

Rabbit monoclonal anti- Progesterone Abcam Cat# ab16661; RRID:AB_443421

Receptor antibody

Mouse monoclonal anti- VEGF antibody (C-1)
Mouse monoclonal anti- anti-HIF-1a antibody
Sheep Polyclonal anti- ADAMTS-1 antibody
Alexa Fluor 488 Donkey anti-Mouse IgG (H + L)
Alexa Fluor 488 Donkey anti-Sheep IgG (H + L)
Alexa Fluor 488 Donkey anti-Rabbit gG (H + L)

Santa Cruz Biotechnology
Novus Biologicals
Thermo Fisher Scientific
Jackson Immuno Research
Jackson Immuno Research

Jackson Immuno Research

Cat# sc-7269; RRID:AB_628430

Cat# NB100-105; RRID:AB_10001154
Cat# PA5-47790; RRID:AB_2576699
Cat# 715-546-150

Cat# 713-545-147

Cat# 711-546-152

Chemicals, peptides, and recombinant proteins

Serum gonadotropin for injection (PMSG)

Progesterone

Human chorionic gonadotropin (hCG)

PBS
Triton TM X-100

Corn ol

4% Paraformaldehyde/universal tissue fixative

solution

RNase-free Water

Dimethyl sulfoxide (DMSO)

Tween 20

Modified HTF medium
Hematoxylin and Eosin Staining Kit
3-Isobutyl-1-methylxanthine (IBMX)
Total RNA isolation TRIzol Reagent

Ningbo Sansheng Biological Technology Co.,
Ltd.

Sigma Aldrich

Ningbo Sansheng Biological Technology Co.,
Ltd.

Sangon Biotech (Shanghai) Co., Ltd.
Sigma

Shanghai Aladdin Biochemical Technology
Co., Ltd.

Biosharp Life Sciences

TAKARA

Diamond

Diamond

FUJIFILM Irvine Scientific
Beyotime Biotechnology
Sigma

Shanghai Pufei Biotech Co., Ltd

B200920

Cat# P0130
$200808

Cat# E607008-0500
Cat# V900502-100
Cat# C116023-500

Cat# BL539A

Cat# 9012

Cat# A100231-0500
Cat# A100777-0500
Cat# 90126

Cat# C0105S

Cati# 15879

Cat# 3101-100

Critical commercial assays

PrimeScript™ RT reagent Kit
TB Green Premix Ex Taq

TAKARA
TAKARA

RRO37A
RR420A

Experimental models: Organisms/strains

ICR mice

Beijing Vital River Laboratory Animal
Technology Co., Ltd.

http://www2.vitalriver/order-terms

Oligonucleotides

Real-Time PCR primers

Sangon Biotech (Shanghai) Co., Ltd

This paper Table S1

Software and algorithms

GraphPad Prism software
QuantStudioTM Real-Time PCR Software v1.3

ImageJ image analysis software

GraphPad Prism
Thermo Fisher Scientific

ImagelJ (https://imagej.net/)

RRID:SCR 002798
Cat# A31150
RRID:SCR_003070
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Other

Olympus inverted microscope Olympus IX71
Olympus fluorescence microscope Olympus BX53
Olympus confocal microscope Olympus FV3000
Cryomicrotome Leica CM1860
Maestro Nano pro MAESTROGEN N/A
Microscope cover glass CITOTEST Cat# 10212450C
Adhesion microscope slides CITOTEST Cati# 188105
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Li Wang (wanglishfd@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Animal studies were approved by the Institutional Ethics Committees of Care and Use of Experimental An-
imals of Shanghai Ninth People’s Hospital. ICR female mice aged 3-5 weeks,***>* were used for this
experiment when monitoring two regular estrous cycles, which were purchased from the company (Beijing
Vital River Laboratory Animal Technology Co., Ltd. China). littermates of the same sex were randomly as-
signed to experimental groups. All animals were maintained under regulated 12 h light on/12 h light off
cycles and were fed with standard mice chow and water ad libitum.

The mouse model of Progestin-Primed Ovarian Stimulation Protocol

Mouse in diestrus of estrous cycle were chosen to induce COH. In order to simulate PPOS protocol, mice
(30g *29) were intraperitoneally injected with 10 IU pregnant mare serum gonadotropin (PMSG) and pro-
gesterone (2 mg/kg, 5 mg/kg, dissolved in corn oil) at first day, while the mice of control group were only
intraperitoneally injected with 10 IlU PMSG and corn oil. After 24 h, the progesterone oil agent and oil were
injected in PPOS group and control group respectively. After 48 h, the mice were given an intraperitoneal
injection with 10 IU human chorionic gonadotropin (hCG) to induce the ovulation in the PPOS and control
groups.

METHOD DETAILS

Oocyte isolation and detection of ovulation

Oocytes were collected in oviducts and ovaries at 12 h, 12.5 h, 13 h, 14 h and 16 h after hCG injection.
Oocytes from oviducts were also collected by puncturing the ampulla of oviducts. Cumulus-cell-oocyte
complexes (COCs) were isolated from large antral follicles (preovulatory follicles, containing an oocyte
and the diameter of follicles >400 um®®) in ovaries by needle puncture under a dissecting microscope.
Removal of cumulus granulosa cells by repeated blowing and aspiration of COCs using glass pipette
with adding traces of hyaluronidase enzyme into the medium. The medium used for COCs and oocytes
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was the modified HTF medium supplemented with 5% serum substitute supplement (FUJIFILM Irvine
Scientific). Meanwhile, 5M IBMX (Sigma) was added for preventing oocytes from further mature. Oocytes
isolated from ovaries may have four different developmental stages which include the germinal vesicle
(GV), GV breakdown (GVBD), metaphase | (MI) and metaphase Il (MIl). Oocytes in different developmental
stages were counted respectively, and their morphological appearance was photographed using an
Olympus IX71 inverted microscope.

Hormone measurements

To determine estradiol (E2), progesterone (P) and LH levels, the whole blood of mice was collected at
different hours after hCG injection. For LH testing, whole 6 uL blood was immediately diluted in 114 pL
of 0.1M PBS with 0.05% Tween 20, vortexed, and snap frozen on dry ice. Samples were stored at —20°C
for a subsequent LH ELISA.>*°” For estradiol (E2) and progesterone (P) testing, serum was isolated from
whole blood by centrifuge at 3000 rpm for 10 min and cryopreserved at —80°C until test. Estradiol (E2)
and progesterone (P) levels were examined by the laboratory of Shanghai Ninth People’s Hospital, using
chemiluminescence (Abbott Biologicals B.V.).

Hematoxylin-eosin staining

Mice were injected anesthetic solution (ketamine: xylazine) with no more than 200 uL dose. Then mice died
and perfused with saline followed by 4% paraformaldehyde in 0.1M PBS. The ovaries were quickly removed,
post-fixed in 4% paraformaldehyde overnight, and subjected to dehydration in increasing saccharin
solutions (20-30%) at 4°C. The frozen ovary slices were sectioned at 10 um on a cryomicrotome (Leica)
for hematoxylin and eosin (H&E) staining. Preovulatory follicle was defined as containing an oocyte and
the diameter of follicles >400 um,”® and corpus luteum were defined as cellular and/or partially eosinophilic
fluid-filled spaces lined by polygonal eosinophilic cells containing lipid droplets.””> Images were
captured on an olympus fluorescence microscope (BX53).

Immunofluorescence

For immunofluorescence, the ovaries slices were washed three times with PBS, then separately incubated
with the first antibody (anti-LHCGR receptor, BA3590, BOSTER; Rabbit anti- ET-2/Endothelin 2 (EDN2) anti-
body (FITC), orb466253, Biorbyt; anti-progesterone receptor, ab16661, Abcam; anti-VEGF, C-1-s¢-7269,
Santa Cruz Biotechnology; anti-HIF-1a, NB100-105, Novus Biologicals; anti-ADAMTS-1, PA5-47790,
Thermo Fisher Scientific) with suggested dilution at 37°C 2 h. All primary antibodies were supplemented
with 0.3% Triton X-100 and 3% equinum serum in PBS. After washing three times with PBS, ovary slices
were stained with the Alexa Fluor 488 secondary antibodies respectively at 37°C 1 h. Then ovary slices
were washed three times with PBS and stained with DAPI at 37°C for 10 min, and mounted after rinsing.
Fluorescence images were captured on an olympus fluorescence microscope (BX53) and olympus
FV3000 confocal microscope.

RNA extraction and real-time PCR

Mouse ovaries were isolated, frozen in TRIzol Reagent (Shanghai Pufei Biotech Co., Ltd) and stored at
—70°C until extraction. Total RNA was extracted from ovaries using the TRIzol Reagent according to the
manufacturer’s instructions, with the inclusion of a DNase digestion step. RNA concentrations were quan-
tified using the Nano pro. The Superscript First-Strand Synthesis System for reverse transcription (RR037A,
PrimeScript RT reagent Kit, TAKARA) was used with random primers. For amplification of the cDNA prod-
ucts, specific primers pairs were selected as indicated in Table S1. The target cDNA was amplified by gene-
specific primers and SYBR (TB Green Premix Ex Tag, TAKARA), and carried out on an ABI-PRISM 5700
sequence detection system. The mRNA expression of target gene was normalized to the internal control
ribosomal protein L-19 (L19).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analyses in mice were performed in GraphPad Prism (version 6.01). The number of oocytes,
ovulated oocytes, LH level before PMSG and hCG, and the relative mRNA levels of specific gene within two
groups were analyzed by Mann-Whitney test. When comparing the concentration of serum hormones at
different timepoints within two groups, data were analyzed by two-way repeated ANOVA with Holm-
Sidak test. The ovulated number of MII, rates of ovulation and the ovulation rates of MIl, were analyzed
by two-way ANOVA test. When comparing the percentage of oocytes in ovary, the chi-square test was
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used. The fluorescence intensities were calculated by ImageJ software. To normalize the protein expres-
sion levels, the average value of fluorescence intensity in control group was set as a normalized standard,”®
then the relative fluorescence intensity of control and PPOS group was divided by this normalized standard.
The relative fluorescence intensity within control and PPOS groups was analyzed by Mann-Whitney test.
Differences were considered significant when p < 0.05. Values are given as mean + SEM.
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