
Received: August 22, 2022. Revised: December 15, 2022. Accepted: January 18, 2023
© The Author(s) 2023. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions, please
e-mail: journals.permissions@oup.com

Biology of Reproduction, 2023, 108(4), 629–644
https://doi.org/10.1093/biolre/ioad009
Advance access publication date 27 January 2023
Research Article

An ex vivo ovulation system enables the discovery of novel

ovulatory pathways and nonhormonal contraceptive

candidates†

Jiyang Zhang1,2,‡, Brittany A. Goods3,‡, Pawat Pattarawat1, Yingzheng Wang1, Tessa Haining4,

Qiang Zhang5, Alex K. Shalek4,6,7, Francesca E. Duncan2, Teresa K. Woodruff8 and Shuo Xiao1,*

1Department of Pharmacology and Toxicology, Ernest Mario School of Pharmacy, Environmental and Occupational Health Sciences Institute
(EOHSI), Rutgers University, Piscataway, NJ, USA
2Department of Obstetrics and Gynecology, Feinberg School of Medicine, Northwestern University, Chicago, IL, USA
3Thayer School of Engineering, Dartmouth College, Hanover, NH, USA
4The Ragon Institute of MGH, MIT and Harvard, Cambridge, MA, USA
5Gangarosa Department of Environmental Health, Rollins School of Public Health, Emory University, Atlanta, GA, USA
6The Institute for Medical Science and Engineering, Department of Chemistry, Koch Institute for Integrative Cancer Research, MIT,
Cambridge, MA, USA
7Broad Institute of MIT and Harvard, Cambridge, MA, USA
8Department of Obstetrics and Gynecology, Michigan State University, East Lansing, MI, USA
*Correspondence: Department of Pharmacology and Toxicology, Ernest Mario School of Pharmacy, Environmental and Occupational Health Sciences Institute
(EOHSI), Rutgers University, 170 Frelinghuysen Rd, Piscataway, NJ 08854, USA. Tel: +18484453729; E-mail: sx106@pharmacy.rutgers.edu
†Funding Support: This work was supported, in whole or in part, by the Bill & Melinda Gates Foundation [INV-003385] (FED, SX, BAG, and AKS) and
[OPP1200269] (TKW and FED). Under the grant conditions of the Foundation, a Creative Commons Attribution 4.0 Generic License has already been assigned to
the Author Accepted Manuscript version that might arise from this submission. This work was also supported by the National Institutes of Health (NIH)
K01ES030014 (SX) and R01ES032144 (SX and QZ).
‡Jiyang Zhang and Brittany A. Goods contributed equally to this work.

Abstract

Ovulation is an integral part of women’s menstrual cycle and fertility. Understanding the mechanisms of ovulation has broad implications for the
treatment of anovulatory diseases and the development of novel contraceptives. Now, few studies have developed effective models that both
faithfully recapitulate the hallmarks of ovulation and possess scalability. We established a three-dimensional encapsulated in vitro follicle growth
(eIVFG) system that recapitulates folliculogenesis and produces follicles that undergo ovulation in a controlled manner. Here, we determined
whether ex vivo ovulation preserves molecular signatures of ovulation and demonstrated its use in discovering novel ovulatory pathways and
nonhormonal contraceptive candidates through a high-throughput ovulation screening. Mature murine follicles from eIVFG were induced to
ovulate ex vivo using human chorionic gonadotropin and collected at 0, 1, 4, and 8 hours post-induction. Phenotypic analyses confirmed key
ovulatory events, including cumulus expansion, oocyte maturation, follicle rupture, and luteinization. Single-follicle RNA-sequencing analysis
revealed the preservation of ovulatory genes and dynamic transcriptomic profiles and signaling. Soft clustering identified distinct gene expression
patterns and new pathways that may critically regulate ovulation. We further used this ex vivo ovulation system to screen 21 compounds targeting
established and newly identified ovulatory pathways. We discovered that proprotein convertases activate gelatinases to sustain follicle rupture
and do not regulate luteinization and progesterone secretion. Together, our ex vivo ovulation system preserves molecular signatures of ovulation,
presenting a new powerful tool for studying ovulation and anovulatory diseases as well as for establishing a high-throughput ovulation screening
to identify novel nonhormonal contraceptives for women.

Summary Sentence
Ex vivo ovulation enables novel contraception discovery for women.

https://doi.org/10.1093/biolre/ioad009
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Introduction

Ovulation, an essential step of mammalian reproduction, is
the process by which a fully grown ovarian antral follicle
ruptures to release a fertilizable egg in response to hormonal
cues. Ovulation has significant clinical ramifications for fertil-
ity, endocrine cyclicity, and contraception. Approximately 10–
15% of reproductive-aged women are infertile, with anovula-
tion as the leading cause and accounting for 22–42% of infer-
tility cases [1]. Defective ovulation is also a key pathological
feature of polycystic ovarian syndrome and luteinized unrup-
tured follicle syndrome, two common ovarian conditions that
impact numerous adolescent and reproductive-aged women
[2, 3]. The popular hormonal birth control pills for women
primarily contain progestin, a synthetic progesterone, to block
ovulation; however, side effects can be serious, including the
development of hormone-related cancers, stroke, depression,
irregular periods, and obesity, among others [4, 5]. These side
effects can lead to non-use or discontinuation. Thus, there
is an urgent need to develop novel nonhormonal contracep-
tives for women. Central to contraceptive development and
understanding ovulatory disease is creating and leveraging
biologically faithful ovulatory systems.

In each ovarian cycle, a surge of the luteinizing hormone
(LH) from the anterior pituitary stimulates one or multiple
preovulatory follicles, depending on the species, to undergo
a series of molecular and cellular events, including cumu-
lus cell expansion, oocyte maturation, follicle rupture, and
luteinization [6]. As a key stimulus, LH binds to luteinizing
hormone/choriogonadotropin receptor (LHCGR) in the gran-
ulosa cells of preovulatory follicles to activate several essential
signaling molecules to drive ovulation, such as the epider-
mal growth factor receptor (EGFR) [7], extracellular signal-
regulated kinase 1 and 2 (ERK1/2) [8], and progesterone
receptor (PGR) [9]. Despite the remarkable advances that
have been made in studying these molecules and associated

signaling pathways, our understanding of the dynamic and
complex process of ovulation is limited due to the difficulty
in studying ovulation in vivo. Culture of cumulus-oocyte
complexes (COCs) has been used to study ovulation, and this
method also has a high potential for large-scale ovulation
screening [10]. However, culturing COCs does not adequately
replicate follicle rupture and the paracrine communication
between mural and cumulus granulosa cells, thereby limiting
its use in studying ovulation. Thus, the majority of methods
used to date for studying ovulation are not well-suited for
scalable drug screening to target anovulatory diseases and
identify novel nonhormonal contraceptives for women.

We previously established an alginate hydrogel-based
encapsulated in vitro follicle growth (eIVFG) system, which
has been used successfully to culture follicles from multiple
mammalian species in vitro [11–13]. Alginate encapsulation
maintains the three-dimensional (3D) architecture of follicles
with the oocyte completely surrounded by companion
granulosa cells. This system supports follicle growth from
the preantral to antral stages. Mouse follicles derived from
eIVFG undergo dynamic changes in gene expression essential
for follicle-stimulating hormone (FSH)-dependent follicle
maturation, such as genes related to ovarian steroidogenesis
and induction of LHCGR in mural granulosa cells [14, 15].
In response to stimulation by human chorionic gonadotropin
(hCG), an LH analog, antral follicles derived from eIVFG are
able to undergo follicular rupture and release fertilizable eggs
arrested at the metaphase of meiosis II [11–13]. These results
demonstrate that ovulation can occur outside of the context
of the ovary and the systemic environment of the body. In this
study, we aimed to further investigate whether these eIVFG-
derived follicles preserve the molecular signatures of ovulation
in vivo, thus enabling a truly scalable and highly controllable
system for studying ovulation biology as well as screening
therapeutic and contraceptive candidates.
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Results

eIVFG recapitulates key events of follicle
development, ovarian steroidogenesis, ovulation,
and luteinization

We first cultured immature mouse follicles to determine
whether eIVFG preserves structural and hormonal features
of folliculogenesis as they occur in vivo. Bright-field and
histological follicle images showed that alginate encapsulation
maintained the 3D architecture of follicles throughout growth
from the secondary stage on day 0 to the antral stage on
day 8 (Figure 1A). Antral follicles were characterized by the
presence of a fluid-filled cavity and the differentiation of
granulosa cells into the mural granulosa cells that form the
follicular wall and the cumulus cells that surround the oocyte
(Figure 1A). Upon stimulation with hCG on day 8, antral
follicles ruptured with expanded COCs (Figure 1A). When
ovulated follicles were cultured for an additional 2 days,
follicular cells hypertrophied with increased cytoplasmic
volume and formed a corpus luteum (CL)-like structure
(Figure 1A and B).

Hormonal analysis revealed that follicles grown in the
eIVFG system secreted increasing amounts of estradiol, which
peaked on day 8 and then markedly decreased after ovulation;
in contrast, progesterone concentrations were moderately low
before ovulation but greatly increased after ovulation, consis-
tent with the timing of CL formation (Figure 1C). The follicu-
lar concentration of PGE2, a key ovulation mediator, has been
shown to peak just before ovulation [16, 17]. Our enzyme-
linked immunosorbent assay (ELISA) results showed that dur-
ing ex vivo ovulation, PGE2 concentrations in the conditioned
media were nearly non-detectable in the first 4 hours but
significantly increased by 8.71-fold from 4 to 8 hours post-
hCG (Figure 1C). Collectively, these results demonstrate that
eIVFG recapitulates key morphological and hormonal events
of follicle growth, differentiation, ovulation, and luteinization.

Established molecular signatures of in vivo
ovulation are conserved ex vivo

To determine whether key genes known to regulate ovulation
in vivo undergo similar expression dynamics in our ex vivo
ovulation model, we performed single-follicle RT-qPCR on
a candidate set of genes using cDNA from follicles at 0,
1, 4, and 8 hours post-hCG. The specific genes, their full
names, functions in ovulation, and references are listed in
Supplemental Table 1. Overall, the expression profiles of all
examined genes in Figure 1D followed similar trends to what
has been reported during in vivo ovulation. For example, the
gonadotropin receptor genes, Fshr and Lhcgr, had comparable
expression levels between 0 and 1 hour but then continu-
ously decreased at 4 and 8 hours. Genes encoding several
essential ovulation modulators, including Pgr, EGF-like fac-
tors (Ereg and Btc), and cumulus cell expansion regulators
(Has2, Tnfaip6, and Ptgs2), exhibited a transient induction
at 4 hours. The expression of genes related to proteolysis
during ovulation, Plau, and Adamts1 increased and peaked
at 4 and 8 hours, respectively. With respect to the ovarian
steroidogenesis-related genes, Star increased and peaked at
4 hours and Cyp19a1 continuously decreased during ex vivo
ovulation. Together, these results indicate that ex vivo ovu-
lation preserves the dynamic transcriptional changes of well-
defined ovulatory genes.

Single-follicle RNA-seq analysis reveals
transcriptome-wide temporal changes and
conservation of key ovulatory genes and signaling
during ex vivo ovulation

To further characterize the transcriptome during ex vivo
ovulation in an unbiased manner, we collected eIVFG-derived
follicles at 0, 1, 4, and 8 hours post-hCG and performed single-
follicle RNA-seq. High-quality sequencing data were gener-
ated from single follicles at each time point, and thousands
of genes were detected in ovulatory follicles (Supplemental
Figure 1). To understand the global variation in our dataset,
we first performed principal component analysis (PCA). PCA
separated follicles into distinct clusters based on time post-
hCG exposure (Figure 2A), demonstrating that follicles expe-
rienced dramatic transcriptomic changes over the 8-hour time
period of ex vivo ovulation.

We identified thousands of differentially expressed genes
(DEGs) (fold change >2 and false discovery rate (FDR) < 0.05)
for each time point post-hCG exposure compared to the
control follicles at 0 hour, and the top 10 upregulated and
downregulated genes at each time point were highlighted in
volcano plots (Figure 2B–D). The complete list of all DEGs at
these time points is available in our deposited dataset in the
Gene Expression Omnibus (GEO186937). There were 1243
upregulated and 2085 downregulated genes at 1 hour post-
hCG (Figure 2B). The most upregulated gene was Nr4a3, a
gene encoding the nuclear receptor subfamily 4A3 (NR4A3).
The other two genes of the NR4A family, Nr4a1 and Nr4a2,
were also among the top 10 upregulated genes, suggesting
a potential important role in early ovulatory events. At
4 hours, there were 1757 up- and 3344 down-regulated genes
(Figure 2C); among the top 10 upregulated genes, 9 of them
have been implicated in ovulation previously (Figure 2C and
Supplemental Table 1). At 8 hours, 1844 and 3095 genes were
upregulated and downregulated, respectively (Figure 2D),
with secreted phosphoprotein 1 (Spp1) being the most
upregulated gene. Spp1 encodes osteopontin, which regulates
cell adhesion, migration, and inflammation, suggesting a
possible role in ovulation [18].

We next compared DEGs between each time point to inves-
tigate how many genes change their expression consistently
across ex vivo ovulation or only uniquely at a particular time
point. Interestingly, the expression changes of many genes
were unique to a given time point (Figure 2E). For instance,
although 511 genes were consistently upregulated at all three
times post-hCG, 445, 512, and 652 genes were specifically
upregulated at 1, 4, or 8 hours only, respectively (Figure 2E).
There were 1214 genes that were consistently downregulated
at all three times post-hCG; however, 491, 754, and 597
genes were uniquely downregulated at 1, 4, or 8 hours only,
respectively (Figure 2E). Collectively, these results suggest that
our RNA-seq data can comprehensively define the temporal
transcriptomic signals that drive ovulation.

We further examined whether the DEGs identified in our
ex vivo ovulation model are consistent with the gene expres-
sion changes observed during ovulation in vivo. Using an
in vivo transgenic superovulation mouse model, Fan et al.
demonstrated the indispensable role of LH-ERK1/2 signaling
in granulosa cells during ovulation and identified many LH-
ERK1/2 target genes with microarray analysis [8]. We com-
pared the top 66 differentially expressed LH-ERK1/2 target
genes (39 upregulated and 27 downregulated) at 4 hours

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
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Figure 1. Mouse follicles grown within the eIVFG system recapitulate key events of follicle development, hormone secretion, ovulation, and
luteinization. (A) Follicle growth, ovulation, and luteinization within the eIVFG system with representative bright-field follicle images on the top and
histological images at the bottom. Follicles were cultured for 8 days to reach maturation; ex vivo ovulation was induced by treating mature antral follicles
with 1.5 IU/ml of hCG on day 8 of eIVFG; and ovulated follicles were continuously cultured for 48 hours to allow for luteinization and progesterone
secretion. Scale bar: 100 μm. (B) The cytoplasm-nucleus ratios (an indicator of luteinization) of follicular cells after 48-hour culture of ovulated follicles. (C)
The concentrations of estradiol (black line) and progesterone (red line) during eIVFG and the concentrations of PGE2 across the time of ex vivo ovulation
in the conditioned media. (D) Relative mRNA expression levels of established ovulatory genes examined by RT-qPCR at 0, 1, 4, and 8 hours post-hCG.
N = 10–15 follicles in each group. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
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Figure 2. The transcriptome-wide temporal changes of eIVFG-derived follicles during ex vivo ovulation examined by single-follicle RNA-seq. (A) PCA of
the first two principal components for follicles treated with hCG for 0, 1, 4, and 8 hours. N = 9, 13, 12, and 10 follicles at 0, 1, 4, and 8 hours,
respectively. (B–D) Volcano plots of all DEGs (FDR < 0.05, fold change >2 or <0.5 compared to follicles at 0 hour). Purple: Upregulated genes; gray:
non-significantly altered genes; yellow: downregulated genes. The top 10 upregulated and downregulated DEGs were highlighted in each volcano plot.
(E) Comparisons of DEGs at three post-hCG time points (1, 4, and 8 hours vs. 0 hour). (F) Correlation analysis of top 66 LH-ERK1/2 target genes at
4 hours post-hCG injection in the study by Fan et al. in a mouse superovulation model and the same set of genes in the RNA-seq dataset at 4 hours
post-hCG in our ex vivo ovulation model, with eight established ovulatory genes highlighted.

post-hCG injection identified by Fan et al. and the same set of
genes in the RNA-seq dataset at 4 hours post-hCG in our ex
vivo ovulation model. Correlation analysis revealed that the
majority of LH-ERK1/2 target genes not only showed consis-
tent upregulation or downregulation but also had similar fold
changes between the two datasets, with a Pearson correlation

coefficient (R) value of 0.85 (Figure 2F with eight ovulatory
genes highlighted and Supplemental Table 2).

The expression patterns of individual ovulatory genes,
including those in Figure 1D and several with literature
precedent, were examined across the time-course of ex vivo
ovulation (Figure 3). These genes are related to FSH-target

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
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Figure 3. mRNA expression (log2[TPM + 1]) of established ovulatory genes in eIVFG-derived follicles at 0, 1, 4, and 8 hours post-hCG examined by
single-follicle RNA-seq. N = 9, 13, 12, and 10 follicles at 0, 1, 4, and 8 hours, respectively (TPM: transcripts per million).

genes, EGF-like factors, cumulus expansion, proinflammatory
factors, transcriptional factors, PGR-target genes, and genes
involved in luteinization and proteolysis. The expression
patterns of these ovulatory genes were consistent with the
RT-qPCR results (Figure 1D) and also with previous in vivo
results (Supplemental Table 1). Given that we identified the
conservation of many key ovulatory genes and signaling
pathways in our DEGs, and many new ones, these data
suggest that our ex vivo ovulation model preserves the
transcriptomic features of in vivo ovulation and provides
a unique opportunity to define the roles of novel genes and
signaling pathways in the temporal events of ovulation.

In situ RNA hybridization reveals spatiotemporal
expression of ovulatory genes

In situ RNA hybridization was next performed to validate
the spatiotemporal expression profiles of four established
ovulatory genes: Areg, Has2, Ptgs2, and Pgr. We compared
the expression of these genes in follicles at specific time points
following ovulation induction both in the ex vivo ovulation
model and in mouse ovaries following the induction of super-
ovulation in vivo. The temporal expression patterns of all
four genes visualized by in situ RNA hybridization (Figure 4)
were consistent with those observed by single-follicle RNA-
seq analysis (Figure 3) and RT-qPCR (Figure 1D). Moreover,
there was concurrence in the spatiotemporal expression pro-
files of these genes in follicles following both ex vivo and
in vivo ovulation (Figure 4). In response to hCG, Areg was
induced in mural granulosa cells at 1 hour (Figure 4A); at

4 hours, Areg was highly expressed in both mural granulosa
cells and cumulus cells, and its expression then decreased in
both cell populations at 8 hours (Figure 4A). In contrast to
Areg, Has2, which regulates cumulus cell expansion, exhibited
high expression only in the cumulus cells and the inner layer
of mural granulosa cells at 4 hours post-hCG (Figure 4B).
Ptgs2, the gene encoding COX-2 (cyclooxygenase-2) for the
metabolism of arachidonic acid and synthesis of PGE2 [19],
had high expression levels in both cumulus cells and mural
granulosa cells at 4 hours post-hCG (Figure 4C). As a nuclear
receptor and a transcription factor, PGR induces the tran-
scription of various downstream target genes during ovu-
lation [20–22]. Consistent to the expression pattern of Pgr
in vivo, it was transiently induced by hCG at 4 hours in
mural granulosa cells during ex vivo ovulation (Figure 4D).
These results, coupled with our RT-qPCR and RNA-seq data,
further demonstrate that the established molecular signatures
of ovulation are maintained spatiotemporally during ex vivo
ovulation.

Soft clustering identifies distinct gene expression
patterns and novel gene regulatory pathways
involved in ovulation

Given that our ex vivo ovulation model well preserves key
molecular features of ovulation, we next wanted to identify
novel ovulatory genes and signaling. We used soft clustering
to cluster all identified DEGs and we identified 10 temporal
clusters (Figure 5A), with the specific genes in each clus-
ter listed in Supplemental Table 4. Overall, the expression

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
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Figure 4. The spatiotemporal expression of four representative ovulatory genes (A: Areg, B: Has2, C: Ptgs2, and D: Pgr ) in ovulatory follicles in both ex
vivo and in vivo ovulation models examined by in situ RNA hybridization. N = 3–5 follicles or ovaries in each post-hCG time point and group. Scale bar:
100 μm.

Figure 5. Soft clustering analysis of DEGs in follicles at 1, 4, and 8 hours post-hCG compared to 0-hour time point. (A) Identified 10 temporal clusters
during ex vivo ovulation. (B) Gene Ontology (GO) and KEGG pathway analysis using enriched genes in each identified cluster, with only the top 100
enriched GO terms or altered pathways listed. The full lists of GO and KEGG enrichment results for each cluster are shown in Supplemental Table 5.

patterns are dynamic and yield detailed information about
the temporal transcriptomic changes during ex vivo ovulation.
Several clusters of genes continuously increased (Clusters 1, 3,
6, and 9) or decreased (Clusters 7 and 8) throughout the time-
course of ex vivo ovulation, suggesting that the upregulation
or downregulation of these genes might critically regulate
ovulation. We also identified several clusters that increased
(Clusters 5 and 10) or decreased (Clusters 2 and 4) only at 1 or
4 hours, indicating their transient roles in the mid of ovulation.

Several clusters identified well-established ovulatory genes,
such as Runx1, Lif , Il11, and Hmga1 in Cluster 1, Lhcgr, Fshr,
Cyp17a1, and Hsd17b1 in Cluster 7, and Igf1r and Has2 in
Cluster 10. The full names and functions of these established
ovulatory genes and references are provided in Supplemental
Table 1. Soft clustering analysis also allowed us to identify
many previously unknown LH/hCG responsive genes in each
cluster, suggesting that these genes may also critically control
ovulation.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
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To better delineate important ovulatory signaling with high
temporal resolution, we next performed GO and KEGG path-
way analyses on genes within each cluster (Figure 5B and
Supplemental Table 5). These analyses identified both estab-
lished and new signaling pathways involved in ovulation. In
Cluster 1, in which gene expression increased continuously
over time, we found enrichment for pathways related to the
“mRNA surveillance pathway,” “mTOR signaling pathway,”
“RNA transport,” and “JAK-STAT signaling pathway.” In
Cluster 7, in which gene expression continuously decreased
over time, we found enrichment for “amino acid metabolism,”
“hormone-binding,” and “ovarian steroidogenesis.” In Clus-
ter 9, in which gene expression continuously increased over
time, we found enrichment for the “proteasome” and several
pathways related to “vasculature and tissue remodeling” and
“proteolysis.” Angiogenesis [23–26], tissue remodeling [27–
29], and proteolysis [30–34] have been proposed to regulate
follicle rupture at the late stage of ovulation. For Cluster 10,
which contains genes whose expression transiently increased
at 4 hours, we found the established “MAPK signaling path-
way” and the unknown “Rap1 and Wnt signaling pathways”
[8, 35]. Consistent with the concept that ovulation is an
inflammatory process [36], both GO and KEGG analyses
identified inflammation-related GO terms or signaling path-
ways, such as the “IL-17 signaling pathway” in Cluster 5
(KEGG), “Type I interferon production” in Clusters 2 and 8
(GO biological process), “NFkB binding” from Cluster 9 (GO
molecular function), and “Cytokine receptor activity” from
Cluster 10 (GO molecular function). Collectively, these results
suggest that ovulation is a dynamic biological process, which
involves multiple cellular functions and signaling pathways at
precise times. These newly identified genes and pathways may
provide us with insights into the mechanisms of ovulation,
revealing molecular targets for studying anovulatory diseases
and developing novel contraceptives.

The ex vivo ovulation system enables a
high-throughput ovulation screening, which
identifies proprotein convertase as an essential
regulator of follicle rupture

We next explored the utility of this ex vivo ovulation
system for a high-throughput ovulation screening to identify
nonhormonal contraceptive candidates (Figure 6A). We
first tested 10 compounds that target known ovulation
mediators, including EGFR, ERK1/2, COX-2, calcium,
and MMPs. The compounds’ names, molecular targets,
and references are listed in Supplemental Table 6. The
majority of these compounds at 10 μM significantly inhibited
follicle rupture, and their effects on progesterone secretion
were consistent with previous data regarding their roles in
luteinization and progesterone secretion (Figure 6B and C).
We further screened another 11 compounds that target
two new pathways identified in our study (Supplemental
Table 6). The first three compounds target proprotein
convertases because both Pcsk5, the fifth member of the
proprotein convertase family, and proprotein convertase-
mediated proteolysis are enriched in Cluster 9 of soft
clustering (Figure 5 and Supplemental Table 4). The remaining
eight compounds inhibit JAK–STAT signaling enriched in
Cluster 1 of soft clustering and KEGG pathway analysis
(Figure 5). With respect to the eight JAK inhibitors, the
broad JAK inhibitor (JAK inhibitor 1), the selective JAK1
inhibitor (ABT-494), and the selective TYK2 inhibitor

(SAR-20347) significantly inhibited follicle rupture but also
suppressed the secretion of progesterone (Figure 6B and C).
All three compounds targeting proprotein convertases, includ-
ing proprotein convertase inhibitor (PCI), furin inhibitor I,
and furin inhibitor II, greatly inhibited follicle rupture and
did not affect progesterone secretion (Figure 6B and C). These
results indicate that JAK–STAT signaling critically regulates
follicle rupture and also contributes to luteinization and pro-
gesterone secretion; however, proprotein convertases control
follicle rupture in a steroidogenesis-independent manner.

Given the profound involvement of proprotein convertases
in the proteolytic activation of MMPs and subsequent tissue
remodeling [37, 38], which have been implicated in ovula-
tion, we performed more in-depth investigations to deter-
mine whether the proprotein convertase-mediated proteolytic
activation may be a target for a nonhormonal contraceptive
that only blocks ovulation without affecting steroidogenesis.
RNA-seq results showed that, in addition to Pcsk5, the expres-
sion of another two genes from the same family, Pcsk3 and
Pcsk6, also increased across ex vivo ovulation (Figure 6D),
which was confirmed by the results of RT-qPCR (Figure 6E).
There are two isoforms of Pcsk5: Pcsk5A and Pcsk5B, with
Pcsk5A but not Pcsk5B highly induced by hCG (Figure 6E). In
situ RNA hybridization further revealed that these Pcsk genes
were primarily induced in the granulosa cells of ovulatory
follicles during ex vivo ovulation (Figure 6F).

We next tested three proprotein convertase inhibitors
by including a broader concentration range. All three
inhibitors inhibited follicle rupture in a dose-dependent
manner (Figure 6G), with IC50s at 0.48 μM, 1.15 μM, and
0.81 μM, respectively, calculated by a four-parameter logistic
regression model. Follicles treated with all three inhibitors at
all concentrations secreted comparable progesterone levels
relative to controls (Figure 6H). The dispensable role of
proprotein convertases in luteinization and progesterone
secretion was further confirmed by RT-qPCR results,
demonstrating that 10 μM PCI did not affect the expression
of luteinization-related genes, including Star, Cyp11a1, and
Hsd3b2, at 14 hours post-hCG (Figure 6I). Representative
images of follicles before and after hCG stimulation in both
vehicle- and PCI- treated groups are shown in Figure 6J.

Proprotein convertases activate gelatinases to regulate var-
ious physiological processes and diseases [38–40]. In situ
zymography was next performed to examine the activation
of gelatinases during ex vivo ovulation. At 14 hours post-
hCG, follicles had remarkably increased fluorescent signals in
ovulatory follicles (Figure 6K), indicating increased gelatinase
activities at the late stages of ovulation. However, the hCG-
induced gelatinase activation was greatly inhibited by the co-
treatment with PCI (Figure 6K), suggesting that the inhibited
gelatinase activation and defective ECM remodeling result
in failed follicle rupture. In summary, these results indicate
that proprotein convertases critically regulate the rupture
of ovulatory follicles but do not contribute to luteinization
and progesterone secretion, which make them attractive as
potential targets for the development of nonhormonal female
contraceptives.

Discussion

While LH is the established physiological stimulus that trig-
gers ovulation, the complete molecular events of ovulation
remain poorly defined due to limited research models. Many
systems have been developed to assess ovulatory processes and

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
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Figure 6. (A) The schematic of a high-throughput ovulation screening. (B) The percentages of ruptured follicles in response to the treatment of vehicle or
21 compounds during ex vivo ovulation. (C) The concentrations of progesterone measured by ELISA after vehicle- or compound-treated follicles were
cultured for an extra 48 hours. mRNA expression of all seven PCSK family genes during ex vivo ovulation examined by single-follicle RNA-seq (D) and
RT-qPCR (E). (F) mRNA expression of Pcsk3, Pcsk5, and Pcsk6 examined by in situ RNA hybridization in eIVFG-derived follicles at 0, 1, 4, and 8 hours
post-hCG during ex vivo ovulation. N = 3–5 follicles at each time point and group. Scale bar: 100 μm. (G) The percentages of ruptured follicles after
follicles were treated with 0, 0.1, 1, and 10 μM of proprotein convertase inhibitor (PCI), Furin inhibitor I, or Furin inhibitor II during ex vivo ovulation. (H)
The concentrations of progesterone measured by ELISA in the conditioned media after vehicle- or compound-treated follicles were cultured for an extra
48 hours. Error bar represents standard deviation, N = 10–15 follicles per group for follicle rupture and hormone measurement, and three replicates of
experiments were performed. (I) mRNA expression of genes related to luteinization at 0 and 4 hours post-hCG after treatment with vehicle or 10 μM
PCI. N = 7–8 follicles in each group. Error bar: Standard deviation. (J) Representative images of follicles (before and 14-hour post-hCG treatment) treated
with 0, 0.1, 1 and 10 μM of PCI. (K) Representative images of in situ zymography of follicles treated with or without 10 μM PCI at 14 hours post-hCG.
N = 4–5 follicles were included in each group. Blue: DAPI; green: fluorescence from degraded DQ-gelatin. Scale bar: 100 μm.
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contraceptive development including non-mammalian models
[41]. The method of eIVFG has been successfully used to
culture follicles of multiple species [42–44]. Follicles grown
from eIVFG preserve key structural and molecular features
of folliculogenesis [14, 15]. Here, we further demonstrated
that ovulation, the culminating follicular event, is preserved in
eIVFG-derived follicles in a variety of aspects, including mor-
phological, hormonal, and gene regulatory pathway changes;
we also demonstrated the potential applications of this ex
vivo ovulation model in discovering novel ovulatory pathways
and identifying female nonhormonal contraceptives through a
high-throughput ovulation screening.

Our study demonstrated that upon hCG stimulation,
mature follicles from eIVFG recapitulated key biological
events of ovulation, including cumulus cell expansion,
resumption of oocyte meiosis, follicle rupture, and subsequent
luteinization and progesterone secretion. Mechanistically, the
LH surge activates several intrafollicular gene regulatory
pathways to drive ovulation. Some ovulatory genes are
transiently induced at 1 or 4 hours and decline after, and many
other genes continuously increase through the late stages
of ovulation [45]. In terms of previously known ovulatory
genes listed in Supplemental Table 1 and LH target genes in
Supplemental Table 2, the results of our RT-qPCR, RNA-seq,
in situ hybridization, and correlation analyses revealed that
63 out of 66 genes had consistent changes between in vivo
and ex vivo ovulation models, such as the transcriptional
reduction of FSH-target genes (Fshr, Cyp19a1, and Ccnd2)
and the induction of EGF-like factors (Areg, Ereg, and
Btc) and luteinization-related genes (Star, Cyp11a1, and
Hsd3b2). These results indicate that eIVFG-based ex vivo
ovulation preserves the morphological and hormonal features
of ovulation as well as key ovulatory genes. For the three
genes that did not correlate (Nos3, Dusp8, and Tnfsf11), they
all have smaller fold changes within the range of −2 to 2 in
both in vivo and our ex vivo data sets. Based on the criteria
(≤ −2 or ≥2) we used to define DEGs, the fold changes of
these genes are insignificant. In addition, it is challenging
to directly compare the RNA-seq and microarray data due
to their different technical backgrounds and quantification
methods. Thus, it is more important that the patterns match
rather than the absolute values.

Ovulation is an inflammatory process [46]. Our RNA-
seq analysis showed that many inflammatory genes were
induced during ex vivo ovulation, such as genes encoding
cytokines (Il6, Il7, Il11, Il33, and Cxcl1, 2, 3, 4, 5, 10).
These inflammatory factors produced from granulosa and
theca cells have been postulated to recruit circulating leuko-
cytes to weaken the basal lamina underlying the theca cell
layers and also the ovarian surface epithelium (OSE), which
enables the rupture of both ovulatory follicle and OSE [47].
Although there were no immune cells and OSE in our ex vivo
ovulation system, the induction of inflammatory regulators
suggests that eIVFG-derived follicles preserve follicle-intrinsic
inflammatory responses upon the stimulation of hCG. PGE2
is another important inflammatory regulator during ovu-
lation [48, 49]. Two prostaglandin synthases regulate the
metabolism of arachidonic acid to generate PGE2: COX-
1 and COX-2, with their gene names as Ptgs1 and Ptgs2,
respectively. COX-1 is primarily expressed in theca cells, and
COX-2 is highly induced in granulosa cells following the LH
surge [50, 51]. Our study consistently revealed that Ptgs2 but
not Ptgs1 was rapidly induced by hCG in granulosa cells.

Indeed, Ptgs2 is the most up-regulated gene by hCG at 4 hours,
with a fold change of 11,536. The transcriptional induction
of Ptgs2 is consistent with the ELISA data that there was
a remarkably increased secretion of PGE2 at 8 hours post-
hCG. The JAK–STAT signaling was enriched in the cluster 1 of
soft clustering analysis, suggesting the temporal expression of
genes related to the JAK/STAT signaling which has been impli-
cated in cumulus expansion by inducing the transcription of
Has2, Tnfaip6, and Ptx3 [52]. Our ovulation screening results
showed that JAK–STAT signaling also critically contributes to
the rupture of ovulatory follicles and luteinization.

While inflammation is central to ovulation, it is not fully
understood how and when inflammatory pathways, partic-
ularly the induction of inflammatory factors in granulosa
and theca cells, are initiated in response to the LH surge.
Our soft clustering analysis revealed the enrichment of “IL-
17 signaling pathway” from Cluster 5 and “Cytokine receptor
activity” from Cluster 10, suggesting that some inflammatory
pathways are activated as earlier as 1 hour and then turned
down/off afterwards. For example, Nr4a1, Nr4a2, and Nr4a3
were among the top 10 upregulated genes at 1 hour post-
hCG. These orphan nuclear receptors have been found to
turn on immediately by multiple stressors and regulate the
homeostasis of inflammation [53]. The transient activation of
these inflammatory genes and pathways is indeed consistent
with a recent study finding that the PGR-dependent induction
of NFkBIA (NFkB inhibitor α, an NFkB inhibitor family
member) prevents the hyperinflammatory damage at the late
stages of ovulation [54]. In addition to Nfkbia, our RNA-
seq data revealed that several other NFkB inhibitor genes
were also highly induced by hCG (Nfkbib, Nfkbid, Nfkbie,
and Nfkbiz, Supplemental Figure 2), suggesting the redundant
roles of these NFkB inhibitors during ovulation. Together,
these results demonstrate the preservation of inflammatory
responses during ex vivo ovulation; in addition, the newly
identified inflammatory genes and pathways may also criti-
cally govern ovulation.

Proteolysis critically regulates ovulation through remodel-
ing ECM and breaking down follicular connective tissues [36].
Three major proteolytic systems have been found to regulate
proteolysis during ovulation, including the enzyme family
of a disintegrin and metalloproteinase with thrombospondin
motifs (ADASTS), plasminogen activator, and matrix metal-
loproteinases (MMPs) [36]. ADAMTS1, the first member of
the ADAMTS family, is essential for ovulation as mice lacking
Adamts1 had anovulation possibly due to failed cleavage of
versican [55]. Our RNA-seq data showed that Adamts1 was
induced as early as 1 hour. Plasminogen activators, including
both urokinase-type (PLAU) and tissue-type (PLAT), have
been reported to cleave plasminogen to form the active plas-
min to degrade ECM components during ovulation [56, 57].
We found that Plau was highly induced (28-fold) at 1 hour
and then further, respectively, increased by 67- and 51-fold
at 4 and 8 hours post-hCG; however, Plat remained the
same at 0, 1, and 4 hours and then increased for 2.8-fold at
8 hours. This is consistent with Fan et al.’s previously reported
work, showing that Plau but not Plat was greatly induced in
granulosa cells at 4 hours in an in vivo mouse superovulation
model [8]. The PLAU/PLAT-mediated activation of plasmin
has been speculated to cleave and activate another group of
proteolytic system, MMPs, which further degrade multiple
ECM components of ovulatory follicles [58, 59]. However,
mice with single deletion of Plat or Plau have normal fertility

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad009#supplementary-data
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and the dual deletion only resulted in a 26% decrease in ovu-
lation rate [57], indicating that other proteolytic systems may
also contribute to the activation of MMPs and subsequent
follicle rupture during ovulation.

Proprotein convertases belong to another important class of
proteases, and they have been shown to regulate ovarian func-
tions by activating enzymes, peptide hormones, and growth
factors through cleaving protein precursors. PCSK3 or Furin
is highly induced in granulosa cells of ovulatory follicles in rats
[37, 60], and Furin inhibitor blocks the activation of MMP2 to
decrease rat ovulation [37]. The deletion of Furin in oocytes
causes infertility in mice due to the developmental arrest of
early secondary follicles [61]. PCSK5 has been reported to
activate oocyte-specific proteins of GDF9 and BMP15 [62,
63] and inhibin secreted from granulosa cells of maturing
follicles [64]. However, it is unknown whether other propro-
tein convertases also activate MMPs during ovulation. Our
study revealed that hCG continuously increased the expres-
sion of multiple proprotein convertases, including Pcsk3, 5,
and 6. The treatment of all three tested proprotein convertase
inhibitors blocked follicle rupture, which is likely through
the deactivation of gelatinases. More importantly, none of
these inhibitors disrupted progesterone secretion, suggesting
that this protease family and associated regulatory pathways
are attractive druggable targets for developing nonhormonal
female contraceptives. Because all three tested inhibitors non-
selectively inhibit proprotein convertases, in vitro and/or in
vivo loss-of-function models are needed to determine whether
the specific Pcsk isoforms have distinct or redundant functions
in regulating follicle rupture. Indeed, compared to Pcsk3 and
Pcsk6, Pcsk5a has the highest expression levels and also
the greatest induction at 8 hours post-hCG, suggesting a
prominent role in this process. Tissue specificity is critical for
viable drug targets; based on the Genotype-Tissue Expression
(GTEx) Portal database (gtexportal.org) that houses tissue-
specific gene expression in various human tissues, Pcsk5 has
the most abundant expression in the ovaries compared to all
other tissues (e.g. uterus, breast, heart, and liver; Supplemental
Figure 3). Thus, whether a selective PCSK5 inhibitor, particu-
larly for the isoform of PCSK5A, may block ovulation without
off-target effects warrants further investigations.

When examining the temporal expression pattern of a large
gene set, such as RNA-seq results, the expression of many
genes is not binary but rather exhibits complex dynamics
[65]. We thus used the soft clustering to identify distinct
gene expression patterns across the time-course of ovulation.
Although genes in the same cluster are not necessarily reg-
ulated by the same mechanism, we can gain clues regarding
when certain genes or regulatory pathways are activated or
deactivated. For example, follicle maturation-related genes,
such as Fshr and Cyp17a1, were enriched in Cluster 7, which
contains continuously decreased genes; in contrast, inflam-
matory factors (e.g. Lif , Tnf , Cxcl5, and Ccl7) and other
known ovulatory regulators (Runx1, Has2, and Crebbp) were
enriched in Clusters 1, 5, and 10 that consist of transiently
induced genes at 1 or 4 hours, the early or middle stage
of ovulation. In addition, soft clustering also enables us to
identify novel ovulatory pathways in an unbiased way. For
example, “proteasome” was enriched from Cluster 9 having
genes continuously increased during ex vivo ovulation. Pro-
teasome cooperates with ubiquitin to regulate proteolysis in
eukaryotic cells [66]. Though there is little research regarding
the role of proteasome in ovulation, one study from Teeli
et al. reported the possible functions of proteasome-ubiquitin

system in luteinization [67]. As luteinization occurs after
ovulation, it is not surprising that the proteasome pathway
was enriched in a cluster containing continuously upregulated
genes. Also, “ubiquitin-like protein binding” and “ubiquitin-
like protein transferase activity” were enriched in Cluster 2
and Cluster 3, respectively, both of which consisted of genes
that were first downregulated but then upregulated during ex
vivo ovulation.

One limitation of the ex vivo ovulation system is that there
are no recruited immune cells and OSE, which are integral
parts of ovulation in vivo. The identified gene regulatory path-
ways are restricted to the events taking place in granulosa and
theca cell layers during ovulation. In future studies, we aim to
co-culture follicles with immune cells and ovarian epithelial
cells to reconstitute a more complex and in vivo-like ovary
organoid. Another option is to use the emerging microfluidic
technology, such as EVATAR™ we created [68], to culture
ovarian explants that contain all critical components of the
ovary. In addition, the majority of identified DEGs are granu-
losa cell related genes. Two of our recently published studies
demonstrate that eIVFG well preserves both somatic theca
and granulosa cells as well as the follicle-enclosed oocytes
[15, 69]. In future studies, single-cell RNA-seq can be used
to differentiate individual follicular cell types and also their
transcriptional dynamics during ex vivo ovulation.

Based on the results of RNA-seq and soft clustering and
others, we speculate the temporal molecular events underpin-
ning ovulation, including several new gene regulatory path-
ways identified in our study (Figure 7): (1) FSH-target genes
and signaling are firstly turned down in response to the
LH surge; (2) LH stimulates transcriptional factors (PGR,
CEBP, RUNX1/2, and NR4A) and pathways (EGF, MAPKs,
and newly identified pathways, e.g. proteosome) to trigger
the complex molecular events of ovulation; (3) inflammation
factors, such as cytokines, chemokines, and other newly iden-
tified inflammatory factors, are induced at early to mid-stages
of ovulation to support immune cell attraction, ECM remodel-
ing, and angiogenesis; (4) the inflammatory responses are then
suppressed to avoid hyperinflammatory damage through the
PGR-dependent NFKB inhibitors; (5) the metabolic activities
continuously decrease across the time of ovulation; (6) the
proteolytic activities continuously increase to facilitate remod-
eling of ECM and reorganization of follicular cell layers,
which enable the ultimate follicle rupture and ovulation; and
(7) the follicular somatic cells luteinize to secrete increasing
levels of progesterone to regulate early ovulatory events (e.g.
follicle rupture) and eventually form the CL to underpin
downstream uterine receptivity and embryo implantation.

In conclusion, we demonstrated that follicles derived from
the eIVFG system preserve mammalian ovulation phenotyp-
ically, hormonally, and mechanistically. Our transcriptomic
analyses identify novel genes and signaling pathways that may
critically govern ovulation, and we show direct application for
the discovery of novel nonhormonal contraceptive candidates.
This ex vivo ovulation model system is a robust tool for
studying ovulation biology, which can be used to further
develop contraceptives and study anovulatory diseases.

Materials and methods

Animals

Adult CD-1 male and female mice were purchased and used to
establish a breeding colony (Envigo, Indianapolis, IN). Mice
were housed in polypropylene cages in the animal facilities of

http://gtexportal.org
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Figure 7. Speculated spatiotemporal molecular events underpinning mammalian ovulation.

Northwestern University or Rutgers University. In both places,
mice were kept under a temperature-, humidity-, and light-
controlled barrier facilities (12-hour light/12-hour dark) and
were provided with food and water ad libitum. All animal
procedures were approved by the Northwestern University
and Rutgers University Institutional Animal Care and Use
Committees (IACUC).

Follicle isolation and eIVFG

Mouse secondary follicles were isolated from 16-day-old CD-
1 female mice using insulin gauge needles (BD Biosciences,
Franklin Lakes, NJ) in L15 media (Invitrogen, Carlsbad,
CA) supplemented with 1% fetal bovine serum (FBS; Peak
Serum, Inc., Wellington, CO). Follicles were classified based
on morphology and size (150–180 μm diameter). Follicles
with intact morphology were encapsulated in 0.5% (w/v)
alginate (Sigma-Aldrich, St. Louis, MO) for the preservation
of the 3D structure of follicles throughout the gonadotropin-
dependent folliculogenesis as previously described [11].
Briefly, follicles suspended within 5 μl alginate hydrogel beads
were immersed in calcium solution containing 50 mM CaCl2
(Thermo Fisher Scientific, Waltham, MA) and 140 mM NaCl
(Thermo Fisher Scientific) for 2 minutes to allow alginate
polymers to crosslink and form an alginate bead. To ensure
a high yield of preovulatory follicles for the following ex
vivo ovulation assay, multi-layered secondary follicles were
selected to be cultured. A single multi-layered secondary
follicle was encapsulated in each alginate bead. Follicles
within alginate beads were cultured in 96-well plates, with
each well containing one bead and 100 μl growth media.
The growth media consisted of 50% αMEM Glutamax
(Thermo Fisher Scientific) and 50% F-12 Glutamax (Thermo
Fisher Scientific) supplemented with 3 mg/ml bovine serum
albumin (BSA; Sigma-Aldrich), 10 mIU/ml recombinant
follicle stimulating hormone (rFSH; gifted by Organon, Jersey
City, NJ, USA), 1 mg/ml bovine fetuin (Sigma-Aldrich), and
5 μg/ml insulin-transferrin-selenium (ITS, Sigma-Aldrich).
Follicles were cultured for 8 days at 37◦C in a humidified
environment of 5% CO2 in air. Half of the growth media
was replaced every other day and the conditioned media was
stored at −20◦C for enzyme-linked immunosorbent assay
(ELISA). Cultured follicles were imaged at each media change
using an Olympus CKX53 Inverted Microscope with 10× and
2× objectives (Olympus Corporation, Hachioji-shi, Tokyo,
Japan). On days 0 and 8 of eIVFG or 14 hours and 2 days
post-ovulation inductions, five to seven follicles were collected

and fixed in 3.8% paraformaldehyde (PFA; Thermo Fisher
Scientific) with 0.1% Triton X (Cat. # X100, Sigma-Aldrich)
at 37◦C for 1 hour for histology.

Ex vivo ovulation and follicle rupture assay

On day 8 of eIVFG, mature antral follicles with a diameter of
300–350 μm were removed from alginate beads by incubation
in L15 media containing 1% FBS and 10 IU/ml alginate
lyase from Flavobacterium multivorum (Sigma-Aldrich) at
37◦C for 20 minutes. Follicles were then transferred to the
maturation media and ovulation was induced by incubation
in the maturation media containing 50% αMEM Gluta-
max and 50% F-12 Glutamax supplemented with 10%FBS,
1.5 IU/ml hCG (Sigma-Aldrich), 10 ng/ml epidermal growth
factor (EGF; BD Biosciences), and 10 mIU/ml rFSH. At 0,
1, 4, and 8 hours post-hCG treatment, follicles were col-
lected and washed in 1X phosphate-buffered saline (PBS;
Invitrogen) three times and then either: [1] snap-frozen for
single-follicle reverse transcription-quantitative polymerase
chain reaction (RT-qPCR), [2] transferred into the RLT buffer
(Qiagen, Hilden, Germany) and snap-frozen for single-follicle
RNA sequencing, or [3] fixed in 3.8% PFA with 0.1% Triton
X at 37◦C for 1 hour for histology or in situ RNA hybridiza-
tion. For the follicle rupture assay, follicles were incubated
in the maturation media with or without the presence of
tested compounds at the concentration of 10 μM (Supple-
mental Table 6) for 14 hours. For each compound tested,
10 follicles were included per group. Follicles in which one
side of the follicular wall was breached with the extrusion
of COCs were defined as “ruptured” follicles, and follicles
with an intact follicular wall were defined as “unruptured”
follicles. After examining the follicle rupture success, the
remaining somatic cells were cultured in the maturation media
for another 48 hours to induce luteinization. The conditioned
media was collected after 48 hours and stored at −20◦C for
ELISA.

Measuring concentrations of hormones in
conditioned media

The concentrations of estradiol and progesterone secreted
in the culture media during follicular growth and luteiniza-
tion, respectively, were measured using ovarian steroid
hormone ELISA kits (Calbiotech, Spring Valley, CA). The
concentration of prostaglandin E2 (PGE2) during in vitro
ovulation was measured using the PGE2 ELISA Kit (Abcam,
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Cambridge, UK). All assays were performed according to the
manufacturer’s instructions with five biological replicates.

RNA extraction and target gene quantification by
RT-qPCR

Follicles collected at 0, 1, 4, and 8 hours post-hCG treat-
ment were used to examine the expression of ovulation-
related genes by RT-qPCR. Total RNA of each follicle was
extracted by using the PicoPure RNA isolation kit (Thermo
Fisher Scientific). Total RNA was then reversely transcribed
into cDNA by using the Superscript III First-Strand Synthesis
System with random hexamer primers (Invitrogen) and stored
at −80◦C. RT-qPCR was performed in a 96-well plate by using
the Power SYBR Green PCR Master Mix (Thermo Fisher
Scientific) in a StepOnePlus Real-Time PCR system (Thermo
Fisher Scientific). RT-qPCR thermocycler was programmed
for 10 min at 95◦C, followed by 40 cycles of 15 seconds
at 95◦C and 40 seconds at 60◦C, and ended with a melting
curve stage to determine the specificity of primers. The primer
sequences (5′ to 3′) were listed in Supplemental Table 3 and
the relative gene expression level of each gene was calculated
by 2∧(Ct reference – Ct target).

Single-follicle RNA-seq data generation

Libraries for RNA-seq were generated from single follicles
as previously described for single cells work flow but with
less amplification cycles [70]. Briefly, we first performed
a cell counting experiment to confirm that single follicles
had similar amounts of ∼12 500 follicular cells per follicle,
which ensures that cell counts and hence RNA content are
comparable between 0, 1, 4, and 8 hours post-hCG. Smart-
Seq2 cDNA synthesis was performed on isolated follicle RNA
with Maxima H Minus reverse transcriptase (ThermoFisher).
Whole transcriptome amplified (WTA) product was puri-
fied with AMPure XP beads (Beckman Coulter), quantified
with Quanit-iT PicoGreen dsDNA Assay (ThermoFisher),
normalized, and used for preparing paired-end sequencing
libraries with Nextera XT (Illumina, #FC-131) according
to the manufacturer’s instructions. Libraries were pooled
equally and sequenced on a NextSeq500/550 (Illumina) using
a 75 cycle v2 sequencing kit.

Analysis of transcriptomics data

Following sequencing, BCL files were converted to merged,
demultiplexed FASTQs. FASTQs were checked for size to
ensure a comparable sequencing depth across all samples.
These were then mapped to the GRCM38 genome using
HISAT2 [71] and quality control metrics were extracted
using publicly available workflows on Terra (https://portal.
firecloud.org/?return=terra#methods/GP-TAG/SS2_scRNA_
pipeline/32). After alignment, count data were batch-
corrected using ComBat-seq [72]. Batch-corrected matrices
and converted Transcripts Per Million matrices were used for
subsequent analyses. Count matrices were input to Partek
Flow Software (Version 10.0) where PCA was performed
and DESeq2 tool embedded in the software was applied for
differential expression.

Fuzzy clustering of transcriptomics data

We used custom scripts to perform fuzzy clustering with
MFuzz [65, 73]. First, gene symbols were checked with the
HUGO Gene Nomenclature Committee (HGNC) and filtered

to include valid symbols and protein-coding genes. We then
merged differential expression results across each pairwise
comparison (post-hCG 0 hour versus 1 hour, 0 hour versus
4 hours, and 0 hour versus 8 hours) and any genes with a 1.5-
fold change and padj < 0.05 were flagged. We then used stan-
dard MFuzz workflows to cluster DEGs at 1, 4, and 8 hours
post-ovulation induction compared to 0 hour, yielding 10
different clusters. Genes with membership >0.6 were flagged
for each cluster and used as input for pathway analyses. Gene
ontology (GO) analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis were
performed on cluster-associated genes using WebGestalt [74].

Mouse ovary sample collection

23-day-old CD-1 female mice were treated with 5 IU pregnant
mare serum gonadotropin (PMSG; Calbiochem, San Diego,
CA) via intraperitoneal (IP) injection to stimulate follicle
maturation. At 46 hours, PMSG-treated mice were intraperi-
toneally injected with 5 IU hCG (Sigma-Aldrich) to induce
ovulation. Mice were then sacrificed to collect ovaries at 0,
1, 4, and 8 hours, which are consistent with the time points
examined for ex vivo ovulation. Ovaries were fixed in 10%
neutral buffered formalin (EMD, Burlington, MA) at 4◦C
overnight for histology and in situ RNA hybridization.

Histology and in situ RNA hybridization

Fixed follicles from eIVFG or ovaries from in vivo mouse
superovulation model were paraffin-embedded and serially
sectioned at 5 μm. Selected sections were stained with hema-
toxylin and eosin (H&E, ThermoFisher Scientific) for his-
tology. To examine the spatiotemporal expression patterns
of genes involved in ovulation, in situ RNA hybridization
was performed on histological sections from both cultured
follicles and ovaries using the RNAscope Multiplex Fluo-
rescent Detection Kit V2 and HybEZ Hybridization System
(Advanced Cell Diagnostics, Inc., Newark, CA) according to
the manufacturer’s instructions. Briefly, follicle or ovarian
tissue sections were pretreated with heat, H2O2, and protease
prior to hybridization with target gene probes. An HRP-
based signal amplification system was then hybridized to the
target probes followed by the fluorescent dye labeling. Tissue
sections were mounted with Vectashield antifade mounting
medium with DAPI (Maravai LifeSciences, San Diego, CA)
and imaged with a confocal microscope (Leica, Wetzlar, Ger-
many).

Proprotein convertase inhibitor treatment

Antral follicles grown from eIVFG were pre-incubated with
0, 0.01, 0.1, 1, and 10 μM proprotein convertase inhibitor
(PCI, Sigma-Aldrich), or Furin inhibitor I (Sigma-Aldrich),
or Furin inhibitor II (Sigma-Aldrich) in growth media for
2 hours at 37◦C in 5% CO2 in air and then transferred into
maturation media with the same concentrations of PCI for
0 and 4 hours for single-follicle RT-qPCR or 14 hours for
the follicle rupture assay. After follicle rupture examination,
follicles were pooled together by a group of 10, dissociated in
500 μl Accutase (ThermoFisher Scientific) at 37◦C for 15 min,
stained with Trypan blue 0.4% (Invitrogen) at a 1:1 ratio,
and live cell number was counted by Countess 3 (Invitrogen).
Live cell percentages were 95% and 93% in the control and
PCI-treated groups, respectively. Ruptured follicles were also
cultured in maturation media without FSH for an additional
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48 hours for luteinization. Conditioned media was collected
for progesterone measurement using the ELISA kit.

In situ zymography

Follicles on day 8 eIVFG were removed out of alginate beads
then incubated in growth media with 10 μM PCI or dimethyl
sulfoxide (DMSO) as a vehicle control for 2 hours, then trans-
ferred to maturation media containing 100 μg/ml fluorescent-
conjugated DQ gelatin (Invitrogen) with the same concentra-
tion of PCI and incubated at 37◦C in a humidified atmosphere
of 5% CO2 in air for 14 hours. After incubation, follicles
were fixed with 3.8% PFA at 37◦C for 1 hour, then stained
with DAPI to visualize nuclei and mounted for visualization.
Fluorescent images of DQ gelatin were obtained using EVOS
cell imaging system (Thermo Fisher Scientific) at an excitation
wavelength of 495 nm and a detection wavelength of 515 nm.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0
(GraphPad Software Inc., San Diego, CA, USA). Data were
expressed as the mean ± standard deviation (SD). When com-
paring gene expressions at different time points and conduct-
ing dose response experiments including hormone measure-
ment, one-way analysis of variance followed by Dunnett’s
multiple comparison test were used to analyze the statistical
significance between control and treatment groups. Other-
wise, Welch’s t test was applied. For follicle rupture assay,
Yates’ chi-square test was used to compare the percentages
of ruptured follicles. A p-value <0.05 was considered statisti-
cally significant.

Supplementary Material

Supplementary Material is available at BIOLRE online.
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