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Abstract

Estradiol-17β has been shown to promote primordial follicle formation and to involve bone morphogenetic protein 2 (BMP2) as a downstream
effector to promote primordial follicle in hamsters. However, the molecular mechanism whereby these factors regulate ovarian somatic cells to
pre-granulosa cells transition leading to primordial follicle formation remains unclear. The objective of this study was to determine whether BMP2
and/or estradiol-17β would regulate the expression of specific ovarian transcriptome during pre-granulosa cells transition and primordial follicle
formation in the mouse ovary. BMP2 mRNA level increased during the period of primordial follicle formation with the concurrent presence
of BMP2 protein in ovarian somatic cells. Estradiol-17β but not BMP2 exposure led to increased expression of ovarian BMP2 messenger
RNA (mRNA), and the effect of estradiol-17β could not be suppressed by 4-[6-[4-(1-Piperazinyl)phenyl]pyrazolo[1,5-a]pyrimidin-3-yl]quinoline
dihydrochloride (LDN) 193189. BMP2 or estradiol-17β stimulated primordial follicle formation without inducing apoptosis. Ribonucleic acid-
sequence analysis (RNA-seq) of ovaries exposed to exogenous BMP2 or estradiol-17β revealed differential expression of several thousand
genes. Most of the differentially expressed genes, which were common between BMP2 or estradiol-17β treatment demonstrated concordant
changes, suggesting that estradiol-17β and BMP2 affected the same set of genes during primordial follicle formation. Further, we have identified
that estradiol-17β, in cooperation with BMP2, could affect the expression of three major transcription factors, GATA binding protein 2, GATA
binding protein 4 and Early growth response 2, and one serine protease, hepsin, in pre-granulosa cells during primordial follicle formation.
Taken together, results of this study suggest that estradiol-17β and BMP2 may regulate ovarian gene expression that promote somatic cells to
pre-granulosa cells transition and primordial follicle formation in the mouse ovary.

Summary Sentence
BMP2 and estradiol-17β may regulate the transition of somatic cells to pre-granulosa cells, leading to the formation of primordial follicles in the
murine ovary by upregulating key ovarian transcriptome.
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Introduction

Successful establishment of a primordial follicle (PF) pool is
essential to maintain the supply of growing follicles through-
out the reproductive life of mammals. In most mammals, PFs
are formed in utero or shortly after birth [1] and its deple-
tion coincides with reproductive senescence. In human, early
depletion of the PF pool results in premature ovarian failure
with consequent early onset of osteoporosis, cardiovascular,
and cognitive disorders [2]. The PFs are characterized by an
oocyte encircled by a layer of flattened granulosa cells. During
embryonic development of the mouse ovary, somatic cells
(SCs) adjacent the germ cell nests differentiate into flattened
pre-granulosa cells (pre-GC), invade the nests, and surround
individual oocytes to form PFs [1]. The process of PF assembly
starts from E17.5 and continues until P3 in developing mouse
ovaries with the appearance of morphologically distinct PFs
on the first day of the postnatal life (P1).

The PF assembly in developing murine ovary is regulated by
many factors, including growth factors, transcription factors
(TFs), and hormones [3]. Several of the transforming growth

factor beta family of proteins, including activin A, bone mor-
phogenetic factor (BMP)-15, and growth and differentiation
factor−9, have been shown to affect follicular development in
mammalian ovaries [4–6]. The bone morphogenetic protein 4
(BMP4) induces primordial germ cell or oogonial apoptosis in
vitro in 8–9-week-old human fetal ovary when oogonial pro-
liferation occurs [7]; however, whether BMP4 affects oocyte
viability is not known. We have not observed any effect of
BMP4 on PF formation or oocyte apoptosis in E16 mouse
ovaries or E15 hamster ovaries cultured for 4 or 8 days,
respectively (unpublished observation). The bone morpho-
genetic protein 2 (BMP2) promotes PF assembly in developing
hamster ovaries [8] and contributes to the development of
primordial germ cells in the mouse [9]. The BMP2 is a secreted
ligand that can regulate cell growth and differentiation in
autocrine and paracrine fashion [10]. The BMP2 is known
to facilitate the differentiation of osteoblasts, cardiomyocytes,
and neuronal cells [11–13]. The BMP2 is also necessary for
motility and the invasion of human trophoblast cells and
several types of cancer cells [14–16]. In rodents and humans,
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BMP2 expression has been observed in developing ovaries
around the time of PF formation [7, 8, 17]. The BMP2
action is mediated by the heterodimer of activin receptor
type 1 (ACVR1, Activin receptor like kinase 2 (ALK2), bone
morphogenetic protein recetor 1A (BMPR1A, activin receptor
like kinase 3, ALK3) or bone morphogenetic protein receptor
1B (BMPR1B, activin receptor like receptor kinase 6, ALK6),
and BMPR2 [10]. Deletion of Bmp2 in mice is embryo lethal
[9]. Despite this information, the effect of BMP2 on oocyte or
early follicular development in mice is not fully understood.

Among reproductive hormones, estradiol-17β (E2) pro-
motes PF formation in hamsters and baboons [18–20]. In
hamsters, facilitation of PF formation by exogenously added
E2, both in vitro and in vivo, depends on E2 concentration.
While lower concentrations support PF formation, higher
concentrations are deleterious [18]. During development, fetal
ovaries in utero are exposed to higher species specific levels of
E2 [18, 21–23]. Higher levels of E2 are present in both mater-
nal and fetal circulation from E16 through birth in mice [22].
Further, aromatase and 3β- hydroxysteroid dehydrogenase
are expressed in the developing ovaries of humans, hamsters,
and mice [18, 22, 24, 25]. Disruption of E2 action by an
aromatase inhibitor, letrozole, results in reduced PF formation
in baboons [20]. On the other hand, administration of high
concentrations of E2 in vivo has been shown to inhibit germ
cell nest breakdown during the postnatal development in mice
[26, 27]. Therefore, the possible role of E2 on pre-GC transi-
tion leading to PF formation warrants further investigation.

The E2 is known to regulate BMP2 expression in several
cell types, including osteogenic and mesenchymal cells in
mice [28–30] and in hamster developing ovaries [31]. The
E2 has been shown to modulate BMP2 promoter activity in
mouse mesenchymal cells via canonical estrogen receptors,
estrogen receptor 1 (ESR1) and estrogen receptor 2 (ESR2)
[28]. Further, E2 seems to act via BMP2 as a upstream effector
to promote PF formation in the hamster [31]. However, it is
unclear if E2 and/or BMP2 affects the expression of specific
ovarian genes during PF formation. Therefore, we sought to
determine (1) if BMP2 or E2 would stimulate PF formation
in the mouse ovary and (2) which ovarian genes would be
affected by BMP2 or E2 during SCs to pre-GC cells transition,
which was a prerequisite for PF formation.

Materials and methods

Animals and reagents

The CD1 mice were purchased from Charles River Lab-
oratories, Wilmington, MA, USA, and were housed in a
temperature- and humidity-controlled environment with 14-h
light and 10-h dark cycles, and were fed ad libitum according
to the UNMC Institutional Animal Care and Use Committee
guidelines. The use of mice in this study was approved by the
UNMC IACUC and NIH. Mice were time-mated, and fetal
(E16 and E18) or postnatal (P1) ovaries free off extraneous
tissue were collected in α-MEM with 0.5% BSA, 100 IU
penicillin and 100 microgram streptomycin per ml (final).
For in vivo studies, one set of ovaries were fresh frozen in
optimal cutting temperature (OCT) compound for sectioning
and immunofluorescence localization of BMP2, GATA2,
GATA4, EGR2, and hepsin (Hpn), and the other set of ovaries
were immediately placed in TRIZOL (Invitrogen, MA) for
total RNA extraction [32, 33]. For in vitro studies, E16
ovaries were collected and cultured as described in respective
experimental designs.

Sources for antibodies to BMP2, forkhead box L2 (FOXL2),
GATA2, GATA4, EGR2, hepsin, and germ cell-specific nuclear
antigen (GCNA) are presented in Supplementary Table
1. All antibodies were quality control-checked and their
specificity was checked in the laboratory using positive
control tissue sections and western immunoblotting. Primers
for qPCR analysis are listed in Supplementary Table 2.
Plastic embedding medium (Electron Microscopy Sciences,
Hatfield, PA), Tissue-Tek optimum cutting temperature
(OCT) compound (Sacura Finetek USA Inc., Torrance, CA),
Phenol red-free α-MEM (GIBCO/Invitrogen, Waltham, MA),
linolenic acid and BSA (Sigma Chemical Company, St. Louis,
MO), LDN193,189 (Tocris, Minneapolis, MN), human holo-
transferrin, human insulin and selenium (BD Biosciences,
San Jose, CA), RNA isolation kit (Qiagen, Germantown,
MD), and Superscript reverse transcriptase and SsoAdvanced
quantitative polymerase chain reaction (qPCR) kit (Bio-Rad,
Hercules, CA) were purchased accordingly. The qPCR primers
were synthesized by Thermo Fisher Scientific (Waltham, MA).
All other molecular grade chemicals were purchased from
various sources.

Effect of BMP2 or E2 on ovarian BMP2 mRNA
expression and PF formation

Both BMP2 mRNA and protein expression were examined
to determine whether BMP2 was expressed in vivo in the
developing mouse ovary prior to morphologically distinct PF
formation and also to determine whether either BMP2 or E2
would upregulate BMP2 mRNA expression and promote PF
formation in vitro. E16 ovaries were cultured with or without
E2 or BMP2 for 4 days (C4) for in vitro experiment. It has
been shown that oogonia start entering meiotic prophase by
E13.5 to become oocytes and most of the oocytes enter the
pachytene stage by E16 [34]. We have also observed that
>95% oocytes complete entering the pachytene stage by E16
but morphologically distinct PFs are absent on E16 in CD1
mice. Therefore, the rationale for using E16 ovaries was that
morphologically distinct PFs were absent and oogonia to
oocyte transition was over; hence, any effect on PF formation
would most likely reflect SCs to pre-GC transition. There were
at least three ovaries from different fetuses for each in vivo
day of development for localization experiment, whereas for
each in vitro replicate, E16 ovaries were collected from many
fetuses of different mothers in phenol red-free α-MEM con-
taining penicillin, streptomycin, and 0.25 microgram per ml
amphotericin B at room temperature, which were cleaned and
cultured for 4 days (C0–C4) on tissue culture inserts placed
in 1 ml phenol red-free α-MEM in presence of 0.1 μg/ml
insulin, 1.25 μg/ml transferrin, 1.25 μg/ml selenium, and
10.7 μg/ml linoleic acid on culture inserts with 3-μm pores
(Falcon, Fisher Scientific) as described for the hamster ovaries
[18, 31]. The E2 (3.67 nM in 1 μl ethanol) and recombinant
human BMP2 (R&D Systems, Inc., Minneapolis, MN, 50 ng
in 2.5 μl 0.1% BSA/4 mM HCl) were added at the beginning
(C0) of culture and every 48 h. The LDN 193,189 (0.5 μM
final in 5 μl dimethyl formamide), an ACVR1 and BMPR1A
inhibitor, was added at C0 with or without BMP2 or E2.
No deleterious effect was noted for the volume of ethanol or
DMF used in culture (data not shown). Ovaries were retrieved
for morphometric analysis, immunofluorescence detection of
antigens or RNA preparation for RT-qPCR analysis. For
morphometric analysis of PFs, ovaries were fixed in Bouin’s
fixative for 24 h, dehydrated by grades of ethanol, cleared with
JB4 plastic resin, and embedded in JB4 plastic as suggested by
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the manufacturer (EM Sciences, Hatfield, PA). Blocks were cut
at 5-mm thickness, stained with Harris’s hematoxylin, dehy-
drated by ethanol grades, and mounted with Dibutylphthalate
Polystyrene Xylene (Millipore-Sigma, St. Louis, MO). We
counted every fifth section to obtain raw number of oocytes
and PF in selected sections of each ovary for each group.
The total numbers of oocytes and PFs present in the whole
ovary were estimated by multiplying the raw counts by five
to correct for uncounted sections using the method described
by Sarma et al. [35]. Minimum three ovaries from different
animals were used per group to calculate the mean ± standard
error of mean (SEM). Cytotoxic effect of BMP2 or E2 doses
were also examined by cleaved caspase 3 immunofluorescence
localization.

RNA sequencing

To determine the effect of BMP2 and E2 on transcriptome of
developing ovaries before the appearance of morphologically
distinct PF, E16 ovaries were exposed to either vehicle, recom-
binant BMP2 (50 ng/μl), or E2 (3.67 nM) in vitro for 24 h.
There were three replicates from different animals for each
group. Total RNA was isolated using a Qiagen microkit and
the quality of RNA was checked by a RNanalyzer (UNMC
DNA Core). The RNA samples with RIN value >9 were
used for making sequencing libraries with Illumina True-Seq
RNA Sample Preparation V2 kit (UNMC DNA Core Facility).
Libraries were sequenced using Illumina NextSeq500, yielding
75-bp single end reads in the UNMC DNA Core facility.

Reads were trimmed as necessary by Trim Galore (https://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/)
followed by alignment using Tophat2 [36]. The aligned reads
were counted by HTseqCount [37] and differential expression
analysis was done by DESeq2 [38] using recommended
parameters. The gene ontology (GO) pathway enrichment
analysis was performed by ClusterProfiler [39] and Gene Set
Enrichment Analysis (GSEA; 4.1.0) [40]. Subsetting and other
data wrangling was performed in “R” (3.6.2) and with dplyr
(0.8.3), data plots were made by using ggplot2 (3.2.1), ggpubr
(0.2.4) and enhancedVolcano (1.4.0).

Isolation of ovarian RNA and RT-qPCR analysis of
selected transcripts

First, we short listed BMP2 or E2-responsive genes based on
their likelihood of affecting ovarian cell functions. From the
list, we selected Gata2, Gata4, and Egr2 based on (1) their
reported role in ovarian follicular development and (2) the
availability of validated and authenticated antibodies for fur-
ther examination. This was particularly true for Tmprss11a
gene, which was a serine protease-coding gene (Figure 3A),
a HAT/DESC subfamily member of type II transmembrane
serine proteases (TTSP) [41, 42]. Although members of TTSP
family of proteases had been shown to play an important
role in cell adhesion or migration [43], we could not assess
Tmprss11a beyond mRNA expression because of the unavail-
ability of specific and valid reagents. Serendipitously, we
identified hepsin, a member of the hepsin/transmembrane
serine protease (hepsin/TMPRSS) subfamily [41] of TTSP,
for which validated antibody was available. Therefore, we
decided to examine the expression of Hpn along with three
selected TFs. Ten nanograms of total RNA were reverse-
transcribed in a 20-μl reaction mixture using the superscript
RT kit (Bio-Rad) as suggested by the manufacturer, and 1 μl
cDNA mix was amplified for 40 cycles using SYBR green

qPCR kit and gene-specific primer sets in a Bio-Rad thermo-
cycler. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
gene was used as a housekeeping gene to normalize the qPCR
data across treatment groups. The qPCR primer sequences
are presented in Supplementary Table 2. The Gapdh was
selected after testing several commonly used housekeeping
genes based on its stable expression regardless of the treatment
condition. Gene-specific Ct values were calculated based on
the manufacturer’s formula, normalized against correspond-
ing Gapdh values, and mRNA levels relative to E16 (in vivo)
or control culture (in vitro) were calculated for each replicate.
Then values of at least three replicates from different animals
were used to derive the mean + SEM.

Immunofluorescence localization of BMP2, FOXL2,
GATA2, GATA4, EGR2, hepsin, GCNA, or cleaved
caspase 3

In vivo-developed ovaries were cleaned of extraneous tis-
sue in 30% sucrose-/phosphate-buffered saline, pH 7.4, and
frozen in OCT. In vitro-cultured ovaries were placed in 30%
sucrose/PBS on ice for 10 min and were then frozen in OCT.
Fresh frozen sections (6 μM) were fixed in 4% freshly made
paraformaldehyde at 10◦C as described previously [18, 31,
44]. Sections were incubated overnight at 4◦C with antigen-
specific antibodies and were probed with host-specific second
antibody conjugated to different Alexa dyes. Nuclei were
stained with DAPI. To determine the specificity of in vivo
BMP2 immunosignal, sections of E18 ovaries were incubated
with BMP2 antibody preneutralized with 200 ng of recombi-
nant human BMP2. Sections were examined and were imaged
in a Leica confocal microscope and were then overlayed to
depict the cell-type specific expression. Because the confocal
microscope could detect only RGB and one far-red fluo-
rophore, the DAPI signal (blue of RGB) was assigned gray
pseudocolor to identify follicle structure and cells in ovary
sections.

Immunosignal was semi-quantitated using Image J (NIH)
density quantification module. For each overlayed image,
there were four image planes showing individual fluorescence
signal. Many image sets were captured to cover the entire
ovary section. Because we wanted to know cell types express-
ing a particular gene signal and whether the expression was
influenced by BMP2 or E2, we used FOXL2 as a marker for
pre-GC because FOXL2 was considered as a verified marker
for granulosa cells and as authenticated antibody against
FOXL2 was commercially available. First, the intensity of
fluorescence for a particular protein in individual somatic cells
(SCs) in an image was measured. Then, we identified FOXL2-
positive (pre-GC) or FOXL2-negative (non-GC) cells. Next,
we calculated the average of cell-type specific fluorescence
intensity for the entire section representing one ovary. We
repeated the same for sections from other ovaries of individual
experimental groups, and then, the average values for three or
more ovaries of individual groups were used for calculating
the mean for each experimental group. Cell-type specific
means of either in vivo or in vitro experimental groups were
analyzed for statistical significance and to derive the standard
errors of mean. To keep the analysis focused on SCs, no
attempt was made to include oocytes in the analysis.

Statistical analysis

All quantitative data were analyzed by one-way ANOVA or
“t” test as needed with Tukey’s correction. The values were
considered to be of significance if the P values were <0.05.
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Although many data had P values < 0.01 or less, P < 0.05
was used throughout to indicate significance for consistency.

Results

Expression of BMP2 in developing ovaries in vivo,
and the effect of BMP2 or E2 on BMP2 mRNA
expression and PF formation in vitro

The BMP2 mRNA levels increased sharply by E18 and
remained stable through P1(Figure 1A). The E2 but not BMP2
significantly (P < 0.05) stimulated BMP2 mRNA expression
in E16 mouse ovaries after 4 days of culture (C4, equal to
P1, Figure 1B). The LDN193,189, an ACVR1and BMPR1A
blocker failed to inhibit E2-induced increase in BMP2 mRNA,
thus ruling out the possibility of a BMP2 autoregulatory
effect (Figure 1B). Robust BMP2 immunosignal (green) in
the cytoplasm of oocytes (red) and FOXL2-positive pre-
GC (blue) was evident in E18 ovaries (Figure 1C). Surface
epithelial cells (arrowheads) and FOXL2-negative cells
(arrows) were mostly BMP2-negative (Figure 1C). The BMP2
immunosignal was almost undetectable in sections incubated
with preneutralized antibody (Figure 1D). The BMP2 or
E2 significantly (P < 0.05) upregulated the total number
of PFs in the ovary without affecting the total number of
oocytes (Figure 1E). No apparent difference in cleaved caspase
3 localization in oocytes or SCs was evident in vehicle-
(Supplementary Figure S1A), BMP2- (Supplementary Figure
S1B), or E2-exposed ovaries (Supplementary Figure S1C),
indicating that the dose of BMP2 or E2 was unlikely to
adversely affect the ovarian cells, although no quantitation
was attempted.

Effect of BMP2 and/or E2 on ovarian transcriptome
around the time of PF formation

The BMP2 treatment in the E16 ovaries for 24 h upregulated
597 genes and downregulated 585 genes (Figure 2A) (P-adjust
< 0.05). The GO biological pathway enrichment analysis of
differentially expressed genes (DEGs) predictively revealed
enrichment of cellular processes associated with reproduc-
tion such as meiotic cell cycle and female gamete gener-
ation (Figure 2B). Additionally, epithelial cell proliferation,
angiogenesis, and cellular pathways involving apoptosis sig-
naling and ribonucleoprotein biogenesis were significantly
altered due to BMP2 treatment (Figure 2B). To predict the
downstream effector pathways affected by the upregulated
and downregulated gene sets due to BMP2 exposure, these
gene sets were compared to the GO molecular functions.
Enrichment of pathways associated to protein translation in
>1.5-fold downregulated genes and inhibitor of endopepti-
dase activity in the rest of the downregulated genes indicated
potential inhibition of protein anabolism (Figure 2C). On the
other hand, activities of increased serine peptidase, serine
endopeptidase, and serine hydrolase showed enrichment in
the 1.5-fold upregulated genes, suggesting possible matrix
remodeling (Figure 2C). Analysis of the DEGs with GSEA
further revealed significant (FDR < 0.01) enrichment of DNA-
binding transcription activity (Figure 2D). The constituent TF
genes in this pathway were mostly upregulated by BMP2, and
the list included Folliculogenesis Specific BHLH transcription
factor (Figla), LIM homeobox 8 (Lhx8), NOBOX oogene-
sis homeobox (Nobox), and Spermatogenesis And Oogene-
sis Specific Basic Helix-Loop-Helix 1 (sohlh1) (Figure 2E).

Further, BMP2 also upregulated several granulosa cell-specific
TFs, such as Foxl2, Gata4, and Egr2 (Figure 2E).

The E2 treatment for 24 h in E16 ovariesupregulated1852
genes and downregulated 1780 genes (P-adjust < 0.05)
(Figure 3A). The GO biological pathway enrichment analysis
on these DEGs revealed enrichment of reproductive and
urogenital system development, epithelial cell proliferation
and cell migration, and Wnt signaling pathway (Figure 3B).
Further, among GO molecular functions, pathways related to
ribosomes and cytoskeleton were enriched in the downregu-
lated genes (Figure 3C). Moderately upregulated genes (<1.5-
fold) affected the ATPase and helicase activities in addition to
the pathways related to mRNA and ribonucleoprotein bind-
ing. Pathways involving channel and transporter activities
were enriched in the upregulated genes >1.5-fold (Figure 3C).
Further, E2 also significantly upregulated oocyte-specific
TFs, such as Figla, Lhx8, Nobox, and Sohlh1 (Figure 3D).
Significant upregulation of Gata2 (expressed mostly in
primordial oocytes) [45] and Gata4 (expressed in granulosa
cells) [46] also occurred by E2. When the effect of BMP2
was compared with E2, 87% of 721 common DEGs were
either upregulated (272 genes) or downregulated (353 genes)
concordantly (Figure 4A). Further, pathway enrichment
analysis with these common DEGs suggested enrichment
of genes involved in DNA modification during gamete
formation and insulin-like growth factor response pathways
(Figure 4B). On the other hand, pathways pertaining to
ribosome, mRNA-binding, and translation activity were
enriched in downregulated genes (Figure 4C).

To further determine how changes in gene expression in
response to either BMP2 or E2 affects granulosa cell differenti-
ation, DEGs (P < 0.05) from either BMP2- or E2-treated sam-
ples were compared with the gene signatures from differenti-
ating bipotential granulosa cells (D-BPGs) and differentiating
epithelial granulosa cells (D-EPGs) during the same develop-
mental timeframe before PF formation [47]. Clustering among
the common genes between DEGs and D-BPG signature or D-
EPG signature genes revealed four or five major clusters (Sup-
plementary Table 3), respectively (Figure 4D and E). Among
D-BPG signature genes, BMP2 exposure led to upregulation in
clusters 3 and 4 (CL3 and CL4) and minimal downregulation
of a small subset in CL2 (Figure 4D). On the other hand,
E2 exposure led to upregulation of the CL1 and CL4 and
downregulation of CL2 and CL3 (Figure 4D). Among D-
EPG signature genes, BMP2 exposure downregulated part
of CL1 and CL4 and upregulated CL2 (Figure 4E). The E2
treatment led to downregulation of most of the genes rep-
resented in CL4 and CL5, while showing upregulation in
CL1 and CL3 (Figure 4E). Overall, BMP2 treatment led to
upregulation of majority of D-BPG signature genes, whereas
D-EPG signature remained relatively unaffected by BMP2,
while E2 showed small but distinct upregulation of a part
of D-BPG and D-EPG and downregulation of other D-EPG
signature.

Expression of Gata2, Gata4, Egr2 and HPN mRNA,
and proteins in ovarian SCs in vivo

The Gata2, Gata4, Egr2 and HPN mRNA were not
only expressed in E16 ovary (Figure 5A–D), but their
levels increased significantly (P < 0.01) by E18 and P1
(Figure 5A, B, and D).

The intensity of GATA2 immunosignal was significantly
higher (P < 0.05) in pre-GC compared to non-GC throughout
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Figure 1. BMP2 expression in the developing mouse ovary and effect of BMP2 or E2 on PF formation in vitro. (A) qPCR quantitation of BMP2 mRNA
expression in vivo in E16, E18, and P1 ovaries. Each bar represents the ratio of BMP2 and GAPDH ± SEM. (B) qPCR quantitation of BMP2 mRNA
expression in vitro in either vehicle (0.1% ethanol), BMP2- or E2-exposed ovaries in the presence or absence of 500 μM BMPR inhibitor, LDN193,189.
Each bar represents the ratio of BMP2 and GAPDH ± SEM. Bar = 25 μm. Bars with same letter, P > 0.05; bars with different letter, P < 0.05. (C-D)
Localization of BMP2 in 18-day old fetal mouse ovary incubated overnight with a BMP2 antibody (C) or BMP2 antibody neutralized with 200 ng
recombinant human BMP2 (D). BMP2 (green), FOXL2 (blue), GCNA (red), and DAPI (gray). PF formation in response to either BMP2 or E2 in vitro (E).
Number of oocytes in the control group was compared with those of BMP2- or E2-treated group. Similarly, number of PFs in the control group was
compared with those of BMP2- or E2-treated group. Bars with different letter within each cell type category, P < 0.05; bars with same letter within each
cell type category, P > 0.05.

development, with clear presence of the protein in the cell
nuclei (Figure 6A, insets, Supplementary Figure S2). The
intensity of GATA2 signal in pre-GCs increased (P < 0.01)
further on E18 (Figure 6A–D). Distinct GATA2 immunoflu-
orescence was evident in FOXL2-positive pre-GCs as well
as in non-GCs of E18 ovaries (Supplementary Figure S3).
While modest GATA2 immunosignal was present in the
oocytes of E16 and E18 ovaries (Figure 6A and B), marked
increase was evident by P1 (Figure 6C). The intensity of
GATA4 immunosignal was significantly more (P < 0.05) in
pre-GCs compared to non-GCs on E16 (Figure 6E and H),
although not all pre-GCs were GATA4-positive. The GATA4
signal intensity increased significantly by E18 through P1
(Figure 6F–H). Remarkable variation in FOXL2 immunoflu-
orescence across pre-GCs affected the image of GATA4
fluorescence by often masking the gene-specific signal
(Figure 6F and G). Higher magnification images of individual
image planes clarified the statement (Supplementary Figure
S4). Nuclear localization of EGR2 protein was visible in pre-
GC (Figure 6I–L, arrows). The EGR2 immunostaining was
absent in non-GC (arrowheads, Figure 6J and K). Distinct

cytoplasmic immunosignal was evident in the oocytes on
P1 (Figure 6K, broken circles). Higher magnification images
of primordial or primary follicles on P1 depicted strong
nuclear EGR2 staining in some of the surrounding granulosa
cells (Figure 6K, insets, arrows). Signal intensity increased
significantly (P < 0.05) in pre-GC by E18 before declining by
P1 (Figure 6L).

Diffused cytoplasmic and matrix localization of hepsin
was evident, primarily around non-GC in E16 ovary sections
(Figure 6M). However, Hpn immunosignal gradually local-
ized around pre-GC on E18 (Figure 6N, inset) and became
prominent on P1 (Figure 6O). By P1, distinct cytoplasmic
staining was noted in the oocytes and between pre-GCs of
forming PFs (Figure 6O, inset, arrowhead).

Effects of BMP2 or E2 on the expression of Gata2,
Gata4, Egr2 and mRNA and proteins in ovarian SCs
in vitro

The BMP2 or E2 significantly (P < 0.01) augmented the levels
of Gata2, Gata4, Egr2, and HPN mRNA in 4 days (C4)
cultured ovaries, although the effect of E2 on Gata4 and

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac111#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac111#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac111#supplementary-data
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Figure 2. BMP2 regulation of ovarian gene expression during development. (A) Volcano plot showing changes in gene expression in all genes upon
BMP2 exposure in developing ovary in vitro. Gray dots, P > 0.05 and FC < 1.5-fold; green dots, P > 0.05, FC > 1.5-fold; blue dots, P < 0.05, FC < 1.5-fold;
red dots, P < 0.05, FC > 1.5-fold. Vertical dotted lines show 1.5-fold cutoff and horizontal dotted line shows P = 0.05 cutoff. (B) GO biological pathway
enrichment analysis with all differentially expressed genes (DEGs) (P < 0.05) upon BMP2 treatment compared to untreated control. (C) GO molecular
function pathway enrichment analysis with same geneset. (D) GSEA with all DEGs upon BMP2 exposure compared to untreated control. (E) Heatmap
showing all the TFs from the geneset in (D) prepared with normalized counts from untreated and BMP2-treated samples with row-centered color
scheme.

Egr2 mRNA levels was significantly less than that of BMP2
(Figure 7A–D). Effects of BMP2 or E2 on mRNA levels were
completely suppressed by LDN193,189 suggesting that the
effect of E2 was most likely mediated by BMP2 and the effect
of BMP2 was specific (Figure 7A–D).

The GATA2 immunosignal was barely visible in pre-GC
and was virtually nondetectable in non-GC SCs in ovaries
cultured with vehicle only (control, Figure 8A). No signal
was present in the oocytes (Figure 8A). The BMP2 exposure
significantly increased GATA2 signal intensity in pre-GC
(Figure 8B and D), especially those in the follicles. Whereas
many oocytes showed remarkable increase in GATA2 inten-
sity, some had no expression (Figure 8B). The E2 exposure
further augmented GATA2 immunofluorescence signal in
pre-GC (Figure 8C and D), especially of PFs (Figure 8C,
broken circles), but noticeable increase also occurred in non-
GC SCs (Figure 8D). The LDN193,189 virtually eliminated
BMP2 or E2 effect on GATA2 immunosignal in all cells,
including the oocytes (Supplementary Figure S5A and B).
Most notably, LDN193,189 reduced FOXL2 immunosignal
to such an extent that valid cell-type specific quantification

was not possible. In the control group, a cohort of FOXL2-
positive pre-GC showed detectable but variable GATA4
immunosignal, whereas non-GC SCs were barely positive
(Figure 8E). The BMP2 significantly (P < 0.01) elevated
GATA4 signal intensity in pre-GC, especially those in
the follicles (Figure 8H and F, broken circles) and also in
non-GCs. However, not all pre-GC in follicles or else-
where in BMP2-exposed ovaries were positive or had
similar signal intensity (Figure 8F). The E2 also elevated
the intensity of GATA4 immunofluorescence signal, pri-
marily in the pre-GC (Figure 8H). Higher magnification
of individual image planes of an E2-exposed C4 ovary
clearly depicted that strong FOXL2 immunofluorescence
masked robust GATA4 immunosignal in FOXL2-positive
cells (Supplementary Figure S6). Although not quantified,
exposure to BMP2 or E2 seemed to increase the number
of FOXL2-positive cells in cultured ovaries (Figure 8F and
8G). The LDN193,189 also suppressed GATA4 and FOXL2
fluorescence (data not shown). The EGR2 immunosignal
was very low in the nuclei of pre-GC or non-GC in vehicle-
exposed ovaries, but strong cytoplasmic staining was noted

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac111#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac111#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac111#supplementary-data
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Figure 3. E2 regulation of ovarian gene expression during development. (A) Volcano plot showing changes in gene expression in all genes upon E2
exposure in developing ovary in vitro. Gray dots, P > 0.05, and FC < 1.5-fold; green dots, P > 0.05, FC > 1.5-fold; blue dots, P < 0.05, FC < 1.5-fold; red
dots, P < 0.05, FC > 1.5-fold. Vertical dotted lines show 1.5-fold cutoff and horizontal dotted line shows P = 0.05 cutoff. (B) GO biological pathway
enrichment analysis with all DEGs (P < 0.05) upon E2 treatment compared to untreated control. (C) GO molecular function pathway enrichment analysis
with same geneset. (D) Heatmap showing all the TFs from the geneset in (D) prepared with normalized counts from untreated and E2-treated samples
with row-centered color scheme.

for the oocytes (Figure 8I). The BMP2 or E2 significantly
(P < 0.01) upregulated the EGR2 signal intensity primarily
in the pre-GC clusters and the cells in the PF (Figure 8J–L,
broken circle). Slight increase occurred in non-GC SCs.
Modest hepsin immunosignal was present around pre-GC
and oocytes in the control group (Figure 8M). The BMP2 or
E2 elevated hepsin signal primarily around pre-GC clusters
(arrowheads, Figure 8N and O). Because of ovarian matrix-
based localization of hepsin immunosignal, no attempt was
made to quantify the immunosignal.

Discussion

Transition of non-differentiated ovarian SCs into pre-GC cells
is a prerequisite for the formation of PFs. Therefore, the
correlation of BMP2 expression in the mouse ovary in vivo,
induction of BMP2 mRNA by E2 in vitro, and stimulation of
PF formation in vitro by BMP2 tend to suggest that BMP2
may facilitate the transition of ovarian SCs into pre-GC in the
mouse ovary similar to that observed for the hamster ovary
[18, 31]. Human fetal ovary also expresses BMP2 mRNA and

protein by 8–9 weeks and the expression increases markedly
by 14–16 weeks of fetal life [7]. The BMP2 promotes cell
differentiation in human [48] and hamster fetal ovaries [31].
Upregulation of PF formation in the mouse ovaries by E2
corroborates our findings in the hamster [18, 31]. Appreciable
levels of maternal or fetal E2 in E18.5 mice [22], increase in
BMP2 in E18 mouse ovaries, and upregulation of BMP2 by
E2 in vitro suggest that E2 may control BMP2 expression in
the mouse ovary as well.

The E2 promotes in vivo PF formation in the hamster
[18] and baboon [20]. The E2 levels in maternal and fetal
plasma on E17.5- E18.5 [22] correspond to the time of pre-
GC transition in vivo. However, 10−7 M (27.27 ng/ml) E2
in vitro has been shown to inhibit oocyte nest breakdown in
mice, whereas lower concentrations have no effect [26, 49]. By
contrast, 3.67 nM (1 ng/ml) E2 significantly promotes in vitro
PF formation in fetal hamster ovaries [18] and in fetal mouse
ovaries (present study) without affecting the total number of
oocytes. However, increasing the dose to as small as 5 ng/ml
severely increases cellular apoptosis and PF formation [18].
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Figure 4. Regulation of gene expression in developing ovary by both E2 and BMP2. (A) Concordant (blue dots and line) and discordant (yellow dots and
line) gene expression from either BMP2 treated versus untreated control (P < 0.05) or E2-treated versus untreated control (P < 0.05). Number of genes
are represented in each quadrant. Spearman correlation coefficient R = 0.68, P < 2.2e-16. (B and C) GO pathway enrichment analysis from biological
process ontology (BP), cellular component ontology (CC), and molecular function ontology (MF) with both concordantly upregulated (B) and concordantly
downregulated (C) DEGs in response to either BMP2 or E2 treatment versus untreated control. (D and E) Clustered heatmap illustrating expression of
DEGs from either BMP2- or E2-treated ovaries that overlapped with the gene signature for differentiating bipotential pre-GC cells (D-BPGs) (D) or
differentiating epithelial pre-GC cells (D-EPGs) (E). Identified major clusters (CL) are represented in the left color-coded bar. Heatmap was prepared with
normalized counts from either untreated or BMP2-treated or E2-treated samples with row-centered color scheme.

Figure 5. Fold changes in (A) Gata2, (B) Gata4, (C) Egr2, and (D) HPN mRNA relative to E16 levels during in vivo PF formation in the ovary. �Ct values for
each sample for each transcript were calculated using corresponding GAPDH Ct values to obtain ��Ct. Then 2∧-(��ct) value (fold change relative to E16
ovaries) for each sample was calculated based on the formula provided by the manufacturer (BIO-RAD) and was used to calculate the mean + SEMs.
E16 and E18 represent fetal ages, and P1 represents postnatal day 1. Bars with same letter, P > 0.05; bars with different letters, P < 0.05.

Therefore, it is logical to assume that E2 upregulation of PF
formation depends critically on the dose of E2. Deletion of
ESR2 with or without ESR1 compromises fertility in mice,
although PF formation occurs [50, 51]. However, deletion of
classic ESR does not completely eliminate other avenues of
E2 action. We have shown that Gper1, a membrane estrogen
receptor, is expressed in hamster ovarian cells [52] and GPER1

can mediate E2 effect on ovarian PF formation [19, 32].
Further, an interactive regulatory role of GPER1 and FSHR
in follicular function has been reported [53]. Whereas we do
not know what compensatory mechanism in ESR knockout
mice promotes PF formation, the results of the present study
present a strong argument in favor of a facilitatory role of E2
perhaps via BMP2 on PF formation.
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Figure 6. GATA2, GATA4, EGR2, and hepsin localization in sections of E16, E18, and P1 ovaries. (A–D) Nuclear localization (circle) of GATA2 (green)
protein in E16 (A), E18 (B), and P1 (C) ovaries and quantitation of its immunosignal intensity (D). Arrows show FOXL2-positive pre-GC in E16 ovary (A).
Arrows showing GATA2 signal in FOXL2-positive pre-GC in an E18 ovary (B). Broken circles indicate GATA2 staining in the oocytes on E18 (B) and P1 (C)
ovaries. Broken line encircles a pool of non-GC cells (B). High intensity of FOXL2 (blue) often masked green fluorescence of GATA2. (E–H) GATA4 (green)
localization in E16 (E), E18 (F), and P1 (G) and quantitation of its immunosignal intensity (H). Intense ovarian GATA4 immunosignal was present in pre-GC
of E18 (F) and P1 (G) ovaries. Broken circles (G) showed pre-GC associated with PFs. Higher intensity of FOXL2 immunosignal masked GATA4
immunosignal forming teal-colored nuclei and presented an apparent higher expression in non-GC (area encircled by dotted line; see Supplemental
Figures S3 and S4 for clarification). However, the difference in GATA4 immunosignal between two cell types was prominent in the bar graph (H). (J–M)
EGR2 localization in E16 (J), E18 (K), and P1 (L) ovaries and quantitation of its immunosignal intensity (L). Nuclear localization of EGR2 protein (green) in
FOXL2-positive pre-GC (arrows) and non-GC (arrowheads) in the E16 mouse ovary (I). EGR2 immunosignal in pre-GC on E18 (J) and P1 (K) ovaries
(arrows). Cytoplasmic immunosignal in P1 ovary (inset). Higher magnification images of primordial or primary follicles in the P1 ovary (K) (insets). (M-O)
Hepsin (green) localization in sections of E16 (M), E18 (N), and P1 (O) ovaries. Inset showing higher magnification image of hepsin staining between
adjacent pre-GC in E18 and P1 ovaries (inset, arrowhead). Bars with same letter, P > 0.05; bars with different letters, P < 0.05. Green, target proteins;
blue, FOXL2; red, GCNA; gray, nuclei. Bar = 25 μm.

Niu and Spradling [54] has shown that mouse pre-GCs
develop from a ovarian surface epithelial-derived bipoten-
tial pre-GC cell (B-PGC) and a surface-epithelial derived
epithelial pre-GC cell (E-PGC) lineages as early as E12.5.
While B-PGC show robust FOXL2 expression by E12.5,
E-PGC show it after birth [54]. Using the published gene
signatures for D-BPGs and D-EPGs, which are similar to
B-PGC and E-PGC based on characteristic gene expression
[47, 54], the results of the present study demonstrate that
among DEGs, BMP2 or E2 independently upregulates genes,
which are potentially important for pre-GC transition. In
the present study, characteristic expression of selected TFs in
FOXL2-positive (pre-GC) and FOXL2-negative SCs suggests
that these TFs may play a role in the differentiation of

B-PGC or E-PGC lineages. It is tempting to postulate that
BMP2 or E2 induction of selected TFs in FOXL2-positive
pre-GC suggests a possible mechanism whereby these TFs
affect FOXL2 expression and pre-GC transition. Alternatively,
FOXL2 expression may be a consequence of pre-GC tran-
sition, which is induced by these TFs. Low-level expression
of TFs in FOXL2-negative SCs may be adequate to regu-
late routine cell functions but inadequate to induce pre-GC
transition. However, specific studies are needed to verify this
conjecture.

Increased expression of GATA2 in vivo with developmental
age and upregulation by BMP2 or E2 suggests that this TF
may regulate at least some aspects of PF formation. Siggers
and coworkers [55] have documented that ovarian expression

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac111#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac111#supplementary-data
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Figure 7. Fold changes in (A) Gata2, (B) Gata4, (C) Egr2, and (D) HPN mRNA relative to untreated control in the mouse ovary cultured in vitro for 4 days
with or without BMP2, E2, or LDN193,189. �Ct values for each sample for each transcript were calculated using corresponding GAPDH Ct values to
obtain ��Ct. Then 2∧-(��ct) value (fold change relative to untreated control) for each sample was calculated based on the formula provided by the
manufacturer (BIO-RAD) and was used to calculate the mean + SEMs. Bars with same letter, P > 0.05; bars with different letters, P < 0.05.

of Gata2 depends on the presence of germ cells. Expression
of Gata2, an immediate BMP effector gene, is essential
for the formation of human primordial germ cell-like cell
specification [56]. Whether the characteristic increase in
GATA2 expression in FOXL2-positive pre-GC in response
to BMP2 or E2 reflects a GATA2-mediated transition of SCs
into pre-GC warrants further investigation. Granulosa cell-
specific localization of GATA4 in the fetal human ovary [57]
and adult mouse ovary [58] has been reported and an anti-
apoptotic role has been proposed for this TF [57]. Further, E2
appears to upregulate Gata4 mRNA and protein exclusively
in the granulosa cells of young mice [58]. Granulosa cell-
specific Gata4 knockout mice are subfertile with markedly
low ovarian estrogen production and compromised FSH-
receptor function [59], but no information about PF number
is available. The GATA4 has also been shown to play an
important role in ovarian morphogenesis in mice [60]. In the
present study, increase in Gata4 mRNA in the ovary and
GATA4 immunosignal in FOXL2-positive pre-GC supports
the argument that E2 and its potential downstream effector
BMP2 may regulate pre-GC and PF formation by upregulating
Gata4 expression. The EGR2 is a member of the early growth
response family of zinc finger transcription regulatory factors
and the family consists of four members, namely EGR1,
EGR2, EGR3, and EGR4 [61, 62]. Each member has specific
role in cellular growth, metabolism, and oocyte function [63],
but its role in ovarian follicular development remains unclear.
Increase in EGR2 expression in pre-GC in response to BMP2
and E2 suggests a possible facilitatory role of EGR2 in SC
to pre-GC transition. The EGR2 has been reported to be a
survival factor for ovarian granulosa cells, and knockdown of
Egr2 leads to death in KGN cells [64]. Further, LH-induced
rapid increase in Egr2 gene expression in murine granulosa
cells [65] suggests that Egr2 is a target of gonadotropin
as well. The exact biological importance of cytoplasmic
expression of EGR2 in the oocytes of PF on P1 is not known
at present.

Characteristic developmental expression of HPN in the
mouse ovary during PF formation, and its upregulation by
BMP2 or E2 highlight another novel finding in this study.
The hepsin is a serine protease of the type II transmembrane
serine protease family (TTSP) and has been shown to regulate
cell growth [66]. Knockdown of HPN expression in ESR1-
positive human breast cancer cell line results in a significant
decrease in cell proliferation [67]. Loss of tumor suppressor
gene, LKB1, in mouse mammary epithelial cells leads to the
translocation of hepsin from desmosomes to the cytoplasm
coinciding with the degradation of extracellular matrix [68].
Scattered localization of hepsin around FOXL-2-positive pre-
GC suggests for its possible association with cell-to-cell inte-
gration. Further, remarkable membrane-associated expression
of hepsin in BMP2 or E2-exposed ovaries in vitro tends to
suggest a possible role of hepsin in epithelial remodeling,
especially during oocyte and pre-GC assembly, leading to PF
morphology. The hepsin has been shown to activate pro-
matrix metalloproteinase 1 (MMP1) and MMP3 in cartilage
remodeling [69]. Epithelial fragmentation in the rat ovary
at birth when PF formation is in progress coincides with
increased expression of MMP1, urokinase-type plasminogen
activator, and laminin α1 mRNA [70]. We have reported in the
hamster ovary that laminin deposition occurs for the first time
when pre-GC and oocyte assemble to form the PF [71]. There-
fore, it is tempting to postulate that hepsin may play an impor-
tant role in BMP2- or E2-regulated remodeling of FOXL2-
positive pre-GC and deposition of basement membrane com-
ponents in order to facilitate oocyte-pre-GC assembly for PF
formation. However, we strongly believe that BMP2 or E2
serves as upstream factor, which triggers downstream fac-
tors, including various signaling pathways to induce changes
in cell functions. Results of the present study support that
hypothesis.

Taken together, the results of the present study indicate that
BMP2 or E2 modulates a number of key genes, including TFs,
which have important role in follicular cell functions and at
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Figure 8. Localization and quantitation of GATA2 (A–D), GATA4 (E–H), EGR2 (I–L), and Hpn (M–O) (green) immunosignal in E16 mouse ovaries cultured
for 4 days (C0–C4) with vehicle, BMP2, or E2. Broken circles indicate PFs. Magnified views of individual image planes of the area encircled by dotted line
is presented in Supplementary Figure 6. Green, GATA2; blue, FOXL2; red, GCNA; gray, nuclei. Bar = 25 μm. In graphs, bars with same letters, P > 0.05;
bars with different letters, P < 0.05.

least one tissue remodeling protease to promote somatic to
pre-GC transition and the formation of PFs.
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