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Abstract

Ovarian follicles form through a process in which somatic pregranulosa cells encapsulate individual germ
cells from germ cell syncytia. Complementary expression of the Notch ligand, Jagged1, in germ cells and
the Notch receptor, Notch2, in pregranulosa cells suggests a role for Notch signaling in mediating cellular
interactions during follicle assembly. Using a Notch reporter mouse, we demonstrate that Notch signaling
is active within somatic cells of the embryonic ovary, and these cells undergo dramatic reorganization
during follicle histogenesis. This coincides with a significant increase in the expression of the ligands,
Jaggedl and Jagged?; the receptor, Notch2; and the target genes, Hes! and Hey?2. Histological
examination of ovaries from mice with conditional deletion of Jagged! within germ cells (J1 knockout
[J1KO]) or Notch2 within granulosa cells (N2 knockout [N2KO]) reveals changes in follicle dynamics,
including perturbations in the primordial follicle pool and antral follicle development. JIKO and N2KO
ovaries also contain multi-oocytic follicles, which represent a failure to resolve germ cell syncytia, and
follicles with enlarged oocytes but lacking somatic cell growth, signifying a potential role of Notch
signaling in follicle activation and the coordination of follicle development. We also observed decreased
cell proliferation and increased apoptosis in the somatic cells of both conditional knockout lines. As a
consequence of these defects, JIKO female mice are subfertile; however, N2KO female mice remain
fertile. This study demonstrates important functions for Jagged! and Notch?2 in the resolution of germ cell
syncytia and the coordination of somatic and germ cell growth within follicles of the mouse ovary.

Oocytes are derived from specialized cells known as primordial germ cells that arise during embryogenesis
at the base of the incipient allantois and migrate to and colonize the genital ridge of the bipotential gonad
(1,=3). Primordial germ cells undergo several rounds of mitosis within the gonad without complete
cytokinesis (4,=7). Consequently, these cells remain connected by cytoplasmic bridges (7, 8) to produce
clusters known as germ cell syncytia or germ cell nests that aggregate to form the ovigerous cords (9, 10).
Within syncytia, germ cells initiate meiosis anteriorly to posteriorly across the ovary and enter dictyate
arrest (11). Although the function of germ cell syncytia has not been established, there is likely utility from
a common local environment, eg, to share macromolecular resources, to respond simultaneously to
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environmental stimuli, or to develop in a coordinated manner (12).

Following meiotic arrest, germ cells within partially fragmented syncytia (9) undergo follicle histogenesis
in which individual diplotene-arrested germ cells, now called oocytes, are encapsulated by a single layer of
squamous pregranulosa cells to form primordial follicles (13). This process is critical for the formation of
the pool of follicles available throughout the reproductive lifetime of a female (14). Because follicles are
required to support oocyte development, the establishment of these structures is essential for fertility.
Interestingly, by the completion of follicle histogenesis in both rodents and humans, the number of germ
cells that remain is significantly reduced, with estimates of germ cell loss ranging from 30% to as much as
70% (7, 15, 16). Various hypotheses have been proposed to account for this dramatic loss, including cell
apoptosis, necrosis, autophagy, and germ cell extrusion (13, 17).

A number of factors including estrogens (18,-20), progesterone (21, 22), extracellular matrix-related
factors (23, 24), neurotrophins (25, 26), KITL/KIT signaling (27, 28), and members of the TGF[f3
superfamily (29,-32) have been shown to influence follicle assembly. Aberrant levels or altered signaling
of many of these factors lead to defects in follicle histogenesis, which often causes the generation of
follicles containing multiple oocytes, called multioocytic follicles (MOFs), that result from the incomplete
fragmentation of syncytia. The fate of oocytes that develop within MOFs in vivo remains unclear, although
it 1s likely that oocytes from these follicles have a significantly reduced fertilization capacity (33).

Once formed, primordial follicles remain quiescent until select cohorts are recruited at various times,
through mechanisms that remain unclear, and transition from primordial to primary follicles (34,-36). This
process, termed follicle activation, results in morphological and physiological changes in both the germ
and somatic cells. Oocytes within activated follicles begin to grow, whereas squamous pregranulosa cells
transition into cuboidal granulosa cells, become proliferative and later steroidogenic and responsive to
pituitary gonadotropins (34,-36). A number of factors have been implicated in follicular activation,
including members of the TGFf superfamily (37,-39) and the phosphatidylinositol 3-kinase
(PI3K)/phosphatase and tensin analog (PTEN)/AKT signaling pathway (40,-42).

Notch signaling (43,-46) is a widely used pathway for a number of cellular processes including cell-fate
specification, cellular migration, mesenchymal/epithelial transition, cell survival/death, cell division, and
cell adhesion. In mammals, Notch signaling involves the interaction of one of 4 Notch receptors (Notchl,
Notch?2, Notch3, and Notch4) with one of 5 Notch ligands (Jaggedl, Jagged?, delta-likel, delta-like3, and
delta-like4). Notch-mediated juxtacrine signaling is transmitted by binding of the extracellular domain of
Notch ligands to the extracellular domain of Notch receptors. Receptor-ligand interactions are further
modulated by posttranslational modification of specific receptor epidermal growth factor repeats by fringe
proteins (Rfng, Lfng, and Mfng). Notably, transmission of Notch signaling does not involve classical
secondary messengers; rather, binding of the Notch ligand causes the Notch receptor to undergo a
conformational change that initiates sequential proteolytic cleavages at the receptor juxtamembrane region
that results in the release of the Notch intracellular domain from the plasma membrane and allows it to
translocate to the nucleus. Within the nucleus, the Notch intracellular domain interacts with the DNA-
binding transcriptional repressor, known as RBP-Jx in the mouse, to displace corepressors and recruit
transcriptional coactivators to promote the transcription of Notch target genes.

Investigation of the Drosophila ovariole has suggested that the Notch signaling pathway mediates
important interactions between germ line cyst cells and surrounding somatic epithelial cells (47,-49). In
addition, Notch signaling has an important role in the gonad of Caenorhabditis elegans, where it functions
in the mitotic to meiotic transition of germ cells (50). Previous studies have also indicated substantial
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conservation in the expression of Notch signaling components within the mammalian ovary (51). In the
neonatal murine ovary, the Notch ligands, Jaggedl and Jagged?, are expressed in germ cells (52, 53),
whereas the Notch receptors, Notchl and Notch?2, are expressed in pregranulosa cells (51, 52). Deletion of
Lfng in mice results in female subfertility as a result of defects in meiotic maturation (54). Disruption of
various Notch ligands, receptors, and target genes has also been shown to impact ovarian function (53,
55,-58). Pharmacological inhibition of Notch signaling using the y-secretase inhibitors N-[ N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester and L-685,458, which act to block receptor
proteolysis, results in disrupted follicle histogenesis (52) and altered granulosa cell proliferation and
survival (59).

In this study, we detail the expression of Notch ligands, receptors, and target genes during ovigerous cord
fragmentation and follicle histogenesis. We used a Notch-responsive reporter mouse to describe the
initiation of Notch activation within the mouse ovary and illustrate the organization of Notch active
somatic cells immediately prior to follicle histogenesis. In addition, we generated 2 conditional knockout
mouse models to study the complementary functions of Jagged! in germ cells and Notch?2 in granulosa
cells. These experiments show that Notch signaling between germ and somatic cells is important for
follicle histogenesis, the proliferation and survival of granulosa cells, the coordination of germ and somatic
cell growth within follicles, and fertility.

Materials and Methods
Mice

Floxed Jaggedl mice (60) were generously provided by Julian Lewis (Cancer Research UK London
Research Institute, London, England). Mice with a floxed Notch?2 allele (61, 62) were obtained from
Ursula Zimber-Strobl and Lothar Strobl (Institute of Clinical Molecular Biology and Tumor Genetics
Helmholtz Zentrum, Munich, Germany). A transgenic Cre recombinase line under the control of the mouse
Vasa homolog (Ddx4) proximal promoter (63) was kindly provided by Diego Castrillon (University of
Texas Southwestern Medical Center, Dallas, Texas) to mediate deletion specifically within germ cells.
Mice with Cre recombinase knocked into the Antimullerian hormone receptor 2 (4Amhr2) gene (64) were
generously provided by Richard Behringer (The University of Texas M.D. Anderson Cancer Center,
Houston, Texas) to target tubular and follicular structures of the female reproductive tract, which includes
granulosa cells. All conditional knockout lines were maintained on a C57BL/6J (C57BL6) background
(The Jackson Laboratory). The transgenic Notch responsive (TNR) enhanced green fluorescent protein
(EGFP) reporter mice (65) were a generous gift from Nicholas Gaiano (Johns Hopkins University,
Baltimore, MD) and were maintained on a CD1 background (Charles River Laboratories). The TNR line
contains 4 tandem CBF1/RBP-Jk-binding sites and the basal simian virus 40 promoter that drives
expression of EGFP in Notch active cells. Rosa26 reporter (Rosa26R) (FVB.12954(B6)-
Gt(ROSA)26S0r™™15°7/J) and conditional tdTomato (B6.Cg-Gt(ROSA)26Sor™?(CAG-tdTomato)Hze py 1ice
were purchased from The Jackson Laboratory. Mice were housed in controlled environmental conditions
with access to water and food ad libitum on a 12-hour light, 12-hour dark cycle. Mice were fed a diet free
of alfalfa and soybean meal to minimize levels of naturally occurring phytoestrogens and reduce
autofluorescence in tissue samples used for ex vivo imaging (2919 Teklad Diets, for breeding; and 2916
Teklad Diets, for maintenance; Harlan). When timed matings were used, embryonic day 0.5 (E0.5) was
designated as 12:00 pm on the day of vaginal plug detection. Postnatal day (PND) 0 was designated as the
first 24 hours after birth. All procedures were approved by the Northwestern University Institutional
Animal Care and Use Committee.
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Generation of Jagged1 and Notch2 conditional knockout mice

Vasa-Cre mice were crossed with Jagged]ﬂ/ﬂ mice to produce Vasa-Cre male breeders with a single
recombined Jagged! allele (Jaggedl * ~ Vasa-Cre). Male breeders with specific and robust Cre expression
were used to improve the overall efficiency of obtaining the desired conditional knockouts. The paternal
line was maintained by mating with C57BL6 females. To generate conditional Jagged! knockouts,
Jaggedl ! -, Vasa-Cre males were backcrossed to Jagged]ﬂ/ﬂ females to produce Jaggea’]ﬂ/ Vasa-Cre (J1
knockout [J1KO]). Jagged]ﬂ/ﬂ mice were maintained by breeding Jagged]ﬂm male and female mice.

We used Vasa-Cre mice to delete a single floxed Notch?2 allele within the germ line. This was followed by
a subsequent cross to Amhr2-Cre mice, in order to replace Vasa-Cre with Amhr2-Cre to generate Notch2™
Amhr2-Cre males for breeding. Males with specific and robust Cre expression were then crossed with
Notch2" females to generate conditional Notch2 knockout mice (NotchZﬂ/ ~sAmhr2-Cre or N2 knockout
[N2KO]). The paternal line was later maintained by crossing with C57BL6 females. Notch2™ mice were
maintained by breeding Notch?™" male and female mice.

Genotyping was performed by PCR using primer sets provided in Supplemental Table 1 published on the

Endocrine Society's Journals Online web site at http://mend.endojournals.org. Heterozygous and

Jagged]ﬂ/ " Vasa-Cre (J1het) and normal littermate Jagged]ﬂ/ " animals were used as littermate controls
for JIKO samples, whereas Notch2" - Amhr2-Cre (N2het) and Notch2?"* (normal littermate) samples
were used as littermate controls for N2KO samples. C57BL6 samples were used as additional controls for
both conditional knockout lines.

Multiphoton microscopy of ovarian tissues

Ovaries were dissected from embryonic and neonatal TNR mice and placed in a culture dish of PBS for
imaging. Two-photon excitation microscopy (66) of whole ovaries was performed using an Olympus BX-
51WIF with Coherent Chameleon Ultra II tunable laser or a Nikon A1R-MP+ multiphoton microscope
equipped with a Coherent Ti:S Chameleon Vision S laser. Images were processed using FIJI/Image]
(NIH).

Histological examination and immunologic detection methods

Ovarian tissue samples used for histological examination were dissected with intact bursa and fixed
overnight in 4% paraformaldehyde in PBS at 4°C and dehydrated in grades of ethanol for short-term
storage at 4°C. Samples were embedded in paraffin and sectioned at 5 um for histological analysis.
Hematoxylin and eosin staining, immunohistochemistry (IHC), and immunofluorescence (IF), were
performed as previously described (52). To examine cell proliferation in the ovaries of conditional
knockout lines, a single injection of bromodeoxyuridine (BrdU) (100 mg/kg) was administered by ip
injection. Six hours postinjection, ovaries from these mice were harvested, fixed, sectioned, and
immunohistochemically stained (see below). Cells that were positive for BrdU incorporation were counted
using FIJI/ImageJ (NIH). To assess cellular apoptosis, terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) was performed using the DeadEnd Fluorometric
TUNEL System Kit (Promega Corp).

Primary antibodies used include a goat polyclonal JAGGED1 antibody (SC-6011) from Santa Cruz
Biotechnology, a rat monoclonal antibody against NOTCH2 (C651.6DbHN) from the Developmental
Studies Hybridoma Bank (Iowa City, IA), a rat anti-BrdU antibody (ab6326) from Abcam, and a rabbit
polyclonal Phospho-S6 Ribosomal Protein (Ser240/244) antibody (catalog no. 2215) from Cell Signaling
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Technology. Biotinylated conjugated secondary antibodies against goat (BA-5000), rabbit (BA-1000), and
rat (BA-9401) were purchased from Vector Laboratories and used for IF with the Tyramide Signal
Amplification kit (NEL701A001KT, Perkin Elmer) or for IHC using the VECTASTAIN Elite ABC Kit
(PK-6200) from Vector Laboratories. A horseradish peroxidase-conjugated secondary antibody against rat
IgG (catalog no. A0545, Sigma-Aldrich) was used for Western blotting.

RNA isolation and quantitative real-time PCR

Ovaries were dissected and the bursae were removed. Samples were immediately preserved in RNAlater
reagent (Life Technologies) overnight at 4°C and then stored at —80°C prior to RNA extraction. Total RNA
was extracted using an RNeasy Plus Mini Kit (QIAGEN). RNA concentration and quality were assessed
using a NanoDrop spectrophotometer (Thermo Scientific). RNA was reverse transcribed to cDNA using
Superscript VILO master mix (Life Technologies). Quantitative real-time PCR (RT-qPCR) assays were
performed using SYBR Green PCR Master Mix (Life Technologies) using either an Applied Biosystems
7300 (Life Technologies) or Bio-Rad CFX384 (Bio-Rad Laboratories) thermocycler. The comparative
cycle threshold (AACt) method (67) was implemented for relative quantification using /8SrRNA or Rpl19
as an internal control (68). The sequences of all primers used for RT-qPCR are provided in Supplemental
Table 1.

Morphometric analysis of ovarian follicles

Histological sections were stained with hematoxylin and eosin and examined for various follicle
populations using a classification system based upon morphological criteria. Primordial and primary
follicles were scored as follicles containing an oocyte surrounded by a single layer of squamous
pregranulosa cells or cuboidal granulosa cells, respectively. Secondary follicles were classified as follicles
containing an oocyte with 2 or more layers of granulosa cells. Antral follicles were scored as follicles
containing an oocyte surrounded by multiple layers of granulosa cells with a visible antrum. In addition,
the number of corpora lutea and atretic follicles (ie, follicle structures containing only the remnant of a
zona pellucida or where the oocyte is detached from the granulosa cell layer) were scored in ovarian
sections from samples collected following the completion (PND225) of a fertility study (see below).
Aberrant follicle types were also classified histologically. Multioocytic follicles were defined as follicles
containing more than a single oocyte. Follicles with a single layer of squamous or cuboidal somatic cells
with an enlarged oocyte were designated as prematurely activated. Oocytes from follicles with a single
somatic layer were considered enlarged when the oocyte diameter was greater than 30 um, as oocytes from
primordial (12.6 pum) and primary (28.8 um) follicles generally do not exceed this diameter (69). Oocyte
diameters were determined by averaging 2 perpendicular measurements (major/minor axes) across each
oocyte. Analysis of follicle populations was performed by scoring follicles that contained an oocyte with a
visible nucleolus on the medial section from a minimum of 6 different ovarian samples for each genotype.
Detailed analysis of abnormal follicles was conducted using counts and measurements obtained using
every 15th section across the entire ovary from a minimum of 6 different ovarian samples for each
genotype. Scoring was performed using FIJI/Imagel] (NIH).

Fertility analysis of conditional knockout lines

The fertility of JIKO and N2KO female mice was assessed beginning at 6 weeks of age by continuous
mating with a proven C57BL6 male for 6 months. The number of pups born from each female was
recorded at the time of birth. Pups from JIKO females were genotyped to assess for the transmission of a
recombined Jagged| allele.
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Statistical analysis

Data are presented as means = SEM. Experiments were performed using replicates and control groups as
stated. Differences between groups were calculated with GraphPad Prism (GraphPad Software, Inc) using
ANOVA with Bonferroni correction, as appropriate, with differences considered to be significant if P <
.05.

Results

Establishment and organization of Notch active cells during ovarian follicle formation

We examined the expression of Notch ligands, receptors, and target genes in the ovaries of CD1 mice from
embryonic day 13.5 (E13.5) to PNDO by RT-qPCR (Figure 1) to determine the specific Notch signaling
components present during ovigerous cord fragmentation and follicle histogenesis. Expression of the
Notch ligands Jagged and Jagged? is strongly up-regulated around E18.5, with Jaggedl being the most
highly expressed ligand at PNDO. Notch?2 is the most abundantly expressed receptor in the embryonic
ovary and is the only receptor that is up-regulated during the time frame investigated. The Notch target
genes Hesl and Hey?2 are also up-regulated, consistent with elevated activation of the Notch pathway
during embryonic ovarian development. The expression of other Notch ligands and receptors is
significantly lower and generally constant over the time frame examined. These findings suggest that up-
regulation of Jaggedl and Jagged? may activate the Notch pathway through interaction with NOTCH2
during follicle histogenesis.

To determine the spatial and temporal pattern of Notch signaling in the developing ovary, we examined
ovaries from TNR EGFP reporter mice. The earliest detectable expression of EGFP in TNR ovaries was
observed in somatic cells at E15.5 (Figure 2A). At E17.5, Notch active cells are more pronounced and
appear dispersed throughout the ovary (Figure 2B). At birth, which coincides with the initiation of follicle
histogenesis, Notch active cells are highly organized around germ cell syncytia forming a cage-like pattern
(Figure 2C). In addition, Notch active cells can be seen sending projections around individual germ cells
within syncytia and enveloping oocytes of primordial follicles (Figure 2D). Some Notch active cells are
also associated with collagen fibrils (Figure 2E), which could potentially facilitate pregranulosa cell
migration and cellular reorganization during follicle histogenesis (70). At PND10, EGFP is still visible in
granulosa cells of developing follicles; however, the levels of expression among cells of the follicle appear
more variable than that observed in primordial follicles (Figure 2F).

Generation of mice with germ cell-specific deletion of Jagged? and granulosa cell-specific deletion of
Notch2

Given that JAGGED]1 1s known to interact with NOTCH2 (71), and based on the expression patterns and
abundance of other Notch ligands and receptors, we hypothesized that Jagged] expressed in germ cells
signals through Notch?2 expressed in granulosa cells to facilitate follicle assembly. Because global deletion
of either Jaggedl or Notch?2 results in embryonic lethality (72, 73), we used conditional approaches to
investigate the role of Jaggedl and Notch2 during follicle histogenesis. Analysis of JIKO ovarian sections
by IHC for JAGGEDI demonstrated that conditional deletion of Jagged! using Vasa-Cre leads to uniform
deletion across germ cells at PND6 (Figure 3A), although recombination (Supplemental Figure 1, A and
B) was not always fully complete at birth. Analysis of RNA from PND19 J1KO ovaries demonstrated that
Jaggedl expression was significantly reduced (84% decrease vs C57BL6) (Figure 3B). Conditional

deletion of Notch2 was confirmed by decreased NOTCH?2 in granulosa cells, as shown by IHC (Figure 3
C). Notably, we find that recombination by Amhr2-Cre occurs in the gonads by E12.5 and was specific to
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somatic cells at PNDO (Supplemental Figure 1, C and D); however, it was often variable between animals

and heterogeneous among the cells of individual follicles (Supplemental Figure 1, E and F). Despite this
variability, Notch2 mRNA was significantly reduced (66% decrease vs C57BL6) in PND19 N2KO ovaries,
as demonstrated by RT-qPCR (Figure 3D).

Disruption of Jagged? or Notch2 results in multioocytic follicles and uncoordinated follicular growth

Histological examination of PND19 J1KO (Figure 4, A—C) and N2KO ovaries (Figure 4, D-F) revealed a
substantial increase in the prevalence of MOFs (50-fold and 28-fold increase vs C57BL6 for JIKO and
N2KO, respectively) (Figure 4, B, E, and G). MOFs observed in conditional knockout ovaries contained as
many as 6 (ie, JIKOs) or 15 (ie, N2KOs) oocytes within a single section of a follicle, indicating strong
disruption of ovigerous cord fragmentation. In addition, we also observe abnormal follicles with enlarged
oocytes but lacking granulosa cell growth in PND19 J1KO and N2KO ovaries (Figure 4, C, F, and G).
These follicles are morphologically similar to those previously reported in models in which follicles
undergo premature activation (40, 41, 74), and were further categorized as containing a single layer of
either squamous or cuboidal granulosa cells (Figure 4H). In addition, we examined phosphorylation of
ribosomal protein S6 (rpS6), which is a downstream effector of the PI3K/PTEN/AKT pathway in oocytes.
Immunohistochemical detection and subsequent analysis revealed that the percentage of oocytes that
stained positive for p-rpS6 in JIKO and N2KO ovary sections was not significantly different from controls
(Supplemental Figure 2, A—C).

The presence of aberrant follicles led us to explore more fully the dynamics of the follicle pool in these
Notch pathway-knockout mice. Analysis of PND6 (Supplemental Figure 3A), PND10 (Supplemental
Figure 3B), PND19 (Figure 4I), and PND225 (Figure 4)) conditional knockout ovaries revealed alterations
in specific follicle populations. Ovaries from PND19 J1KO and N2KO mice have a moderate reduction in

the number of primordial follicles, which is associated with an increase in the number of primary and
secondary follicles in JIKO ovaries and aberrant follicles in both conditional knockout lines. The
proportion of antral follicles present in PND19 J1KO ovaries is also significantly reduced. Antral follicles
were reduced in both JIKO and N2KO ovaries at PND225 (Figure 4J), as were the number of corpora
lutea observed in PND225 J1KO ovaries (Figure 4K). We did not observe changes in the number of atretic
follicles at PND225 (Figure 4K and Supplemental Figure 3C) or total number of follicles at any of the
times analyzed (Supplemental Figure 3D).

We also crossed the 2 conditional knockout lines to create a double conditional knockout (dKO) in which
Jaggedl and Notch?2 are deleted in both germ cells and somatic cells. Generation of dKO mice occurred
far below the expected frequency, suggesting embryonic lethality. We speculate that this is perhaps due to
ectopic expression of Cre recombinase, which occurs infrequently with each Cre allele but is likely more
common with the multiple Cre alleles. Histological examination of PND19 dKO ovaries revealed that the
effect of combined deletion of Jagged! and Notch?2 resulted in ovarian phenotypes that were similar to the
conditional deletion of either gene individually (Supplemental Figure 3F), consistent with a model in

which Jaggedl in germ cells signals through Notch?2 in granulosa cells.

Cell proliferation and apoptosis are altered in PND19 J1KO and N2KO ovaries

We next examined conditional knockout ovaries for altered cell proliferation to investigate mechanisms
that might explain the presence of aberrant follicles and the alterations in normal follicle populations.
Proliferating cells, of which the vast majority (~80%) were granulosa cells, were labeled through ip
injection of BrdU (Figure 5A). Immunohistochemical detection of BrdU and subsequent quantitative
analysis revealed that the number of proliferating cells was significantly decreased in JIKO (20% less than
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C57BL6) and N2KO (30% less than C57BL6) ovaries at PND19 (Figure 5B).

In addition, we analyzed J1KO and N2KO ovaries for changes in cell apoptosis by terminal
deoxynucleotide transferase-mediated dUTP nick end labeling (TUNEL) assay (Figure 5C). The results
revealed a substantial increase (2.5-fold and 2.1-fold increase vs C57BL6 for J1KOs and N2KOs,
respectively) in the percentage of nuclei that were positive for TUNEL at PND19 (Figure 5D). Notably, the
cells that were positive for TUNEL were mostly granulosa cells, suggesting that Notch signaling
originating from the oocyte serves as an important signal for granulosa cell survival. Interestingly, we did
not observe appreciable changes in cell proliferation or cell death in ovaries from PNDO or PND6
knockout mice (data not shown).

Disruption of Jagged? or Notch2 leads to altered gene expression in the ovary

To gain further insight into the phenotypes of these conditional knockout lines, we analyzed RNA
extracted from PND19 ovaries by RT-qPCR (Figure 6, A—C and Supplemental Figure 4, A—D) to explore
the expression of genes of the Notch pathway, as well as genes involved in follicular development. As

expected, the expression of Jagged! or Notch? is significantly reduced in each respective model (Figure 6
A). Interestingly, the expression of Notch? is elevated in JIKO ovaries, and conversely, the expression of
Jagged| is elevated in N2KO ovaries (Figure 6A), indicating an underlying mechanism of compensatory
action between Jaggedl and Notch?2. In addition, there is increased expression of Jagged? and Notchl in
J1KO ovaries (Figure 6A), suggesting that Jagged! loss might be compensated by increased expression of
alternative Notch ligands and receptors. Despite the potential for compensatory action, the Notch target
gene Heyl is significantly reduced in JIKO ovaries (Figure 6B), although the expression of several other
target genes examined is unchanged (Supplemental Figure 4C).

Several genes associated with granulosa cell function were significantly decreased in JIKO ovaries,
including Inhba and Inhbb (Figure 6B). Consistent with the abundance of follicles with uncoordinated
growth observed in J1IKO and N2KO ovaries, we detected significant increases in the levels of genes that
are expressed in the oocytes of activated follicles, including Figla, Gdf9, and Zp3 (Figure 6C) (38, 75, 76).
Together, these results demonstrate a critical role for Notch signaling in the coordination of follicle
activation and growth.

Mice with germ cell-specific disruption of Jagged? are subfertile

To determine whether the altered ovarian phenotypes of JIKO and N2KO mice would impact their
fecundity, we conducted a fertility study for both conditional knockout lines (Figure 7, A-D). JIKO
female mice were found to be subfertile (C57BL6 vs J1KO), as measured by a reduction in the total
fertility (47.0 vs 22.8 pups/female; Figure 7, A and C) and average litter size (6.7 vs 4.2 pups/litter;
Figure 7, B and D). Some of the JIKO females gave birth intermittently throughout the 6-month study,
suggesting that some pregnancies might have been aborted. Notably, all of the offspring of J1KO females
that were screened by PCR showed transmission of a recombined Jagged| allele, suggesting that
recombination was completely penetrant at the time of fertilization. In addition, we examined the fertility
of J1KO males through continuous mating with a C57BL6 female and found no detectable defect in
fecundity, and histological sections of J1KO testes appeared grossly normal (data not shown).

Despite the presence of numerous abnormal follicles in N2KO ovaries, the fertility of N2KO females
(C57BL6 vs N2KO) was unchanged as measured by total fertility (47.0 vs 48.2 pups/female; Figure 7, A
and C) and average litter size (6.7 vs 7.7 pups/litter; Figure 7, B and D). However, 2 of the 6 N2KO, and 1
of the 6 JIKO females, produced 3 consecutive litters to begin the study, but failed to produce additional
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litters thereafter, suggesting that these females underwent premature reproductive senescence (Figure 7B).
We also did not identify any defect in the fertility of N2KO males, and histological sections of testes
appeared grossly normal (data not shown).

Discussion

The results presented here reveal that activation of the Notch signaling pathway in the mouse ovary occurs
in somatic pregranulosa cells between E17.5 and PNDO, concomitant with increased expression of
Jaggedl and Jagged?, in germ cells, and Notch2, in granulosa cells. Notch active cells within the
embryonic mouse ovary undergo extensive reorganization, potentially by movement along collagen fibrils,
to form a cage-like pattern surrounding germ cell syncytia. At birth, Notch active cells can be seen
invading germ cell syncytia and encapsulating individual germ cells. In addition to this reorganization, the
number of Notch active cells appears to increase during follicle histogenesis, indicating that either
additional cells are recruited to become Notch active or that Notch active somatic cells proliferate. Recent
evidence suggesting that pregranulosa cells are nonproliferative (77) favors a model in which additional
pregranulosa cells are recruited to become Notch active following contact with germ cells.

The 2 conditional knockout lines described in this study were used to investigate the role of the Notch-
signaling pathway during follicle assembly and development, and they provide intriguing insights into the
intercellular signaling between germ cells and pregranulosa cells. Deletion of either Jagged! or Notch?2
leads to changes in follicular dynamics, including a reduction in the primordial follicle pool. In J1IKO
ovaries, the loss of primordial follicles corresponds with an increase in the levels of primary and secondary
follicles; however, the development of antral follicles is significantly reduced, suggesting that disruption of
Notch signaling impacts follicular growth of advanced follicles. Consistent with this finding, we observed
a decrease in granulosa cell proliferation and an increase in cell apoptosis in the ovaries of both conditional
knockouts. This effect was not observed until PND19, however, which is the first time point examined in
which antral follicles are present. In addition, both J1KO and N2KO ovaries contain numerous MOFs and
follicles with uncoordinated germ and somatic cell growth.

The MOF phenotype is consistent with a model in which interactions between germ cells and pregranulosa
cells are disrupted prior to ovigerous cord fragmentation. We previously showed that pharmacologic
inhibition of Notch signaling in ex vivo cultured newborn ovaries results in delayed ovigerous cord
fragmentation and follicle assembly as seen by the retention of germ cells within syncytia (52). The
current study demonstrates that continued disruption of Notch signaling between germ cells and
pregranulosa cells results in the formation of MOFs. Thus, disruption of Notch signaling may prevent
pregranulosa cells from interacting with germ cells in a manner that allows delineation and encapsulation
of individual germ cells. Alternatively, disrupted Notch signaling may decrease the potential of
pregranulosa cells to invade germ cell syncytia.

The reduction in primordial follicles and the presence of prematurely activated follicles in the ovaries of
J1KO and N2KO mice suggest that Notch signaling also performs a critical role in the maintenance of
resting follicles. We previously showed that although the Notch target gene Hes! 1s expressed in squamous
pregranulosa cells of primordial follicles, it i1s absent from cuboidal granulosa cells of primary follicles
(52). This is despite continued expression of Jagged! within oocytes and Notch2 within granulosa cells.
For this reason, we speculate that Notch signaling between the oocyte and surrounding somatic cells may
normally cease at follicle activation, possibly as a result of spatial separation caused by the formation of a
zona pellucida. Consequently, the effective loss of Notch signaling between the oocyte and granulosa cells
may trigger cellular events that facilitate follicle activation. Consistent with this hypothesis, we find
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increased expression of genes that are expressed in the oocytes of activated follicles, including Figla,
GdfY, and Zp3 in PND19 J1KO and N2KO ovaries. Interestingly, we did not see an increase in the number
of p-rpS6-positive germ cells, a downstream effector of PI3K/PTEN/AKT signaling; however, additional
targets or time points might be required to fully examine the impact of disrupted Notch signaling on the
PI3K/PTEN/AKT pathway.

As a juxtacrine signaling system, Notch pathway activation requires direct physical contact between a
ligand-expressing cell and a receptor-expressing cell. For this reason, a model in which the sole source of
Notch ligand in the ovary arises from the oocyte is not consistent with continued EGFP expression in
granulosa cells of developing follicles of the Notch reporter line. However, continued EGFP expression in
granulosa cells distal to the oocyte of developing follicles could be a consequence of Notch signaling
between adjacent granulosa cells or between juxtaposed granulosa and stroma or theca cells. This change
in the source of Notch ligand likely occurs at the primary follicle stage when variability in EGFP
expression is first observed between adjacent granulosa cells, which indicates that Notch signaling is not
activated consistently as it would be from a single uniform source like the oocyte.

Gene expression data from J1KO and N2KO ovaries demonstrate up-regulation of alternative Notch
ligands and receptors in both conditional knockout lines, suggesting that the effects of Jagged! or Notch?2
deletion might be masked by compensation or functional complementation by the expression of other
Notch ligands or receptors. Interestingly, disruption of either Jagged!I or Notch2 results in up-regulation of
the other gene, which supports an important link between the function and regulation of this ligand-
receptor pair. Loss of Jagged ! also results in the up-regulation of Jagged?2, which is first expressed in the
germ cells of neonatal ovaries (53) but later is found in the granulosa cells of developing follicles (51).
Consequently, functional complementation of Jagged!l by Jagged? might be observed until this transition
in Jagged? expression occurs. Additionally, it remains unclear how heterogeneity of Notch2 recombination
in the N2KO line fully impacts the ovarian phenotypes. It is possible that incomplete recombination of
Notch2 within granulosa cells allows some granulosa cells with functional Notch?2 to provide sufficient
support for further follicular growth, perhaps explaining, in part, the less severe fertility phenotype in
N2KO mice.

The cumulative impact that abnormal follicles have on the fertility of conditional knockout mice remains
unclear. We have observed MOFs in the ovaries of JIKO and N2KO females that are more than 1 year old,
which suggests that these follicles can persist in the ovary and are not necessarily removed from the
follicle pool at an elevated rate. However, it is unlikely that the oocytes from these follicles contribute
substantially to the overall fecundity of JIKO and N2KO females (33). In this study, 2 of 6 N2KO and 1 of
6 J1KO females exhibited premature reproductive senescence, which is commonly associated with
hyperactivation and exhaustion of the primordial follicle pool (40, 41, 74). Despite a similar fertility
defect, we did not observe complete loss of the quiescent follicle pool in the ovaries from these mice,
although corpora lutea were either completely lacking or nearly absent. Incomplete disruption of the
follicular reserve suggests that other mechanisms may explain the altered fertility of female conditional
knockout mice. It is likely that the combined effects of perturbations in follicular composition and growth,
altered cell proliferation/apoptosis, changes in gene expression, and the presence of aberrant follicle types
all contribute to the overall fertility defects that are observed in female mice in which Notch signaling is
disrupted within the ovary.

Recently, a similar genetic approach was reported by Xu and Gridley (57) in which an alternative floxed
Notch? allele was used to disrupt Notch signaling in ovarian somatic cells. The Notch?2 allele used in that
study targets exon 3, leading to premature truncation of the NOTCH?2 protein (73), whereas the allele
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reported here targets exons 27-29, which encode the transmembrane domain of NOTCH?2 (61, 62). There
are numerous similarities between the 2 models, including the presence of MOFs, disruption of the resting
follicle pool, and alterations in cellular apoptosis. However, Xu and Gridley find that deletion of Notch2
results in subfertility of female mice similar to the reduction we observed in J1KO females. This suggests
that differences in the regions of Notch?2 targeted for Cre recombination, or the efficacy of recombination,
can give rise to substantial phenotypic distinctions. Another recent study by Manosalva et al (56)
demonstrated that disruption of the Notch target gene Hes/ or overactivation of the Notch pathway in
ovarian somatic cells leads to alterations in the number and size of oocytes and in the number of
pregranulosa cells. Both Hes/ disruption and overactivation of the Notch pathway result in decreased
female fertility, suggesting that Notch signaling within the ovary must be carefully balanced.

The current study, in conjunction with other recent reports, highlights the importance of the Notch
signaling pathway in the development and function of ovarian follicles. We have shown that Notch
activation between germ cells and pregranulosa cells is important for the resolution of germ cell syncytia
and the formation and maintenance of primordial follicles. Disruption of Notch signaling results in the
formation of MOFs and follicles with uncoordinated growth. This is accompanied by decreased cellular
proliferation and increased apoptosis of granulosa cells, and a reduction in antral follicles. As a
consequence of these defects, JIKO female mice are subfertile, and although N2KO mice remain fertile,
they may exhibit premature reproductive senescence. Of particular interest, is the role of Jagged?2, which
seems to parallel Jagged! in many respects. Genetic experimentation to investigate the role of Jagged? in
the ovary has not been reported; however, a hypomorphic allele for Jagged? reportedly has poor female
fertility (78). Further exploration of the Notch pathway within the ovary promises to provide new insights
into the mechanisms of follicle development and maturation.
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Abbreviations:

BrdU bromodeoxyuridine

dKO double conditional knockout

EGFP enhanced green fluorescent protein
IHC immunohistochemistry

IF immunofluorescence

J1KO J1 knockout

N2KO N2 knockout

PI3K phosphatidylinositol 3-kinase

PND postnatal day

PTEN phosphatase and tensin analog
RT-gPCR quantitative real-time PCR

TNR transgenic Notch responsive

TUNEL terminal deoxynucleotide transferase-mediated dUTP nick end labeling.
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Expression of Notch ligands, receptors, and target genes in the embryonic ovary. Embryonic ovaries from CD1 mice were
collected from timed matings at E13.5 to PNDO. Multiple ovaries were pooled to create 3 biological replicates that were
used for analysis. Levels of each gene are plotted relative to /8S rRNA to show the comparative expression of Notch
ligands, receptors, and target genes at each time point. For each gene, letters are used to indicate statistical differences (P
<.05) in the level of expression compared with adjacent time points.
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Disruption of Jagged or Notch?2 leads to altered follicular composition and aberrant follicles. Hematoxylin and eosin-
stained PND19 J1KO (A—C) and N2KO (D-F) ovarian sections revealed numerous MOFs (outlined in yellow) and
abnormal follicles with enlarged oocytes encapsulated by a single squamous or cuboidal granulosa cell layer. Examples of
MOFs seen in each conditional knockout are shown (B and E). In one extreme example (E), a MOF from a PND19 N2KO
ovary can be seen with 15 oocytes in a single section. Examples of prematurely activated follicles in sections of J1KO (C)
and N2KO (F) ovaries are also shown. G, Quantification of MOFs and prematurely activated follicles (n = 6) were scored
by examination of every 15th section. H, The prematurely activated follicle phenotype is further characterized by the
morphology of the surrounding somatic cells (n = 6). The distribution of follicle populations from the medial section of
PND19 and PND225 conditional knockout ovaries (n = 6) is shown (I and J, respectively). K, Quantitative analysis of
atretic follicles and corpora lutea observed in the medial section from PND225 ovaries are shown (n = 6). #, P <.07; *, P



<.05; **, P<.01; *** P<0.001 or vs C57BL6. Scale bar, 100 um.
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Cell proliferation and apoptosis in the ovaries of JIKO and N2KO mice. A, Ovaries from J1KO and N2KO mice injected
with BrdU were harvested 6 hours postinjection and examined for BrdU incorporation, by IHC, as a measure of cellular
proliferation. B, The number of BrdU-labeled cells in PND19 J1KO (n = 3) and N2KO (n = 3) ovaries, normalized to
section area, was significantly reduced compared with C57BL6 (n = 3) controls. C, Histologic sections of PND19 J1KO
(n =3) and N2KO (n = 3) ovaries labeled by TUNEL demonstrate (D) increased levels of cell death relative to C57BL6 (n
= 3) controls. Cell death 1s predominantly localized to somatic cells in both JIKO and N2KO ovaries. *, P <.05; ** P <
O1; *** P <.001; or vs C57BL6. Scale bars, 100 um.
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Altered gene expression in PND19 J1KO and N2KO ovaries. The expression of (A) select Notch ligands and receptors,
(B) the Notch target gene, Heyl, and the inhibin/activin B-subunit genes Inhba and Inhbb, and (C) oocyte-specific genes
was examined from RNA extracted from J1KO (n = 5), N2KO (n = 5), and normal littermates (ie, Jaggedlf U or
NotchZﬂH) (n=5) ovaries by RT-qPCR. Statistics: *, P <.05; **, P <.01; or *** P <.001; or vs normal littermate
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Fertility assessment of J1IKO and N2KO female mice. The fertility of JIKO (n = 6) and N2KO (n = 6) females was
assessed in comparison with C57BL6 (n = 6) females beginning at 6 weeks of age by continuous mating with a proven
C57BL6 male for 6 months. A, The number of pups in each litter was recorded, averaged, and binned in 2-week
increments. J1KO females were subfertile, whereas N2KO mice remained fertile. B, The total number of litters from each
individual female is represented. One of 6 JIKO and 2 of 6 N2KO females delivered 3 consecutive litters before
undergoing premature reproductive senescence. The average total reproductive output (C) and average litter size (D) of
J1KO and N2KO females is shown in comparison with C57BL6 female controls. *** P <.001 vs C57BL6.
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