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J2S 2M2, Canada; 2Department of Animal Science, McGill University, Ste-Anne de Bellevue, Qubec

H9X 3V9, Canada; and 3Laboratory of Metabolic Signaling, École Polytechnique Fédérale de
Lausanne, CH-1015 Lausanne, Switzerland

In mouse ovaries, liver receptor homolog-1 [nuclear receptor subfamily 5, group A, member 2 (Nr5a2)]
expression is restricted to granulosa cells. Mice with Nr5a2 depletion in this cell population fail to
ovulate. To determine whether Nr5a2 is essential for granulosa cell proliferation during follicular
maturation, we generated granulosa-specific conditional knockout mice (genotype Nr5a2 floxed Cre-
recombinase driven by the anti-Müllerian type II receptor, hereafter cKO) with Nr5a2 depletion from
primary follicles forward. Proliferation in cKO granulosa cells was substantially reduced relative to
control (CON) counterparts, as assessed by bromodeoxyuridine incorporation, proliferative cell nuclear
antigen expression, and fluorescent-activated cell sorting. Microarray analysis revealed .2000 dif-
ferentially regulated transcripts between cKO and CON granulosa cells. Major gene ontology pathways
disrupted were proliferation, steroid biosynthesis, female gamete formation, and ovulatory cycle.
Transcripts for key cell-cycle genes, including Ccnd1, Ccnd2, Ccne1, Ccne2, E2f1, and E2f2, were in
reduced abundance. Transcripts from other cell-cycle-related factors, including Cdh2, Plagl1, Cdkn1a,
Prkar2b, Gstm1, Cdk7, and Pts, were overexpressed. Although the follicle-stimulating hormone and
estrogen receptorswere overexpressed in the cKOanimals, in vivo treatmentwith estradiol-17b failed to
rescue decreased proliferation. In vitro inactivation of Nr5a2 using theML180 reverse agonist similarly
decreased cell-cycle-related gene transcripts and downstream targets, as in cKOmice. Pharmacological
inhibition of b-catenin, an Nr5a2 cofactor, decreased cyclin gene transcripts and downstream targets.
Terminal deoxynucleotidyltransferase-mediated deoxyuridine triphosphate nick end labeling immu-
nofluorescence and quantitative polymerase chain reaction of pro/antiapoptotic and autophagicmarkers
showed no differences between cKO andCONgranulosa cells. Thus, Nr5a2 is essential for granulosa cell
proliferation, but its depletion does not alter the frequency of apoptosis nor autophagy.
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In mammals, the process of follicle development serves to provide the structure and
mechanisms to bring about maturation of the ovum and its subsequent expulsion during
ovulation [1]. It begins before birth with the formation of the primordial follicles. In its
earliest postnatal stage, the primordial follicle is surrounded by one dozen or so
granulosa cells [2]. Its activation, by processes not yet completely understood, initiates a
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long developmental process in which most follicles that are activated are lost to atresia. In
those that survive to the preovulatory stage, the granulosa cells undergo multiple rounds of
replication with a consequent follicular population of 4.03 107 cells in the bovine model [2].
Associated with granulosa cell replication is the formation of the follicular antrum, be-
ginning following ~10 rounds of proliferation [2]. Gene-deletion studies in mice have shown
that regulation of proliferation is stage dependent, and in primordial and primary follicles,
paracrine stimuli from the oocyte dominate, whereas growth factors are important to
preantral development [3]. Antrum formation coincides with the acquisition of receptors for
the follicle-stimulating hormone (FSHr), and the downstream synthesis of estrogens serves
as a formidable, proliferative stimulus to granulosa cells in antral follicles [4, 5].

Recent studies have demonstrated that in addition to estrogens, signals from orphan
nuclear receptors play a role in granulosa proliferation and thus, follicle growth. Those in the
nuclear receptor subfamily 5, group A, member 2 (Nr5a) family—steroidogenic factor 1
(Nr5a1) [6] and liver receptor homolog 1 (Nr5a2) [7]—are expressed in the ovary. Nr5a2 and
Nr5a1 are closely related, classic zinc finger transcription factors that are believed to interact
with the same or similar DNA sequences [8, 9]. Whereas Nr5a1 is expressed in both follicular
theca and granulosa cells, Nr5a2 is restricted to granulosa cells of primary and all subsequent
follicles in the ovary [8]. Its expression in human ovarian follicles, as measured by transcript
abundance, increases as follicles proceed through the developmental trajectory [10]. Con-
ditional ablation studies of these orphan nuclear receptors have shown that both are essential
for successful development of the mouse follicle and consequent ovulation [6, 7]. Both are
known play important roles as regulators of cell proliferation in tumor tissues. Nr5a1
supports proliferation of prostate cancer cells indirectly, by promoting the steroid hormone
synthesis that stimulates replication [11]. Nr5a2, on the other hand, is a mitogen, in that it
has been shown to induce proliferation directly in cancer cells from the liver [12], mammary
gland [13], colon [14], and bone [15]. Its effects on proliferation in vivo in granulosa cells, as
well as the extent to which conditional depletion of Nr5a2 in these cells contributes to in-
fertility in mouse models, have been little explored.

Nr5a2 is a constitutively active transcription factor reported to be a direct regulator of
proliferation in intestinal crypt cells, by acting to promote transition from the G0/G1 phase to
the S phase of the cell cycle [16]. In that study, it was shown that it directly promotes ex-
pression of cell-cycle genes, cyclin D1 and E1. It was further concluded that the intracellular
signalingmolecule, b-catenin, is a potent coactivator of Nr5a2 in the induction of proliferation
[16]. The synergistic effect of these two factors has been extended to include several cancer cell
lines [17], but there is no current evidence for this interaction in vivo or in ovarian cells.

The objectives of the current study were to explore the role of Nr5a2 in ovarian function,
with focus on its contribution to granulosa cell proliferation. We used a mutant mouse model,
where Nr5a2 has been depleted from the granulosa cells of follicles at all stages, from the
primary follicle forward.

1. Materials and Methods

A. Animals and Colony Maintenance

Animal experiments were approved by the University of Montreal Animal Care Committee
and were conducted according to the guidelines of the Canadian Council on Animal Care.
All mutant and control (CON) mice were maintained on the C57BL/6 background, under a
14-hour light, 10-hour dark cycle and provided food and water ad libitum. Euthanasia was
performed with isofluorane anesthesia, followed by cervical dislocation, as previously de-
scribed [18]. Nr5a2 floxed (Nr5a2f/f) mice have been described previously [7, 18]. Granulosa-
specific depletion of Nr5a2 from primary follicle forward was generated by crossing these
animals with mice expressing Cre-recombinase driven by the anti-Müllerian type II receptor
(Amhr2Cre/+) [7, 18] to produce conditional knockout (cKO) mice (genotypeNr5a2f/fAmhr2Cre/+).
Following DNA extraction from tails, littermates were genotyped. CON mice in these trials
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were nonmutant, Nr5a2f/fAmhr2Cre/2 females [19]. Wild-type mice were used as controls
only in experiments where granulosa cells were isolated and treated with the Nr5a2
inverse agonist ML180 (Cayman Chemical, Ann Arbor, MI).

B. Superstimulation Protocol

Superstimulation [18] was achieved in 22- to 25-day-old mice by intraperitoneal injection of
5 IU equine chorionic gonadotropin (eCG; Folligon; Intervet, Kirkland, QC, Canada) to
stimulate follicular development. Animals were euthanized 44 to 48 hours later. Ovaries were
collected, weighed, fixed in paraformaldehyde or formalin (Sigma-Aldrich, Oakville, ON,
Canada), and embedded in paraffin. In other trials, granulosa cells were isolated by ovarian
puncture with 25 g needles in phosphate-buffered saline (PBS) 13 or culture medium and
mechanically separated from the oocyte before filtration with a 40-mm BD nylon Falcon Cell
Strainer (Becton Dickinson, Mississauga, ON, Canada). As it has previously been shown that
Nr5a2 regulates the expression of cytochrome P450 19a1 (Cyp19a1; or aromatase), the rate-
limiting enzyme in estrogen synthesis, we addressed the possibility that the effects of Nr5a2
depletion were solely a result of disruption of estrogen synthesis. This was achieved by
treatment of CON and cKO mice with a single injection of estradiol-17b, 1 mg/animal,
according to our previous protocol [5]. Ovaries were collected for analysis of proliferation
(see later).

C. Bromodeoxyuridine (BrdU) Incorporation and Proliferating Cell Nuclear Antigen (PCNA)
and Ki-67 Expression

Immature cKO and CON mice were superstimulated with eCG (Folligon; Intervet), as de-
scribed previously, and injected with BrdU (Sigma-Aldrich), 30 mg/kg, 24 hours before eu-
thanasia. Ovaries were fixed, processed, and sectioned. Slides were then rehydrated and
incubated with trypsin (Invitrogen, Burlington, ON, Canada) for 20 minutes at 37°C and
10minutes at room temperature. DNAwas denatured byHCl 1N and 2N for 10minutes on ice
and 10 minutes at room temperature/20 minutes at 37°C, respectively, before being blocked
for 1 hour with 5% normal rabbit serum (Jackson ImmunoResearch Laboratories, West
Grove, PA) in PBS. Tissues were then incubated overnight with the first antibody sheep
polyclonal against BrdU (Abcam, Toronto, ON, Canada), 1:100 in 5% normal rabbit serum
overnight. The following day, slides were incubated with the second antibody rabbit polyclonal-
to-sheep immunoglobulin G (IgG)-heavy and light chain (fluorescein isothiocyanate; Abcam)
in PBS, 13 1:400 for 1 hour, and 40,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich),
1:1000 in PBS 13 for 5 minutes. Slides were mounted with Permafluor (Thermo Fisher
Scientific, Mississauga, ON, Canada). Ovarian distribution of BrdU was observed by Axio
Imager M1 (Zeiss Microscopy, Toronto, ON, Canada), and dividing cells were counted using
CellProfiler Software (Broad Institute, Cambridge, MA) [4]. Colored pictures were filtered
to isolate the channel of interest (blue for DAPI and green for BrdU) and then converted to
grayscale. A sample of five follicles per section was filtered individually to obtain an im-
portant average, and then the total number of cells in the selected follicles was counted
based on shape recognition in the DAPI image, and the number of dividing cells that in-
corporated BrdU was determined based on intensity measurement in the BrdU image. The
ratio of these values gave the percentage of proliferating cells. For PCNA immunofluores-
cence, the slides followed the same rehydration protocol before being boiled for 30 minutes in
sodium citrate for antigen retrieval and blocked for 1 hour with 5% bovine serum albumin
(BSA; Jackson ImmunoResearch Laboratories) in PBS at room temperature.We then treated
with a rabbit polyclonal antibody against PCNA (SA194; Biomol, Hamburg, Germany): first
antibody 1:200 in BSA 5%/PBS at 4°C overnight and with cyanine-3 (Cy3)-conjugated goat
anti-rabbit IgG second antibody (111-165-144; Jackson ImmunoResearch Laboratories),
diluted 1:400 in PBS 13 for 1 hour at room temperature. Finally, granulosa cells treated for
Ki-67 immunofluorescence were fixed with platelet-activating factor 4% for 20 minutes and
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blockedwith 5%BSA/PBSbefore being treatedwith theKi-67 goat polyclonal-conjugated first
antibody 1:500 (ab15580; Abcam) and Cy3-conjugated donkey anti-goat IgG second antibody
(705-165-003; Jackson ImmunoResearch Laboratories ) 1:400, both for 1 hour at room
temperature. In both cases, DAPI was used for counterstaining. A similar paradigm to that
used for BrdU was used to measure the signal intensity following immunostaining for PCNA
and Ki-67.

D. Global Analysis of Gene Expression by Microarray

Mice were superstimulated as described previously and ovaries collected at 40 hours after
eCG treatment. Granulosa cells were isolated from large antral follicles by laser micro-
dissection, as previously described [7] and RNA extracted with RNeasy kits (Qiagen,
Toronto, ON, Canada). Samples comprising pooled granulosa cells of large antral follicles
from each mouse RNA sample (10 mg; three per genotype) with RNA integrity number . 7
were chosen for microarray analysis. Microarray experiments were performed using the
Affymetrix mouse 430-2 chips to profile the gene-expression levels with ;40,000 unique
probes. Each RNA sample was converted to complementary RNA and hybridized on an
individual chip, according to the manufacturer’s instructions (Affymetrix, Thermo Fisher
Scientific; and http://genomeast.igbmc.fr/). Raw microarray data (.CEL files) were nor-
malized using the Gcrma R-pipeline. Background normalized data were then subjected to
bioinformatics analysis using the web application, Network Analyst [20]. Differential ex-
pression analysis was performed on quantile-normalized data using the Limma algorithm
on the Network Analyst platform. Probe densities (mean probe densities for genes with
multiple probe sets) were compared between cKO and CON granulosa cells, and differ-
entially regulated genes were identified with parameters: false discovery rate (FDR),0.05
and fold change $2. The microarray data will be deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (http://ncbi.nlm.nih.gov/geo/). Sub-
sequent gene ontology and pathway analyses were conducted using the Panther (http://
pantherdb.org/) andKyoto Encyclopedia of Genes andGenomes (KEGG; http://www.genome.jp/
kegg/) databases.

E. RNA Extraction and Real-Time PCR

RNA from granulosa cells was extracted with a shredder, followed by an RNeasy Mini Kit
(Qiagen), following the manufacturer’s instructions. Reverse transcription was performed
using the SuperScript III reverse transcription (Invitrogen). Real-time quantitative poly-
merase chain reaction (qPCR) was performed using SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA) with the CFX 96 Real-Time System, C1000
Touch Thermal Cycler (Bio-Rad Laboratories). The transcripts were amplified following
the same cycling program: 30 seconds at 95°C and then 40 cycles of 15 seconds at 95°C
and 30 seconds at 60°C, followed by 5-second steps of a 0.5°C increase between 65°C and
95°C. Primers used can be found in Supplemental Table 1.

F. Pharmacological Treatments

Granulosa cells from superstimulated immature CON mice were treated at 19 hours after
plating with 3 mM ML180. Treatments were dissolved in dimethylsulfoxide (DMSO; Sigma-
Aldrich), and in both cases, a DMSO-only control group was included. Treatment duration
was 6 hours, after which, cells were harvested for analysis of cell-cycle genes by qPCR . To
evaluate the effects of ML180 on granulosa cell proliferation, cells from CON mice were
treated in vitro every 6 hours for 24 hours before quantifying proliferation by measuring
incorporation of the cellular marker, Ki-67. In addition, cKO cells were treated with the
inhibitor to b-catenin-responsive transcription (iCRT3; Sigma-Aldrich) at 20 mM, respec-
tively, for 6 hours and compared with DMSO-treated controls.
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G. Cleaved Caspase-3 Immunofluorescence

Slides of formalin-fixed, paraffin-embedded ovaries from superstimulated immature mice
were treated, as previously described [18]; blocked 1 hour with 5% normal goat serum
(Jackson ImmunoResearch Laboratories); incubated with cleaved caspase-3 antibody (Cell
Signaling Technology, Danvers, MA) as the first antibody 1:150 in 5% normal goat serum
overnight, with Cy3-conjugated goat anti-rabbit IgG second antibody (Jackson Immuno-
Research Laboratories), diluted 1:400 in PBS 13 for 1 hour at room temperature; and
counterstainedwithDAPI, diluted 1:1000 in PBS 13 for 5minutes before beingmountedwith
Permafluor (Thermo Fisher Scientific). The same CellProfiler Software pipeline used for
BrdUwas used to count the number of atretic follicles and apoptotic cellsmarkedwith cleaved
caspase-3 in ovaries of CON and cKO mice.

H. Terminal Deoxynucleotidyltransferase-Mediated Deoxyuridine Triphosphate Nick End
Labeling Evaluation of Apoptosis

The in situ Apoptosis Detection Kit (ab206386; Abcam) that allows the recognition of apo-
ptotic nuclei was used, according to the manufacturer’s instructions on slides from the same
blocks as used for caspase-3 immunofluorescence. In summary, samples were rehydrated and
permeabilized using Proteinase K for 23 minutes; endogenous peroxidases were inactivated
with 3% H2O2 over 5 minutes; and samples were labeled with terminal deoxynucleotidyl
transferase enzyme for 2 hours, blocked with blocking buffer for 10 minutes, incubated with
conjugate for 35 minutes, incubated with diaminobenzidine solution for 20 minutes, and
counterstained withMethyl Green for 1minute, before being dehydrated andmounted with a
coverslip.

I. Flow Cytometry

Fluorescence-activated cell sorting (FACS) was performed on granulosa cells isolated by
follicle puncture and pooled from both ovaries of superstimulated immature CON and cKO
mice using the BD Accuri C6 Cytometer (Becton Dickinson) according to the manufacturer’s
instructions. After calibrating the cytometer using beads provided by the manufacturer, the
samples were diluted in Krishan buffer to a concentration allowing the machine to count
30,000 events. Results were analyzed using ModFit LT Software (Verity Software House,
Topsham, ME).

J. Statistical Analyses

All data were analyzed using JMP (version 9.0; SAS Institute, Cary, NC) statistical software.
Differences between mutant and CON mice were determined by Student’s t test. All nu-
merical data are represented as means6 standard error of the mean. A significant difference
was recognized at P , 0.05.

2. Results

A. Conditional Depletion of Nr5a2 in Granulosa Cells Decreases Cell Proliferation

Wehave previously shown that the cKOmousemodel, obtained by crossingNr5a2f/f mice with
Amhr2Cre/1 mice are infertile as a result of multiple factors, including failure to ovulate [7].
Analysis by qPCR of the Nr5a2 transcript from granulosa cells at 44 hours after eCG
treatment confirmed depletion of the Nr5a2 gene by .90% in the cKO relative to the CON
animals (Fig. 1A). At 24 hours after eCG treatment, there was no difference in mean ovarian
mass (CON, 6.3 6 0.6; cKO, 7.3 6 1.1 mg), indicating that the cKO ovaries were not hypo-
morphic. Figure 1B depicts ovarian sections displaying nuclear incorporation of BrdU in cKO
and CON mice and Fig. 1C, PCNA. The evident reductions in abundance of incorporation of
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BrdU and the intensity of the signal for PCNA were quantified (Fig. 1A). Both markers
demonstrated that the number of proliferating granulosa cells in cKO mice relative to their
CON counterparts was reduced by.50% inBrdU incorporation (Fig. 1A). FACS analysis (Fig.
2) of granulosa cells revealed that therewere significantlymore cells in theG0/G1 phase of the

Figure 1. Proliferation of mouse granulosa cells is compromised in Nr5a2-depleted follicles.
(A, left) Amhr2Cre depletion of Nr5a2 transcripts in granulosa cells from mouse antral
follicles (n = 5). (A, middle and right) BrdU and PCNA expression in CON and cKO granulosa
cells at 44 h after gonadotropin treatment, as evaluated by quantitative image analysis. Data
are means 6 standard error (SE); *P , 0.05, ***P , 0.001. (B) Representative images
showing the expression of BrdU in CON and cKO ovaries at 44 hours after gonadotropin
stimulation in vivo (n = 10/n = 6). (C) Representative images for PCNA at 44 hours after
gonadotropin stimulation (n = 4). In this and subsequent figures, CON signifies control
animals, cKO the granulosa-specific mouse knockout line (genotype Nr5a2f/fAmhr2Cre/+).
Original scale bars, 50 mM.

doi: 10.1210/js.2017-00329 | Journal of the Endocrine Society | 29

http://dx.doi.org/10.1210/js.2017-00329


cell cycle in the cKO mice relative to the CON counterparts but fewer cells in the G1/S and
G2/M phases of the cell cycle. Together, these results indicate that proliferation is sub-
stantially impaired in granulosa cells in cKO mice relative to their wild-type counterparts.

B. Substantial Modification of the Granulosa Cell Transcriptome Accompanies
Nr5a2 Depletion

Microarray data analysis using the Network Analyst platform yielded 2136 differentially
regulated genes at the statistical parameters of FDR = 0.05 and a twofold or greater change
between cKO and CON mice at 48 hours post-eCG. Of these, 1089 genes were upregulated,
and 1047 genes were downregulated. Lists of the 100 genes with the greatest definable
variation relative to CON granulosa cells are presented in Supplemental Tables 2 (upre-
gulated genes) and 3 (downregulated genes). Tables 1 and 2 represent gene ontology analysis
by Panther and KEGG, respectively, demonstrating pathways and gene clusters that differed
substantially between the cKO and CON samples. Pathway analysis revealed, as expected,
that proliferation and mitotic cell-cycle processes were major cellular functions disrupted by
Nr5a2 depletion, as shown in the heatmap in Fig. 3A.We had previously demonstrated, using
this [7] and other depletion paradigms [18, 21], that genes associated with steroidogenesis
are, with few exceptions, reduced, as reflected in the heat map (Fig. 3B). The gene clusters
associated with the ovulation cycle and female gamete generation, not surprisingly, showed
inappropriate up- and downregulation of multiple genes (Fig. 4A and 4B).

C. Differential Regulation of Cell-Cycle Genes and Downstream Targets in Granulosa Cells
Depleted of Nr5a2

By real-time PCR, it was found that the abundance of transcripts of numerous genes involved
in the cell cycle, including cyclins D1 and E1, is significantly decreased in granulosa cells
depleted of Nr5a2 (Fig. 5A). The same effects were observed on their paralogs, cyclins D2 and

Figure 2. FACS of granulosa cells from gonadotropin-stimulated CON and cKO mice.
(Upper) Representative scan data. (Lower) Means 6 SE of cell numbers in G0/G1 (red), G1/S
(blue), and G2/M (green) phases of the cell cycle (n = 3). *P , 0.05. FL-2, fluorescence 2.
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E2. It is known that downstream targets of these cyclins play key roles in execution of the S
phase by acting on the transcription of genes responsible forDNA replication [22]. These include
the E2f activators, E2f1 and E2f2, which are also downregulated in granulosa cells from cKO
mice (Fig. 5A). Cyclin-dependent kinases associated with cyclins D and E; Cdk4, Cdk6, and
Cdk2, respectively; and transcripts for the E2f repressors, E2f4 and E2f5, did not show any
substantial difference in their abundance between the cKOandCONanimals. PCRvalidation of
the global transcriptome also demonstrated that the number of genes associated with the cell
cycle was upregulated in the granulosa cells of cKO animals relative to the CON counterparts,
including Cdh2, Plagl1, Igfr1, Prkar2b, Gstm1, Cd7, Cdk7, and Pts (Fig. 5B). We further ex-
amined two cell-cycle inhibitors, Cdkn1a (p21) and Cdkn1b, and discovered the former to be
substantially upregulated, whereas the latter showed no difference between CON and cKO
granulosa cells following gonadotropin stimulation.

D. Nr5a2 Depletion Affects Gonadotropin Receptor Transcripts, and Estrogen Cannot
Rescue Proliferation

Another transcript that was substantially upregulated in the microarray analysis was the FSHr,
whereas the receptor for luteinizing hormone (Lhcgr) was less affected (Fig. 6A). In this model, in
particular, there is overexpression of Cyp19a1 [7], a target of FSHand the rate-limiting enzyme in
estrogen production. Furthermore, we have shown that estradiol-17b concentrations are more

Table 1. Top Nine Gene Ontology Pathways (GO: Biological Processes)

Pathway Total Expected Hits P Value FDR

Cell division 509 54.6 95 3.83E-08 3.14E-05
Mitotic cell cycle 683 73.2 118 7.90E-08 3.24E-05
Regulation of lipid metabolic process 232 24.9 52 1.67E-07 4.57E-05
Steroid metabolic process 342 36.7 68 3.13E-07 5.47E-05
Steroid biosynthetic process 164 17.6 40 4.39E-07 5.47E-05
Mitosis 366 39.2 71 4.60E-07 5.47E-05
Lipid biosynthetic process 587 62.9 102 4.67E-07 5.47E-05
Female gamete generation 94 10.1 27 1.13E-06 0.000108
M phase of mitotic cell cycle 382 40.9 72 1.18E-06 0.000108

Top nine gene ontology pathways enriched among all differentially regulated genes in the granulosa cells ofmicewith
depletion of Nr5a2 in granulosa cells (cKO mice) relative to CON mice, as revealed by microarray and Panther
bioinformatic analyses.

Table 2. Top 10 KEGG Pathways

Pathway Total Expected Hits P Value FDR

Cell cycle 127 14.1 33 1.81E-06 0.000386
Prostate cancer 87 9.68 24 1.59E-05 0.00141
Pathways in cancer 306 34.1 58 2.24E-05 0.00141
Steroid biosynthesis 17 1.89 9 2.64E-05 0.00141
HTLV-I infection 223 24.8 45 4.03E-05 0.00152
Fat digestion and absorption 8 0.891 6 4.27E-05 0.00152
Pancreatic cancer 70 7.79 19 0.000153 0.00467
p53 signaling pathway 69 7.68 18 0.000389 0.00981
Progesterone-mediated oocyte maturation 81 9.02 20 0.000415 0.00981
Focal adhesion 199 22.2 38 0.000516 0.011

Top 10 KEGG pathways enriched among all differentially regulated genes in the granulosa cells of mice with
depletion of Nr5a2 in granulosa cells (cKO mice) relative to CON mice, as revealed by microarray and bioinformatic
analysis, as enriched among all differentially regulated genes.
Abbreviation: HTLV-I, human T-lymphotropic virus type 1.
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Figure 3. Heat map derived from gene ontology analysis of microarray data from CON and
cKO mice following gonadotropin stimulation in vivo. Represented are two of the top nine
enriched pathways for (A) cell-cycle and (B) steroidogenesis-related genes, demonstrating
twofold or greater variation in expression in granulosa cells. As noted in the color bar, genes
in the cKO column are underexpressed relative to CON values, whereas genes in red are
overexpressed. Probability cutoff was P , 0.05.
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than double in the follicles of cKO mice following superstimulation [7]. Estrogens are potent
mitogens for granulosa cells [5], and microarray analysis indicated that both estrogen receptors,
Esr1 and Esr2, are overexpressed by approximately threefold in cKO granulosa cells. Therefore,

Figure 4. Heat map derived from gene ontology analysis of microarray data from CON and
cKO mice following gonadotropin stimulation in vivo. Represented are two of the top 10
enriched pathways, in this case for (A) female gamete generation and (B) ovulation cycle.
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we treated 24-day-old immature CON and cKOmice with estradiol-17b, followed by euthanasia,
24 hours later, according to our earlier protocol [5]. Ovarian sections were probed for BrdU and
PCNA expression by quantification of immunofluorescence to establish whether the reduction in
proliferation in cKO mouse granulosa cells could be reversed by estrogen treatment. The results
(Fig. 6A and 6B) indicate that in spite of treatment with pharmacological doses of estrogen, the
rate of proliferation remained well below that induced in the CON ovaries.

Figure 5. Real-time PCR analysis of differentially expressed genes in mouse granulosa cells
harvested following gonadotropin stimulation. Data are expressed as means 6 SE for genes
(A) underexpressed in cKO mice relative to CON and (B) overexpressed in cKO mice relative
to CON mice (n = 5 to 9 animals/group). *P , 0.05, **P , 0.01, ***P , 0.001.
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Figure 6. FSHr is elevated in cKO granulosa cells, and exogenous estrogen cannot rescue
proliferation relative it CON animals. (A, left) Abundance of FSHr transcripts in CON and
cKO mice following gonadotropin stimulation (n = 5). (A, middle) The number of proliferating
cells following 1 mg estrogen administration in vivo, as determined by quantitative imaging
of BrdU expression. (A, right) The quantitative analysis of PCNA expression between
granulosa cells from CON and cKO animals. Data are expressed as means 6 SE of n = 4
animals/group. *P , 0.05. (B) Representative photomicrographs of BrdU incorporation in
ovaries from estrogen-treated CON and cKO mice. (C) Representative photomicrographs
showing PCNA expression in the ovaries of estrogen-treated CON and cKO mice. Original
scale bars, 50 mM.
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E. Pharmacological Inhibition of Nr5a2 and Its Cofactor b-Catenin Interferes With In Vitro
Expression of Cell-Cycle Genes in Granulosa Cells of CON and cKO Mice

Incubation of CON granulosa cells with the inverse Nr5a2 agonist, ML180, for 6 hours caused no
net difference in the abundance of Nr5a2 transcripts relative to DMSO controls. There was a
demonstrable reduction in transcripts for Ccnd1, Ccnd2, Ccne1, and E2f1, further recapitulating
the reduction in these genes in cKOgranulosa cells at 6 hours of treatment (Fig. 7A). At 24hours of
treatment, proliferation was suppressed by one-half (Fig. 7A and 7B), consistent with in vivo
results.

Nr5a2 is a constitutively active transcription factor, and previous studies have shown that
b-catenin functions as its coactivator [16]. To explore its potential role in the ovary, we treated
cKO granulosa cell cultures with the oxazole compound iCRT3, which interferes with b-catenin
action, by inhibition of its translocation to the nucleus and its interaction with the transcription
factor, Tcf4 [23]. Tcf4, as measured by microarray, was twofold greater in cKO granulosa cells,
indicating no impairment of this element of the b-catenin signaling mechanism (data not
shown).Nonetheless, analysis at 6 hours indicated that therewas depletion ofNr5a2; its targets,
the cyclins D and E; and other downstream genes, such as the E2fs activator, E2f1 (Fig. 7C).

F. Nr5a2 Depletion Does Not Affect Apoptosis or Autophagy in Ovarian Granulosa Cells

Wenext determinedwhether the reduced proliferation in cKOmouse granulosa cells in vivo could
be attributed to programmed cell death or autophagy. In this context, cleaved caspase 3 im-
munofluorescence results were evaluated using CellProfiler software (Fig. 8A and 8B). There was
no difference in the number of atretic follicles nor in the number of atretic cells in these follicles
between the CON and the cKO mice (n = 5/genotype). Terminal deoxynucleotidyltransferase-
mediated deoxyuridine triphosphate nick end labeling analysis (Supplemental Fig. 1) confirmed
this observation. Evaluation of the pattern of gene expression of antiapoptotic Bcl2, Bcl2l1, and
Mcl1 andproapoptoticBaxandBad (n=5/genotype) further indicated that there is nodifference in
patterns of programmed cell death genes (Fig. 8B). Although it is known that granulosa cell
depletion can also be the result of autophagy [24], qPCR analysis indicated no difference in
transcript abundance for a panel of genes associated with autophagy and signaling of autophagy
beyond amoderate increase in the abundance of Beclin (Fig. 8C). The results indicate that Nr5a2
depletion does not increase the frequency of autophagy.

3. Discussion

We have previously shown that depletion of Nr5a2 from mouse granulosa cells, either before
[7, 18] or after the ovulatory gonadotropin signal [21], results in infertility. Short-term de-
pletion of the Nr5a2 transcript by short hairpin RNA results in infertility with the same
anovulatory phenotype [25]. Herein, we provide clear evidence that when depletion is ini-
tiated from the primary follicle forward, gonadotropin-induced proliferation of the granulosa
cell population in antral follicles is compromised. The role of Nr5a2 in proliferation has been
studied primarily in embryonic tissue and cancer cells, in vitro. Although germline deletion of
Nr5a2 is lethal during early embryogenesis, proliferation of the embryo to the gastrulation
stage occurs [26], indicating that proliferation can occur in the absence of this nuclear re-
ceptor. Likewise, suppression of Nr5a2 in colon cancer [27] or osteosarcoma cells [15]
inhibited, but did not eliminate, proliferation, consistent with the present findings.

In concordance with studies of Nr5a2 depletion in cancer cell lines [13, 27], FACS analysis
revealed that a greater proportion of the granulosa cells was in the G0/G1 phase, whereas
there were fewer in both the S and G2/M phases. The decrease we report in granulosa cells
following Nr5a2 depletion is of lower magnitude than that seen in cancer cells (7% vs 12% to
15%), whereas the abundance of the cell population in the G2/M phase was greater by 23% in
cKOmice vs 10% to 18% in cancer cell lines [13, 27]. Thus, these in vivo results of disruption of
the cell cycle by Nr5a2 depletion indicate the ubiquity of the role of Nr5a2 in proliferation.
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Figure 7. (A) Effects of the Nr5a2 reverse agonist, ML180. (A, left) Effects on genes
associated with cell proliferation. (A, right) Mean reduction in proliferation, as indicated by
the reduced expression of the marker Ki-67 by quantitative image analysis. (B) Representative
image demonstrating reduction in Ki-67 expression. Original scale bars, 100 mM. (C) Effects
of the b-catenin activity inhibitor iCRT3 on cell-cycle genes in granulosa cells in vitro
harvested from gonadotropin-stimulated cKO mice. Means 6 SE from cultures of granulosa
cells from five mice per group. *P , 0.05, **P , 0.01, ***P , 0.001.
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We used microarray and gene abundance evaluation in search of the potential explanations for
the reduced proliferation in granulosa cells. The number of dysregulated transcripts (.2000) far
exceeded the number (637) observed in the ovary in a study using an 80% short hairpin RNA
depletion in vivo in a similar model at 40 hours after eCG stimulation [25]. The present results
further show that depletion of Nr5a2 reduced abundance of cell-cycle transcripts, such as Ccnd1
and Ccne1, both in vivo and in vitro, consistent with results of depletion studies in cancer cell lines
[27]. Another remarkable similarity between our in vivo data and cancer cell line results is the

Figure 8. Depletion of Nr5a2 does not increase apoptosis or autophagy in mouse granulosa
cells. (A) Immunolocalization of cleaved caspase-3, a marker of apoptosis in the ovaries of
gonadotropin-stimulated CON and cKO mice. Original scale bars, 200 mM. (B, left) Counts of
the total number of follicles with apoptotic nuclei by cleaved caspase-3 immunofluorescence
analysis from ovaries of CON and cKO mice. (B, right) Means 6 SE of apoptotic marker
genes. (C) Means 6 SE of the effects of Nr5a2 depletion in vivo on expression of autophagy
marker genes in gonadotropin-stimulated mice (n = 5/group). *P , 0.05.
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increase in expression of Cdkn1a, or p21, the cell-cycle inhibitor that was identified by both
microarray and PCR validation. Suppression of expression of this gene has previously been
implicated as amajormechanism bywhich Nr5a2 influences proliferation in breast [13] and
colon [14] cancer cell lines. In addition, Cdkn1a has been shown by chromatin immuno-
precipitation assays to be a direct target of Nr5a2 in breast cancer cells [13]. Promoter
assays revealed that Nr5a2 recruitment to the Cdkn1a promoter region in colon cancer cell
lines activates transcription [14]. Male mice with germline deletions of Cdkn1a are fertile
but displayed a 48% increase in the number of Sertoli cells, themale analog of the granulosa
cell [28]. Global deletion of Cdkn1a appears to have little effect on mouse granulosa cell
proliferation in the periovulatory follicle after the ovulatory signal, whereas double
knockout of Cdkn1a and Cdkn1b dramatically increases proliferation in this context [29].
Based on our findings and the information in the literature, we propose that the failure of
Cdkn1a downregulation in the absence of Nr5a2 is the principal mediator of the abrogation
of gonadotropin-induced granulosa cell proliferation in the current study.

Follicle progression to the antral stages occurs in this cKO model [7], an event that could
not occur without granulosa cell proliferation [2]. It is well known that the early phases of
follicle development are gonadotropin independent, driven primarily by elements of the
transforming growth factor-b family [3]. The experimental paradigm of the current study
was the comparison of granulosa cell proliferation in cKO and CON mice following
treatment with eCG, a potent stimulator of follicle development from the early antral stage
forward. As noted previously, our data demonstrate that the gonadotropin induction of
proliferation is substantially impaired by depletion of Nr5a2. Both the luteinizing hormone
receptor and FSHr are present in the granulosa cells of the cKO mouse, and the latter is
overexpressed.

Insulin-like growth factors (IGFs) act in synergy with FSH in induction of antral follicle
formation, and deletion of Igfr1 from granulosa cells abrogates this process completely [30].
In the current study, the abundance of both FSHr and Igf1r transcripts was elevated in
cKO granulosa cells relative to the CON model. In ruminant follicles, FSH induces the
expression of Igfr1 [31, 32]. It is therefore possible that superstimulation by eCG, in the
presence of elevated FSHr, is responsible for the observed increase Igfr1 transcript
abundance.

One of the principal roles of FSH in the ovarian follicle is the induction of Cyp19a1 and
consequent production of estradiol [33]. Neither of these events appears impaired in this
study, indeed, in microarray data, and our previous reports [7] indicate that Cyp19a1 is
overexpressed. Not only are both isoforms of the estrogen receptor (Esr1 and Esr2) over-
expressed, but also, intrafollicular concentrations of estradiol are more than twofold greater
in this cKO mouse model [7]. Furthermore, proliferation could not be rescued by injection of
cKO mice with pharmacological doses of estradiol, a treatment that we previously showed to
induce granulosa cell mitosis in vivo [5]. The estrogen signaling pathway appears intact, as
microarray data show a robust expression of its iconic targetmediator of proliferation, growth
regulation by estrogen in breast cancer 1 [34]. We conclude that the mitogenic actions of
Nr5a2 and estrogen are achieved by separate mechanisms.

The canonical intracellular signal in the Wnt/b-catenin pathway, b-catenin, has been
shown to bind stably and interact withNr5a2 via the ligand-binding pocket of the latter [35].
This interaction has important consequences, in that induction of cyclin-mediated pro-
liferation of pancreatic and hepatic cell lines by Nr5a2 is potentiated by b-catenin [16]. The
b-catenin signal also functions as a Nr5a2 coactivator in the ovary [36]. Thus, it was no
surprise that in the current study, inhibition of nuclear b-catenin activity in cKO granulosa
cells drastically depleted the abundance of transcripts for the same cell-cycle genes that
were affected by Nr5a2 depletion alone. The b-catenin inhibitor we used, iCRT3, abrogates
activation of transcription via Tcf4. The inhibitor, iCRT3, has been shown to have modest
effects on other signaling pathways, including signal transducer and activator of tran-
scription and Notch [23]. Thus, the reduction in transcription of Nr5a2 engendered by this
treatment indicates that Nr5a2 may be downstream of b-catenin.
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4. Conclusion

Herein, we provide evidence that Nr5a2 is a critical regulator of proliferation in ovarian
granulosa cells. Follicle development, driven by granulosa cell proliferation, occurs in the cKO
mouse model used, indicating that Nr5a2 is not sine qua non for mitosis. Nonetheless, severe
impairment of the cell cycle is engendered in cKO animals, interfering with the normal
proliferative response to gonadotropins.
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