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Significance

In this study, we identified the 
orphan nuclear receptor 
Steroidogenic factor 1 (SF-1) as a 
regulator of the formation of the 
ovarian follicle reserve, which is 
composed of all the primordial 
oocytes and the somatic cells 
that surround and support them. 
Depletion of SF-1 resulted in 
dramatically reduced ovarian 
reserve due to impaired follicular 
formation and increased oocyte 
death. This was caused by 
dysregulated deposition of 
ovarian laminins, impaired 
oocyte–granulosa cell 
communication, and disrupted 
KIT-KITL and Notch signaling.  
This study reveals an important 
mechanism of ovarian reserve 
establishment, indicating that 
SF-1 is a key factor in establishing 
the reserve of follicles that 
determines lifetime fertility. 
Therefore, this work provides a 
foundation for future 
investigations of premature 
ovarian insufficiency and 
menopause.
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The ovarian follicle reserve, formed pre- or perinatally, comprises all oocytes for lifetime 
reproduction. Depletion of this reserve results in infertility. Steroidogenic factor 1 
(SF-1; Nr5a1) and liver receptor homolog 1 (LRH-1; Nr5a2) are two orphan nuclear 
receptors that regulate adult endocrine function, but their role in follicle formation 
is unknown. We developed models of conditional depletion of SF-1 or LRH-1 from 
prenatal ovaries. Depletion of SF-1, but not LRH-1, resulted in dramatically smaller 
ovaries and fewer primordial follicles. This was mediated by increased oocyte death, 
resulting from increased ovarian inflammation and increased Notch signaling. Major 
dysregulated genes were Iroquois homeobox 3 and 5 and their downstream targets 
involved in the establishment of the ovarian laminin matrix and oocyte-granulosa 
cell gap junctions. Disruptions of these pathways resulted in follicles with impaired 
basement membrane formation and compromised oocyte–granulosa communication 
networks, believed to render them more prone to atresia. This study identifies SF-1 
as a key regulator of the formation of the ovarian reserve.

ovarian reserve | primordial follicle | orphan nuclear receptor | steroidogenic factor 1 |  
follicle assembly

The frequency of infertility has increased in recent decades, primarily due to couples 
choosing to delay childbearing (1). It affects some 15% of couples (2), and approximately 
40% of these cases are attributable to ovarian dysfunction (3). A major cause of infertility 
is aging and consequent depletion of the ovarian follicle reserve. This bank of primordial 
follicles, established prior to or around the time of birth in mammals, comprises the 
nonrenewing pool of oocytes and supporting cells representing the lifetime fertility poten-
tial of the ovary (4). Follicle depletion accompanies the natural aging process and is the 
primary cause of menopause in humans. An ovarian disorder, premature ovarian insuffi-
ciency (POI), manifests as early infertility. This condition is characterized by loss of ovarian 
function and the onset of menopause prior to the age of 40 (5). This is due to decline in 
the population of primordial follicles, but the underlying cause of POI is known in only 
some 50% of cases (6). If the ovarian reserve is amenable to pharmacological modulation, 
it becomes an attractive target for the development of therapeutic interventions to address 
conditions where follicle depletion is the cause of infertility.

The formation of the population of primordial follicles, known as follicle assembly, occurs 
pre- or perinatally in mammals and has been most studied in mouse models. Prior to the 
initiation of this assembly, oocytes are aggregated into nests, also referred to as cysts (4). In 
the complex process that ensues, oocyte nests break down as somatic cells invade into them 
(4). Oocytes not surrounded by a layer of somatic cells suffer apoptotic demise. In the mouse, 
follicle assembly is initiated on approximately embryonic day (ED)17.5 and completed 
around postnatal day (PND) 4 (7, 8). Following formation of the pool, the progressive and 
irreversible activation of primordial follicles begins (7). Not all the activated follicles will 
complete growth, as the majority will undergo atresia, mostly prior to pubertal onset.

The orphan nuclear receptors steroidogenic factor 1 (SF-1; Nr5a1) and liver receptor 
homolog 1 (LRH-1; Nr5a2) have well-established roles in the function of the adult ovary 
(9, 10). Consequences of mutations in the gene encoding SF-1 include POI (11–13), 
suggesting that this receptor plays a key role in the regulation of the ovarian reserve. 
Information on the consequences of LRH-1 mutation in humans is scarce, but much has 
been learned from murine models. LRH-1 is expressed abundantly and specifically in 
granulosa cells of a subset of primordial follicles (14) and all primary, preantral, and antral 
follicles (9). Conditional depletion of LRH-1 from the germ cell nest stage or from the 
antral follicle stage forward results in anovulation and infertility (15, 16). Depletion of 
LRH-1 from the germ cell nest stage forward also results in an inhibition of follicular 
activation, which is manifest as an increased population of primordial follicles and a 
reduced number of primary follicles (14). In contrast, SF-1 is expressed in the urogenital 
ridge from at least ED9, prior to the differentiation of the gonadal primordium from the 
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developing adrenal gland. This primordium forms on ED10, and 
the resulting progenitor cell population is dependent on SF-1 and 
the WT1 transcription factor (WT1) for survival and expansion 
(17). Thus, germline loss of SF-1 results in gonadal agenesis (18). 
The gonadal expression of SF-1 is maintained until ED12.5, after 
the divergence of the ovarian and testis fates (19). Thereafter, SF-1 
expression is maintained or slightly reduced in the ovary, while it 
is comparatively greater in the testis (19, 20).

Ovarian depletion of SF-1 results in infertility, the occurrence 
of which depends on the developmental stage of the ovary at which 
depletion is initiated. Ovary-specific conditional knockout from 
the germ cell nest stage forward, using Cre recombinase driven by 
the anti-Müllerian hormone type two receptor (Amhr2) promoter 
(21), was without effect on ED14.5 or ED16.5 (22). In contrast, 
at 21 d of age, these mice had fewer follicles at every stage of devel-
opment, compared to wild-type counterparts (23). The females were 
completely infertile, a condition attributed to impaired responsive-
ness of the ovary to gonadotropin stimulation (23). In contrast, 
depletion of SF-1 from the antral follicle forward [cytochrome 
P450, family 19, subfamily a, polypeptide 1(Cyp19a1)-Cre] had 
no effect, while depletion from the developing corpus luteum 
[progesterone receptor (Pgr)-Cre] resulted in subfertility (24, 25). 
Together, these findings indicate a role for SF-1 in early ovarian 
development, including follicle assembly and growth.

Given the evidence implicating LRH-1 and SF-1 in regulation 
of follicle populations, our objective was to determine the mech-
anisms by which these factors dictate establishment of the ovarian 
reserve, including in oocyte cyst breakdown and follicular assembly. 
To this end, we established a model of LRH-1 or SF-1 conditional 
depletion from the stage of formation of the germ cell cyst forward. 
While depletion of LRH-1 had no apparent effect, there was a 
dramatically reduced ovarian reserve in SF-1 cKO mice. Several 
key follicular mechanisms were disrupted in SF-1 cKO ovaries, 
including the Notch signaling pathway, the kit ligand (KITL) path-
way, and pathways associated with establishment of the follicular 
basement membrane and oocyte–granulosa cell communication. 
Together, these disruptions led to increased oocyte death and a 
greatly diminished ovarian reserve, indicating that SF-1 has major 
mechanistic significance for lifetime fertility in mammals.

Results

The Ovarian Expression of SF-1 and LRH-1. Oocyte cyst breakdown 
begins as early as ED17.5 in the mouse, and few early follicles 
are observed around this time (7, 8). Primordial follicle assembly 
continues through PND1 and is mostly complete by PND4 
(Fig. 1A) (7, 8). To validate the use of the Amhr2-Cre-mediated 
depletion model as a tool to investigate the role of LRH-1 and 
SF-1 in the processes of oocyte cyst breakdown and primordial 
follicle assembly, we undertook temporal analysis of AMHR2 
expression. The Amhr2 transcript was detectable in the wild-type 
fetal ovary on ED17.5, PND1, and PND4 by qPCR (Fig. 1B) 
and on ED17.5 by in situ hybridization (RNAscope) (Fig. 1C). 
AMHR2 protein was detectable by immunohistochemistry at 
the same developmental times (Fig.  1D). Next, we evaluated 
the temporal expression of SF-1 and LRH-1 in the wild-type 
murine ovary during the period of primordial follicle assembly. 
There was a substantial increase in Nr5a2 on PND4 compared 
to ED17.5 and PND1 (Fig. 1E). LRH-1 was not expressed on 
ED17.5 but was detectable in the pregranulosa cells of a subset 
of primordial follicles on PND1 (Fig. 1F), consistent with our 
previous observation of LRH-1 on PND4 (14). In contrast, SF-1 
was strongly and specifically expressed in all somatic cells as early 
as ED17.5, but not oogonia or oocytes, and its abundance did 

not change appreciably throughout primordial follicle assembly 
(Fig. 1 G and H).

To explore the evolutionary conservation of SF-1 and LRH-1 
expression during the developmental trajectory of the ovary, we 
evaluated the expression in silico of Nr5a1 and Nr5a2 transcripts 
in diverse species, including humans, marsupials, and birds, using 
the Evo-Devo database [https://apps.kaessmannlab.org/evode-
voapp/; (26). In all six species analyzed, Mus musculus (mouse), 
Rattus norvegicus (rat), Homo sapiens (human), Oryctolagus cuniculus 
(rabbit), Monodelphis domestica (opossum), and Gallus gallus 
(chicken), Nr5a1 was robustly expressed before and throughout 
the period of follicular assembly, whereas Nr5a2 expression was 
nearly undetectable (Fig. 2), confirming our previous observation. 
The prenatal detection of SF-1 in this wide range of species led 
us to infer that there is a role for this factor in development of 
the primordial follicle population that is conserved across verte-
brate taxae.

Next, we confirmed the effectiveness of the Amhr2-Cre in 
depletion of ovarian SF-1 and LRH-1. On ED17.5 (SI Appendix, 
Fig. S1 A and B), PND1 (SI Appendix, Fig. S1 C and D), and 
PND4 (SI Appendix, Fig. S1 E and F), both Nr5a1 transcripts 
and SF-1 protein were substantially depleted as a result of 
Cre-mediated recombination. Similar patterns of depletion were 
observed in LRH-1 cKO mice on PND1 (SI Appendix, Fig. S2 A 
and B). To confirm that Amhr2-Cre-mediated excision was 
restricted to the ovary, other sites of SF-1 expression, the adrenal 
gland and spleen, were evaluated. On ED17.5 and PND1, the 
relative abundance of Nr5a1 was unaffected by genotype in these 
tissues (SI Appendix, Fig. S1 G, H, J, and K). In addition, the 
abundance of Cyp11a1, a steroidogenic enzyme and key down-
stream target of SF-1 (38), was unchanged in SF-1 cKO adrenals 
(SI Appendix, Fig. S1 I and L) indicating ovarian specificity of 
Amhr2-Cre depletion. The hypothalamus and pituitary are also 
sites of SF-1 expression. Nevertheless, previous work has demon-
strated normal follicular development to the secondary or early 
antral stage in mice with hypothalamus- (39) or pituitary 
gonadotrope-specific (40) depletion of SF-1. Therefore, evaluation 
of the hypothalamus and pituitary even for nonspecific Cre activ-
ity or SF-1 depletion was judged irrelevant to evaluation of an 
ovary-specific phenotype at this early stage of ovarian develop-
ment. We then used this model to deplete SF-1 and LRH-1 during 
ovarian development in the mouse, omitting investigations of 
ED17.5 in the LRH-1 model, given that the LRH-1 signal is 
undetectable in the ovary at this time.

Phenotypic Effect of Ovarian Depletion of SF-1 and LRH-1. 
Ovarian volume was not reduced in SF-1 cKO mice on ED15.5 
(prior to the beginning of assembly; Fig. 3A), despite expression 
of SF-1 on this day (SI Appendix, Fig. S3). ED15.5 ovaries were 
also histologically indistinguishable from control counterparts 
collected on the same day (Fig.  3B). In distinct contrast, on 
ED17.5, PND1, and PND4, loss of SF-1 substantially reduced 
ovarian volume and prevented the ovarian growth observed in 
control ovaries (Fig. 3A and SI Appendix, Fig. S4). In addition, the 
number of oocytes in nests tended to be reduced in cKO ovaries 
on ED17.5 and PND1 (Fig. 3 C and D). Thus, the onset of a 
phenotype resulting from depletion of SF-1 with Amhr2-Cre is 
approximately concurrent with the onset of oocyte nest breakdown 
and follicular assembly.

In keeping with the ovarian volume results, the number of 
primordial follicles was substantially reduced in cKO ovaries dur-
ing the period of primordial follicle assembly (PND1; Fig. 3E). 
To test whether the reduced primordial follicle population was a 
result of a reduced oocyte population, we calculated the number 
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of primordial follicles per oocyte. This population was also 
reduced in cKO ovaries (Fig. 3E), demonstrating that there was 
a reduced rate of primordial follicle assembly. The phenotype of 
reduced ovarian reserve was maintained on PND4 (Fig. 3F) and 
PND13 (Fig. 3G), showing that conditional depletion of SF-1 
has a persistent effect on the size of the ovarian reserve.

Quantification of primordial follicles in LRH-1 cKO mice on 
PND1 revealed no difference in either follicle or oocyte numbers 
(SI Appendix, Fig. S5). In addition, there was no phenotype of 
reduced ovarian volume (SI Appendix, Figs. S4 and S5). Despite 
the lack of a histological phenotype, qPCR analysis of regulators 
of cyst breakdown and primordial follicle assembly in LRH-1 
cKO mice revealed changes in transcript abundance of anti- 
Müllerian hormone (Amh) on PND1, while thirteen other genes 
were unaffected and three [growth differentiation factor 9 (Gdf9), 
cadherin 1 (Cdh1), and snail family zinc finger 1 (Snai1)] tended 
to change (P = 0.08). In summary, the change in transcript abun-
dance in response to loss of LRH-1 was minor to undetectable 
(SI Appendix, Fig. S5), consistent with a lack of histological 
phenotype.

To further confirm the lack of role of LRH-1 in primordial 
follicle assembly, we generated a line of mice with depletion of 
both LRH-1 and SF-1 (double cKO). These mice recapitulated 
the phenotype of SF-1 cKO mice on PND4, with a substantially 
reduced pool of ovarian primordial follicles and reduced ovarian 
size (Fig. 3H). Nevertheless, double cKO follicular populations 
did not differ from those in the SF-1 cKO model, indicating no 
additive effect. In summary, depletion of SF-1, but not LRH-1, 
repressed oocyte nest breakdown and follicular assembly, thus 
substantially reducing the ovarian reserve.

Depletion of SF-1 Results in Impaired Follicular Formation: 
Physiological Mechanisms. To delineate the SF-1-regulated 
mechanisms altering follicle assembly, we compared transcriptional 
profiles of ovaries collected from SF-1 cKO and control mice 
on ED17.5, PND1, and PND4 (Datasets S1–S7, NCBI Gene 
Expression Omnibus, accession number GSE216420). Analysis 
of the mRNAseq dataset revealed that age and genotype were 
the primary drivers of variation, as exemplified by principal 
component analysis (Fig.  4A). On both PND1 and PND4, 
more genes were up-regulated than down-regulated by the loss 
of SF-1 (Fig. 4B). Thirty-six mRNAs with known importance in 
ovarian development were evaluated by qPCR, and there was clear 
agreement of qPCR with mRNAseq results (SI Appendix, Tables S1 
and S2). There was a substantial (~20 to 50%) overlap among 
transcripts that differed in SF-1 cKO ovaries on each of the three 
days investigated, suggesting that the disrupted transcriptional 
program caused by SF-1 depletion is maintained through ovarian 
development (Fig. 4C). To identify the salient disruptions resulting 
from loss of SF-1, pathway analysis was conducted on transcripts 
that differed in SF-1 cKO ovaries on all three days of ovarian 
development, comprising 216 genes in total (Fig. 4C). Among 
the pathways we identified were embryonic organ morphogenesis 
and gonad development (Fig. 4D and Dataset S8), pathways that 
included the Iroquois homeobox (IRX) transcription factors Irx3 
and Irx5.

Gene ontology analysis of transcripts up-regulated in response 
to SF-1 depletion on ED17.5 revealed increases in transcripts 
associated with extracellular matrix formation and cell migration. 
Down-regulated pathways included hormone production and cell 
signaling (SI Appendix, Fig. S6). Notably, gonad development was 
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Fig. 1. LRH-1, SF-1, and AMHR2 in wild-type ovaries on 
ED17.5, PND1, and PND4. (A) Schematic diagram showing 
the time points evaluated and the accompanying events 
in the ovary (created using biorender.com). (B) Gene ex-
pression of Amhr2 in ovaries from ED17.5, PND1, and 
PND4 as assessed by qPCR. (C) RNAscope in situ hybrid-
ization for Amhr2 in ED17.5 ovaries, including lower and 
higher magnification. (D) AMHR2 protein expression in 
ovaries from ED17.5, PND1, and PND4 as assessed by 
immunohistochemistry; AMHR2 staining is indicated by 
narrow triangles. (E) Gene expression of Nr5a2 in ovaries 
from ED17.5, PND1, and PND4. (F) Immunostaining for 
LRH-1 protein in ED17.5 and PND1 ovaries. The arrow in-
dicates LRH-1 positive primordial follicles, while the trian-
gle indicates an LRH-1 negative germ cell nest. (G) Gene 
expression of Nr5a1 in ovaries from ED17.5, PND1, and 
PND4. (H) Immunostaining for SF-1 protein in ED17.5, 
PND1, and PND4 ovaries. For the qPCR experiment,  
n = 6 to 8, as shown on graphs; n = 3 for immunohisto-
chemistry and representative images are shown. In all 
immunofluorescence images, the protein of interest is 
shown in red, and nuclei are counterstained with DAPI. 
Data were analyzed by ANOVA followed by individual 
comparison of means using the Tukey post hoc test. Bar 
graphs represent the mean ± SEM, and bars with com-
mon superscript letters were not different at P < 0.05.
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among the down-regulated pathways, highlighting the importance 
of SF-1 in ovarian development. Conditional depletion of SF-1 
on PND1 resulted in increases in transcripts in pathways associ-
ated with extracellular matrix and cell migration and downregu-
lation of pathways related to metabolism.

More than 84% of the transcripts that differed in SF-1 cKO 
ovaries relative to control had a predicted Nr5a1/Nr5a2 motif 
found in the territory of the gene, including proximal sites 5.0 kb 
upstream and 1.0 kb downstream and distal sites up to 500 kb. 
This compares to identification of predicted Nr5a1/Nr5a2 motifs 
in only 30% of genes that did not change in SF-1 cKO ovaries 
(Fig. 4E and Dataset S9). In addition, transcripts that changed in 
SF-1 cKO ovaries had more total Nr5a1/Nr5a2 motifs in 
cis-regulatory regions of corresponding genes than did unaffected 
genes (SI Appendix, Fig. S7). This illustrates that the observed 
changes are likely directly regulated by SF-1.

It is known that IRX3 and IRX5 are essential for formation of 
granulosa cell basement membranes in follicular assembly (41, 42). 
The transcripts encoding these homeobox factors were down- 
regulated in SF-1 cKO ovaries (Fig. 5A), and the cis-regulatory 
regions of the genes had the predicted Nr5a1/Nr5a2 motifs 
(Dataset S9). Their inhibition in the cKO model was confirmed 
by in situ hybridization (Fig. 5B). The granulosa cell basement 
membrane is composed primarily of laminins, and its formation 
is regulated by IRX3 and IRX5 (42). Thus, the potential exists for 
IRX genes to be mechanistic regulators downstream of SF-1 action 
in the perinatal ovary. Indeed, in the SF-1 cKO ovary, there is a 
switch in the aggregate laminin composition, with laminin alpha 
(Lama)1 and Lama3 decreasing and Lama2, Lama4, and Lama5 
increasing (Fig. 5C). Reduced Lama1 by qPCR confirmed the 
observed depletion of this transcript (Fig. 5D). The changes in 

laminin composition in the cKO ovary resulted in an overall 
increase in total ovarian laminin protein (Fig. 5 E and F) and 
completely disrupted ovarian laminin deposition (Fig. 5F). In 
control ovaries, a single, distinct follicular laminin basement mem-
brane was evident, while in cKO ovaries, laminin was distributed 
throughout the ovarian stroma and between granulosa cells, in 
contrast to the normal pattern of organization (Fig. 5F and 
SI Appendix, Fig. S8). IRX3 and IRX5 also regulate formation of 
oocyte-granulosa cell gap junctions (42). In this context, the dep-
osition of connexin 43 (CX43) protein was disrupted in SF-1 cKO 
ovaries, similar to that observed in IRX3 and IRX5 mutants (42) 
(SI Appendix, Fig. S9). Changes to laminins and gap junctions 
would be expected to result in misassembled follicles. Indeed, in 
ovaries collected from mature SF-1 cKO mice, inappropriately 
formed, disorganized follicles with small oocytes were evident 
(Fig. 5G). Taken together, these results demonstrate an essential 
role for SF-1 in the formation of the follicular structure and the 
granulosa–oocyte communication network.

Depletion of SF-1 Results in Increased Frequency of Oocyte 
Death. To determine whether loss of SF-1 alters any normal 
follicular assembly processes, the global RNA analysis of 
temporally regulated (PND1 vs. ED17.5) transcripts in control 
mice (SI Appendix, Fig. S10) was compared to that from the cKO 
ovary. In total, there were 317 transcripts that changed between 
ED17.5 and PND1 (Padj < 0.05; log2 fold change > |1|) in 
control ovaries and failed to change in the cKO tissue (Padj > 0.15; 
log2 fold change < |1|; Fig. 6A). The transcripts for physiological 
mechanisms that decreased over time only in the control ovaries 
were immune related, including pathways related to response to 
pathogens, cell adhesion and chemotaxis, immunodeficiency, and 
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phagocytosis (Fig. 6 A and B and SI Appendix, Fig. S11). These 
results suggest the presence of an inappropriate inflammatory 
environment in SF-1 cKO ovaries, which may be either a cause 
or consequence of increased oocyte death.

We hypothesized that in addition to resulting in inappropriately 
formed follicles, depletion of SF-1 would result in oocyte death 
during oocyte cyst breakdown. One potential cause is inappropriate 
inflammation in cKO ovaries, as described above. Notch signaling, 
a highly conserved mechanism of intercellular communication, is 
also known to promote oocyte demise during follicular assembly. 
Indeed, inhibition of the Notch pathway via granulosa-specific 
depletion of Notch receptor (NOTCH) two results in increased 
oocyte survival (43). We found that elements of the Notch pathway 
were up-regulated in cKO ovaries (Fig. 6C), including Notch recep-
tors (Notch1, Notch2, Notch3, and Notch4), Notch ligands [Delta-like 
canonical notch ligand (Dll)1, Dll4, and Jagged canonical notch 
ligand 1(Jag1)], and Notch regulators [LFNG O-fucosylpeptide 
3-beta-N-acetylglucosaminyltransferase (Lnfg) and MFNG 
O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase (Mfng)]. 
These changes were confirmed by qPCR (SI Appendix, Fig. S12 and 
Tables S1 and S2). We next evaluated well-known markers of apop-
tosis in cKO and CON ovaries and found that these were mostly 
unchanged (SI Appendix, Fig. S13 A and B). A key mechanism of 
oocyte elimination is the DNA damage response pathway (44, 45). 
All genes associated with the gene ontology (GO) term DNA dam-
age response were assessed, and a subset was found to be affected in 
SF-1 cKO, particularly on ED17.5 (SI Appendix, Fig. S14), sug-
gesting modulation of the DNA damage response may be an early 
mechanism of SF-1-mediated increase in oocyte death. The com-
plement pathway has been implicated as an effector in oocyte 

attrition downstream of the DNA damage mechanism (46). 
Remarkably, among 61 genes associated with the GO term activa-
tion of complement, 15 increased in cKO ovaries on PND1, a day 
of maximal oocyte attrition (Fig. 6D), and eight increased in cKO 
ovaries on ED17.5 (SI Appendix, Fig. S15). These findings implicate 
the immune-mediated complement pathway as a factor in the 
increased oocyte attrition observed in SF-1 cKO ovaries.

Glycogen synthesis kinase-3 beta (Gsk3b) is upstream of the 
oocyte attrition process mediated through DNA damage check-
point mechanisms (47) and modulates apoptosis via effects on the 
translocation of beta-catenin and Trp63 expression (47). Although 
the specific mechanism involving Gsk3b seems to be largely unaf-
fected by depletion of SF-1 (SI Appendix, Fig. S16A), canonical 
Wnt signaling was modestly modulated by depletion of SF-1, 
particularly on PND1 (SI Appendix, Fig. S16B).

Autophagy has also been implicated in oocyte survival and 
death during primordial follicle assembly, with both excess auto-
phagy (48) and reduced autophagy (49) causing oocyte death. 
Many genes associated with the GO term regulation of autophagy 
changed in SF-1 cKO ovaries, with the most distinct changes 
occurring on PND1 (SI Appendix, Fig. S17 A and B). One out-
come of autophagy is an increase in lysosome formation and lys-
osomal degradation. In cKO ovaries on PND1, transcripts coding 
for cathepsins, effectors of this pathway, were in substantially 
greater abundance relative to control counterparts (SI Appendix, 
Fig. S17C). This increase in lysosomal degradation is a potential 
driver of increased oocyte death in SF-1 cKO ovaries.

To confirm the increase in oocyte death in SF-1 cKO ovaries, 
a TUNEL assay was performed to label dead oocytes. On ED17.5 
and PND1, when oocyte attrition is rampant, dead oocytes were 
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identified in both SF-1 cKO and CON ovaries, with more oocyte 
death evident in the cKO ovaries than in control counterparts 
(Fig. 6E). Few dead oocytes were detectable on PND4 in either 
control or cKO ovaries (SI Appendix, Fig. S13C). In summary, 
SF-1 may promote, or perhaps simply permit, the survival of 
oocytes, as demonstrated by increased oocyte death in SF-1 cKO 
ovaries.

Depletion of SF-1 Results in Inhibition of the KITL Signaling 
Pathway. Intercellular signaling regulated by KITL and its 
interaction with KIT proto-oncogene receptor, tyrosine kinase 
(KIT), promote cell survival and are among the best-known 
regulators of follicular activation. This pathway has also been 
identified as a regulator of germ cell cyst breakdown and follicular 
assembly (50). Herein, we show that the oocyte-specific receptor 
Kit was unaffected by loss of SF-1 in ED17.5 and PND1 ovaries, 
but Kitl was less abundant on both days (Fig. 7A). Ovarian culture 
experiments tested whether recombinant KITL rescued the 
phenotype of reduced ovarian reserve. Cultures were initiated at 
ED17.5, and, after 6 d of treatment, cKO ovaries cultured with 
KITL had increased ovarian reserve (Fig. 7 B and C) resulting in 
a follicular population comparable to untreated control ovaries. 
Interestingly, in cKO ovaries that were treated with KITL, 
unusual follicular phenotypes were observed, including double 
oocyte follicles (Fig. 7D) and follicles with large-volume oocytes 
but flattened, primordial granulosa cells (Fig. 7E). This suggests 
that although KITL treatment partially rescued the phenotype of 
reduced ovarian reserve, follicular dysfunction remains, perhaps due 
to the malformation of the laminin follicular basement membrane.

Discussion

SF-1 is an essential regulator of multiple aspects of follicular func-
tion. The conservation of its expression throughout the period of 
follicular assembly in six evolutionarily diverse species, including 
rodents, marsupials, birds, and humans, implies a role for SF-1 in 
the establishment of the ovarian reserve. Here, we provide exper-
imental evidence demonstrating a dramatic effect of the depletion 
of SF-1 on the number of primordial follicles and, consequently, 
the ovarian reserve in the mouse. This effect is elicited through 
several interrelated mechanisms, including increases in oocyte 
death, reduced follicular assembly, and formation of follicles with 
impaired basement membrane and oocyte–granulosa communi-
cation networks. Disrupted signaling pathways resulting in this 
phenotype included reductions in KITL and IRX signaling and 
increases in Notch signaling and inflammation (Fig. 8).

We have previously shown that conditional depletion of 
LRH-1 results in an increase in the population of primordial 
follicles on PND4 (14), which we initially hypothesized to be the 
result of an increase in primordial follicle assembly. This proved 
not to be the case, as, in contrast to the reduced ovarian reserve 
observed in SF-1 cKO ovaries, there was no discernable morpho-
logical phenotype in ovaries of LRH-1 cKO mice on PND1. 
Further, among 19 transcripts evaluated by qPCR, only Amh was 
affected by depletion of LRH-1 on PND1. Indeed, our results 
from the LRH-1 cKO, and the lack of additive or synergistic 
phenotype in the double cKO model, demonstrate that SF-1 is 
the key regulator of primordial follicle assembly, with no addi-
tional role for LRH-1.
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Early studies demonstrated that the adrenogonadal primordium 
does not survive in SF-1 germline knockouts, resulting in adrenal 
and gonadal agenesis (18). This leads to death of neonates in the 
first week of life due to inadequate production of adrenal steroids 
(18). Therefore, ovarian-specific knockout models, including the 
Amhr2-Cre model, have been employed to delineate the essential 
role of this orphan nuclear receptor in the ovary. In earlier studies, 
depletion of SF-1 in granulosa cells from ~ED12.5 onward 
resulted in complete infertility in adult mice, which was attributed 

to a reduction in all follicular populations, impaired gonadotropin 
responsiveness, and reduced estradiol production in antral follicles 
(22, 23). Nevertheless, we have recently shown that SF-1 depletion 
from granulosa and/or theca cells of antral follicles [cytochrome 
P450, family 17, subfamily a, polypeptide 1 (Cyp17a1)-Cre, 
Cyp19a1-Cre, or both] has no effect on fertility (24). In contrast, 
depletion from the periovulatory follicle, after the ovulatory signal 
(Pgr-Cre), results in a phenotype of subfertility, accompanied by 
defects in ovulation, cumulus expansion, and luteinization (25). 
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Fig.  6. Conditional depletion of SF-1 results in 
increased oocyte death, excess ovarian inflamma-
tion, and changes to Notch signaling during follicu-
lar assembly. (A) Heatmap showing the expression 
of transcripts that changed between ED17.5 and 
PND1 in control ovaries but failed to change in SF-1 
cKO ovaries. Yellow indicates the maximum value 
within a row, while blue indicates the minimum 
value. Complete pathway analysis is in SI Appen-
dix, Fig. S11. (B) Abundance of selected transcripts 
that regulate phagocytosis, assessed by mRNAseq. 
Abundance of components of the Notch signaling 
pathway, regulators of oocyte survival (C) and of 
complement transcripts, and regulators of cellular 
death downstream of the DNA damage response 
(D), assessed by mRNAseq. (E) TUNEL staining and 
quantification on ED17.5 and PND1, showing dead 
cells in brown and all cells counterstained in green. 
As shown on graphs, n = 4 for mRNAseq and n = 4  
to 7 for TUNEL assay. Data in (B) are mRNAseq 
data analyzed in DEseq2, and * indicates Padj < 
0.05 within the individual pairwise cKO vs. CON 
comparison. Pairwise comparisons of other groups 
are not shown but are available in Datasets S1–S7. 
Data in (E) were analyzed by the t test. In all bar 
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Fig. 7. KITL is downstream of SF-1 and rescues the phenotype of reduced 
ovarian reserve in SF-1 cKO ovaries. (A) Abundance of Kit and Kitl in ED17.5 
and PND1 ovaries, as assessed by qPCR. (B) Representative histological images 
of SF-1 cKO ovaries cultured for 6 d without and with 100 ng/mL KITL. (C) 
Quantification of primordial follicle populations in CON and SF-1 cKO ovaries 
cultured without and with KITL. (D) Multi-oocyte follicles were observed in cKO 
ovaries cultured with KITL. Error bar = 50 � M. (E) Large oocytes with flattened, 
primordial granulosa cells were observed in cKO ovaries cultured with KITL. 
Error bar = 25 � M. N = 3 to 5 for both qPCR and ovarian culture experiments as 
shown on the graphs. The qPCR data were analyzed by the t test and ovarian 
culture data were analyzed by paired t test with mouse as pairing factor. In 
all bar graphs, the bars represent the means, with error bars showing ± SEM.
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Overexpression of SF-1 in the mouse ovary results in polyovular 
follicles and accumulation of corpora lutea (17, 51). Taken 
together, these results suggest that the disrupted ovarian pheno-
type observed in SF-1 cKO mice at later ages is due primarily to 
the effects of depletion of SF-1 during the process of follicular 
formation.

Mechanisms of ovarian reserve establishment include the indi-
rect effects and influences of the oocyte. Oogonial mitotic divi-
sions occur from approximately ED11 to ED14.5 in the mouse 
(52). To this point, we saw no effects of depletion at ED15.5; SF-1 
cKO ovaries were of the same size as and histologically indistin-
guishable from control counterparts. Moreover, although there 
was modest depletion of SF-1 protein in the cKO model at 
ED15.5, this depletion did not reach statistical significance. The 
earliest physiological change observed resulting from depletion of 
SF-1 was reduction in the number of oocytes in cysts on ED17.5, 
i.e., before primordial follicle assembly began, consistent with 
moderately smaller ovaries in cKO mice at this time. The timing 
of SF-1 depletion relative to oogonial proliferation and oocyte 
attrition indicates that the discrepancy in the population of 
oocytes remaining in cysts in SF-1 cKO ovaries is a consequence 
of increased oocyte death, rather than diminished proliferation. 
Other studies have identified degenerating oocytes in the ovary 
before and during the period of assembly (52, 53), and this attri-
tion is an important contributor to determination of the final 
composition of the ovarian reserve (53). The observed reduction 
in the number of oocytes in cysts in cKO ovaries on ED17.5 and 
PND1 and the increase in TUNEL-positive cells on these same 
days indicates that increased oocyte attrition is a major cause for 
the reduced ovarian reserve in cKO ovaries and that SF-1 may 
protect oocytes from death. The reduced expression of SF-1 in the 
cKO ovary is accompanied by excessive oocyte attrition before 
and during follicular assembly, resulting in fewer oocytes available 
to be assembled into follicles.

Another mechanism by which SF-1 may regulate the ovarian 
reserve is through the Notch signaling pathway since an overex-
pression of components of this pathway in the cKO ovaries was 
associated with increased oocyte death. The Notch signaling path-
way is a well-known component of the complex that regulates 
follicular assembly (54). Granulosa-specific depletion of NOTCH2 
results in fewer primordial follicles, polyovular follicles, and an 
increase in the total number of oocytes, mediated partially through 
reduced oocyte apoptosis (43). Similarly, mice with knockout of 
LFNG, a Notch regulator, display multiple polyovular follicles 
(55). Strikingly, ovarian overexpression of SF-1 results in a similar 
phenotype of polyovular follicles, driven at least partially by 

dysregulation of Notch signaling (51, 56). These data suggest that 
inhibition of the Notch pathway results in reduction in oocyte 
attrition during cyst breakdown, indicating that an increase in 
Notch in the SF-1 cKO model may be another driver of the 
increased oocyte attrition.

Despite the clear reduction in the ovarian reserve and increase 
in dead oocytes in cKO ovaries, changes to apoptosis marker tran-
script abundance were not remarkable. Although there is evidence 
that germ cells and oocytes mostly die by apoptosis (54), total loss 
of germ cells and oocytes far outpaces the observable number of 
dying cells detectable by cell death assays (53). This fits with our 
findings that apoptosis markers were mostly unchanged in cKO 
ovaries and dying cells, while detectable, were relatively few. The 
DNA damage response system is a well-established mechanism of 
oocyte elimination (44, 45). Although cKO of SF-1 was without 
effect on the canonical regulators of the DNA damage response 
system, Chek1, Chek2, Atm, and Atr (45), numerous other regu-
lators of this pathway did change. Of particular note were the 
dramatic upregulation of Hic1, a tumor suppressor (57); Pmaip1, 
a known driver of oocyte apoptosis (58); and Twist1, basic helix–
loop–helix transcription factor known to promote DNA instability 
(59). Upstream regulators of the DNA repair pathway include the 
retrotransposon system, but surprisingly, the transcript produced 
from the retrotransposon LINE-1 (L1td1), which promotes oocyte 
death (44), was down-regulated in SF-1 cKO ovaries. This suggests 
that activation of the DNA damage response system in SF-1 cKO 
ovaries is downstream of this retrotransposon, perhaps induced 
initially by changes to granulosa cells.

The complement pathway is an immune mechanism of cell 
elimination that has been implicated downstream of the DNA 
damage response in oocyte death (46). It was dramatically 
up-regulated in cKO ovaries, suggesting its importance as a mech-
anism of oocyte removal in the absence of SF-1. The overall 
increase in inflammatory pathways in cKO relative to CON ova-
ries may be either a cause or a consequence of this increased oocyte 
death. Indeed, our data indicate that there may be an influx into 
cKO ovaries of macrophages, a cell type associated with elimina-
tion of dead cells, as demonstrated by upregulation of a mac-
rophage marker, adhesion G protein-coupled receptor E1 (Adgre1). 
While macrophages have been documented in the fetal mouse 
ovary (60), a role for immune activation at this stage of ovarian 
development has yet to be identified.

In addition to mechanisms related to DNA damage response, 
autophagy is an important mechanism of oocyte removal, with 
either excess or reduced autophagy leading to loss of the ovarian 
reserve (48, 49). Although two previously identified ovarian 
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Fig.  8. Summary of the effects of SF-1 depletion on the ovarian reserve.  
(A) Schematic diagram showing events in follicular assembly in wild-type 
or control ovaries. (B) Schematic diagram showing the processes that are 
disrupted in SF-1 cKO ovaries during follicular development.
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autophagy regulators [Sqstm1 and Kdm1a; (48) were unchanged 
in our dataset, a substantial number of other autophagy medi-
ators were dysregulated, particularly on PND1, when oocyte 
death is rampant. A consequence of activation of the autophagy 
pathway is induction of lysosomal degradation via proteolytic 
cathepsins, a mechanism by which oocytes are eliminated (61). 
Herein, we report that the abundance of several cathepsin  
transcripts was increased in the cKO ovary, providing another 
promising marker and mechanism for increased oocyte 
attrition.

Among other potential regulatory mechanisms are the transcrip-
tion factors IRX3 and IRX5, which have recently emerged as key 
regulators of ovarian differentiation and follicular development (41, 
42). IRX3 and IRX5 are expressed in the fetal gonad in a sexually 
dimorphic manner, with expression in the ovary, but not the testis 
(62). Deletion of the genomic locus encoding both IRX3 and IRX5 
results in few follicles forming and none that progress past the pri-
mary stage (62). Deletion of both IRX3 and IRX5 from the ovary 
results in follicles with impaired granulosa cell–oocyte communi-
cation and disrupted granulosa cell morphology (42). Among the 
most distinct changes observed in SF-1 cKO ovaries was a reduction 
in the expression of both of these transcription factors with the 
apparent consequence of abnormal and reduced formation of fol-
licles. SF-1 cKO ovaries had disrupted deposition of CX43, in a 
pattern similar to that seen in the IRX mutant ovaries, suggesting 
that these follicles may have disrupted granulosa cell–oocyte 
communication.

A further outcome of IRX deletion in the ovary is defective 
formation of the laminin basement membrane that provides the 
structural integrity to the follicle (42, 63). Laminin matrices also 
regulate cell–cell communication (64), and faulty formation of the 
basement membrane complex interferes with normal oocyte–gran-
ulosa cell interactions. As with the IRX3/IRX5 knockouts, SF-1 
cKO ovaries displayed disrupted laminin basement membranes. 
In contrast to the overall decline in total laminin protein in the 
IRX3/IRX5 knockouts (42), SF-1 cKO ovaries had excess laminin 
deposition in the ovarian stroma. Fu et al (42) reported only tran-
script and protein abundance for total laminin, whereas we 
observed effects on transcripts encoding several laminin isoforms. 
Each of these laminin genes had 10 or more predicted Nr5a1/Nr5a2 
motifs in the territory of the gene, suggesting direct regulation by 
SF-1. It may be that expression of some laminins is directly regu-
lated by SF-1, while others are regulated indirectly via IRX3/IRX5, 
resulting in the discrepancy between our findings and those of Fu 
et al (42). Although the functional consequences of this laminin 
excess are not fully understood, these alterations represent clear 
dysregulation of the follicular growth environment and result in 
the formation of phenotypically abnormal follicles in adult SF-1 
cKO mice.

During normal follicle development, KIT from the oocyte inter-
acts with KITL in the granulosa cells (54). Treatment of cultured 
wild-type ovaries with KITL promotes cyst breakdown and follicular 
assembly, and inhibition of the KIT–KITL interaction decreases 
both processes (50, 65). Our rescue of the ovarian reserve in cKO 
ovaries with KITL in culture provides evidence that SF-1 drives the 
expression of KITL to induce follicular assembly. Some of the fol-
licles resulting from KITL treatment in vitro were phenotypically 
abnormal and were often polyovular. In addition, larger oocytes 
surrounded by squamous granulosa cells were present, suggesting 
oocyte growth in response to KITL without concurrent activation 
of granulosa cells in cKO ovaries. Thus, although partial recovery 
of the follicle population was observed, KITL alone is inadequate 
to fully rescue the impaired ovarian phenotype in cKO ovaries 
in vitro.

Previous work suggested that fine-tuning SF-1 expression during 
and after ovarian differentiation is required for normal ovarian devel-
opment, with prenatal overexpression and underexpression resulting 
in disrupted ovarian function (51, 56, 66). Given that SF-1 germline 
knockout results in gonadal agenesis, Combes et al (66) generated a 
model of hypomorphic SF-1 expression prior to gonadal differenti-
ation using Cited2 −/− mice. These mice had approximately 80% 
reduction in SF-1 on ED10, which lasted only approximately 2 d. 
The Cited2 −/− ovaries exhibited impaired expression of Wnt4 and 
Foxl2, suggesting that SF-1 expression is required for ovarian differ-
entiation. In contrast, two SF-1 overexpressing lines displayed a phe-
notype of polyovular follicles (51, 56), suggesting impaired cyst 
breakdown and reduced oocyte atresia. Nevertheless, neither model 
recapitulated the human phenotype of XX ovotesticular or testicular 
development observed in cases of Nr5a1 mutation in 46, XX humans 
(11), suggesting that upregulation of SF-1 alone is inadequate to result 
in sex reversal. Indeed, multiple suppressors of SF-1 overexpression 
have been identified, including WT-1 (67) and the FOXL2 (68). 
Both these transcription factors bind directly to the Nr5a1 promoter 
region to elicit their repressive effects, promote ovarian differentiation, 
and prevent the ectopic differentiation of steroidogenic cells (67, 68). 
These data, together with our findings, suggest that the regulation of 
SF-1 abundance and activity in the ovary is dosage sensitive.

In terms of potential limitations of our study, we note that SF-1 
and LRH-1 function as unliganded monomers and are constitu-
tively active, and cofactors play an important regulatory role (9). 
These two nuclear receptors share structural similarities and bind 
to the same consensus motif but have distinct targets. Differential 
interaction with cofactors may uniquely control which genes are 
regulated by SF-1 or LRH-1 (9). Questions relating to both cofac-
tors and upstream regulators merit future investigation. Although 
we have identified multiple physiological mechanisms by which 
SF-1 regulates the establishment of the ovarian reserve, it is certain 
that there are others, as yet undiscovered. In addition, the inter-
relation among the diverse regulatory factors disrupted following 
SF-1 depletion is not fully understood.

In all studies using a model of conditional depletion, a limitation 
is failure to completely eradicate the protein of interest. We employed 
the Amhr2-Cre model (21) to deplete SF-1 and LRH-1 specifically 
from the pregranulosa cells from approximately ED12.5 forward. 
This Cre model has been used by other groups to investigate the 
processes of germ cell cyst breakdown and primordial follicle forma-
tion (43). Although the expression of both LRH-1 and SF-1 was 
reduced to a fraction of their normal abundance, detectable transcript 
and protein remained. Perhaps with deletion, rather than depletion, 
of the genes of interest, a more profound phenotype would have been 
observed. In addition, some investigators have reported germline 
knockout (69) or widespread Cre-mediated recombination in tissues 
that do not express AMHR2 (70) in this model. Nevertheless, this 
phenomenon appears rare, as nearly 100 other publications report 
use of Amhr2-Cre models but do not note nonspecific or off-target 
recombination (71). We assessed two other key sites of SF-1 activity, 
the spleen (72) and the adrenal (18), and found them to be free from 
Amhr2-Cre-mediated SF-1 depletion. Thus, the Amhr2-Cre model 
was judged appropriate for these studies.

In summary, we have shown that depletion of SF-1 profoundly 
dysregulates follicle assembly through at least three specific mech-
anisms: dysregulation of IRX3 and IRX5 and consequent malfor-
mation of the granulosa cell basement membrane and ovarian 
laminin matrix; increased oocyte attrition due to up-regulated 
inflammatory processes and Notch signaling; and impaired oocyte 
cyst breakdown and follicle formation due to a paucity of KITL. 
We have demonstrated an essential function for SF-1 in the for-
mation of the ovarian reserve. As mutations in the Nr5a1 gene 
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have been linked to POI and infertility (11–13), this orphan 
nuclear receptor is a potential target for the development of ther-
apeutics to address age-related infertility.

Materials and Methods

Animals and Colony Maintenance. All mouse experiments were conducted 
according to the guidelines of the Canadian Council of Animal Care and approved 
by the Université de Montréal (UdeM) Comité d’éthique de l’utilisation des ani-
maux. The mice used were of the C57BL/6 genetic background, were housed 
in the laboratory animal facility at the UdeM Faculté de médecine vétérinaire, 
maintained on a 14 h light, 10 h dark cycle, and provided with pelleted feed 
and water ad libitum.

The Nr5a1 floxed mice were obtained from The Jackson Laboratory (Stock No. 
007041; B6Ei.129P2-Nr5a1tm2Klp/EiJ; referred to as Nr5a1 f/f) and have been 
described previously (24, 25, 73), and the Nr5a2 floxed mice (referred to as Nr5a2 
f/f) have been described in detail by our research group and others (14–16, 74). 
These mice were bred to mice with Cre-recombinase expression driven by the 
Amhr2 promoter (21). Detailed information on genotyping and sample collection 
is in SI Appendix, Methods.

Ovarian Culture. Ovarian culture was conducted as reported previously (14, 65, 75),  
with complete description in SI Appendix, Methods.

Histology and Follicle Quantification. For follicle quantification, fixed ovaries 
were sectioned at 4 μm, and every 8th section was saved for counting, as previ-
ously described (76, 77). Thus, sections were separated by approximately 28 μm, 
ensuring that no follicles were counted twice and all regions of the ovary were 
represented. Further detail is in SI Appendix, Methods.

RNA Isolation, mRNAseq, and qPCR. Details of RNA isolation, library construc-
tion, and qPCR and RNAseq data analysis may be found in SI Appendix, Methods. 
Sequencing was performed at the RNomics platform at Université de Sherbrooke 
using Illumina NextSeq, with NextSeq® 500/550 High Output Kit v2 (75 cycles). 
Approximately 15 million reads per sample were generated. Quality was assessed 
using FASTQC (78), and data were of high quality. Data were analyzed using the 
GenPipes RNAseq pipeline (Python version 3.9.1 and GenPipes version 4.3.0), 
with default settings (79) and genome version GRCm38 (mm10). The raw count 

matrix obtained from GenPipes was normalized and statistically analyzed using 
DEseq2 (80). mRNAseq data are available in the NCBI Gene Expression Omnibus, 
accession number GSE216420.

In Situ Hybridization and Immunohistochemistry. The RNAscope platform 
(ACDBio) was used for in situ hybridization, according to the manufacturer’s pro-
tocol and as previously described (81). All immunohistochemistry experiments 
were carried out according to the same general protocol, with minor modifica-
tions for some antibodies (SI Appendix, Table S4) according to Meinsohn et al 
(14). To confirm specificity of binding, a secondary antibody only control was run 
with each experiment (SI Appendix, Fig. S18). Additional detail may be found in 
SI Appendix, Methods.

Statistical Analysis. Data were analyzed by the t test or ANOVA, as appropri-
ate. A Welch’s correction was used in cases of unequal variances, and outliers 
were identified using a Grubbs outlier test and removed. Ovarian culture data 
were analyzed by a paired t test, with mouse as pairing factor. P < 0.05 was 
considered statistically significant in all cases. Graphpad prism was used for 
graphing and statistical analysis. For mRNAseq data, data were analyzed in 
DEseq2 as described above, and transcripts were considered statistically differ-
ent if Padj < 0.05, with an additional requirement for Log2fc > |1| for inclusion 
in pathway analyses.

Data, Materials, and Software Availability. RNAseq data have been deposited 
in NCBI Gene Expression Omnibus (GSE216420) (82).
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