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Abstract

Formation of primordial follicles occurs when germ cell nests break apart and individual oocytes 

become surrounded by pregranulosa cells. Why mammalian germ cells develop in germ cell nests 

is not fully understood but recent work has provided evidence that some oocytes serve as nurse 

cells supporting other oocytes in the cyst. Headway has also been made in understanding 

interactions that occur between cyst cells that must change as individual oocytes separate to 

associate with pregranulosa cells. As germ cell nests undergo breakdown some oocytes are lost by 

programmed cell death that has been attributed to apoptosis, but newer studies have implicated 

autophagy in counteracting apoptosis to promote cell survival and maintain the ovarian reserve. 

Work in the past few years has added to already known pathways regulating primordial follicle 

formation and has identified new players including signaling molecules, transcription factors and 

RNA binding proteins.
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Introduction- The Process of Primordial Follicle Formation

The major events leading up to the formation of primordial follicles in the mouse are 

displayed in Figure 1. At 10.5 days post coitum (dpc) the primordial germ cells complete 

their migration and arrive at the genital ridge [1]. Subsequently, the genital ridge undergoes 

sexual differentiation to adopt an ovarian fate and primordial germ cells become oogonia [2]. 

Clusters of up to 30 proliferating oogonia are observed connected by intercellular bridges 

due to incomplete cytokinesis and are referred to as germ cell cysts [3, 4]. During and 

subsequent to cyst formation, cysts can fragment into smaller cysts and reassociate with 

unrelated cysts to form nests where some cells are still connected by intercellular bridges 

with others associated by aggregation [4] and see Figure 2. At 13.5 dpc, oogonia stop mitotic 
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division and transition into meiosis becoming oocytes. Oocytes progress through the 

substages of meiotic prophase one and arrest in the diplotene stage for an extended period of 

time [5]. At 17.5 dpc, oocyte apoptosis initiates leading to two-thirds of the pool of oocytes 

dying [6]. Concurrently oocytes within nests begin to separate from each other either 

through completion of abscission or due to mechanical stress from the somatic cells invading 

the nests to surround individual oocytes to form primordial follicles. [7]. Some headway has 

been made in understanding how primordial follicle formation is regulated [2, 8, 9] but our 

understanding is far from complete. This review will focus on recent findings in 

understanding cyst function, the role of autophagy, additional regulatory mechanisms and 

new ‘omics’ approaches to understand how the ovarian reserve consisting of individual 

diplotene arrested oocytes contained in primordial follicles becomes established.

Function and Maintenance of Germ Cell Cysts

The formation of germ cell cysts is a prominent mechanism in oogenesis and though several 

potential functions for cysts have been proposed their importance in mouse germ cell 

development is unclear [7, 10]. Most of our knowledge regarding germ cell cysts stems from 

studies in Drosophila where the precursor germ cell termed cystoblast proliferates to form a 

16 cell cyst of interconnected cells [11]. One cell in the cyst becomes the oocyte while the 

remaining 15 cells sacrifice their organelles, mRNAs and proteins to the oocyte and 

eventually undergo programmed cell death. Recently, with organelle labeling and cell 

lineage tracing, Lei and Spradling have provided evidence that some of the germ cells in 

each cyst serve as nurse cells providing organelles to their sister germ cells [12]. 

Specifically, Golgi, centrosomes and mitochondria were found to accumulate in only some 

of the oocytes within a cyst. Eventually, these oocytes became larger, did not express cell 

death markers, and organelles coalesced to form a Balbiani body (a structure indicative of 

oocyte differentiation). In addition, inhibition of microtubules in fetal ovary organ culture by 

colchicine or inhibition of the microtubule motor protein dynein resulted in reduced 

organelle transport supporting the idea of transport through intercellular bridges occurs 

across microtubules mediated by associated motor proteins [7, 12, 13]. Their work has not 

only shown evidence of dying oocytes acting as nurse cells but has given use a detailed 

timeline of cyst fragmentation, reaggregation and organelle transport as seen in Figure 2. For 

further discussion of mouse nurse cells and organelle transport see [14] and [15].

Growing evidence in the past few years has revealed the importance of cell adhesion 

molecules both in maintaining cyst architecture as well as primordial follicle structure. 

Recent studies in the mouse show down regulation of endogenous E-cadherin protein 

expression during primordial follicle formation [16]. The same study also revealed the 

connection between c-Jun amino-terminal kinase (JNK) signaling and E-cadherin showing 

E-cadherin protein levels remained high when JNK signaling was inhibited causing cyst 

breakdown to be impeded. They found this was due to JNK increasing the expression of 

Mouse double minute 2 (MDM2), a RING finger-containing E3 enzyme that has been 

reported to regulate E-cadherin protein levels during follicle formation. Additionally, E-

cadherin has been reported to play a role in maintaining primordial follicle structure by 

facilitating cell-cell adhesion with pregranulosa cells [17]. On top of supporting cyst and 

primordial follicle formation, E-cadherin has displayed an importance in maintaining the 
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survival of oocytes. Specifically, knockdown of E-cadherin in neonatal ovaries caused 

oocyte apoptosis in turn decreasing the pool of primordial follicles [18]. They further found 

that this was through E-cadherin regulating NOBOX, a transcription factor required for 

regulating oocyte specific gene expression. Another study also addressed the importance of 

E-cadherin in maintaining oocyte survival using Cre-recombinase techniques. Somatic cell 

and oocyte specific knockouts of E- cadherin were generated using OCT4 and SF1 driven 

Cre recombinases that are active starting at 11.5 dpc [18]. Both strains lost a significant 

number of oocytes starting at 16.5 dpc and oocytes that remained were not assembled into 

primordial follicles. Oocyte and somatic cell specific knockouts of N-cadherin were also 

generated and had similar phenotypes to the E-cadherin cell specific knockouts [19]. The 

phenotypes of these mouse lines suggest that both E-cadherin and N-cadherin are required 

for oocyte survival prior to primordial follicle formation and for interactions between the 

oocyte and the granulosa cells when the follicles are assembled. However, effects on germ 

cell cysts before primordial follicle formation were not reported. In addition, the effects of 

E-cadherin or N-cadherin on follicle formation may be indirect and generation of mutants 

that remove E-cadherin or N-cadherin just before primordial follicle formation would be 

telling.

There have been major milestones in our understanding of the purpose, function and 

maintenance of mammalian germ cell cysts and nests in the ovary. In the past few years, we 

have learned more about organelle transport between germ cells in cysts supporting the idea 

that some of the cysts cells serve as nurse cells. We have also gained a better understanding 

of the role of cell adhesion in maintaining the structure of both germ cells cysts and 

primordial follicles.

Autophagy During Primordial Follicle Formation

Findings supporting the role of cadherin junctions in follicle formation and oocyte loss show 

how intertwined each process is. On top of errors in signaling or possible meiotic damage 

during primordial follicle formation, the pool of oocyte quantity plummets to 20% of the 

original pool. Apoptosis is thought to be the prime mechanism of oocyte death during this 

transition [20]. The BCL2 family of apoptotic regulators, specifically BAX and MCL1, have 

been implicated in regulating apoptosis during cyst breakdown [21, 22]. Besides apoptosis, 

recent reports in the past decade have revealed the function of autophagy to promote oocyte 

survival during this period [23]. The function of autophagy is to remove defective organelles 

from the cell. The organelles become enclosed in an autophagosome which then fuses with a 

lysosome and the contents are degraded. In some contexts, autophagy promotes cell survival, 

while in others, this mechanism can promote cell death by apoptosis.

Autophagy was first implicated as a mechanism of oocyte death during primordial follicle 

formation when it was found that germ cell survival was affected in autophagy gene 

mutants. A null mutation in Atg7, an autophagy gene, resulted in almost 100% loss of germ 

cells, perinatally while heterozygous mutants of another autophagy gene, Becn1 lost 

approximately 50% of their oocytes, however, effects on the process of follicle formation 

were not addressed [24, 25]. In the past few years, several reports have inferred that 

autophagy regulates oocyte survival and primordial follicle formation though different 
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groups report different or conflicting results that appear to depend on several variables 

including the mouse strain used, the method of inducing or inhibiting autophagy, the 

concentration of the agent used or the time of exposure (Table 1).

The immunosuppressant drug, Rapamycin is a known inducer of autophagy while 3-

methyadenosine (3-MA) inhibits autophagy. These compounds have been tested in perinatal 

ovarian organ culture to examine effects on primordial follicle formation. For both 

compounds, effects vary depending on the concentration used. A relatively high 

concentration of Rapamycin (100 μM) promotes primordial follicle formation [26] while 

lower concentrations (300 nM, 250 nM) have the opposite effect [27, 28] and an even lower 

concentration (100 nM) has no effect [29]. When high concentrations of the autophagy 

inhibitor 3-MA (10 mM) were used primordial follicle formation was increased [27] while 

lower concentrations (1 mM) or in vivo injection reduced primordial follicle formation [26, 

29].

As the developing mouse undergoes a transition from the fetal to the neonatal stage, there is 

a period of severe starvation due to loss of the placental nutrient supply and the conversion 

to lactation nutrient supply. During this time, starvation upregulates autophagy which is 

thought to compensate for the loss of nutrients [30]. Several studies have investigated effects 

of this phenomenon and of the extension of starvation for up to 36 hours after birth with a 

focus on primordial follicle formation. When the normal starvation period is extended to 

PND 1, autophagy continues to be upregulated and primordial follicle formation is promoted 

[26, 31]. However, if the mice are starved from PND 1.5 to 3 primordial follicle formation is 

reduced [32] or if from PND 0 to 2 there is no effect [26]. Additionally, Sun and colleagues 

found that at first autophagy was upregulated up to 1.5 days of starvation but when 

continued to 2 days (the limit for neonatal survival) apoptosis was induced in the ovary. This 

suggests there is a delicate balance between survival and death regulated by autophagy and 

apoptosis. Further investigation is warranted to fully understand the role of autophagy during 

primordial follicle formation.

Specific molecules that regulate autophagy have begun to be examined in primordial follicle 

formation. The microRNA, miR378-3 is upregulated during primordial follicle formation 

and increases autophagy. Overexpression of miR378-3 in neonatal ovary organ culture 

increases primordial follicle formation while knockdown decreases primordial follicle 

formation [26]. A strikingly similar result was observed using another microRNA, miR92b-3 
[33]. Another group used an autophagy inducer called Tat-beclin 1 D-11 which contains a 

peptide from the autophagy activating region of BECLIN 1 [34]. This inducer also 

upregulated primordial follicle formation when injected into neonatal female mice. Studies 

have overall inferred that autophagy is important for cell survival during follicle formation 

but recent conflicting reports question to what extent is autophagy a cell survival 

mechanism. Future work investigating specific autophagic regulators are needed to complete 

our understanding of the function of autophagy.
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Signaling Pathways Regulating the Formation of Primordial Follicles

Many signaling pathways like the JNK pathway discussed previously, have now been 

associated with the regulation of primordial follicle formation. Multiple reviews have 

summarized these pathways [2, 8, 9, 35] and will not be discussed here. However, three 

signaling pathways, Retinoic acid (RA), Receptor tyrosine kinases (RTKs) and Notch have 

been the focus of several recent reports.

RA signaling is known to initiate meiosis in female germ cells, but less is known about its 

role in meiotic progression through prophase I and primordial follicle formation. Lanosterol 

14 α-demethylase (CYP51) is required for meiotic resumption prior to ovulation by 

catalyzing the synthesis of meiosis activating sterol (MAS). Recently, Mu and colleagues 

investigated the function of CYP51 using cultured CD1 mouse ovaries and showed evidence 

supporting the idea that RA promoted the change in CYP51 localization from the cytoplasm 

to the nucleus and that CYP51 is important for meiotic progression [36]. Specifically, 

inhibition of CYP51 in cultured fetal ovaries delayed meiotic progression at the transition 

from the zygotene to the pachytene stage and reduced primordial follicle assembly. In 2020, 

another group used an inhibitor of RA synthesis to investigate meiotic progression and 

primordial follicle assembly in CD1 mice again using fetal ovary organ culture [37]. 

However, in this case the opposite effect was found with accelerated meiotic progression and 

primordial follicle formation even though in both studies RA signaling was reduced. The 

same mouse strain, CD1, was used for both studies but in the 2020 report, ovary culture was 

started one day earlier than the Mu et al. report (13.5 dpc vs. 14.5 dpc) so perhaps the 

difference in results is an issue of timing.

CYP51 was originally identified for its role in meiotic resumption prior to ovulation in adult 

ovaries. Studies identifying new roles for essential proteins such as CYP51, supports the 

notion that additional analysis of other critical proteins during primordial follicle formation 

is needed. For example, signaling through RTKs is known to play a role in primordial 

follicle formation and activation. The RTK, KIT when modulated in organ culture can affect 

primordial follicle formation [38]. Additional studies injecting the pharmacological 

inhibitor, Imatinab into neonatal rats resulted in a reduction in primordial follicle formation 

as well as activation. Imatinib blocks not only KIT but several other receptors as well 

including c-ABL and PDGFR suggesting other RTKs in addition to KIT signaling play roles 

during this phase [39].

Aside from focusing on signaling in oocyte, Notch signaling is specifically active in the 

pregranulosa cells and has been found to regulate primordial follicle formation. Somatic cell 

knockouts of Notch2 possess large numbers of germ cell nests and only few primordial 

follicles. [40]. Two proteins upstream of NOTCH2 have been identified in primordial follicle 

formation. Caveolin 1 (CAV1), a protein important for vesicle trafficking was detected in the 

pregranulosa cells of fetal ovaries [41]. Further, knockdown of Cav1 in ovary organ culture 

resulted in decreased primordial follicle formation, decreased somatic cell proliferation and 

downregulation of NOTCH2. Additional studies by the same group when investigating 

signaling through the JAK pathway found that pharmacological inhibition of JAK2 or JAK3 

using organ culture, reduced primordial follicle formation [42]. In addition, JAK3 inhibition 
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reduced somatic cell proliferation and downregulated NOTCH2. The existing heterogeneity 

of the mechanisms surrounding follicle formation are clearly intertwined. Recent studies 

such as the signaling pathways described above support the idea of revisiting already 

identified essential proteins and re-evaluating their roles during primordial follicle 

formation.

Transcriptional and Translational Regulation Controlling Assembly of 

Follicles

Multiple transcription factors and RNA binding proteins have recently been identified in the 

regulation of primordial follicle formation (Table 2). Oocyte specific transcriptional 

regulators, FIGLA, LHX8 and SOHLH1 play pivotal roles in primordial follicle formation 

and are summarized in several reviews [2, 8, 9, 35]. Global gene expression profiles of 

perinatal ovaries obtained through RNA-sequencing analysis was employed to assess FIGLA 

and LHX8 targets by comparing transcripts from Figla and Lhx8 null mutant mice to wild 

type animals and [43] to Sohlh1 mutant transcripts reported from a different study [44]. A 

striking overlap of transcripts down regulated in mutants for each of these genes suggested 

they might be part of a regulatory network controlling oogenesis. Using 

immunohistochemistry and co-IP, Wang and colleagues found FIGLA, LHX8 and SOHLH1 

were coexpressed and physically interact with each other in oocytes. They put forth a model 

of the three proteins forming a nuclear complex that coordinates the program of oocyte 

development.

Numerous reports have revealed several transcription factors not only in oocytes but 

pregranulosa cells are important for primordial follicle formation. Iroquois homeobox 

transcription factor family members IRX3 and IRX5 have also been proposed to be crucial 

for establishing interactions between the oocyte and surrounding pregranulosa cells as 

follicles form. Prior to primordial follicle formation, IRX3 and IRX5 localize specifically to 

the pregranulosa cells surrounding germ cell cysts and are upregulated in oocytes during 

primordial follicle formation [45]. Eventually, IRX5 expression is lost completely and IRX3 

continues to be expressed only in oocytes. Double mutants still generate primordial follicles 

that can develop into primary follicles, but there are fewer oocyte-granulosa cell gap 

junctions and granulosa cells extend fewer transzonal projections suggesting a loss of 

oocyte-granulosa cell communication. In a follow up study, Fu and colleagues assessed the 

role the somatic cell contribution of IRX3 and IRX5 and found reduced follicle 

development, ovulation and fertility [46]. The authors suggest that the expression of IRX3 

and IRX5 during primordial follicle formation is important to set up oocyte-granulosa cells 

interactions later in the adult to support fertility.

Another transcription factor, SP1, a specific protein/ Krüppel-like factor (Sp/KLF) family 

member, is expressed in both oocytes and pregranulosa cells during primordial follicle 

formation. Utilizing a lentivirus shRNA to knockdown Sp1 specifically in pregranulosa 

cells, primordial follicle formation was significantly reduced and the number of FOXL2+ 

pregranulosa was decreased [47]. Thus, in addition to oocyte specific transcription 
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regulators, transcription factors expressed in somatic cells such as SP1 or IRX 3 and IRX5 

are important for the formation of follicles.

Post transcriptional RNA regulation is another mechanism used to control gene expression 

in the ovary. RNA binding proteins (RBPs) can bind to specific mRNAs and promote their 

translation. Deleted in azoospermia-like (DAZL) is a germ cell specific RBP that has been 

shown to be necessary for entry and progression through meiosis. Mutations in Dazl result in 

the loss of germ cells during fetal development precluding analysis of primordial follicle 

formation. However, recently, knockdown of Dazl after the onset of meiosis utilizing siRNA 

in ovary organ culture exhibited a reduction of primordial follicle formation [48]. In 

addition, expression of Testis-expressed protein (TEX) 14, a component of the intercellular 

bridges connecting oocytes within germ cell cysts, was reduced in the Dazl knockdown 

ovaries. Furthermore, DAZL protein was found to bind to the 3’ UTR of Tex14 mRNA and 

promote its translation suggesting that siRNA knockdown of Dazl caused a loss of TEX14 

protein and impaired function of intercellular bridges necessary to promote primordial 

follicle formation.

Two additional RBPs, Embryonic Lethal and Abnormal Vision-Like 2 (ELAVL2) and 

DDX6 were found to be important for primordial follicle formation [49]. ELAVL2 was 

expressed in perinatal oocytes and assembly of primordial follicles was severely reduced in 

Elavl2 mutants. ELAVL2 associated with and was able to promote Ddx6 mRNA translation. 

DDX6 is a component of P-bodies (cytoplasmic granules important for mRNA processing 

and decay) in somatic cells. Kato and colleagues detected DDX6 in P-body-like granules in 

oocytes both from nests and primordial follicles. Oocyte specific deletion of Ddx6 reduced 

primordial follicle formation and P-body-like granule assembly. The authors propose that 

ELAVL2 directs the assembly of these granules and that the granules play an important role 

during primordial follicle formation. Previous studies have identified a cytoplasmic structure 

called the Balbiani body [12, 50] but the relationship between the Balbiani body and the P-

body-like structure is unknown. Discovery of several RBPs with roles in follicle formation 

highlights the importance of translational regulation during this stage.

“Omics” Approaches to Understanding how Primordial Follicles Are Made

The study described in the previous section investigating the oocyte specific proteins, 

FIGLA, LHX8 and SOHLH1 [43] illustrates the increasing importance of utilizing 

transcriptomic and proteomic approaches to understand developmental processes. 

Sophisticated approaches have been used in the past few years and are summarized in Table 

3. For example, the developmental differences between the medullary region verses the 

cortical region of the ovary are unclear. To address this question, Niu and Spradling 

employed Single Cell RNA-sequencing (SC RNA-seq) to compare the pregranulosa cell 

transcriptome of primordial follicles in the medullary region of the developing ovary to the 

cortical region from 11.5 dpc to PND6 [51]. This approach indicated the two populations of 

pregranulosa cells were similar but not identical and gave an insight as to how their 

differentially expressed genes may be candidates to control wave one and wave two follicle 

progression in the mouse ovary. Bipotential derived pregranulosa cells (BPG) were located 

in the medullar region and are thought to assist in rapid direct follicle development. BPG 
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cells were shown to express more androgen degrading enzymes which could be how they 

promote direct development of the medullar follicles before the follicles in the cortex. The 

follicles in the cortex contain epithelial derived pregranulosa (EPG) cells that begin to 

differentiate around 14.5 dpc. After birth, Lgr5 and Aldh1a2 RNA levels are higher in EPG 

cells compared to BPG cells. Interestingly, Aldh1a2 encodes an RA synthase which 

stimulates gonadal cells to produce FOXL2, ESR2 and WNT4.

Tandem mass tags (TMT) labeling with 2D Liquid Chromatography Mass Spectroscopy 

(LCMS/MS) was utilized in a recent analysis of proteomic profiling on whole ovaries during 

primordial follicle formation and activation [52]. Proteins that are expressed in oocytes, 

specifically ZP2, ZP3, PAD16, FIGLA and OOEP were less abundant at PND2, during 

primordial follicle formation compared to PND8, when primordial follicle formation is 

completed suggesting significant differences in regulation during formation and activation. 

Additionally, analyzing cellular metabolism during primordial follicle formation and 

activation using KEGG pathway analysis showed pyruvate metabolism, glycolysis/

gluconeogenesis, and fat digestion and absorption involved in energy metabolism were 

upregulated at both PND2 and PND8, suggesting energy metabolism may be related to 

primordial follicle formation and activation. Finally, pathway analysis suggested that protein 

degradation was inhibited and protein synthesis was increased during both primordial 

follicle formation and activation.

Another interesting proteomic analysis comparing primordial follicle formation and 

activation was performed via two-dimensional difference in-gel electrophoresis (2D-DIGE) 

and Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry 

(MALDI-TOF MS) on porcine ovaries [53]. Their results showed members of the CREC 

family as well as reticulocalbin-1 (RNC1), and RCN3 are regulators of primordial follicle 

formation. Actin along with heterogeneous nuclear ribonucleoprotein K (HNRNPK) which 

is a protein involved in the mRNA processing, mRNA transport and chromatin remodeling 

were also shown to be expressed in the ovaries during primordial follicle formation. As for 

primordial follicle activation, heat shock protein (HSPA2) and gelsolin, an actin binding 

protein involved in cell growth and other functions, are upregulated during this time. 

Interestingly, gelsolin has also been shown to negatively regulate apoptotic expression when 

over expressed and promote apoptosis when down regulated. The advances in sophisticated 

techniques to analyze the transcriptome and proteome allows us to quickly elucidate regional 

and temporal differences that occur in the ovary as follicles form.

Concluding Remarks

Primordial follicle formation is essential to establish the ovarian reserve needed for fertility. 

Understanding why germ cells develop in structures such as cysts or nests will improve our 

understanding of prerequisites needed for primordial follicle formation. Revisiting signaling 

pathways, genes and proteins known to be essential in many developmental processes will 

lead to discovery of new roles in the assembly of primordial follicles. Continuing to uncover 

crucial molecules using state of the art ‘omic’ techniques will improve our knowledge of 

regulatory pathways important for formation of primordial follicles that make up the ovarian 

reserve.
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Figure 1. 
Major events during primordial germ cell differentiation leading to primordial follicle 

formation in the mouse. Abbreviations: days post coitum (dpc) and postnatal day (PND).
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Figure 2. 
Cyst Fragmentation, Reaggregation and Organelle Transport in Female Germ Cells. Timing 

of cyst fragmentation and reaggregation shown above timeline. Timing of organelle 

movement through intercellular bridges shown below timeline.
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Table 1.

Studies reporting varying effects of autophagy on primordial follicle formation.

Author Mouse 
Strain

Autophagy System Treatment Time Primordial 
Follicle 
Formation

Oocyte 
Number

Sun et al., 2020 CD1 activate Organ 
culture

100 uM Rapamycin PND 0–3 increased no change

Sun et al., 2018 CD1 activate Organ 
culture

300 nM Rapamycin PND* 0–3 reduced increased

Zhang et al., 2017 CD1 activate Organ 
culture

250 nM Rapamycin 18.5 – 19.5 
dpc

reduced no change

Zhihan et al., 2019 K activate Organ 
culture

100 nM Rapamycin 17.5 dpc-
PND 3

no change no change

Sun et al., 2018 CD1 inhibit Organ 
culture

10 mM 3-MA PND* 0–3 increased reduced

Sun et al., 2020 CD1 inhibit Organ 
culture

1 mM 3-MA PND 0–3 reduced no change

Zhihan et al., 2019 K inhibit Organ 
culture

1 mM 3-MA 17.5 dpc-
PND 3

reduced no change

Zhihan et al., 2019 K inhibit In vivo 
injection

15ug/gram body 
weight/ day 3-MA

PND 0–3 reduced no change

Sun et al., 2020 CD1 activate In vivo starvation PND 0–1.5 increased increased (but 
n=1)

Watanabe & 
Kimura, 2018

B6 activate In vivo starvation PND 0.5–1.5 increased not reported

Wang et al 2017 CD1 activate In vivo starvation PND 1.5–3 reduced no change

Sun et al., 2020 CD1 activate In vivo starvation PND 0–2 no change no change

Sun et al., 2020 CD1 activate Organ 
culture

miR378–3 
overexpression

PND 0–3 increased no change

Watanabe et al., 
2020

B6 activate In vivo 
injection

TAT-Beclin 1 D11 
peptide

PND 0–2.5 increased no change

Sun et al., 2020 CD1 inhibit Organ 
culture

miR378–3 inhibition PND 0–3 reduced no change

*
started culture at 17.5 dpc for 2 days then treated for the following 3 days to the equivalent of PND 3.
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Table 2.

RNA Binding Proteins and Transcription Factors recently implicated in Primordial Follicle Formation

Protein Location Known 
Function

Findings Reference

DAZL Oocytes RBP essential 
for meiosis entry 
and progression

• Mutants have impaired germ cell nest breakdown

• Translational regulation of Tex14 is DAZL dependent

[48]

DDX6 Oocytes RNA Helicase • DDX6 deletion disturbs primordial follicle formation and 
impairs P-body like granule assembly

• Deletion activates the PI3K pathway causing abnormal 
enlargement of oocytes

[49]

ELAVL2 Oocytes RBP, targets 
DDX6

• Associates with mRNAs encoding components of 
processing bodies (P-bodies).

• Promotes translation of DDX6 in oocytes in nests

• Directs P-body like granule assembly through DDX6

[49]

FIGLA Oocytes Transcription 
Factor

• Figla depletion impedes meiotic progression, causes DNA 
damage resulting in an increase in oocyte apoptosis.

• RNA seq reveals high overlap of affected genes in Figla, 
Lhx8, and Sohlhl null mice.

• FIGLA, LHX8, and SOHLH1 cooperate by direct 
interaction forming a nuclear complex.

• This network is necessary for oocyte maintenance and 
differentiation.

[43]

IRX3 Somatic Cells- 
during nest stage
Oocytes- nest 
breakdown 
becomes oocyte 
specific post 
follicle formation

Transcription 
Factor

• Extending IRX3 expression in somatic cells post nest 
breakdown does not affect fertility

• Loss of Irx3 alone causes a reduction follicle number and 
infertility

[45, 46]

IRX5 Somatic Cells- 
during nest stage 
and post follicle 
formation, 
extinguishes 
before onset of 
puberty
Oocytes- during 
nest breakdown

Transcription 
Factor

• A single knockout Irx5 resulted in no significant 
difference in ovarian phenotype mice displayed sub-
fertility later in life

[45, 46]

LHX8 Oocytes Transcription 
Factor

• RNA seq reveals high overlap of affected genes in Figla, 
Lhx8, and Sohlh1 null mice.

• FIGLA, LHX8, and SOHLH1 cooperate by direct 
interaction forming a nuclear complex.

• This network is necessary for oocyte maintenance and 
differentiation.

[43]

SOHLH1 Oocytes Transcription 
Factor

• RNA seq reveals high overlap of affected genes in Figla, 
Lhx8, and Sohlhl null mice.

• FIGLA, LHX8, and SOHLH1 cooperate by direct 
interaction forming a nuclear complex.

• This network is necessary for oocyte maintenance and 
differentiation.

[43]
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Protein Location Known 
Function

Findings Reference

SP1 Oocytes and 
Somatic Cells

Transcription 
Factor

• Crucial for pregranulosa cell development and primordial 
follicle formation.

• Knockdown suppressed nest breakdown, oocyte apoptosis 
and primordial follicle formation, but by puberty oocytes 
in nests underwent cell death.

• SP1 governs and recruits Foxl2+ pregranulosa cells 
mainly by binding directly to the Notch2 gene promoter.

[47]
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Table 3.

Recent Transcriptomic and Proteomic Studies providing insight into Primordial Follicle Formation

Transcriptomics Proteomics

Method:
RNA sequencing on mouse ovaries

Method:
LCMS/MS, GO and KEGG pathway analysis on mouse ovaries

Results:

• Figla deficiency alters expression of genes involved in 
meiosis and oogenesis.

• Figla deficiency disrupts oocyte specific expression of 
transcriptional regulators.

• Lhx8 deficiency disrupts oogenesis-associated genes.

• Figla, Lhx8, and Sohlh1 nulls contain significant overlap in 
down regulated genes in the mouse ovary.

Results:

• ZP2, ZP3, PAD16, FIGLA and OOEP were 
upregulated during primordial follicle activation.

• Energy metabolism may be related to primordial 
follicle formation and activation.

• Protein degradation is inhibited and protein 
synthesis is increased during primordial follicle 
formation and activation.

Reference: [43] Reference: [52]

Method:
SC-RNA sequencing on mouse pre-granulosa cells.

Method:
2D-DIGE and MALDI-TOF MS on pig ovaries

Results:

• Bipotential derived pregranulosa cells (BPG) were located 
in the medullar region and are thought to assist in rapid 
direct follicle development.

• BPG cells were shown to express more androgen degrading 
enzymes

• Follicles in the cortex contain epithelial derived 
pregranulosa (EPG) cell populations differentiate around 
14.5 dpc.

Results:

• Members of the CREC family as well as RNC1 
and RCN3 regulate primordial follicle formation

• Actin and HNRNPK are upregulated during 
follicle formation

• HSPA2 and gelsolin are upregulated during follicle 
activation.

Reference: [51] Reference: [53]
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