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Epigenetic programming in the ovarian reserve
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Abstract

The ovarian reserve defines female reproductive lifespan, which in humans spans decades. The 

ovarian reserve consists of oocytes residing in primordial follicles arrested in meiotic prophase 

I and is maintained independent of DNA replication and cell proliferation, thereby lacking 

stem cell-based maintenance. Largely unknown is how cellular states of the ovarian reserve are 

established and maintained for decades. Our recent study revealed that a distinct chromatin state 

is established during ovarian reserve formation in mice, uncovering a novel window of epigenetic 

programming in female germline development. We showed that an epigenetic regulator, Polycomb 

Repressive Complex 1 (PRC1), establishes a repressive chromatin state in perinatal mouse oocytes 

that is essential for prophase I-arrested oocytes to form the ovarian reserve. Here we discuss the 

biological roles and mechanisms underlying epigenetic programming in ovarian reserve formation, 

highlighting current knowledge gaps and emerging research areas in female reproductive biology.
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INTRODUCTION

Female germline development requires several key steps to generate mature oocytes ready 

for fertilization (Figure 1). In mice, primordial germ cell (PGC) precursors first emerge 

around embryonic day (E) 6.25.[1] After specification and migration to the gonad, PGCs 

begin rapid proliferation by mitotic cell division with incomplete cytokinesis around E10.75 

to form cell clusters known as germline cysts.[2] After epigenetic reprogramming (including 

genome-wide DNA demethylation) and sex determination, female germ cells enter meiosis 

beginning E13.5 and become oocytes.[3] Following chromosome pairing and recombination 
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during meiotic prophase I (MPI), the resulting oocytes are arrested at the specialized 

diplotene stage called dictyate around the time of birth; dictyate is from the Greek word 

diktyon for net because the chromosomes are diffuse. Meanwhile, germline cysts break apart 

into single oocytes surrounded by pregranulosa cells to form primordial follicles.[4] Because 

there is a significant loss of oocytes due to programmed cell death during cyst breakdown, 

only one-third of the initial number of oocytes survive.[5]

In contrast to mammalian males, which replenish their germline throughout life due to 

spermatogonial stem cells, mammalian females lack a corresponding stem cell population 

and are born with a finite number of primordial follicles. Non-growing oocytes (NGOs) 

within these follicles undergo neither DNA replication nor proliferation and constitute the 

ovarian reserve that determines female reproductive lifespan. The ovarian reserve sustains 

fertility in mice for months and humans for decades.

During mouse postnatal oogenesis, a selected set of NGOs within primordial follicles 

enter the growth phase in each estrous cycle, while the vast majority of NGOs remain 

as the ovarian reserve until they are exhausted; in human females, this depletion 

results in menopause. The selected oocytes increase in size, known as growing oocytes 

(GOs), accumulating proteins, RNAs, and organelles that constitute the eggs dowry that 

supports early embryonic development.[6] Oocyte growth is accompanied by granulosa 

cell proliferation. When oocytes reach their final size (full-grown oocytes (FGOs)) they 

resume meiosis I after a gonadotropin surge and are subsequently rearrested at metaphase II, 

ovulated, awaiting fertilization, which initiates resumption of meiosis and zygote formation.
[7]

Extensive epigenetic changes occur during development of PGCs to FGOs.[8] Epigenetic 

changes in histone modifications and DNA methylation can generate long-lasting chromatin 

states that define gene expression programs unique to a specific cell type. After 

epigenetic reprogramming (DNA demethylation) in PGCs, there is an extended period 

of time, spanning decades in humans, in which oocytes maintain a low level of 

DNA methylation before various histone modifications and global DNA methylation are 

eventually established during oocyte growth.[9] Therefore, DNA methylation-independent 

chromatin-based mechanisms likely operate during such a long period in the female 

germline. Largely unknown, however, is how the oocyte epigenome is generated when 

the ovarian reserve is established and then maintained as arrested NGOs within primordial 

follicles prior to establishment of histone modifications and DNA methylation during oocyte 

growth. We summarize here the epigenetic reprogramming and programming in female 

germline development within the context of the most recent advances in the field and 

highlight newly discovered epigenetic programming that directs ovarian reserve formation.

Epigenetic reprogramming and programming in female germline development

Epigenetic reprogramming in PGCs—Epigenetic reprogramming in PGCs includes 

genome-wide loss of 5-methylcytosine (DNA demethylation) and chromatin remodeling, 

which creates a facultative “naive” epigenome in preparation for a sex-specific 

epigenome. In female PGCs, MPI is initiated through activation of a group of germline 

genes by DNA demethylation[10] and release from Polycomb-mediated silencing.[11] 
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Mammalian Polycomb proteins, which repress transcription of key developmental genes, 

comprise two functionally-related major complexes—PRC1 and PRC2—that catalyze 

mono-ubiquitination of H2A at lysine 119 (H2AK119ub) and trimethylation of H3 at lysine 

27 (H3K27me3), respectively.[12] In PGCs, both PRC1-mediated H2AK119ub and PRC2-

mediated H3K27me3 are required to repress germline genes in hypomethylated PGCs and 

regulate the timing of sexual differentiation between E11.5 and E13.5.[13–15] Thus, PRC1 

and PRC2 are functionally interrelated in the regulation of germline genes to withstand 

global changes in DNA methylation in PGCs and release from Polycomb silencing is the key 

step for meiosis entry.

Recent studies unveiled the regulatory mechanism of meiotic entry. Initially, retinoic 

acid (RA)-induced expression of Stra8 was postulated to initiate meiosis.[16] A later 

study revealed that bone morphogenetic protein (BMP) and RA signaling synergically 

specify female germ cell fate and meiotic entry.[17] Downstream of the BMP signaling, a 

transcription factor, ZGLP1, activates the oogenic program repressed by Polycomb proteins.
[18] Another transcription factor, Meiosin, was discovered to be the initiator of the meiotic 

program and interacts with STRA8.[19]

Epigenetic programming in postanal oocyte growth—After NGOs exit the ovarian 

reserve, an extensive gain of epigenetic modifications (i.e., epigenetic programming) 

occurs as oocytes grow. In GOs, global de novo DNA methylation is established based 

on a transcription-coupled mechanism directed by a histone methyltransferase SETD2 

that mediates formation of H3K36me3 during postnatal growth.[9] Another histone mark, 

H3K4me3, a hallmark of active promoters, is restricted to active promoters in GOs but 

accumulates as broad domains at both promoters and distal regions in FGOs, displaying 

a noncanonical distribution pattern that negatively correlates with DNA methylation.[20,21] 

The maternal H3K4me3 pattern is briefly inherited by zygotes, then reprogrammed to the 

canonical pattern—sharp peaks at active promoters—at the 2-cell stage.[21]

Like H3K4me3, widespread distal H3K27me3 domains are also found in partially 

methylated DNA domains (PMDs) in mouse oocytes.[22] Further, maternal H3K27me3 

from oocytes functions as the DNA-methylation-independent imprinting mechanism in early 

mouse embryos.[23] This maternal Polycomb-dependent imprinting is initially established by 

PRC1-mediated H2AK119ub during oogenesis and then maintained as H3K27me3 during 

preimplantation development, thereby revealing the PRC1-dependent regulation of PRC2 

activities.[24] Whereas maternal H3K27me3 is required for embryogenesis, it is dispensable 

for oogenesis.[25] In contrast, PRC1-mediated H2AK119ub is required for oogenesis; a 

deficiency in PRC1 function leads to massive gene derepression, developmental defects in 

oocytes, and subsequent one-cell arrest after fertilization.[26] Moreover, H2AK119ub and 

H3K27me3 undergo distinct reprogramming dynamics in early embryos.[24,27]

These observations demonstrate a unique epigenome, including distinct patterns of DNA 

methylation and histone modifications, is formed during oocyte growth and undergoes 

extensive reprogramming during preimplantation development. The major remaining 

questions are how the epigenome in NGOs is established and maintained before these 

critical events and how it leads to epigenetic programming during oocyte growth.
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Epigenetic programming in ovarian reserve formation

During the transition from MPI to dictyate arrest, oocytes undergo a dynamic transcriptome 

change,[28–31] which we termed the perinatal oocyte transition (POT).[32] When a subset 

of NGOs in primordial follicles are selected to initiate oocyte growth in primary follicles, 

they undergo another major transcriptional transition, termed primordialto-primary-follicle 

transition (PPT), which is driven by a set of transcription factors.[33] Thus, NGOs have a 

unique and active transcriptional program distinct from MPI oocytes or GOs. Recent studies 

reveal several mechanisms driving POT that include hypoxia-inducible factors in induction 

and maintenance of NGOs,[28] mechanical stress from surrounding granulosa cells, and 

extracellular matrix for maintenance of NGOs.[34]

We recently focused on a chromatin-based mechanism of POT driven by PRC1,[32] because 

DNA methylation is not established at POT and PRC1 regulates germline genes in the 

absence of DNA methylation.[13] By eliminating PRC1 function after E15, we demonstrated 

that PRC1 suppresses expression of genes required for MPI to enable ovarian reserve 

formation; absence of PRC1 activity results in loss of the ovarian reserve, premature ovarian 

failure, and infertility. Following meiotic entry and driven by the release of MPI genes from 

Polycomb-mediated silencing, MPI genes are again targeted by PRC1 for suppression during 

the POT. Thus, PRC1 regulates both the entry and exit from the MPI program in the female 

germline, with PRC1-dependent chromatin programming preceding the dramatic changes in 

gene expression that occur during perinatal oogenesis.

By defining a novel window of epigenetic programming in ovarian reserve formation, our 

study raises new questions about mechanistic interrogations of ovarian reserve formation 

and maintenance. We raise several such questions below (Figure 2).

What are the epigenomic landscape and chromatin dynamics during ovarian reserve 
formation?

Our study established that NGO’s epigenetic state is critical for ovarian reserve formation. 

A simple and obvious question remains: “What is the epigenomic landscape in NGOs?” 

Our study employed genome-wide chromatin profiling by cleavage under targets and release 

using nuclease (CUT&RUN) experiments and revealed that H2AK119ub is established on 

postnatal day 1 (P1), which precedes the transcriptional change at POT observed at P5.[32] 

Thus, PRC1-directed repressive chromatin states predetermine the transcriptomic change 

in ovarian reserve formation. Emerging questions include what the landscape of global 

epigenomic changes at POT is, and when and how the chromatin state required for ovarian 

reserve formation is established. Although there are a few studies that profiled some histone 

modifications, for example, H3K4me2/3, H3K36me3, in NGOs using low-input chromatin 

immunoprecipitation (ChIP),[35,36] the overall epigenomic landscape of ovarian reserve 

remains poorly defined, mainly because it is difficult to obtain readily oocytes residing 

in primordial follicles in sufficient numbers to conduct such analyses.

This technical obstacle could be overcome by using mice that express a fluorescent 

protein in NGOs that could be isolated either manually or by fluorescence-activated cell 

sorting (FACS) from juvenile female mice. Following removal of associated follicle cells, 
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the epigenomic landscape for a battery of histone modifications could be established 

using sensitive chromatin profiling methods, such as ultra-low-input native ChIP (ULI-

nChIP),[37] CUT&RUN,[38] and cleavage under targets and tagmentation (CUT&Tag).
[39] Candidate modifications for profiling include Polycomb-mediated repressive markers 

H2AK119ub and H3K27me3, active enhancer mark H3K27ac, poised enhancer marks 

H3K4me1/2, retrotransposon and heterochromatin-related repressive mark H3K9me3. These 

profiling studies would be complemented with a genome-wide determination of chromatin 

accessibility by low-input assay for transposase-accessible chromatin with sequencing 

(ATAC-seq),[40] which enables detection of various gene regulatory elements.

The dramatic gene expression change during POT is tightly linked to chromatin remodeling. 

Chromosome conformation capture (3C)-based methods (e.g., high-throughput chromosome 

conformation capture (Hi-C)) has revealed that the 3D chromatin structure is complex, 

dynamic, and has a profound impact on gene expression during development.[41] A single-

cell Hi-C analysis has reported that the strength of 3D genome organization becomes 

weaker during oocyte maturation.[42] A recent study using low-input Hi-C revealed highly 

dynamic regulation of chromatin architecture in oocytes during fetal PGC specification 

and postnatal oocyte growth, which is in part regulated by PRC1.[43] In line with this 

observation, PRC1 polymerizes to mediate chromatin condensation.[44] A Hi-C analysis of 

perinatal oocytes is a promising direction because it will clarify the 3D chromatin dynamics 

in epigenetic programming in ovarian reserve formation. Such extensive profiling is required 

for a mechanistic understanding of NGOs because, in the absence of DNA methylation, 

combinations of these marks will establish the gene regulatory mechanisms required to 

maintain NGOs in the ovarian reserve.

What molecular mechanisms drive epigenetic programming during POT?

Comprehensive chromatin profiling of ovarian reserve will be an essential step toward 

understanding molecular mechanisms driving ovarian reserve formation. These profiling 

experiments will form the foundation to address other questions, for example, how the 

writers and erasers of these marks are regulated transcriptionally and post-transcriptionally 

so that the epigenetic programming during POT is regulated. Functional studies of various 

epigenetic regulators (e.g., histone methylases/demethylases, chromatin remodelers) using 

appropriate genetically modified mouse models will likely elucidate how they regulate 

epigenetic programming during POT.

Further dissection of PRC1-based mechanisms is also warranted for investigation. PRC1 

includes several subcomplexes that have distinct proteins. A group of germline genes is 

directly regulated by a subcomplex of PRC1, PRC1.6, which contains the transcription 

factor MAX that suppresses the initiation of meiosis.[45,46] This mechanism operates 

when global DNA methylation is absent in the preimplantation development.[47] Thus, 

this mechanism could be involved in the suppression of MPI genes during ovarian reserve 

formation.

Little is known about the molecular basis for POT, and providing such an understanding 

will address and answer many questions. For example, what triggers the epigenomic change 

and chromatin remodeling during POT? Previous studies implicate several critical signaling 
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pathways regulating primordial follicle formation,[48,49] for example, KIT signaling,[50] 

Notch signaling,[51] and PI3K pathway.[52] Could these signaling cues trigger the epigenome 

events that program gene expression? In addition to cell-intrinsic signaling, cell-extrinsic 

signaling from granulosa cells are critical in the regulation of oocytes. A promising direction 

is to examine how cell-intrinsic and -extrinsic signaling regulate epigenetic changes during 

POT.

Because transcription factors drive key transitions in germ cell development, it is critical to 

determine how epigenetic changes during POT are driven by transcription factors. Indeed, 

several oocyte-specific transcription factors, such as FIGLA, NOBOX, and TAF4B, are 

implicated in ovarian reserve formation,[5] and a transcription factor FOXO3A is implicated 

in ovarian reserve maintenance.[53] Along a similar vein, in light of hypoxia inducing a 

“dormant” state in NGOs[28]; oxygen tension could also be linked to establishing and 

maintaining the correct epigenetic landscape because molecular oxygen is a substrate 

for histone demethylases such as KDM6A (H3K27me3 demethylase). Hypoxia induces 

rapid changes in histone methylation (e.g., demethylation of H3K27me3) and chromatin 

dynamics.[54,55] Therefore, the impact of hypoxia on the epigenetic state of NGOs should be 

examined in future studies.

Changes in chromatin states provide cellular memories to prepare developmental transitions 

during germ cell development. Thus, these directions will likely uncover how chromatin 

states of NGOs predetermine gene expression and epigenetic programming of GOs.

Further, oocyte differentiation and folliculogenesis are genetically dissociable from meiosis 

in mouse oocytes. This was concluded in genetic experiments showing that Stra8-deficient 

female germ cells grow and differentiate into oocyte-like cells that can be ovulated and 

fertilized but fail to enter meiosis.[33,56] This uncoupling raises following questions: What 

is epigenetic regulation’s role behind these two dissociable developmental events? Could 

epigenetic programming take place without meiosis entry? How is chromatin remodeled for 

differentiation of oocytes in the absence of meiosis? Thus, it will be important to dissect 

the mechanistic relationship between epigenetic programming and meiosis. Answers to such 

questions will likely shed light on how oocyte-like cells can be generated in culture without 

undergoing meiosis.[33]

What is the effect of age on the epigenome of the ovarian reserve?

Human female fertility declines dramatically in the fourth decade of life because of an 

age-related decrease in oocyte quality and quantity.[57] Notably, most previous studies about 

oocyte aging were conducted using FGOs. Whether such changes arise during oocyte 

growth or are the product of changes in NGOs is not fully resolved. Age-dependent 

deterioration of cohesin is considered a major cause of a decline in oocyte quality with 

age.[58] Changes in the chromatin state of the ovarian reserve could be a major contributing 

factor to the age-dependent decline in oocyte quality. Loss of epigenetic information as a 

potential cause of aging emerged from yeast studies in the 1990s and was further seen in 

multicellular organisms that show epigenetic changes (including DNA methylation patterns, 

H3K4me3, H3K9me3, and H3K27me3) linked to aging. Recently, epigenetic changes 

underlie mammalian aging as well[59]; erosion of the epigenetic landscape (e.g., H3K27me3, 
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H3K27ac) causing loss of ability to maintain cellular identity is associated with aging in 

mice. Therefore, in the ovarian reserve, degradation of chromatin state during long-term 

maintenance could be a primary basis for oocyte aging. Thus, it is imperative to determine 

the epigenomic landscapes in adult ovarian reserve, especially in aged females.

CONCLUSION

In this review, we present a brief overview of epigenetic programming and reprogramming 

during female germline development and highlight a newly identified window of epigenetic 

programming in ovarian reserve formation. In particular, we stress the role of Polycomb-

mediated epigenetic programming in POT during ovarian reserve formation and propose 

that a coordinated complex epigenetic programming system, including various histone 

modifications and chromatin remodeling, is responsible for the establishment and long-term 

maintenance of the ovarian reserve. We further pose a series of questions that arise from 

this proposal with the hope that they will stimulate new avenues of research, the products 

of which will increase our understanding of the molecular underpinnings of the female 

germline that, in turn, will increase our understanding of female reproductive longevity.

ACKNOWLEDGMENTS

The authors thank Yasuhisa Munakata and Yuka Kitamura for critical reading of the manuscript and Neil Hunter 
and Kanako Ikami for discussion. Funding sources: Open Collective Foundation Repro Grants (MH), National 
Institutes of Health grants R35GM141085 (SHN) and R21HD110146 (SHN and RMS).

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no datasets were generated or analyzed during 

the current study.

Abbreviations:

ATAC-seq assay for transposase-accessible chromatin with sequencing

ChIP chromatin immunoprecipitation

CUT&RUN cleavage under targets and release using nuclease

CUT&Tag cleavage under targets and tagmentation

FACS fluorescence-activated cell sorting

FGOs full-grown oocytes

GOs growing oocytes

Hi-C high-throughput chromosome conformation capture

MPI meiotic prophase I

NGOs non-growing oocytes

PGC primordial germ cells
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PMDs partially methylated DNA domains

POT perinatal oocyte transition

PPT primordial-to-primary-follicle transition

PRC polycomb repressive complex
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FIGURE 1. 
Scheme of female germline development. The developmental process of mouse germ cells 

is depicted (created with BioRender.com). Key events in epigenome reprogramming and/or 

programming are listed. DNA methylation levels and common histone modifications are 

represented with a graph. Blank regions and question marks show unexplored stages. PGC, 

primordial germ cells; NGO, non-growing oocyte; GO, growing oocyte; FGO, full-grown 

oocyte; MII, metaphase II.
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FIGURE 2. 
Scheme of ovarian reserve formation. Key cellular events that occurred during the ovarian 

reserve formation are listed, and the proposed epigenetic programming and chromatin 

remodeling in the nucleus are depicted (created with BioRender.com). Question marks point 

out unresolved questions or unclear mechanisms.
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