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Abstract
Meiosis initiation is a crucial step for the production of haploid gametes, which occurs from anterior to posterior in fetal ovaries. The asynchrony of the transition from
mitosis to meiosis results in heterogeneity in the female germ cell populations, which
limits the studies of meiosis initiation and progression at a higher resolution level.
To dissect the process of meiosis initiation, we investigated the transcriptional profiles of 19 363 single germ cells collected from E12.5, E14.5, and E16.5 mouse
fetal ovaries. Clustering analysis identified seven groups and defined dozens of corresponding transcription factors, providing a global view of cellular differentiation
from primordial germ cells toward meiocytes. Furthermore, we explored the dynamics of gene expression within the developmental trajectory with special focus on the
critical state of meiosis. We found that meiosis initiation occurs as early as E12.5
and the cluster of oogonia_4 is the critical state between mitosis and meiosis. Our
data provide key insights into the transcriptome features of peri-meiotic female germ
cells, which offers new information not only on meiosis initiation and progression
but also on screening pathogenic mutations in meiosis-associated diseases.
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IN TRO D U C T ION

Primordial germ cells (PGCs) development mainly undergoes specification, migration, and sex determination processes. The PGCs are specified at E6.25 in mice, and then,
migrate to the genital ridges at around E10.5.1 Subsequently,
the female PGCs divide by mitosis to form germ cell cysts
and the germ cells now are termed oogonia.2 Following this
event, meiosis initiation occurs from anterior to posterior in
fetal ovaries at around E13.5, and the majority of oogonia
enter into meiosis at around E14.5.2 At around E17.5, the oocytes begin to arrest at the diplotene stage until luteinizing
hormone (LH) induces fully grown oocytes to resume meiosis I after puberty.3 During the prolonged oogenesis, only a
small fraction of oocytes ultimately mature and the majority
of oocytes undergo atresia.4
The female germ cell development is guided by stage-specific gene expression patterns, which are primarily controlled
by transcription factors (TFs).5 Dynamic transcriptional patterns shape the unique transcriptional environment in regulatory elements5 that could further recruit stage-specific TFs
to instruct early oogenesis. Although several groups have
partially mapped the transcriptional profiles of fetal female
germ cells through bulk RNA sequencing,6-9 the underlying
TFs that participate in the early oogenesis have not been fully
explored and identified due to evident heterogeneity of female germ cell populations. In addition, the number of female germ cells is very low in early fetal ovaries, especially
in the stages before E12.5, which may not be enough for the
identification of the new cell clusters around the meiosis.
Therefore, we collected the Pou5f1-eGFP-positive germ cells
through fluorescence-activated cell sorting system from dozens of fetal ovaries at each stage.
In this study, we performed high-throughput and unbiased
single-cell RNA sequencing on female germ cells at E12.5,
E14.5, and E16.5, which, respectively, correspond to the
early meiotic stage (numerous mitotic cells and a few meiotic
cells), middle meiotic stage (a few mitotic cells and numerous meiotic cells) and late meiotic stage (nearly all the cells
are meiocytes) in early oogenesis. We sequenced 19 363 female germ cells and grouped them into seven clusters. All the
clusters were defined according to the known marker genes10
and developmental trajectory. Moreover, the relevant TFs important for early oogenesis and the transition from mitosis to
meiosis were identified.
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Ethics statement

All mouse lines were kept in compliance with the guidelines
of the Animal Care and Use Committee of the Institute of

Zoology at the Chinese Academy of Sciences. Mice were
killed under standard protocols, and all efforts were made to
minimize suffering. All mouse strains were maintained in a
C57BL/6 background. Gestational age of embryos was determined by checking vaginal plugs, with noon of the day of the
plug appearance defined as E0.5.
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Sample collection

Pou5f1-eGFP-positive germ cells were isolated from E12.5,
E14.5, and E16.5 female gonads (Pou5f1-eGFP JAXR mice
stock number 004654 X WT C57BL/6J). For each stage,
the gonads were microscopically dissected and pooled from
20-30 female embryos. The pooled gonads were treated with
500 µL of Accutase Cell Detachment Solution (Millipore
#SCR005) for 10-20 minutes at 37°C, and the digestion reaction was quenched after adding 500 µL L15 medium (Gibco
# 21083027) with 10% FBS. The cells were filtered through
30 µm Pre-Separation Filters (MiltenyiBiotec #130-041-407)
to obtain single-cell suspension for fluorescence-activated
cell sorting (MoFLo XDP, Beckman Coulter). The mouse
female germ cells at each time point were collected after
MoFLo XDP cell sorting as eGFP-positive fraction.

2.3 | Single-cell library
preparation and sequencing
Libraries were prepared using 10X Genomics platform
and processed following the manufacturer's specifications.
Briefly, each cell and each transcript are uniquely barcoded
using a unique molecular identifier (UMI) and cDNA ready
for sequencing on Illumina platforms is generated using the
Single Cell 3’ Reagent Kits v2 (10X Genomics). Libraries
were sequenced on an Illumina NovaSeq 6000 (Illumina, San
Diego) with a read length of 26 bp for read 1 (cell barcode
and UMI), 8 bp i7 index read (sample barcode), and 98 bp
for read 2 (actual RNA read). Reads were first sequenced in
the rapid run mode, allowing for fine-tuning of sample ratios
in the following high-output run. Combining the data from
both flow cells yielded approximately >40 000 reads per
single-cell.
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Data processing and analysis

Fastq data generated by Illumina NovaSeq 6000 sequencing
were processed and mapped to the mouse genome (mm10)
with the Cell Ranger software (v2.1.0) with default parameters. Then the Cell Ranger analysis results were used as
input for the R package Seurat.11 To check the quality of the
single-cell data and to remove any multiplets, we performed
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Seurat-based filtering of cells based on three criteria: number
of detected genes per cell, number of UMIs expressed per
cell, and mitochondrial content, using the following threshold parameters: nFeature_RNA (1500 to 5500), nCount_
RNA (between -inf and 40,000), and percent.mt (<5%).
Normalization was performed as described in the package
manual (https://satijalab.org/seurat/v3.1/).12 Next, we combined and scaled the scRNA-seq data of female germ cells,
clustered the cells into clusters using Louvain algorithm,13
and visualized the cell clusters with UMAP.14 The differentially expressed genes were determined by the FindMarkers
function. Gene set enrichment analysis was performed with
clusterProfiler R package.15
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Cell trajectory analysis

Single-cell pseudotime trajectories were constructed with
the Monocle 2 package (v2.8.0)16 according to the provided
documentation
(http://cole-trapnell-lab.github.io/monoc
le-release/). Ordering genes were identified as having high
dispersion across cells. The discriminative dimensionality
reduction with trees (DDRTree) method was used to reduce
data to two dimensions. Gene sets identified from the destiny
analysis were clustered and visualized using the plot_genes_
in_pseudotime function.
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Antibodies

Mouse monoclonal anti-DDX4 antibody was purchased from
Abcam (ab27591); Rabbit polyclonal anti-DPY30 antibody
was purchased from Abcam (ab126352); Rabbit polyclonal
anti-POU5F1 antibody was purchased from Santa Cruz (sc9081); Rabbit polyclonal anti-STRA8 antibody was purchased from Abcam (ab49405); Alexa Fluor 488-conjugated
antibody and Alexa Fluor 594-conjugated antibody were purchased from Life Technologies.
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Immunofluorescence

Immunofluorescence was performed as previous described
with small modifications.17 For whole-mount staining, dissected gonads were fixed for 20 minutes in 4% paraformaldehyde in PBS (pH 7.4) and permeabilized with 1% Triton
X-100 in PBS for 30 minutes on ice. Fixed embryos were
blocked overnight at 4 ℃ in PBS containing 0.1% Triton
X-100, 10% BSA, and 5% normal donkey serum, and were
then incubated with primary antibodies in blocking solution overnight at 4 ℃. Gonads were washed three times for
1 hour in PBS containing 0.1% Triton X-100 and 2% BSA
before application of secondary antibodies. For detection,
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secondary antibodies were diluted 1:500 in blocking solution and gonads were incubated overnight at 4°C followed
by three washing steps for 1 hour in PBS with 0.1% Triton
X-100. Finally, gonads were stained briefly with DAPI and
mounted in Vector.
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Availability of data and materials

The high-throughput sequencing data in this study have been
deposited in the Gene Expression Omnibus (GEO) database
under accession number GSE130212.
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RESULTS

3.1 | Isolation and sequencing of female
mouse germ cells
To investigate the regulation of meiosis initiation at a single-cell level, we collected female germ cells from gonads
of E12.5, E14.5, and E16.5 female Tg (Pou5f1-eGFP) mice.
Tg (Pou5f1-eGFP) mice express eGFP under Pou5f1 distal
enhancer, and the eGFP-positive germ cells from the gonads
were collected using fluorescence-activated cell sorting and
individual cells were captured and processed with the 10x
Genomics’ Chromium System (Figures 1A and S1A). We sequenced the female germ cells in an unbiased manner using
the high-throughput single-cell RNA sequencing method. As
a result, we successfully sequenced 5103, 9506, 5910 germ
cells from E12.5, E14.5, and E16.5 fetal ovaries, respectively
(Figure S1B). After filtering out low quality germ cells and
somatic cells based on the number of genes, UMIs, the percentage of mitochondria genes and the marker genes for germ
cells and somatic cells (Dazl and Nr5a1), 19363 germ cells
remained (E12.5, 4841; E14.5, 9011; E16.5, and 5511) for
subsequent analysis (Figure S1C).

3.2 | Graph clustering identifies seven
transcriptional clusters in the female germ cells
To characterize the cell types of female germ cells, we
grouped the germ cells into seven clusters (C1-C7) projected
on the UMAP plot (Figure 1B). Each time point of E12.5,
E14.5, or E16.5 contains several cell clusters, indicating the
evident heterogeneity and developmental asynchrony in female germ cell populations (Figure 1C). Cluster identity was
defined based on known cell-type markers and differentially
expressed genes (Figures 1D and S1D). The cluster 1 represents primordial germ cell populations, as most cells in this
cluster express early PGC markers such as Prdm1, Tfap2c,
and Kit,18 while late germ cell-specific genes such as Dazl
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F I G U R E 1 Clustering of the female germ cells during fetal ovarian development. A, Experimental workflow. XX gonads at E12.5, E14.5,
and E16.5 were collected, Pou5f1-eGFP+ cells were sorted by FACS, single-cell captured, and harvested cDNA was processed for libraries, and
sequenced. B, Two-dimensional UMAP representation of the 19 363 XX Pou5f1-eGFP+ single cells. Cells were colored according to cluster
identity as shown in the Figure key. C, UMAP plot of single-cell transcriptome data with cells colored by embryonic stages as indicated in the
Figure key. D, Expression levels of selected markers projected on the UMAP plot. Blue indicates high expression and gray indicates low or no
expression, as indicated in the Figure key
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F I G U R E 2 Female germ cell lineage reconstruction and gene expression. A, Pseudotime trajectories of the female germ cells as indicated
in the Figure key. B, Pseudotime trajectories of the female germ cells colored by embryonic stages as shown in the Figure key. C, Monocle
pseudotime trajectory expression pattern of representative genes during transition from mitosis to meiosis. x-axis represents pseudotime, and y-axis
represents relative expression levels. D, Hierarchical clustering of ordering genes exhibiting differential expression (n = 2000) across female germ
cell populations
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and Ddx4 are still lowly expressed (Figure 1D). Also, the
cells in C1 express some pluripotent genes such as Pou5f1,
Nanog, Sall4, and Lin28a. Moreover, Lefty1 and Lefty2 were
specifically expressed in C1 cluster, which can be used as
new markers for mouse PGCs (Figure 1D). The oogonia
(C2) share the expression of several pluripotent genes with
PGCs, such as Pou5f1 and Nanog, but begin to significantly
express Zglp1 that is sufficient to activate the oogenic programs (Figure 1D),19 indicating that PGCs and oogonia coexist in E12.5 gonads. The C3 was likely to be pre-leptotene
cells, as the cells began to express the meiotic genes, including Stra8, Rec8, Msx1, and Msh6. Additionally, the cells in
C3 also expressed certain pluripotent genes such as Lin28a
and Sall4 (Figure 1D). The C4-C7 corresponded to leptotene,
zygotene, early_pachytene, and late_pachytene cells, respectively, as these cells expressed meiosis markers, such as
Sycp3, M1ap, Spo11, and Dmc1, respectively.10 Furthermore,
several stage specific master transcription factors such as
Sox2, Sox4, Dmrt1, and Dmrtc2 may play important roles in
mitosis to meiosis transition and female germ cell development (Figure 1D). Collectively, with our single-cell RNA sequencing experiments on female germ cells, seven clusters
were identified and they exhibited distinct gene expression
patterns.

3.3 | Pseudotime trajectory identifies the
dynamics of gene expression across female
germ cell populations
To further explore the early female germ cell development,
we performed monocle trajectory analysis on female germ
cells and ordered them along a pseudotime. Notably, the
clusters (C1-C7) showed a continuous trajectory, which recapitulated the temporal order of early oogenesis. The PGCs
(C1) clustered on one end of the pseudotime axis (the left
side), directly following the mitotic oogonia and different
stages of meiocytes (Figure 2A). Additionally, the overlap
in cell clusters and embryonic stages indicated that the transcriptome changed continuously in germ cell development
(Figure 2A,B). The reconstruction of cell lineages allowed us
to define the transition states from mitosis to meiosis and meiosis progression. By ordering the cells along a pseudotime,
we identified several typical genes that expressed at certain
stages during female germ cell development. For example,
the expression level of meiosis-associated genes increases
after the downregulation of pluripotent genes such as Nanog
(Figure 2C). And the Rec8 exhibited the peak expression in
pre-leptotene cluster, indicating that Rec8 may be involved
in mitosis to meiosis transition. Furthermore, hierarchical
clustering analysis of the ordering genes (rows) while organizing the germ cells (columns) along the pseudotime trajectory revealed four distinct cohorts of ordering genes. The first
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gene cohort exhibits striking meiotic features, such as Syce3,
Sycp1, Spo11, Prdm9, and Tex12, which is significantly different from other three cohorts (Figure 2D). Moreover, the
majority of ordering genes are mitotic cell cycle-associated
genes, such as Cdk4, Cdk9, Trp53, and Cdkn1a (Figure 2D).
Furthermore, gene ontology (GO) analysis of the ordering genes identified multiple biological processes, which
are consistent with the early female germ cell development
(Figure 2D). As expected, “anterior/posterior pattern specification,” “mitosis,” and “meiosis” were significantly enriched
GO categories during female germ cell (FGC) development.
With this analysis, we showed that the mitosis to meiosis
transition of the FGCs displayed dramatic changes by downregulating the pluripotent genes and rapidly upregulating
meiocyte-specific genes.

3.4 | Dynamic transcriptional factors
instruct early oogenesis
To demonstrate transcriptome changes during early oogenesis, we selected 3575 differentially expressed genes from
seven clusters using FindMarkers function in Seurat R package.12 And these differentially expressed genes changed
strikingly during mitosis to meiosis transition, but gradually during meiosis progression (Figures S1D and S2A-C).
Among these genes, we selected 27 highly variable transcription factors that exhibited stage-specific expression patterns
and are generally clustered into three groups (Figure 3A).
The first group TFs, such as Rest and Trp53, mainly expressed in PGCs and oogonia clusters, which may play essential roles in the germ cell proliferation. The second group
TFs like Msx1, Msx2, Gata2, Cdx2, Sox4, and Bmyc showed
expression peaks specifically in the cluster of pre-leptotene
stages, indicating that these TFs may be involved in meiosis
initiation. The third group TFs, like meiotic gene Dmrtc2,
mainly expressed in meiocytes, which may play an important
role in meiosis progression. Similarly, Taf4b and Taf9b are
highly expressed in late meiocytes (Figure 3A), which may
play important roles in cyst break down and primordial follicle assembly.20 Moreover, Taf4b null females are sterile,
suggesting its essential role in oogenesis.21,22
To further dissect the differences in gene expression profiles, we identified 660, 856, 183, 138, 561, 609, and 568
differentially expressed genes among these seven clusters,
respectively, and performed GO analysis of these genes. GO
categories indicated that the C1 and C2 were mitotic cells
(“ribosome biogenesis” and “mitotic cytokinesis”), whereas
the C3-C7 were meiocytes that express genes related to meiotic recombination and DNA damage repair (“meiotic cell
cycle”, “double-strand break repair,” and “homologous chromosome segregation”) (Figure 3B). Interestingly, we found
that some meiocytes expressed genes such as Rec8, Dmrtc2,

ZHAO et al.
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F I G U R E 3 The regulation of mitosis to meiosis transition in female germ cells. A, Heatmap of highly variable transcription factor genes
during germ cell development. B, Top enriched biological processes of the differentially genes from each of the seven cell clusters. C, The
expression patterns of mitotic and meiotic cell cycle genes. D, Violin plot of the differentially expressed cyclin genes

and Sycp3 also related to spermatid development processes,
indicating that the male and female gametes likely share certain mechanisms in meiosis progression (Figure 3B).
Additionally, dynamic cell cycle regulation is crucial for
mitosis to meiosis transition. To further explore the mechanisms of the meiosis initiation, we selected highly variable mitotic and meiotic cell cycle genes from all clusters.
Consistent with the above cluster identification, mitotic cell
cycle genes were mainly expressed in PGCs and oogonia
clusters, whereas meiotic cell cycle genes were expressed
in meiocytes (C3-C7) (Figure 3C). In addition, cyclin genes
showed different expression patterns. Ccna2, Ccnb1/2, and
Ccnd3 were highly expressed between C1 and C3 clusters
and subsequently decreased during the progression of meiosis, which suggests that their functions are restricted to the
early mitosis phase (Figure 3D). Moreover, the downregulation of Ccnb1/2 in early meiosis prophase may be essential
for meiosis Ⅰ progression. The expression level of Ccnd1 was
low in mitotic PGCs and oogonia, but sharply increased in
early meiotic cells, and then, decreased during late meiosis
phase, whereas Ccnb3 began to be expressed from the pachytene stage on (Figure 3D). In addition, the cyclin-associated
genes also exhibited different expression patterns. The Cdk1

and Cdk4 mainly expressed in C1-C3, which may be involved
in the regulation of cell proliferation. In addition, Cdkn2a
(p16) and Cdkn2d (p19), the inhibitors of Cdk4, increased
consistently with Ccnd1, which indicates that Cdkn2a and
Cdkn2d may play a role in balancing the functions of Ccnd1
in the early meiosis process (Figure S2D). Similar to the expression patterns of pluripotency-related genes (Figure S2E),
the expression of Cdkn1a (p21) decreases during the transition from mitosis to meiosis, suggesting its role in mitotic
cell cycle. Collectively, these data indicate that a dynamic
transcriptome regulates early oogenesis in a stage-specific
manner.

3.5 | Dynamics of epigenetic factors during
FGC development
To dissect the changes of epigenetic factors during early oogenesis, we analyzed the expression patterns of epigenetic
factors that participate in DNA methylation and histone
modifications in the seven clusters. After undergoing DNA
demethylation, FGCs around sex determination reach the
lowest genome-wide 5mC levels that are maintained until
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birth.23 During early oogenesis, the Tet1 may be the only
erasure for DNA demethylation, with minimally expressed
de novo DNA methylation enzymes and the other two erasures, Tet2 and Tet3 (Figures 4A and S3A). In contrast to early
embryogenesis, the erasure of DNA methylation in oogenesis also involves imprinted regions. Therefore, the maternal
and paternal imprinted genes are co-expressed in a stagespecific manner (Figure S3B). For example, the expression level of Peg3 was high in mitotic PGCs and oogonia,
whereas other maternal imprinted genes, such as Kcnq1ot1,
mainly were expressed in meiocytes (Figure 4B). Moreover,
the paternal imprinted genes, such as Phlda2 and Gnas, also
showed unique expression patterns during early oogenesis.
The Phlda2 was specifically expressed in oogonia and preleptotene cells, while Gnas was highly expressed in meiocytes (Figure 4B). The roles of these imprinted genes have
not been fully explored, but they may play important roles in
FGC development.
As previously reported, histone modifications play important roles in mitosis to meiosis transition.7,24 To explore the
changes of histone modifiers in early oogenesis, we selected
differentially expressed covalent chromatin modification-related genes that were clustered into two groups (Figure 4C).
Interestingly, the first group of genes were mainly expressed
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in mitotic PGCs and oogonia clusters, whereas the second
group of genes were highly expressed in meiocytes, which
suggests that the covalent chromatin modifications, such
as H3K4me3 and H3K27me3, undergo dramatic changes
during mitosis to meiosis transition (Figure 4C).7 To further
support this idea, we also determined the expression patterns
of writers and erasures for the H3K4me3 and H3K27me3
(Figure 4D). The Dpy30 and Ash2l are the subunits of MLL
histone methyltransferase complexes that catalyze H3K4me3
directly, and their expression decrease as meiosis occurs,
whereas the expression levels of Kdm5a increase gradually
after entering meiosis. Moreover, the PRC2 subunits Eed and
Ezh2, which catalyze H3K27me3, maintained stable expression levels during early oogenesis. However, the H3K27me3
de-methyltransferase Kdm6a exhibited a higher expression level in zygotene and pachytene stages (Figure 4D).
Moreover, although the level of DNA methylation was low in
early oogenesis, there was not an obvious increase in the gene
expression level, which suggests that other mechanisms may
be responsible for chromatin silencing. The Ehmt2, Setdb1,
and Suv39h1 presented a higher expression level in preleptotene, zygotene, and pachytene stages, respectively
(Figure S3C), which catalyze H3K9me2 and H3K9me3, and

F I G U R E 4 The epigenetic regulation in female germ cell development. A, The expression patterns of DNA methylation modifiers during
germ cell development. B, The differentially expressed maternal and paternal imprinting genes. C, Heatmap of highly variable covalent chromatin
modification-associated genes during germ cell development. D, The expression patterns of H3K4me3- and H3K27me3-associated modifiers
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both of the modifications may compensate for the low level
of DNA methylation.

3.6 | Meiosis initiation and RA
pathway-associated genes
Meiosis initiation at around E13.5 in mice is a critical event
during FGC development.2 To further dissect the critical state
of meiosis, we performed re-clustering of the oogonia cluster
with high resolution and four clusters (Oogonia 1-4) were
identified (Figure 5A). The majority of oogonia cells derived
from E12.5 ovaries, while E14.5 and E16.5 ovaries also contained a few oogonia cells (Figure 5B). Furthermore, cluster
identity was defined based on differentially expressed genes.
For example, Oogonia_1 highly expressed Malat1, Prc1,
Pik1, and Top2a, whereas Oogonia_4 specifically expressed
Rpa2, Hells, Smc1b, Dusp9, and late PGC marker gene Dazl
(Figure 5C). Notably, meiotic marker gene Stra8 was mainly
expressed in the Oogonia_4 cluster, where the cells exhibit
the highest expression of Dazl (Figure 5D). Collectively,
these data indicate that meiosis initiation occurs as early as
E12.5 stage, and the Oogonia_4 is a critical state during the
transition from mitosis to meiosis.
RA pathway is closely associated with the regulation of
meiosis entry, to further explore the roles of RA pathway in
the meiosis initiation, we selected several RA pathway related genes25,26 that were differentially expressed in early
oogenesis (Figure 5E). Previous study has shown that the expression of meiosis-associated gene Msx1 was significantly
induced by RA-mediated differentiation, but such increase
was significantly affected by the knockdown of Dpy30, a core
subunit of the SET1/MLL histone methyltransferase complexes, suggesting the roles of Dpy30 in RA-mediated cell
fate transition.26 In this study, Dpy30 was highly expressed in
mitotic cell clusters, which decreases as meiosis entry occurs
(Figure 5E). Also, immunofluorescence analysis revealed
that DPY30 exhibited robust expression in E12.5 FGCs
(Figure 5F). These results suggest that Dpy30 may be involved in the meiosis initiation. Furthermore, Ash2l exhibited
similar expression pattern to Dpy30 (Figure 4D), which was
also a core subunit of H3K4 methyltransferase complexes,27
suggesting its similar roles to Dpy30 in meiosis initiation.
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FGC development is a complex process involving the transition from mitosis to meiosis and meiosis progression. In
this study, we aimed to shed light on the dynamic gene expression patterns through high-throughput single-cell RNA
sequencing of FGCs. We obtained single-cell transcriptome
data and identified three distinct germ cell stages that are
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PGCs, mitotic oogonia, and meiotic oocytes, respectively.
Moreover, meiotic oocytes also contain several subsets
that form pre-leptotene to late-pachytene clusters. Our transcriptome data provide new insights into the molecular signatures associated with the assignment of each cell cluster.
Understanding the transition from mitosis to meiosis in early
oogenesis is essential for the application of induced gametes.
Here, we reconstructed the dynamic and temporal trajectory of FGC development using monocle2 R package,16
which is consistent with the identified cell clusters. With
this analysis, we found that early oogenesis presents a linear developmental process by downregulating the pluripotent genes and upregulating meiotic genes. Although two
distinct clusters were computationally obtained (Clusters
PGCs and Oogonia), an alternative interpretation was that
these two populations were similar, and simply expressed
several different genes including Lefty1, Lefty2, and Phlda2
(Figures 1D and 4B). In addition, dozens of differentially expressed TFs were detected during early oogenesis. Of these,
several TFs belonged to the homeobox family containing helix-turn-helix motifs, which could directly bind to the regulatory elements of target genes and promote transcription.
For example, Cdx2 that is required for the differentiation of
trophectoderm and is inhibited by Pou5f1 in the inner cell
mass at the blastocyst stage,28,29 is exclusively expressed in
pre-leptotene cluster, suggesting its roles in the regulation of
meiosis initiation. Furthermore, Cyp26a1, the direct targeted
gene of Cdx2, could affect the retinoid signaling in the developing embryo, indicating that it is closely related to meiosis
initiation.30 Moreover, various TF cofactors including Cited1,
Nfkbia, and Lmo4 were also identified in FGCs (Figure 3A),
and these cofactors could interact with numerous TFs that
are highly expressed in FGCs to regulate early oogenesis.31-33
Dynamic cell cycle regulation is crucial for FGC development. Our data indicated that the cell cycle genes in meiocytes underwent complex regulations and they were very
different compared to those in somatic cells. In somatic cells,
Ccnb1 is essential for chromatin condensation and mitosis
initiation, and it is degraded by the anaphase promoting complex during the metaphase/anaphase transition.34 In our data
we found that the Ccnb1 mRNA was downregulated from the
pre-leptotene stage, which suggests that Ccnb1 is dispensable
for the meiocytes’ chromatin remodeling. In addition, the
Ccnd1 targeted by RA is highly expressed in the pre-leptotene cluster,25 which suggests that it may be involved in the
regulation of meiosis initiation.
Genome-wide DNA demethylation takes place during
PGC development, and nearly all the genomic elements appear to be uniformly hypomethylated.35 In contrast to early
embryogenesis, the DNA demethylation in PGC development also erases the DNA methylation in imprinting control
regions (ICRs), and the unmethylated state is maintained
until birth during early oogenesis. Therefore, the maternal
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F I G U R E 5 The regulation of meiosis initiation. A, Reclustering of the oogonia cluster (C2) at a higher resolution. B, UMAP plot of oogonia
transcriptome data with cells colored by embryonic stages. C, Heatmap of differentially expressed genes across four oogonia subpopulations. D,
The expression patterns of pluripotency and meiosis-associated genes. E, The expression patterns of retinoic acid target genes in female germ cells.
F, Immunofluorescence staining of DDX4 and DPY30 in E12.5 female gonads. Scale bars, 20 μm. G, The predicted model for the regulation of
meiosis initiation
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and paternal imprinted genes are co-expressed during early
oogenesis. Although there is no direct evidence showing a
relationship between imprinted genes and the regulation of
oogenesis, the differentially expressed imprinted genes, such
as Peg3, Kcnq10t1, and Gpr1, may be related to regulate the
appropriate stage of FGCs.36-38 Moreover, there is no obvious
expression of development-associated genes in the global demethylation environment, suggesting that repressed histone
modifications may be responsible for chromatin silencing instead. During early oogenesis, the PRC2 complex-associated
genes and Ehmt2, Setdb1, and Suv39h1 were expressed in a
stage-specific manner, which may play an essential role in
maintaining chromatin silencing.
Meiosis initiation is a critical event during early oogenesis; however, detailed mechanisms that regulate the transition from mitosis to meiosis remain unclear. In this study, we
found that several critical TFs, including Msx1, Msx2, Gata2,
Cdx2, Bmyc, and Sox4, specifically were expressed at the
pre-leptotene stage (Figure S3D), suggesting their possible
roles in meiosis initiation. However, Msx1 knockout had no
impact on meiosis initiation, but double knockout of Msx1
and Msx2 could result in decreased Stra8 expression and the
number of Sycp3 positive meiocytes, which reveals a compensatory mechanism between Msx1 and Msx2 in regulating
Stra8 expression.39 Moreover, Gata2 has a similar expression
pattern as Msx2, and it is generally consistent with its protein
expression, suggesting its role in promoting meiosis initiation.40 Additionally, we detected robust signals of POU5F1
and STRA8 at the E12.5 and E14.5 female gonads, respectively, while we did not detect the signals of STRA8 and
POU5F1 at the E12.5 and E14.5 female gonads, respectively,
through whole-mount staining (Figure S3E). These results
indicated that the transition from mitosis to meiosis mainly
occurs between these two stages. Furthermore, Sox4 is also
highly expressed at the pre-leptotene stage. Although Sox4 is
essential for male germ cell differentiation, the female fetal
germ cells appear unperturbed in Sox4 knockout mice.41 In
addition, H3K4me3 ChIP-seq on E12.5 and E14.5 FGCs has
demonstrated that the level of H3K4me3 at the promoters of
meiotic genes, such as Stra8, Rec8, and Sycp3, increases significantly, whereas that at the promoters of pluripotent genes,
such as Pou5f1 and Nanog, decreases during the transition
from mitosis to meiosis.7 These data suggest that H3K4me3
may play important roles in switching on meiotic genes and
switching off pluripotent genes to further promote meiosis
initiation and repress PGC program.
In conclusion, using the scRNA-seq method, we have obtained the expression profiles of 19 363 FGCs from PGCs to
oogonia and then, to meiotic pachytene oocytes. Data presented in this study provide us with a comprehensive view to
understand the regulatory network for meiosis initiation and
progression. In addition, we listed the meiosis-related genes
from the perspectives of the cell cycle, transcription factors,

|

11

and DNA damage repair-associated genes. These findings
will expand our knowledge of FGC meiosis and might also
be helpful for screening genes that may be applied to in vitro
culture of gametes.
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