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Germ cells form the basis for sexual reproduction by producing
gametes. In ovaries, primordial germ cells exit the cell cycle and
the pluripotency-associated state, differentiate into oogonia, and
initiate meiosis. Despite the importance of germ cell differentia-
tion for sexual reproduction, signaling pathways regulating their
fate remain largely unknown. Here, we show in mouse embryonic
ovaries that germ cell–intrinsic β-catenin activity maintains pluri-
potency and that its repression is essential to allow differentiation
and meiosis entry in a timely manner. Accordingly, in β-catenin
loss-of-function and gain-of-function mouse models, the germ
cells precociously enter meiosis or remain in the pluripotent state,
respectively. We further show that interaction of β-catenin and the
pluripotent-associated factor POU5F1 in the nucleus is associated
with germ cell pluripotency. The exit of this complex from the
nucleus correlates with germ cell differentiation, a process pro-
moted by the up-regulation of Znrf3, a negative regulator of
WNT/β-catenin signaling. Together, these data identify the molec-
ular basis of the transition from primordial germ cells to oogonia
and demonstrate that β-catenin is a central gatekeeper in ovarian
differentiation and gametogenesis.
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Primordial germ cells (PGCs) give rise to the next generation
by differentiating from pluripotent progenitors into highly

specialized, sexually dimorphic cells, the gametes, which in turn
generate a totipotent zygote after fertilization. In mammals, PGCs
colonize the embryonic gonad at midgestation (i.e., at 10.5 d post
coitum [dpc] in mice). At this point, they become gonocytes but
are still commonly termed PGCs until they stop proliferating in
the gonad (1), gain their capacity for irreversible sexual differen-
tiation, a process called germ cell licensing (2), and become either
female (oogonia) or male (prospermatogonia) (3). In the mouse
ovary, gonocytes express core pluripotency genes such as Pou5f1
(also known as Oct4), Nanog, and Sox2 (4, 5) until they move
toward oogenesis. At 13.5 dpc, the germ cells stop proliferating in
a cell-autonomous manner and enter meiosis following an intrinsic
timing mechanism that is not fully understood (6, 7). This mechanism
leads to epigenetic modifications (8, 9), including genome-wide
loss of 5-methylcytosine and the activity of the methylcytosine
dioxygenase TET1 and of the Polycomb Repressive Complex 1
(PRC1) to ensure the timely and efficient activation of germline
reprogramming genes (9–12). In addition, expression of the
transcriptional regulator Zglp1, induced by BMP2 signaling,
confers the oogenic fate and stimulates meiosis entry (13, 14)
by up-regulating the expression of Stimulated by Retinoic Acid
8 (Stra8) and Meiosin (15, 16). So far, the intrinsic mechanisms
that enable gonocytes to exit pluripotency, differentiate, and
enter meiosis in a timely manner remain largely elusive. In
PGCs, POU5F1 is essential for specification and survival (17, 18),

but the lethality induced by Pou5f1 genetic deletion prevented
further analysis of its function at later stages of germ cell devel-
opment. All-trans retinoic acid (ATRA) signaling has been long
considered the key pathway that promotes Stra8 expression and
germ cell decision to enter meiosis (19, 20). However, recent re-
ports show that ATRA signaling is dispensable for meiosis initi-
ation and Stra8 expression but rather increases the level of Stra8
transcription (21, 22).
In the postnatal mouse testis, WNT/β-catenin signaling pro-

motes spermatogonial stem cell proliferation and differentiation
(23–25). Activation of WNT/β-catenin signaling is restricted by
the expression of SHISA6, a cell-autonomous WNT-inhibitor, thus
maintaining pluripotency in a subset of undifferentiated sper-
matogonia (25, 26). In mouse ovaries, WNT/β-catenin signaling is
involved in the temporal control of somatic differentiation. Thus,
impairing WNT/β-catenin activity by the genetic deletion of either
Ctnnb1 (encoding β-catenin) in Sf1-positive somatic cells, Wnt4, a
ligand activating theWNT/β-catenin signaling, orRspo1, an agonist of
the same pathway, both produced by somatic cells (27), accelerates
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the differentiation of the fetal granulosa cells into mature granulosa
cells (28) and eventually triggers transdifferentiation into somatic
testicular (Sertoli) cells (27, 29, 30). In addition, WNT/β-catenin
signaling is active in gonocytes, and the genetic deletion of Rspo1
or Wnt4 also impairs germ cell sexual differentiation (31, 32).
Nevertheless, it was not possible so far to address whether the
effect on gonocytes of Rspo1 or Wnt4 genetic deletion was direct
or indirect. Indeed, the abnormal sexual differentiation of the
somatic cells in the XX Rspo1−/− orWnt4−/− gonads (27, 29) likely
impacts germ cell development and prevents determination of the
specific function of WNT/β-catenin signaling in female germ cells.
The interaction of secreted WNTs with Frizzled and LRP5/6

receptors activates the β-catenin-dependent (canonical) pathway
(33). In the resting state, cytosolic and nuclear pools of β-catenin
must be maintained at a very low level through rapid turnover of free
β-catenin by the degradation complex composed by APC, AXIN2,
CK1, and GSK3β (34). GSK3β mediates β-catenin phosphorylation,
eventually leading to its degradation by the 26S proteasome (35, 36).
UponWNT activation, the degradation complex is anchored at the
membrane, and cytoplasmic β-catenin is not degraded and enters
the nucleus, where it associates with transcription factors, notably
TCF and LEF1, to regulate the transcription of target genes. The
availability of the WNT-receptor complex at the membrane, critical
for the regulation of WNT signaling, depends on ZNRF3 and
RNF43. Indeed, these related transmembrane E3 ubiquitin ligases
balance adequate levels of WNT activity by selectively ubiquitinating
Frizzled receptors, thereby targeting them for degradation (37, 38).
We have now addressed the specific role of WNT/β-catenin

signaling in female gonocytes by genetic deletion of Ctnnb1
in vivo. The genetic deletion of Ctnnb1 in the somatic progenitor
cells inhibits Bmp2 expression, promoting the maintenance of
the pluripotency in the gonocytes and impairing meiosis entry.
By contrast, genetic deletion of Ctnnb1 in gonocytes is accom-
panied by changes in chromatin accessibility including POU5F1-
regulated loci. The gonocytes precociously exit pluripotency, dif-
ferentiate, and eventually enter meiosis. Finally, maintenance of
WNT receptor activity by the genetic deletion of Znrf3 maintains
gonocyte pluripotency, revealing that ZNRF3 negatively regulates
WNT/β-catenin signaling in gonocytes to allow them to differen-
tiate. Together, our results demonstrate that a finely tuned timing
in WNT/β-catenin signaling activity controls the differentiation of
the gonocytes and their entry into meiosis.

Results
β-Catenin Activity in Somatic Cells Promotes Meiosis Entry through
Regulation of Bmp2. To differentiate between Ctnnb1 functions in
different ovarian cell types, we generated two genetic models
allowing a cell-specific deletion of Ctnnb1 using either the Wt1-
CreERT2 recombinase that is active in the somatic cells of the
ovary (Fig. 1 and SI Appendix, Fig. S1) (39) or the Sox2-CreERT2
recombinase (40) that is expressed in the primordial germ cells
(Fig. 2) (40). In both models (Wt1-CreERT2;Ctnnb1flox/flox and
Sox2-CreERT2;Ctnnb1flox/flox embryos), conditional deletion of
Ctnnb1 was induced upon two tamoxifen (TAM) treatments at
9.5 and 10.5 dpc (Fig. 2B and SI Appendix, Fig. S1B). We first
focused our attention on the effects of Ctnnb1 genetic deletion in
somatic cells (Wt1-CreERT2;Ctnnb1flox/flox animals). In this condition,
both β-catenin and LEF1 nuclear staining were absent from somatic
cells in Wt1-CreERT2;Ctnnb1flox/flox animals (SI Appendix, Fig. S1C).
In contrast, their expression remained in germ cells (SI Appendix, Fig.
S1C). This demonstrates that WNT/β-catenin signaling was effi-
ciently inactivated in a cell-specific fashion in this model.
At 13.5 dpc, the expression of FOXL2, which marks pregranulosa

cells (41, 42), was not affected in Wt1-CreERT2;Ctnnb1flox/flox go-
nads compared to control gonads, and the Sertoli cell markers
SOX9 and AMH were not expressed (SI Appendix, Fig. S1), in-
dicating that the sexual identity of the FOXL2-positive somatic
cells was not compromised at this stage of development. Moreover,

we found that the proliferation of both germ cell and somatic cell
populations was not significantly affected by the somatic Ctnnb1
loss-of-function (SI Appendix, Fig. S2B). We next checked that
deleting Ctnnb1 from the somatic progenitor cells recapitulated the
phenotypes of the Rspo1 and the Wnt4 genetic deletions (27, 28,
31, 32) (i.e., maintenance of POU5F1 and SSEA1 expression in
germ cells) (Fig. 1A and SI Appendix, Fig. S2A), ectopic expression
of the male germ cell marker Nanos2 (Fig. 1B), and decrease of
Stra8 expression (Fig. 1B). Stra8 mRNA was severely decreased in
germ cells from Wt1-CreERT2;Ctnnb1flox/flox animals. Strikingly, we
found almost no expression of Bmp2 mRNA, encoding a secreted
factor required for the oogenic fate and meiosis entry of PGC-like
cells in culture (13, 43), in 13.5 dpc Wt1-CreERT2;Ctnnb1flox/flox

gonads compared to the control gonads. This suggests that Bmp2
expression is regulated by the WNT/β-catenin activity in somatic
cells and promotes the molecular crosstalk between somatic cells
and gonocytes and, indirectly, germ cell entry into meiosis (Fig. 1B).

β-Catenin Activity Controls Cell Cycle Exit in Germ Cells. We next
focused our attention on the consequences of Ctnnb1 genetic de-
letion in primordial germ cells (Sox2-CreERT2;Ctnnb1flox/flox ani-
mals). In this condition, both β-catenin and LEF1 nuclear staining
were absent from germ cell nuclei in Sox2-CreERT2;Ctnnb1flox/flox

animals (Fig. 2D and SI Appendix, Fig. S3), whereas their ex-
pression remained in somatic cells. To quantify Axin2 expression
in germ cells, we used mice harboring both the CRE-recombinase
reporter (named mTmG reporter hereafter) (44) and the Sox2-
CreERT2 recombinase. In this model, the expression of the
membrane-tagged GFP was specifically activated in the majority
of the germ cells after tamoxifen (TAM) administration, allowing
fluorescent-activated cell sorting (FACS) purification. At 12.5 dpc,
Axin2 mRNA levels were strongly reduced in gonocytes (Fig. 2E),
indicating an efficient inactivation of WNT/β-catenin signaling. It
is noteworthy that Ctnnb1 deletion in gonocytes did not affect the
development of the embryos (Fig. 2C) nor the somatic cell pro-
liferation (Fig. 2C) or sexual differentiation of the ovaries, as
evidenced by the expression of FOXL2 and the absence of SOX9
and AMH expression (Fig. 2D and SI Appendix, Fig. S3).
To assess the contribution of WNT/β-catenin signaling in germ

cell proliferation, we performed immunostaining using MKI67
antibody, which marks all stages of cell-cycle progression. Whereas
germ cell proliferation was not modified at 11.5 dpc, quantifica-
tion of the number of MKI67-positive versus total germ cells
(TRA98-positive) at 12.5 and 13.5 dpc highlighted a significant
decrease of proliferative germ cells in the TAM-treated Sox2-
CreERT2;Ctnnbflox/flox ovaries compared to controls, with 27.72 to
17.16% fewer proliferative germ cells, respectively (P = 0.000939).
Somatic cell proliferation, by contrast, was not impacted (Figs. 2C
and 3A and SI Appendix, Fig. S4). As a consequence, the total
number of germ cells was decreased in the Sox2-CreERT2;Ctnnbflox/flox

ovaries compared to controls at 12.5 dpc (Fig. 3A). This suggests that
germ cells stopped proliferating in the Sox2-CreERT2;Ctnnb1flox/flox

ovaries and exited the cycling state earlier than in control ova-
ries. These results indicate that β-catenin signaling instructs the
mitotic cell-cycle of gonocytes.

β-Catenin Regulates the Timing of Germ Cell Differentiation.We next
examined the differentiation of germ cells in the absence of
WNT/β-catenin signaling activity in Sox2-CreERT2;Ctnnb1flox/flox

embryonic ovaries. We found that the mRNA levels of the
pluripotency-associated markers Pou5f1 (Oct4), Sox2, and Nanog
were significantly reduced in purified germ cells from 12.5 dpc
gonads (Fig. 2E). This was accompanied by an increase in mRNA
expression levels of Piwil2 and Ddx4, two markers of germ cell
differentiation, suggesting that gonocytes precociously differenti-
ated when canonical WNT/β-catenin signaling was down-regulated.
POU5F1-positive gonocytes were less abundant in the mutant ovaries
at 12.5 dpc, with some DDX4-positive gonocytes being devoid of
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POU5F1, whereas gonocytes were positive for both markers in
control ovaries (Fig. 2B and SI Appendix, Fig. S4). We next analyzed
the expression of SSEA1 and POU5F1, two pluripotency-associated
markers, and DAZL and DDX4, two markers of germ cell differ-
entiation, at 13.5 dpc. We found that the number of SSEA1- or
POU5F1-positive germ cells was significantly reduced from 45 to
25% and from 40 to 15% of total germ cells, respectively, whereas
the number of DAZL- or DDX4-positive germ cells was significantly
increased from 55 to 75% and from 60 to 85%, respectively, in
mutant compared to control ovaries (Fig. 3B). We next verified that
functional heterozygosity of the Sox2 allele due to the insertion of
the Sox2-CreERT2 transgene did not impair the fate of the germ
cells. Immunodetection of POU5F1 and SOX2 highlighted that
these two proteins were similarly expressed in oil-treated Sox2-
CreERT2;Ctnnbflox/flox compared to Ctnnb1flox/flox embryonic ova-
ries, while POU5F1 expression was severely impaired and SOX2
expression was absent in TAM-treated Sox2-CreERT2;Ctnnbflox/flox

ovaries (SI Appendix, Fig. S5). Our data demonstrate that the ab-
sence of WNT/β-catenin activity impaired gonocyte pluripotency
and triggered a precocious differentiation, suggesting that β-catenin
is required to maintain the pluripotency state in gonocytes.

Chromatin Accessibility is Modified in Germ Cells in Absence of WNT/
β-Catenin Signaling. Chromatin state is critical for the timing of
germ cell differentiation in mouse ovaries (9, 11). To investigate

whether WNT/β-catenin signaling triggers chromatin modifications
in gonocytes, we performed an assay for transposase-accessible
chromatin (ATAC-seq) to map open and closed chromatin. We
surveyed differences in chromatin accessibility between control and
Sox2-CreERT2;Ctnnb1flox/flox germ cells isolated from 12.5 dpc
embryos, when gonocytes initiate the transition from pluripotency
to differentiation (Fig. 4 and SI Appendix, Fig. S6). The vast ma-
jority of the regions displaying significant differences in chromatin
accessibility were localized both in promoters and intergenic re-
gions and appeared less accessible upon the loss of Ctnnb1 (46 out
of 48 regions) (SI Appendix, Fig. S6 A and B). Gene Ontology
analysis revealed that these genomic regions were associated with
differentiation and transcriptional regulation, chromatin modifi-
cation, chromosome X reactivation, meiosis, and WNT/β-catenin
signaling (Fig. 4A), which are all features of gonocyte develop-
ment. Notably, the genomic regulatory regions that were more
closed in the absence of Ctnnb1 included Ncoa1 and Tbl1x, which
enhance the transcriptional activity through chromatin remodel-
ling by mediating exchanges of corepressors for coactivators (45,
46), Tdrd12, which is involved in Piwi-interacting RNA biogenesis
(47) and Tsix/Xist, required for chromosome X dosage compen-
sation (48) (SI Appendix, Fig. S6C). Moreover, mutations in some
of these genes, such as Ncoa1 and Tdrd12, cause spermatogenesis
defects (47, 49). Together, these results indicate that WNT/β-catenin

Fig. 1. Ctnnb1 deletion in the somatic progenitor
cells indirectly impairs germ cell licensing. (A, Upper)
Immunodetection of POU5F1 (red) and DDX4 (germ
cells, green) in 13.5 dpc control (Ctnnb1flox/flox) and
Wt1-CreERT2; Ctnnb1flox/flox ovaries. (Lower) Immuno-
detection of DAZL (red) and SSEA1 (white) in 13.5 dpc
control (Ctnnb1flox/flox) andWt1-CreERT2; Ctnnb1flox/flox

ovaries. DAPI (blue): nuclei. (Scale bars: 50 or 20 μm.) (B)
In situ hybridization using Bmp2, Stra8, and Nanos2
riboprobes at 13.5 dpc in control (Ctnnb1flox/flox, Left)
and Wt1-CreERT2; Ctnnb1flox/flox (mutant, Right) ova-
ries (dotted circles). (Scale bars: 50 μm.) (Inset) Bmp2
expression in the developing bone of !the same
Wt1-CreERT2; Ctnnb1flox/flox mutant animal as positive
control. (Inset) Nanos2 expression in sex cords from
13.5 dpc testis as positive control. Histograms: qRT-PCR
analysis of Bmp2, Stra8, and Nanos2 (expression in 13.5
dpc control (Ctnnb1flox/flox, gray) and Wt1-CreERT2;
Ctnnb1flox/flox (pale gray) ovaries. Student’s t test, un-
paired. Bars represent mean + SEM, n = 6 individual
gonads. ***P < 0.001.
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activity regulates the program of germ cell differentiation including
modifications of chromatin accessibility.

POU5F1 and β-Catenin Physically Interact and Exit Nucleus during
Germ Cell Differentiation. Remarkably, among the genomic sites
with reduced accessibility in the absence of Ctnnb1 that were

revealed by the ATAC-seq assay, 20.69% of them exhibited
binding motifs for the transcription factor POU5F1 (P = 0.000001)
(Fig. 4B), suggesting that POU5F1 and β-catenin cooperate to
regulate target loci involved in germ cell differentiation. These
observations prompted us to further analyze POU5F1 expression
and activity during germ cell differentiation. Whereas POU5F1

Fig. 2. Ctnnb1 deletion in the primordial germ cells does not affect the size of the animals nor the somatic cell differentiation but impairs germ cell dif-
ferentiation. (A) Schematic representation of the strategy used to delete Lox-P–flanked Ctnnb1 (encoding β-catenin) in the primordial germ cells in an in-
ducible manner using the Sox2-CreERT2 line specifically expressed in germ cells. (B) Protocol of induction of Sox2-CreERT2 (9.5 and 10.5 dpc onward). TAM:
Tamoxifen. (C) Macroscopic view of a 13.5 dpc litter containing control (Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox (black asterisks) embryos displaying
any major physical abnormalities and normal size. Histograms: quantification of the percentage of both MKI67-positive somatic cells (i.e., proliferating so-
matic cells) in 12.5 dpc control (Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox ovaries. Student’s t test, unpaired. Bars represent mean + SEM, ns: not sig-
nificant. (D) Immunodetection of β-catenin (red) and TRA98 (germ cells, green) (Upper) and CDH1 (red) and LEF1 (green) (Lower) in 13.5 dpc control
(Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox ovaries. DAPI (blue): nuclei. (Scale bars: 50 or 20 μm.) Immunodetection of CDH1 (germ cells, red) and FOXL2
(pregranulosa cells, green) (Upper) and SOX9 (male somatic cells, red), AMH (male somatic cells, white), and TRA98 (germ cells, green) (Lower) in 13.5 dpc
control (Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox ovaries. (Inset) The 13.5 dpc XY embryonic gonad used as a positive control for SOX9 and AMH
expression. DAPI (blue): nuclei. (Scale bars: 50 or 20 μm.) (E, Left) qRT-PCR analysis of Axin2 expression in purified germ cells from 12.5 dpc control
(Ctnnb1flox/flox) (dark gray) and Sox2-CreERT2; Ctnnb1flox/flox (pale gray) ovaries. Student’s t test, unpaired. Bars represent mean + SEM, n = ∼30,000 germ cells
FACS-purified from 20 individual gonads. ***P < 0.001. (Right) qRT-PCR analysis of Pou5f1, Sox2, Nanog, Ddx4, and Piwil2 expression in purified germ cells
from 12.5 dpc control (Ctnnb1flox/flox) (dark gray) and Sox2-CreERT2; Ctnnb1flox/flox (pale gray) ovaries. Student’s t test, unpaired. Bars represent mean + SEM,
n = ∼30,000 germ cells FACS-purified from 20 individual gonads. ***P < 0.001.
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was detected in the nucleus of control germ cells, POU5F1 was
readily detectable in the cytoplasm of ∼32% of germ cells (P =
0.011) in Sox2-CreERT2;Ctnnb1flox/flox ovaries at 12.5 dpc (Fig. 4 C
and D). This increased to 82% of the germ cells at 13.5 dpc,
whereas only 31% of control germ cells harbored cytoplasmic
POU5F1 (P = 0.000027) (Fig. 4 C and E). We next investigated
whether premature localization of POU5F1 to the cytoplasm in
the absence of β-catenin modified the expression of POU5F1
target genes. We quantified mRNA levels of Pou5f1 and Dppa3,
which are targets of POU5F1 in embryonic stem cells (ESCs) (50,
51) and are expressed in pluripotent mouse germ cells (52).
Pou5f1 and Dppa3 levels were significantly down-regulated in
the Sox2-CreERT2;Ctnnbflox/flox germ cells at 13.5 dpc (Fig. 4F),
suggesting that POU5F1 transcriptional activity was decreased in
Sox2-CreERT2;Ctnnb1flox/flox germ cells.
To gain further insight into the mechanism of β-catenin action,

we investigated the localization of POU5F1 and β-catenin by
confocal microscopy during germ cell differentiation in wild-type
ovaries in vivo. Whereas both of them were detected in the nu-
cleus of gonocytes at 12.5 dpc, they were mostly localized to the
cytoplasm at 14.5 dpc (Fig. 5 A and B). These observations further
suggest that POU5F1 and β-catenin colocalize to the nucleus or
the cytoplasm depending on the level of WNT/β-catenin activity.
To investigate whether POU5F1 and β-catenin physically interact,
we performed immunoprecipitation experiments on protein ex-
tracts from 12.5 and 14.5 dpc ovaries, using a POU5F1-specific

antibody (Fig. 5C). At 12.5 dpc, POU5F1 was weakly associated
with β-catenin. In contrast, at 14.5 dpc, POU5F1 strongly coim-
munoprecipitated with β-catenin and with CDH1, which is
expressed outside of the nucleus (Fig. 5C). To verify POU5F1 and
β-catenin interaction in the germ cell cytoplasm at 14.5 dpc, we
performed cell fractionation experiments followed by immuno-
precipitation using a POU5F1-specific antibody and checked the
expression of POU5F1 and β-catenin in either nuclear or cyto-
plasmic/membranous fractions by Western blot (Fig. 5D). We first
validated the purity of each fraction by analyzing the expression of
different markers such as CDH1 and GAPDH for the cytoplasmic
fraction and RNA Polymerase II and Histone H3 for the nuclear
fraction (Fig. 5D). Even though POU5F1 and β-catenin were still
weakly detected in the nuclear fraction, they were mainly
expressed in the cytoplasmic fraction where they coimmunopre-
cipitated, further confirming the cytoplasmic localization and as-
sociation of the two proteins at this stage. Taken together, these
observations indicate that β-catenin and POU5F1 physically in-
teract in germ cells, an association which may maintain the lo-
calization of both in the nucleus of pluripotent germ cells in vivo
until they enter differentiation.

β-Catenin Activity Regulates the Timing of Meiosis Initiation.To investigate
whether germ cells entered meiosis in the Sox2-CreERT2;Ctnnb1flox/flox

ovaries, we examined the profile of Stra8 expression by in
situ hybridization analyses and qRT-PCR at 12.5 and 13.5 dpc

Fig. 3. Germinal ablation of Ctnnb1 impairs gonocyte proliferation and differentiation. (A, Left) Immunodetection of MKI67 (proliferating cells, red) and
TRA98 (germ cells, green) in 12.5 and 13.5 dpc control (Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox ovaries. DAPI (blue): nuclei. (Scale bars: 50 or 20 μm.)
Histograms: quantification of the percentage of total germ cells (TRA98-positive cells) versus total gonadal cells in 12.5 dpc control (Ctnnb1flox/flox, dark gray)
and Sox2-CreERT2; Ctnnb1flox/flox (dotted gray) ovaries. Graphs (Right): quantification of both MKI67- and TRA98-positive cells (i.e., proliferating germ cells) in
11.5, 12.5, and 13.5 dpc control (Ctnnb1flox/flox, dark gray) and Sox2-CreERT2; Ctnnb1flox/flox (dotted pale gray) ovaries. Student’s t test, unpaired. Bars rep-
resent mean + SEM; **P < 0.01 and ***P < 0.001. (B, Upper) Immunodetection of POU5F1 (red) and DDX4 (germ cells, green) in 12.5 and 13.5 dpc control
(Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox ovaries. (Lower) Immunodetection of DAZL (red) and SSEA1 (white) in 13.5 dpc control (Ctnnb1flox/flox) and
Sox2-CreERT2; Ctnnb1flox/flox ovaries. DAPI (blue): nuclei. (Scale bars: 50 or 20 μm.) (Right) Histograms: quantification of DDX4-positive cells (dark gray) and
POU5F1-DDX4 double positive cells (dotted gray) (%) in control (Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox ovaries from 12.5 (Upper) and 13.5 dpc
(Middle) embryos after immunodetection. Quantification of DAZL-positive cells (dark gray) and SSEA1-DAZL double positive cells (dotted gray) (%) (Lower) in
control (Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox ovaries from 13.5 dpc embryos after immunodetection. Student’s t test, unpaired. Bars represent
mean + SEM. ns: not significant; ***P < 0.001.
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(Fig. 6 A and B). Strikingly, whereas Stra8 expression was lost in
the majority of the germ cells inWt1-CreERT2;Ctnnb1flox/flox gonads
at 13.5 dpc (Fig. 1), Stra8-positive germ cells were readily detected
in the Sox2-CreERT2;Ctnnb1flox/flox ovaries but not in controls at
12.5 dpc and were present in both genotypes at 13.5 dpc (Fig. 6A).
qRT-PCR revealed a robust and precocious increase in Stra8 ex-
pression in Sox2-CreERT2;Ctnnb1flox/flox germ cells at 12.5 dpc
compared to their control germ cells, reaching the same levels of
expression one day later in control and mutant germ cells (Fig.
6B), indicating that gonocytes have precociously differentiated as
oocytes and initiated meiosis.
In contrast to the loss of Bmp2 expression in Wt1-

CreERT2;Ctnnb1flox/flox gonads, Bmp2 expression was not affected
in Sox2-CreERT2;Ctnnb1flox/flox ovaries, confirming that the somatic
environment was not modified by Ctnnb1 deletion in germ cells
(Fig. 6 A and B). Moreover, Bmp2 was already expressed at 12.5 dpc
in both control and Sox2-CreERT2;Ctnnb1flox/flox ovaries, indicating
that gonocytes required cell-intrinsic WNT/β-catenin activity to
regulate the timing of meiosis entry, in addition to somatic signals
stimulating the oogenic fate.

β-Catenin Stabilization Extends the Pluripotency Phase in Germ Cells.
To determine whether stabilizing β-catenin impairs gonocyte
differentiation, we used a loss-of-function model of GSK3β, a
key kinase of the degradation complex of β-catenin (53).
Immunostaining experiments revealed that GSK3β was present
in the cytoplasm of both germ cells and somatic cells in the ovary
at 13.5 dpc (Fig. 7A and SI Appendix, Fig. S7), suggesting that
GSK3β-mediated regulation of β-catenin levels was active in
both cell types. Moreover, its mRNA levels, measured in germ
cells purified by FACS, increased as they differentiated (Fig.
7C). We next confirmed that the genetic ablation of Gsk3β sta-
bilized WNT/β-catenin activity as evidenced by strong expression
of LEF1 and an up-regulation of Axin2 expression in Gsk3β−/−

ovaries (Fig. 7 A and E). Importantly, GSK3β protein was absent

in Gsk3β−/− ovaries, in contrast to control littermates. We con-
clude that genetic deletion of Gsk3β ectopically maintained
WNT/β-catenin signaling activity in the developing ovaries.
Next, we addressed the proliferative behavior of gonocytes in

Gsk3β−/− ovaries, by injection of Bromo-deoxyUridine (BrdU) over
a 3 h timeframe and quantification of the number of BrdU-positive
germ cells versus total germ cells at 13.5 dpc (Fig. 7B). This number
was significantly increased in the Gsk3β−/− ovaries compared to the
controls (Fig. 7D). We next investigated the differentiating state of
gonocytes in absence of Gsk3β. The expression levels of the
pluripotency-associated markers Pou5f1, Sox2, and Nanog mRNA
were significantly increased in the mutant ovaries compared to the
controls at 13.5 dpc (Fig. 7E). This was accompanied by an increase
in the percentage of POU5F1- and SSEA1-positive germ cells and a
decrease in the percentage of DAZL- and DDX4-positive germ
cells in the absence ofGsk3β (Fig. 7F and SI Appendix, Fig. S7). This
indicates that β-catenin ectopic stabilization led to the maintenance
of pluripotency in gonocytes, which prevented them from differen-
tiating as they normally would in control ovaries. Note that the
lethality of the Gsk3β−/− embryos at 13.5 dpc prevented us analyzing
when and whether meiosis was initiated in the absence of Gsk3β.
Together, these results indicate that inhibiting WNT/β-catenin activity
is required for gonocyte differentiation.

WNT/β-Catenin Signaling is Extinguished while Gonocytes Differentiate.
Given the crucial role of β-catenin signaling in regulating the
timing of gonocyte differentiation, we decided to investigate the
temporal window of β-catenin activity in the embryonic ovary. To
this aim, we performed a time-course analysis of the expression
of known markers of canonical WNT/β-catenin signaling (i.e.,
β-catenin, POU5F1, Lef1/LEF1 and Axin2) (54–56) by immu-
nostaining and RNAscope in situ hybridization in mouse ovaries at
11.5 dpc when primordial germ cells have just colonized the gonad
in mice, 12.5 dpc when somatic cells are sexually differentiated,
13.5 dpc when germ cells initiate meiosis, and 14.5 dpc when they

Fig. 4. Germinal ablation of Ctnnb1 triggers POU5F1
precocious exit from germ cell nucleus. (A) Gene
Ontology terms associated with chromatin regions
that are differentially opened/closed between control
(Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox iso-
lated germ cells from 12.5 dpc ovaries based on
PANTHER classification software (log fold change ≥
0.5) and names of the corresponding genes. Adjusted
P values are indicated. n = 50,000 germ cells in
duplicate for each genotype. (B) Motif enrichment
analysis of differentially open chromatin regions (with
adjusted P value and percentage of target sequences
with motif). POU5F1 fixation motif was found at first
rank among genomic regions being down-regulated
between control (Ctnnb1flox/flox) and Sox2-CreERT2;
Ctnnb1flox/flox isolated germ cells. (C ) Immunode-
tection of POU5F1 (red) in 12.5 and 13.5 dpc control
(Ctnnb1flox/flox) and Sox2-CreERT2; Ctnnb1flox/flox ova-
ries. DAPI (blue): nuclei. (Scale bars: 50 or 20 μm.) (D
and E) Histograms: quantification of the percentage
of nuclear (gray) and cytoplasmic (dotted gray)
POU5F1-positive cells in 12.5 and 13.5 dpc control
(Ctnnb1flox/flox, gray) and Sox2-CreERT2; Ctnnb1flox/flox

(dotted gray) ovaries. Student’s t test, unpaired. Bars
represent mean + SEM. *P < 0.05 and ***P < 0.001.
(F) qRT-PCR analysis of Pou5f1 and Dppa3 (Stella) ex-
pression in 13.5 dpc control (Ctnnb1flox/flox, gray) and
Sox2-CreERT2; Ctnnb1flox/flox (dotted gray) ovaries.
Student’s t test, unpaired. Bars represent mean + SEM;
n = 10 individual gonads. **P < 0.01; ***P < 0.001.
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are progressing to meiosis. Immuno-localization experiments on
wild-type ovaries revealed that LEF1 was strongly expressed in the
nucleus of germ cells at 11.5, 12.5, and 13.5 dpc and was then
down-regulated at 14.5 dpc (SI Appendix, Fig. S8 A and C). Lef1
mRNA levels were significantly down-regulated in purified germ
cells as they progressed toward differentiation (SI Appendix, Fig.
S8D). In addition, β-catenin was strongly expressed in the nucleus,
cytoplasm, and membrane of both somatic cells and germ cells at
11.5 and 12.5 dpc (SI Appendix, Fig. S8B). The expression then
slightly decreased at 13.5 dpc (as quantified in SI Appendix, Fig.
S8C), becoming located in the cytoplasm and at cell membrane at
14.5 dpc. These results were corroborated with Axin2 RNAscope
in situ hybridization analysis showing that, whereas almost 100%
of the germ cells expressed Axin2 at 12.5 dpc, Axin2 expression
was severely reduced or even absent in germ cells at 14.5 dpc (SI
Appendix, Fig. S8E). Together, our data show that WNT/β-catenin
pathway, initially active in gonocytes, was progressively repressed
while they differentiated.

ZNRF3, an Inhibitor of WNT/β-Catenin Activity, Positively Regulates
Germ Cell Differentiation. To investigate the mechanism by which
WNT/β-catenin pathway was progressively inhibited during germ
cell differentiation, we examined the expression of ZNRF3, a
repressor of WNT/β-catenin signaling that is expressed in ovaries

(57). We found that about 25% of germ cells expressed Znrf3
mRNA at 12.5 dpc, whereas this number increased to 75% at 14.5
dpc (Fig. 8 A and B). Remarkably, this increase was correlated
with the down-regulation of WNT/β-catenin signaling between
12.5 and 14.5 dpc (SI Appendix, Fig. S8), suggesting that Znrf3
negatively regulates WNT/β-catenin activity in the differentiating
germ cells.
To test the claim that ZNRF3 promotes the inactivation of

WNT/β-catenin signaling in gonocytes, we analyzed the differ-
entiation state of germ cells in the absence of Znrf3. As Znrf3 is
not only expressed in germ cells but also in ovarian somatic cells
(Fig. 8A), we first confirmed that the supporting cells of the
Znrf3−/− ovary differentiated as ovarian granulosa cells, expressing
FOXL2, and not as testicular cells expressing SOX9 (Fig. 8C). In
the Znrf3−/− ovaries, the majority of the germ cells maintained
POU5F1 expression and did not enter meiosis as evidenced by the
reduced SCP3 expression (Fig. 8D), demonstrating that ZNRF3 is
required for the repression of WNT/β-catenin signaling in gono-
cytes, thus allowing them to exit the pluripotent state and
differentiate.

WNT/β-Catenin Signaling Activity Controls the Genetic Program of
Gonocyte Differentiation and Entry into Meiosis. Finally, to com-
plete the analysis of the gonocyte phenotype of the four mutant

Fig. 5. POU5F1 and β-catenin physically interact dur-
ing gonocyte differentiation. (A) Immunodetection of
POU5F1 (red) and β-catenin (green) in 12.5 and 14.5 dpc
wild-type ovaries. DAPI (blue): nuclei. (B) High magni-
fication of immunodetection of POU5F1 (red) and
β-catenin (green) in 12.5 and 14.5 dpc wild-type ovaries.
DAPI (blue): nuclei. (C) Immunodetection by Western
blot of β-catenin, POU5F1, CDH1, and GAPDH directly in
protein lysate (“input”) or in pellets after immunopre-
cipitation with control IgG (“control IP”) or with
POU5F1-raised specific antibody (“POU5F1 IP”) or in
immunoprecipitation supernatant (“supernatant”)
at 12.5 (Left) and 14.5 (Right) dpc ovaries. (D) Immu-
nodetection by Western blot of β-catenin, POU5F1,
RNA Polymerase II and Histone H3 (as controls for
nuclear fraction), CDH1, and GAPDH (as controls for
cytoplasmic/membranous fraction) either on whole
14.5 dpc ovaries (Left) or after subcellular fraction-
ation (Middle and Right) in total cell lysate, nuclear
and cytoplasmic fractions, before (Middle) and after
immunoprecipitation with control IgG (“control IP”)
or with specific anti-POU5F1 antibody (“POU5F1 IP”)
(Right). Histograms: quantification of the expression
of β-catenin (green) and POU5F1 (red) after Western
blot in nuclear and cytoplasmic fractions (nuclear or
cytoplasmic expression normalized with the total ex-
pression for each protein).
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mouse lines, we designed an qRT-PCR assay in which we com-
pared the fold changes of the relative expression of 19 key genes
involved in germ cell fate, as described in refs. 42, 58, and 59
(SI Appendix, Fig. S9A). At 12.5 dpc, the Sox2-CreERT2;Ctnnb1flox/flox

gonocytes were clearly distinct in their expression profiles com-
pared to the other mutant genotypes, as the cluster of genes in-
volved in pluripotency such as Dppa3, Nanog, and Pou5f1 was
down-regulated, whereas the cluster of genes involved in meiosis
such as MeioC, Stra8, and Rec8 was up-regulated. These expres-
sion profiling data confirm that these gonocytes have precociously
differentiated as oocytes and initiated meiosis. By contrast, in
the Wt1-CreERT2;Ctnnb1flox/flox gonads, gonocytes maintained
a pluripotency-associated program and were prevented from en-
tering meiosis at 13.5 dpc as evidenced by the absence of up-
regulation of the expression of meiotic genes. In addition, a pro-
portion of these gonocytes adopted a male fate as indicated by
Nanos2 up-regulation (SI Appendix, Fig. S9A), further illustrating
that WNT/β-catenin activity in somatic cells regulates the crosstalk
between somatic cells and gonocytes and, indirectly, their sexual
differentiation and entry into meiosis. In contrast, gonocytes in the
Znrf3−/− and Gsk3β−/− ovaries exhibited a significant increase in
the expression of the pluripotency genes (Pou5f1, Nanog, Dppa3)
and a decrease in the expression of several meiotic genes such as
Scp3 or Prdm9 compared to control ovaries (SI Appendix, Fig.
S9A), confirming that ZNRF3 and GSK3β activities promote
gonocyte exit from pluripotency. Nevertheless, in these mutants,
gonocytes appeared to comprise a mixed population, with some
gonocytes maintaining pluripotency and others initiating meiosis,
indicating that ZNRF3- and GSK3β-regulated WNT/β-catenin

activities regulate the fate of the whole gonad including somatic
cells to synchronize gonocyte development. Together, these results
provide an overall picture of gonocyte gene-expression changes in
pathophysiological situations in which WNT/β-catenin activity is
deregulated.

Discussion
In mice, once germ cells have colonized the gonad, they undergo
profound changes in gene expression, DNA methylation, and be-
havior, thus acquiring the capacity to undertake sexual differentiation
and becoming competent for gametogenesis, a process referred to
as licensing (2). Eventually, germ cells initiate meiosis in XX go-
nads, whereas they stay quiescent in XY gonads. Whether these
changes are cell-autonomous, programmed according to some
intrinsic clock, or are induced in response to the new somatic
environment, is still a matter of debate. On the one hand, XX
germ cells enter meiosis in a wave that propagates from the an-
terior to posterior gonadal pole, suggesting that meiosis initiation
depends on an intrinsic clock with the oldest germ cells first col-
onizing the anterior pole of the ovaries (60). On the other hand,
germ cells are primed to enter meiosis when they are not in a
testicular environment (3, 61, 62). Notably, germ cell licensing,
which is required for meiotic onset (2), is regulated by diffusible
signals synthesized by the somatic environment of the ovary (63),
including ATRA (64), BMP2 (at least in vitro) (43), and by the
RSPO1/WNT/β-catenin signaling pathway (31). We have previ-
ously shown that the genetic deletion of Rspo1, an agonist of
WNT/β-catenin signaling produced by somatic cells, impairs germ
cell proliferation, sexual differentiation, and subsequently meiosis

Fig. 6. Genetic ablation of Ctnnb1 in gonocytes triggers precocious
meiosis initiation. (A) In situ hybridization using Bmp2 and Stra8
riboprobes at 12.5 and 13.5 dpc in control (Ctnnb1flox/flox, left) and
Sox2-CreERT2; Ctnnb1flox/flox (mutant, Right) ovaries (dotted circles).
(Scale bars: 50 μm.) (B) qRT-PCR analysis of levels of Bmp2 and Stra8
expression in 12.5 and 13.5 dpc control (Ctnnb1flox/flox, dark gray) and
Sox2-CreERT2; Ctnnb1flox/flox (dotted gray) ovaries. Student’s t test,
unpaired. Bars represent mean + SEM; n = 6 pairs of ovaries for each
genotype and each age. ***P < 0.001; ns not significant.

8 of 12 | PNAS Le Rolle et al.
https://doi.org/10.1073/pnas.2023376118 Arrest of WNT/β-catenin signaling enables the transition from pluripotent to

differentiated germ cells in mouse ovaries

D
ow

nl
oa

de
d 

at
 B

ib
lio

th
eq

ue
 d

e 
l'U

ni
ve

rs
ite

 d
e 

N
ic

e 
S

op
hi

a 
A

nt
ip

ol
is

-s
ec

tio
n 

S
ci

en
ce

s 
on

 S
ep

te
m

be
r 

20
, 2

02
1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023376118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023376118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023376118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023376118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023376118


initiation in the mouse ovaries (31). Hence, in the XX Rspo1−/−

gonads, the majority of the gonocytes maintained POU5F1 ex-
pression and failed to express Stra8. Nevertheless, the germ-cell
specific deletion of Ctnnb1 has never been performed, preventing
investigation of the cell-autonomous function of WNT/β-catenin
signaling in female gonocytes.
To investigate the mechanism of action of WNT/β-catenin in

oogenesis and discriminate its roles between different ovarian
cell types, we used distinct genetic models, either to deplete
Ctnnb1 from gonocytes (Sox2-CreERT2;Ctnnb1flox/flox mice) or
from somatic progenitor cells (Wt1-CreERT2;Ctnnb1flox/flox mice).
Here, we show that genetic deletion of Ctnnb1 in gonocytes trig-
gered a premature exit from the mitotic cell cycle and a precocious
meiosis onset, in contrast to genetic deletion of Rspo1 (31) and to
Ctnnb1 deletion in WT1-positive cells (reported here), whereas
stabilization of Ctnnb1 caused a delay in cell cycle progression, a
phenotype also reported by others in a PGC-specific Ctnnb1
gain-of-function model (65). Moreover, β-catenin and POU5F1
expression, localization, and activity are closely aligned during
germ cell differentiation, and they associate in the nucleus and
maintain pluripotency in gonocytes. Whereas WNT is required to
maintain the pluripotency of female gonocytes, it is critical that

the gonocytes exit this state to enter meiosis. Our data show that
down-regulation of WNT/β-catenin signaling is correlated with
Znrf3 up-regulation and with GSK3β up-regulation, both involved
in β-catenin degradation (35, 36). The inhibition of WNT/β-cat-
enin activation and the reduction of β-catenin accumulation in the
nucleus is concomitant with POU5F1 and β-catenin exit from the
nucleus, thus decreasing the expression of POU5F1 target genes
and allowing germ cell differentiation and meiosis to occur (SI
Appendix, Fig. S9). In conclusion, we propose that a fine-tuned
arrest of WNT/β-catenin signaling intrinsically promotes germ
cell differentiation and meiosis initiation. So far, how ZNRF3 and
Gsk3β become up-regulated in germ cells remains to be investi-
gated. In addition, it remains to be determined how POU5F1 and
β-catenin precisely interact at a molecular level. Moreover, further
evidence is required to identify by which mechanism these two
factors are kept away from their target loci and translocated from
the nucleus to the cytoplasm of the germ cells. Do POU5F1 and
β-catenin have another function once they translocate to the
cytoplasm is another remaining question. A model of free,
nondirectional nuclear-cytoplasm diffusion of β-catenin has been
proposed, its distribution being solely regulated by its retention in
the nucleus though interaction with other cellular components, its

Fig. 7. β-catenin stabilization through GSK3β abla-
tion leads to the maintenance of pluripotency in germ
cells. (A) Immunodetection of GSK3β (red) and TRA98
(germ cells, green) and CDH1 (red) and LEF1 (green) in
13.5 dpc control and Gsk3β−/− ovaries. DAPI (blue):
nuclei. (Scale bars: 50 or 20 μm.) (B) Immunodetection
of DDX4 (germ cells, red) and BrdU (proliferating cells,
green) in 13.5 dpc control and Gsk3β−/− ovaries. DAPI
(blue): nuclei. (Scale bars: 50 or 20 μm.) (C) qRT-PCR
analysis of Gsk3b expression in 12.5 and 14.5 dpc
control FAC-sorted germ cells. Student’s t test, un-
paired. Bars represent mean + SEM; n = 10 individual
ovaries. **P < 0.01. (D) Histograms: quantification of
DDX4-positive cells (germ cells, dark gray) and BrdU-
DDX4 double positive cells (proliferating germ cells,
dotted gray) (%) in control and Gsk3β−/− ovaries from
13.5 dpc embryos. Student’s t test, unpaired. Bars
represent mean + SEM. *P < 0.05; **P < 0.01. (E) qRT-
PCR analysis of Axin2, Pou5f1, Sox2, and Nanog ex-
pression in 13.5 dpc control (dark gray) and Gsk3β−/−

(dotted gray) ovaries. Student’s t test, unpaired. Bars
represent mean + SEM; n = 10 individual gonads. *P <
0.05; ***P < 0.001. (F) Immunodetection of POU5F1
(red) and DDX4 (green) and DAZL (red) and SSEA1
(FUT4, white) in 13.5 dpc control and Gsk3β−/− ovaries.
(Scale bars: 50 or 20 μm.) Histograms: quantification of
DDX4-positive cells (pale gray) and POU5F1-DDX4
double positive cells (dotted gray) (%) and DAZL-
positive cells (pale gray) and SSEA1-DAZL double
positive cells (dotted gray) (%) in control and Gsk3β−/−

ovaries from 13.5 dpc embryos after immunode-
tection. Student’s t test, unpaired. Bars represent
mean + SEM. ***P < 0.001.
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sequestration at the cell membrane with adhesion molecules such
as CDH1, and its degradation in the cytoplasm by the proteasome
(66). It has been described that POU5F1 is down-regulated along
the length of the gonad during over the 13.5 and 14.5 dpc stages, a
down-regulation coincident with the onset of meiosis (11, 67).
After 14.5 dpc, rare female germ cells expressing POU5F1 remain
and POU5F1 expression is completely extinguished by 16.5 dpc
in the ovary. Together, these observations and our results suggest
that POU5F1 and β-catenin are translocated in the cytoplasm of
the germ cells, transiently associate with CDH1 and both factors
are then rapidly degraded. Further studies should help us learn
more about β-catenin and POU5F1 stability and localization and
about their interacting partners in germ cells in vivo.
It is noteworthy that WNT/β-catenin signaling regulates the

expression of Bmp2 in ovarian somatic cells, a factor which is
involved, once secreted, in instructing meiosis initiation in sur-
rounding germ cells. These results provide an explanation for the
inability of gonocytes to enter meiosis in Rspo1 mutants (31). To-
gether, this shows that meiosis entry in a timely manner requires
the activity of WNT/β-catenin signaling in gonocytes to maintain
pluripotency. Once WNT/β-catenin is down-regulated in gono-
cytes, signaling factors produced upon somatic WNT/β-catenin

activity, such as Bmp2, enable the progression of gonocytes into
meiosis.
Interestingly, we have previously shown that genetic ablation

of Rspo1 accelerates the differentiation of pregranulosa cells into
mature granulosa cells that eventually transdifferentiate into
Sertoli-like cells (28). In light of the results reported in the present
study, we propose that the WNT/β-catenin pathway is a central
gatekeeper, determining the proper timing of differentiation in
somatic cells, enabling gonocytes to become oogonia and coordi-
nating the development of the different cell types of the fetal ovary.
Well-timed progression of gonocytes toward gametogenesis

depends on a complex epigenetic reprogramming process me-
diated by DNA demethylation, TET1 methylcytosine dioxyge-
nase enzyme, and Polycomb Repressive Complex 1 (PRC1) (10),
a large multiprotein complex acting in the female germline by
silencing differentiation-inducing genes and defining appropriate
chromatin states (9, 68). Impairing PRC1 function down-regulates
the expression of POU5F1 and other pluripotency genes and ab-
normally activates Stra8 transcription and the early meiotic pro-
gram in gonocytes, thus promoting a premature transition from
proliferation into meiosis (9). In addition, the transcription factor
ZGLP1, a downstream effector of BMP2 signaling, positively

Fig. 8. ZNRF3, an inhibitor of WNT/β-catenin activ-
ity, positively regulates gonocyte differentiation. (A)
RNAscope in situ hybridization using Znrf3 riboprobe
(red) and immunodetection of DAZL (green) in 12.5
and 14.5 dpc wild-type ovaries. (B) Histograms:
quantification of the percentage of Znrf3-DAZL dou-
ble positive cells versus DAZL-positive cells in 12.5
(gray) and 14.5 (dotted gray) dpc ovaries. Student’s
t test, unpaired. Bars represent mean + SEM. ***P <
0.001. (C) Immunodetection of SOX9 (red) and FOXL2
(green) in 13.5 dpc XY, XX control, and Znrf3−/− go-
nads. DAPI (blue): nuclei. (Scale bars: 50 or 25 μm.) (D)
Immunodetection of POU5F1 (red) and SCP3 (green)
in 13.5 dpc XY, XX control, and Znrf3−/− gonads. DAPI
(blue): nuclei. (Scale bars: 50 or 25 μm.)
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regulates the oogenic program by activating PRC-repressed genes
using a molecular mechanism of action that is not yet clarified
(13). Impairing PRC1 function (9) and deleting Ctnnb1 in gono-
cytes (the present study) promote similar phenotypes, and we
show here that β-catenin modulates chromatin accessibility in
gonocytes. The role of β-catenin in chromatin remodeling has
been previously shown in several somatic cell types, such as car-
diomyocytes of the adult mammalian heart (69). Understanding
the functional interactions between ZGPL1, PRC1, and β-catenin
at the chromatin level will provide an integrated model for female
gonocyte differentiation.
Primordial germ cells and pluripotent stem cells share com-

mon features such as alkaline phosphatase activity, expression of
pluripotency factors, such as POU5F1, NANOG, and SOX2, and
the capacity to be reprogrammed in vitro. In mouse ESCs
(mESCs), WNT/β-catenin signaling regulates the maintenance
and exit from the pluripotency state with various effects mostly
depending on the culture conditions (70). In Ctnnb1-deficient
mESCs, stemness is impaired, while activation of the WNT/β-cat-
enin signaling by LiCl prolongs the expression of pluripotency
genes, such as Pou5f1, Nanog, Dppa4-5, and delays the differenti-
ation into embryoid bodies (71). Moreover, in mESCs grown in
WNT3A-conditioned medium, β-catenin and POU5F1 physically
interact, enhancing POU5F1 activity and eventually inhibiting
neural differentiation and prolonging retention of pluripotency
(72). Notably, POU5F1 and β-catenin collaborate to control co-
factor exchange and chromatin accessibility on differentiation-
related loci, thus integrating genomic responses to external cues
such as WNT signals and directing lineage specification (73). Our
results demonstrate that a similar collaboration between POU5F1
and β-catenin also exists in vivo during germ cell differentiation,
thus providing a molecular explanation for the transition from
undifferentiated germ cells to oogonia that eventually will be
able to sustain gametogenesis.
Finally, human germ cell tumors, which are predominantly diag-

nosed in young patients, originate from germ cells that have
retained or reactivated their embryonic pluripotency and self-
renewal properties (74). Germ cell tumors express pluripotency
markers such as POU5F1 or NANOG (75) and are often found
to express β-catenin, which correlates with the degree of differ-
entiation of the tumor (76). Given that WNT/β-catenin signaling
regulates the timing of exit from the pluripotency-associated state
in germ cells, it is also likely involved in the maintenance of this
state in germ cell tumors. Our present study will not only propel
future attempts to solve the complex puzzle of gametogenesis
mechanisms but might also help clarify the etiology of cases of
infertility and germ cell tumors.

Materials and Methods
Mouse Strains and Genotyping. The experiments described herein were car-
ried out in compliance with the relevant institutional and French animal
welfare laws, guidelines, and policies. All the experiments were approved by
the French ethics committee (Comité Institutionnel d’Ethique Pour l’Animal
de Laboratoire; number NCE-297). All mice were kept on a mix background
129/C57BL/6J. Mouse lines were obtained from the Jackson Laboratory. The
Wt1-CreERT2, Sox2tm1(cre/ERT)/Hoch (or Sox2-CreERT2), Ctnnb1tm2/Kem (or Ctnnb1flox),
Znrf3flox, Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo, GSK3β, and Axin2-CreERT2 mice
were described previously and genotyped as reported (37, 39, 40, 44, 77–79).
Sox2-CreERT2/+ mice are viable and normally fertile (40). Genotyping was
performed using DNA extracted from tail tips or ear biopsies of mice.

To activate the CREERT2 recombinase in embryos, TAM (cat T5648, Sigma-
Aldrich) was directly diluted in corn oil to a concentration of 40 mg/mL, and
two tamoxifen (TAM) treatments (200 mg/kg body weight) were administrated
to pregnant females by oral gavage at 9.5 and 10.5 dpc. This resulted in embryos

in which Ctnnb1 was deleted upon TAM induction when they were carrying the
CreERT2 transgene as well as their control littermates. For proliferation assays,
5-Bromo-2’-deoxy-Uridine (BrdU) (cat B5002, Sigma-Aldrich) was diluted to a
concentration of 10 mg/mL in sterile H2O, was administrated to the pregnant
females at a final concentration of 10 μg/mL by intraperitoneal injection, and
pregnant females and their embryos were euthanized after 3 h.

qRT-PCR. Individual gonads without mesonephroi were dissected in phos-
phate buffered saline (PBS) from 11.5, 12.5, 13.5, and 14.5 dpc embryos. RNA
was extracted using the RNeasy Qiagen kit and reverse transcribed using the
RNA qRT-PCR kit (Stratagene). Primers and probes were designed by the
Roche Assay Design Center (https://www.rocheappliedscience.com/sis/rtpcr/
upl/adc.jsp). All RT-PCR assays were carried out using the LC-Faststart DNA
Master kit Roche according to the manufacturer’s instructions. qRT-PCR was
performed on cDNA from one pair of gonads (n = 6 pairs of gonads per ge-
notype and per age) and compared to a standard curve. qRT-PCR were repeated
at least twice. Relative expression levels of each sample were quantified in the
same run and normalized by measuring the amount of Sdha cDNA (which
represents the total gonadal cells) with the 2-ΔΔCt calculation method.

Statistical Analysis. For each genotype, the mean of the absolute expression
levels (i.e., normalized) was calculated, and graphs of qRT-PCR results show
fold of change + SEM. All the data were analyzed by unpaired two-sided
Student’s t test using Microsoft Excel. Asterisks highlight the pertinent
comparisons and indicate levels of significance: *P < 0.05, **P < 0.01, and
***P < 0.001. Data are shown as mean + SEM.

Immunological Analyses. Samples were fixed with 4% (wt/vol) paraformal-
dehyde overnight and then processed either for paraffin embedding or
directly for whole-mount immunostaining. Microtome sections of 5 μm
thickness were processed for immunostaining. Immunofluorescence analyses
were performed as described in ref. 31. The following dilutions of primary
antibodies were used: CDH1 (cat 610182, BD Transduction Laboratories)
1:100, CTNNB1 (cat, C2206, Sigma-Aldrich) 1:100, active CTNNB1 (ABC) (cat
05-665, Millipore) 1:100, DAZL (cat GTX89448, Genetex) 1:200, DDX4/MVH
(cat 13840, Abcam) 1:200, FOXL2 (cat 5096, Abcam) 1:300, GFP (cat TP401,
Torrey Pines Biolabs) 1:750, GSK3β (cat 135653, Santa Cruz) 1:250, LEF1 (cat
137872, Abcam) 1:250, MKI67 (cat M3062, Spring Bioscience) 1:150, POU5F1
(cat 611202, BD Transduction Laboratories) 1:250, SCP3 (cat 15093, Abcam)
1:200, SOX2 (cat 97959, Abcam) 1:200, SOX9 (cat HPA001758, Sigma-Aldrich)
1:500, TRA98 (cat 82527, Abcam) 1:150, and FUT4 (SSEA1) (cat 21702, Santa
Cruz) 1:200. Slides were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) diluted in the mounting medium at 10 μg/mL (Vectashield, Vector
Laboratories) to detect nuclei. Imaging was performed with a motorized Axio
Imager Z1 microscope (Zeiss) coupled with an Axiocam Mrm camera (Zeiss),
and images were processed with Axiovision LE and ImageJ. ImageJ software
was used for quantification of proliferating germ cells versus total germ cells.

Cell imaging was performed with a Leica DM6000 TCS SP5 confocal mi-
croscope on an upright stand (Leica Microsystems, Mannheim, Germany),
using objectives HC PL APO CORR 20X multi-immersion NA 0.7 and HCX APO
L 63X oil 1.4 NA. The lasers used were argon laser (488 nm), HeNe laser (543
nm), and diodes laser 405 nm. The microscope was equipped with a galva-
nometric stage in order to do z-acquisitions, a resonant scanner and with an
automated xy stage for mosaic acquisitions.

Data Availability.All study data are included in the article and/or SI Appendix.
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