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Germ cell specific overactivation 
of WNT/βcatenin signalling has no 
effect on folliculogenesis but causes 
fertility defects due to abnormal 
foetal development
Manish Kumar1, Nicole J. Camlin2, Janet E. Holt2, Jose M. Teixeira3,4, Eileen A. McLaughlin2 & 
Pradeep S. Tanwar1

All the major components of the WNT signalling pathway are expressed in female germ cells and 
embryos. However, their functional relevance in oocyte biology is currently unclear. We examined 
ovaries collected from TCFGFP mice, a well-known Wnt reporter mouse model, and found dynamic 
changes in the Wnt/βcatenin signalling activity during different stages of oocyte development and 
maturation. To understand the functional importance of Wnt signalling in oocytes, we developed a 
mouse model with the germ cell-specific constitutive activation of βcatenin using cre recombinase 
driven by the DEAD (Asp-Glu-Ala-Asp) box protein 4 (Ddx4) gene promoter. Histopathological 
and functional analysis of ovaries from these mutant mice (Ctnnb1ex3cko) showed no defects in 
ovarian functions, oocytes, ovulation and early embryonic development. However, breeding of 
the Ctnnb1ex3cko female mice with males of known fertility never resulted in birth of mutant pups. 
Examination of uteri from time pregnant mutant females revealed defects in ectoderm differentiation 
leading to abnormal foetal development and premature death. Collectively, our work has established 
the role of active WNT/βcatenin signalling in oocyte biology and foetal development, and provides 
novel insights into the possible mechanisms of complications in human pregnancy such as repeated 
spontaneous abortion, sudden intrauterine unexpected foetal death syndrome and stillbirth.

WNT signalling is involved in various developmental processes such as cell proliferation and differentiation1. 
β​catenin is an important mediator of the WNT pathway. In the absence of WNT ligands, the Adenomatous 
Polyposis Coli (APC) complex binds to β​catenin and causes its phosphorylation at highly conserved Ser/Thr res-
idues1. This phosphorylated form of β​catenin is then recognised by the E3 ubiquitin ligase complex and degraded 
by the proteasome. In the presence of WNT ligands, the APC complex is no longer able to target β​catenin, leading 
to the stabilization and subsequent nuclear localization of β​catenin1. In the nucleus, β​catenin interacts with vari-
ous factors, including the members of the TCF/LEF family to activate the transcription of targeted genes2.

We and others have established the significance of WNT signalling in gonadal functions and reproductive 
tract cancers3–7. Overexpression of the Wnt4 gene, a well-known WNT ligand, causes suppression of steroidogen-
esis and abnormal testis development in both humans and mice8. In contrast, loss of the Wnt4 gene leads to 
female-to-male sex reversal in mice9. In male mice, overactivation of WNT signalling by the conditional deletion 
of exon3 of the β​catenin gene (Ctnnb1) in Sertoli cells of testis causes disorganization of seminiferous tubules, 
premature germ cell loss, infertility and stromal tumours5,7. Loss of Apc, a negative regulator of β​catenin, in stro-
mal cells induces an epithelial-mesenchymal transition-like state in Sertoli cells leading to defects in testicular 
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junctional complexes and infertility4. Similar genetic alterations in the CTNNB1 and APC genes are also present 
in human Sertoli cell tumour patients10,11, suggesting that deregulated WNT signalling is involved in the patho-
genesis of testicular cancer.

WNT/β​catenin signalling has been shown to be involved in ovarian development and diseases12,13. Many 
members of the WNT pathway including ligands, receptors, co-receptors and negative regulators are expressed 
in the mouse ovary, oocyte and embryos14. Somatic cell-specific loss of the Wnt4 gene in the mouse ovary using 
Anti Müllerian hormone receptor 2 cre (Amhr2cre) causes abnormalities in follicular development resulting in 
premature ovarian failure and subfertility15,16. Similar to WNT4, Frizzled4, a known receptor for WNT ligands, 
is expressed in the mouse ovary and its loss causes impairment of corpus lutea development and infertility with-
out affecting follicular formation and functions17. Stabilization of β​catenin in postnatal granulosa cells increases 
follicle stimulating hormone (FSH)-induced growth of ovarian follicles but suppresses luteinising hormone 
(LH)-induced oocyte maturation, ovulation and luteinisation18. In prenatal granulosa cells, constitutive activa-
tion of β​catenin causes defects in the differentiation of granulosa cells, leading to the development of stromal 
tumours13. Activation of PI3K signalling by deleting Pten in these mice results in the development of a highly 
aggressive and metastatic form of ovarian stromal tumours19. Collectively, these findings highlight the impor-
tance of the WNT pathway in stromal cells of the ovary.

Although much is known about the functions of WNT signalling in the stromal cells of the ovary, limited 
information is available regarding its involvement in ovarian germ cell biology. To determine the significance of 
WNT signalling during different stages of oogenesis, we monitored real time changes in WNT signalling activity 
in the mouse ovary using a well-known WNT reporter mouse model. We found dynamic changes in the levels 
of WNT activity during different stages of oocyte development and maturation suggesting a requirement for this 
pathway in follicle/oocyte functions. To further understand the requirement of WNT signalling in oocyte biology, 
we developed a mouse model with overactive β​catenin in female germ cells and showed that abnormal WNT/β​
catenin signalling leads to defects in female fertility.

Results
Activation of WNT signalling during different stages of follicular development.  To deter-
mine the physiological activity of WNT signalling during follicular development, we examined ovaries from a 
well-characterized Wnt reporter mouse model, TCFGFP. In this model, nuclear GFP is only present in cells with 
active WNT signalling20. Examination of ovaries from pre-pubertal TCFGFP mice revealed GFP expression in 
the nucleus of oocytes (Fig. 1A; N =​ 3). Both GFP positive and negative oocytes were present in TCFGFP ova-
ries. Consistent with previous reports showing active WNT signalling in the ovarian surface epithelium (OSE) 
and stromal cells21, GFP expression was also observed in OSE and some stromal cells of ovaries collected from 
TCFGFP mice (Fig. 1A; N =​ 3). Next, we collected oocytes from unprimed TCFGFP mice (N =​ 3) and found that 
81% (N =​ 21/26) of oocytes were positive for GFP expression (Fig. 1B,C). To study dynamic changes in WNT 
signalling during oocyte maturation, oocytes collected from primed TCFGFP ovaries were subjected to undergo 
in vitro maturation. We observed no difference in the meiotic competency of GFP positive and negative oocytes 
during different stages of oocyte maturation (Fig. 1D). This suggests that active WNT signalling is not a predictor 
of oocyte meiotic competency. Time lapse imaging of in vitro maturation of oocytes revealed changes in GFP 
expression during different stages (Fig. 1E). High GFP expression was also found in the extruding polar body 
(Fig. 1Ee–f) indicating a role for WNT signalling in asymmetric division. Collectively, these results showed that 
dynamic changes in WNT signalling activity occur during several stages of oocyte development and maturation.

Conditional activation of WNT/βcatenin signalling in ovarian germ cells.  To further investigate 
the role of active WNT signalling in oocyte development, we developed a mouse model with germ cell specific 
overactivation of WNT/β​catenin signalling using DEAD (Asp-Glu-Ala-Asp) box protein 4 cre (Ddx4cre). In our 
previous study, we have shown that Ddx4cre causes faithful recombination in ovarian germ cells beginning from 
embryonic day 1522. We crossed Ddx4cre mice with Ctnnb1tm1Mmt mice to generate mice with deletion of exon 3 
of the βcatenin gene (Fig. 2A; Ctnnb1ex3cko). Exon 3 of the β​catenin gene harbours phosphorylation sites targeted 
by the APC destruction complex leading to abnormal accumulation of β​catenin in the cytoplasm that subse-
quently translocates to the nucleus leading to the transcription of targeted genes23. Using PCR, we confirmed that 
Ddx4cre specifically causes recombination of Ctnnb1tm1Mmt flox allele in mutant mice (Fig. 2B). Examination of 
β​catenin protein expression showed a significant increase in cytoplasmic and nuclear accumulation of β​catenin 
in the oocytes of mutant ovaries compared to controls (Fig. 2C,D; N =​ 3). No change in localization of β​catenin 
was observed in both control and mutant ovarian somatic cells (Fig. 2C). To further confirm the specificity of 
Ddx4cre, we developed another mouse model (Ctnnb1ex3/lacZcko) and found presence of LacZ/β​gal expression 
only in germ cells of mutant ovaries (SFig. 1A–P; N =​ 3/3). Colocalization of β​gal and β​catenin revealed cyto-
plasmic/nuclear accumulation of β​catenin only in the β​gal-positive oocytes of the mutant ovaries (SFig. 2A–D; 
N =​ 3/3). Co-immunostaining of β​gal with a germ cell marker4 (GCNA: Germ Cell Nuclear Antigen) showed that 
β​gal expression in the mutant ovaries is limited to the GCNA-positive cells (SFig. 2E–H; N =​ 3/3). In summary, 
these results demonstrated that Ddx4cre mediated deletion of exon3 of β​catenin gene causes a greater accumula-
tion of β​catenin specifically in germ cells of the ovary.

Oocyte specific constitutive activation of WNT/βcatenin signalling causes subfertility but has 
no effect on folliculogenesis and early embryonic development.  To study the effects of overacti-
vation of WNT/β​catenin signalling, control (N =​ 14) and mutant females (Ctnnb1ex3cko; N =​ 10) were mated 
with the wild type and Ctnnb1tm1Mmt males of known fertility. Copulatory plugs were observed in both control 
and mutant females, suggestive of normal mating behaviour in these mice. Control females bred normally and 
produced 5.09 ±​ 1.97 pups per litter during four months of breeding period, whereas, mating of mutant females 
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with Ctnnb1tm1Mmt males produced no litters (Table 1). Fewer pups were born from the mating of mutant females 
with wild type males (Table 1). Genotyping of pups resulting from this mating showed none of the pups were of 
the mutant genotype (Ctnnb1ex3cko).

Histological examination of pre- and post-pubertal ovaries showed no difference between control and mutant 
mice (Fig. 3A–D; N =​ 5/each). Corpora lutea were present in adult control and mutant ovaries suggesting that 
ovulation was normal in these females (Fig. 3C,D; N =​ 5/each). To determine if overactive β​catenin affects the 
germ cells, we performed immunostaining for GCNA and found no obvious difference in GCNA expression in 
oocytes from ovaries in both groups (Fig. 3E,F; N =​ 5/each). Examination of inhibinα​ (Fig. 4A–D; N =​ 5/each), 

Figure 1.  Active WNT signalling during follicular development in mouse ovary. Nuclear GFP expression 
(white arrowhead), indicative of active Wnt signalling, is present in oocytes of TCFGFP ovaries (Aa,b). GFP 
expression was also observed in ovarian surface epithelium (Ab; yellow arrowhead). Brightfield and GFP 
images of oocytes collected from ovaries of unprimed TCFGFP mice (Ba,b). Both GFP positive and negative 
oocytes were present. Graphical presentation of percentage of GFP positive oocytes collected from non-
cycling TCFGFP ovaries (C; N =​ 26). No significant difference between GFP positive and negative oocytes 
were observed post in vitro maturation for the different oocyte stages that were, immature oocytes (with 
intact nuclear membrane), Germinal Vesicle (GV; competent to undergo nuclear membrane breakdown), 
MI-MII (full meiotic competence-extrudes polar body in vitro) (D). Sequential imaging of a TCFGFP oocyte 
undergoing in vitro maturation showed higher GFP expression in the extruding polar body compared to the rest 
of the oocyte. Bars: 100 μ​m (A); 10 μ​m (E).
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a marker for antral follicles12, and Müllerian Inhibiting Substance/Anti Müllerian hormone (AMH) (Fig. 4E–H; 
N =​ 5/each), a marker for developing follicles12, expression in ovaries also revealed no difference between control 
and mutant mice. These findings suggest that germ cell and follicular development is not affected in mutant mice.

Our analysis of TCFGFP mice showed dynamic changes in WNT/β​catenin signalling occurs during different 
stages of oocyte maturation (Fig. 1E). To determine the effect of overactive WNT signalling on oocyte maturation, 
we collected oocytes from hormonally primed control and mutant mice (Ctnnb1ex3cko; N =​ 3/each). The number 
of oocytes collected from mutant ovaries was comparable to controls (Fig. 5A). To evaluate the potential of the 
mutant oocyte to undergo embryogenesis, we subjected both control and mutant oocytes to parthenogenetic acti-
vation (N =​ 3/each). Both control and mutant oocytes showed comparable potential to undergo parthenogenesis 
and subsequent embryonic development to blastocyst stage (Fig. 5B). Collectively, these data suggest that the 
process of oocyte maturation and early embryonic development is not affected by hyperactive WNT signalling.

Figure 2.  Overactivation of Wnt signalling in oocytes does not affect oogenesis. (A) Schematic representation 
of mouse model with germ cell-specific overactivation of Wnt signalling. (B) PCR based detection of the mutant 
form (arrow) of the βcatenin gene from DNA isolated from ovaries of control and Ctnnb1ex3cko mice. Presence 
of 700 bp band with DNA from ovaries of mutant animals shows successful recombination. (C) Increased 
expression of β​catenin in oocytes of mutant mice (arrowheads) as compared to control (arrowheads) indicating 
of overactive Wnt signalling in germ cells of mutant ovaries. No change in β​catenin expression was observed in 
ovarian somatic cells in both control and mutant animals. (D) Quantification of β​catenin expression in oocytes 
of control and mutant ovaries showing a significant increase in intensity of β​catenin staining in oocytes of 
mutant ovaries. Nuclei are marked blue by DAPI. Bars: 100 μ​m.

Total litters Total pups Pups/litter

Ctnnb1tm1Mmt ×​ Ctnnb1tm1Mmt 23 121 5.09 ±​ 1.97

Ctnnb1tm1Mmt ×​ Ctnnb1ex3cko 0 0 0

Wild type ×​ Ctnnb1ex3cko 10 38 3.8 ±​ 1.13

Table 1.   Ctnnb1ex3cko female mice are subfertile.
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Sustained activation of WNT signalling in oocytes leads to abnormal development of ectoderm 
and foetal loss.  To determine whether abnormalities during the later stages of embryonic development 
cause defects in fertility of the mutant mice, we time mated control and mutant females with Ctnnb1tm1Mmt males 
of proven fertility. Control and mutant uteri from time pregnant females were collected during different stages 
of foetal development. Examination of 8.5 day post coitum (dpc) pregnant uteri showed no differences in the 
number or apparent size of implantation sites between control (N =​ 7) and mutant (N =​ 6) mice (Fig. 5Ca,b). 
Histological analysis of implantation sites confirmed normal implantation of embryos in both groups of mice 
(Fig. 6A–C). Analysis of 10.5dpc gravid uteri also showed no difference in the number of implantation sites 
between control and mutant mice (SFig. 3A–C). However, closer examination of implantation sites revealed 
reduced uterine vascular network and decrease in weight of implantation sites in mutants compared to controls 
(SFig. 3D–I). Comparison of control and mutant gravid uteri showed that the size of 13.5 dpc mutant implanta-
tion sites is smaller than the size of 10.5 dpc control implantation sites (SFig. 4), suggesting defective embryonic 
development in mutant females. Histological examination of 10.5 dpc pregnant uteri indicated normal embry-
onic development in control females (SFig. 3G). However, embryonic development is compromised in 10.5 dpc 
mutant pregnant uteri (SFig. 3H).

Next, we examined uteri from pregnant mutant dams at 15.5 dpc and observed black discoloured uteri, indic-
ative of dead/resorbed foetuses (Fig. 5Ce,h; N =​ 5/5). Normal foetal development was observed in control females 
(Fig. 5Cd,g; N =​ 10/10). Histological examination of 15.5 dpc pregnant uteri from the mutant females revealed 
disorganised pink/red necrotic mass at the site of implantation, which further confirmed abnormalities dur-
ing foetal development (Fig. 6D–F). To further examine the fertility of mutant mice we time mated the mutant 
females (N =​ 6) with wild type males of known fertility. We observed reduction in average pup number per litter 

Figure 3.  Normal morphology of pre-pubertal and adult ovaries in control and mutant mice. Histology of 
early postnatal (A,B; 3-day-old) and adult (C,D; 7-weeks-old) ovaries from control and mutant mice showed no 
obvious differences. GCNA, a marker of germ cells, expression in ovaries of 3-day-old control (E) and mutant 
(F) mice. Nuclei are marked blue by DAPI. Bars: 100 μ​m.
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(3.8 ±​ 1.13; Table 1). None of the pups (N =​ 38) from 10 litters were of the mutant genotype. To confirm if foetal 
mortality is the reason for reduced litter size, we collected uteri from 15.5 dpc pregnant mutant females and found 
a significant number of dead foetuses (4.5 ±​ 1/litter) in mutant mice (Fig. 5Ci–l).

To investigate the reasons for foetal lethality in mutant females, we performed histological examination of 8.5 
dpc embryos and found a disorganised development of all three germ layers in mutants compared to controls 
(Fig. 6A–C). We selected the 8.5 dpc time point because at this stage there was no gross difference in the number 
or size of implantation sites (Fig. 5Ca–c). Analysis of β​catenin expression in embryos collected from 8.5 dpc time 
mated control females depicted only membranous expression of β​catenin in controls (Fig. 7A–C). However, both 
cytoplasmic and nuclear accumulation of β​catenin was seen in embryos collected from mutant mice (Fig. 7D–I). 

Figure 4.  Normal follicular development in ovaries of control and mutant mice. Inhibinα​, a maker for antral 
follicles, expression in control (A,C) and mutant (B,D) ovaries. Panel C and D are high magnification images 
of boxed areas in panel A and B, respectively. Expression of Müllerian Inhibiting Substance (MIS), a marker for 
preantral follicles, was also similar among control (E,G) and mutant ovaries (F,H). Nuclei are marked blue by 
DAPI. Bars: 100 μ​m.
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Figure 5.  Overactivation of Wnt signalling in oocytes does not affect oocyte maturation but leads to 
fertility defects due to embryonic death. (A) No obvious differences were observed in oocytes (viable, 
meiosis arrested, degenerating and good quality) that were collected by hormonal priming of control and 
mutant ovaries. (B) No differences were observed among various stages of parthenogenetic development (1-cell, 
degenerating cells, 2-cells, 3–4-cells, morula and blastocyst) of oocytes collected from control and mutant 
animals. (Ca,b) Normal gross morphology of pregnant uteri from control and mutant females at 8.5 dpc. 
(Cc) Graph represents no significant difference between the number of implantation sites in control (N =​ 7) 
and mutant (N =​ 6) animals at 8.5 dpc. (Cd,g) Normal foetal development was observed in 15.5 dpc control 
females (N =​ 10). Blackened and shrunken uterus without any viable foetuses collected from a 15.5 dpc mutant 
female mated with a Ctnnb1tm1Mmt male (Ce,h; N =​ 5). (Cf) Graph depicts significant difference in the number 
of foetuses at 15.5 dpc between control and mutant females. (Ci,j) Both live and resorbed foetuses were present 
in the pregnant uteri of mutant females that were mated with wild type males at 15.5 dpc. (Ck,l) Total number 
of foetuses and the number of resorbed foetuses in 15.5 dpc control and mutant females mated with wild type 
males. Panel Cj is high magnification image of boxed area in panel Ci. Bars: 1 cm (C, a,b,d,e and i) and 100 μ​m 
(C,g–h and j).
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LacZ expression only in the mutant embryos from the Ctnnb1ex3/lacZcko dams confirmed recombination in 
embryonic tissues (Fig. 7Ja,b). Next, we examined the expression of Ecadherin, a marker for the endodermal 
layer of the gut and the surface ectoderm of 8.5 dpc embryos24, in control and mutant mice (Fig. 8A–I). Compared 
to controls (Fig. 8A–C), abnormally increased Ecadherin expression was detected in mutant embryos (Fig. 8D–I). 
A similar expression pattern for β​catenin and Ecadherin was also observed in 10.5dpc mutant embryos (SFigs  
5 and 6). This suggests that the embryonic germ layers are not formed normally in mutant embryos. To rule out 
the possible loss of progesterone to the foetal death phenotype, we analysed control and mutant ovaries from 
8.5 and 15.5 dpc pregnant females and confirmed the presence of corpora lutea in ovaries from both groups 
(Fig. 9A–D). In summary, these findings have demonstrated that constitutive activation of WNT/β​catenin in 
oocytes causes defects in the development of embryonic germ layers, leading to infertility/subfertility due to 
foetal death.

Discussion
WNT signalling plays a major role in organogenesis and oncogenesis of the reproductive tract3,13,25,26. We have 
previously shown that balanced WNT signalling is essential for the proper development of reproductive tract 
organs and fertility3,4. Deregulated WNT signalling causes defects in gonadal cell proliferation and differentiation 
resulting in the genesis of ovarian and testicular cancers4,26,27. Importantly, 71% of Sertoli cell tumour patients 
present with activating mutations in the Ctnnb1 gene and show cytoplasmic/nuclear accumulation of this pro-
tein10. Similarly, 16–38% of human ovarian endometrioid adenocarcinoma patients, a subtype of ovarian epithe-
lial cancer, harbour activating mutations in the β​catenin gene28. In mouse models, activation of WNT/β​catenin 
signalling by the deletion of exon 3 of β​catenin or truncation of Apc results in the development of similar ovarian 
and testicular tumours12,26,28, providing strong evidence for the involvement of this pathway in the pathogenesis 
of these cancers. Whether dysregulated WNT signalling also contributes to the formation of ovarian germ cell 
tumours is currently unknown. In this study, we have shown that sustained activation of β​catenin in ovarian germ 
cells is unable to initiate tumorigenic growth of these cells, suggesting limited involvement of this pathway in 
ovarian germ cell tumours.

In mice, primordial germ cells (PGCs) differentiate from the epiblast at ~7 dpc and migrate through the 
hindgut and dorsal mesentery to reach the genital ridges by 10.5 dpc29. During early development, these cells 
undergo massive expansion and their number increases from ~45 at 7.5 dpc to ~25000 at 13 dpc29. In the gonads, 
PGCs acquire male or female fate under the influence of sex-specific signalling pathways. Any disruption to 
these signalling molecules leads to aberrations in proliferation and/or differentiation of these cells29. In mice, 
loss of Rspondin 1, an agonist of WNT signalling, leads to impairment of germ cell proliferation and meiosis30. 
Constitutive activation of WNT signalling by stabilization of β​catenin also causes germ cell deficiency through 
decreasing primordial germ cell proliferation at the G1/S phase of the cell cycle31. These findings suggest that 
balanced WNT signalling in germ cells is essential for their proliferation and their commitment to meiosis. 
Surprisingly, in this study, we found no adverse effects from the overactivation of WNT/β​catenin signalling in 
female germ cells on oocyte development and maturation, ovulation and normal ovarian functions (Figs 3 and 4).  
The use of a different gene promoter driving cre recombinase expression might explain differences in the pheno-
type between our study and others30,31. Both of the previous studies have used Tissue Non-specific Alkaline phos-
phatase cre (TNAPcre), which is expressed in pre-meiotic PGCs from 9.5 dpc and also in other organs including 
the placenta and the intestine32. In comparison, Ddx4cre is known to induce recombination in meiotic germ cells 

Figure 6.  Defective embryonic development in mutant mice. Representative images of 8.5 dpc embryos from 
control (A) and mutant (B,C) mice. (D) Gross image of 15.5 dpc foetus of control mice. (E,F) H and E image 
showing the site of resorbed fetus in 15.5 dpc pregnant uteri of mutant mice. Bars: 100 μ​m.



www.nature.com/scientificreports/

9Scientific Reports | 6:27273 | DOI: 10.1038/srep27273

of the ovary from 15 dpc onwards33. Collectively, these findings suggest differential requirements of WNT/β​cat-
enin signalling during different stages of germ cell development.

The follicles are the functional units of the ovary that provide a nourishing environment for normal oocyte 
development29. In each oestrous cycle, some follicles are recruited from the primordial follicle reserve to grow 
under the influence of gonadotropins and only a few selected ones are ovulated in mice29. There are no spe-
cific markers to predict which follicles will be recruited to grow and ovulate or undergo atresia. A recent study 
showed that high WNT signalling activity marks non-ovulatory follicles in mouse ovary34. Using TOPGAL mice, 
a β​-galactosidase (lacZ) based WNT signalling reporter mouse model, these authors showed that lacZ staining is 
mainly present in the oocytes of the post-pubertal ovaries. Both lacZ-positive and -negative follicles are present in 
TOPGAL ovaries34. However, only lacZ-negative oocytes are ovulated and lacZ staining was limited to the atretic 
oocytes34. In this study, we have used TCFGFP mice that are similar to TOPGAL mice except lacZ is replaced 
with the histone 1 H2bb enhanced green fluorescent fusion protein gene20. In TCFGFP mice, highly specific nuclear 
GFP is directly detectable in cells where WNT/β​catenin signalling is activated20. Using this model, we showed that 
active WNT signalling is present in both ovulatory and non-ovulatory oocytes (Fig. 1). We observed no differ-
ences in meiotic competency of GFP-positive and -negative oocytes (Fig. 1). We believe the differences between 
our results and the TOPGAL study34 can be attributed to the lack of sensitivity of the standard lacZ staining pro-
cedure. For example, the traditional method of lacZ staining using X-gal with potassium ferri- and ferro-cyanide 
(FeCN), which is also used in the TOPGAL study34, showed no or very weak lacZ expression in the embryos 

Figure 7.  Embryonic lethality in mutant females is associated with overactivation of Wnt signalling 
in embryos. (A–C) 8.5 dpc embryos from control females showed membranous expression of β​catenin. 
(D–I) Cytoplasmic and nuclear accumulation of β​catenin, indicative of overactive Wnt signalling, in 8.5 
dpc embryos from mutant females. (Ja,b) lacZ expression was present only in embryos and not in other 
cells of uterus collected from 8.5 dpc Ctnnb1ex3/lacZcko females. No lacZ expression was observed in control 
Ctnnb1ex3/+;ROSA26flGFP-NLS-lacZ/+ mice. White arrow marks lacZ positive embryo. Nuclei are marked blue by 
DAPI. Bars: 100 μ​m.
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Figure 8.  Overactivation of Wnt signalling lead to defective germ layer differentiation in the embryos of 
mutant mice. (A–C) Ecadherin expression present in the endoderm (marked by white arrow) and lateral thin 
ectoderm (marked by white arrowhead) of 8.5 dpc mouse embryo from control females. (D–I) No specific 
Ecadherin expression pattern was observed as most of the cells were positive in embryos of mutant females 
indicating defective embryonic germ layer differentiation during early stages of embryonic development. Nuclei 
are marked blue by DAPI. Bars: 100 μ​m.

Figure 9.  Normal corpus luteum development in control and mutant females. H and E stained sections of 
control (A) and mutant (B) ovaries showing normal development of corpus luteum of 8.5 dpc pregnant mice. 
Normal development of corpora lutea continued at 15.5 dpc in control (C) and mutant ovaries (D). Arrowheads 
marks corpus luteum. Bars: 100 μ​m.
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collected from BAT-Gal Wnt reporter mice, suggesting lack of WNT signalling activity during early embryonic 
development35. However, combination of Salmon-gal with TNBT (5-bromo-4-chloro-3-indoxyl phosphate) or 
NBT (4-nitro blue tetrazolium chloride) revealed robust lacZ expression in the same stage BAT-Gal embryos35.

In summary, we have shown that the physiological activation of WNT/β​catenin signalling occurs during dif-
ferent stages of oocyte development and maturation. Sustained activation of this signalling pathway in female 
germ cells has no effect on oocyte biology and function, but leads to defects during foetal development.

Materials and Methods
Mouse breeding and husbandry.  Mice used in this study were housed under standard conditions at the 
University of Newcastle animal facility. All animals were maintained on C57BL/6;129SvEv mixed genetic back-
ground. Animal care and experimental procedures were conducted in accordance with the guidelines of the 
Animal Care and Ethics Committee of the University of Newcastle, and conformed to the New South Wales 
Animal Research Act, New South Wales Animal Research Regulation, and the Australian code for the care and 
use of animals for scientific purposes. All the procedures undertaken on mice were approved by the Animal Care 
and Ethics Committee of the University of Newcastle. TCF/Lef:H2B/GFP mice used in the present study were 
obtained from the Jackson lab (ME, USA) and referred as TCFGFP20. Ddx4cre (also known as Vasacre) mice22 
were crossed with Ctnnb1tm1Mmt 23 for developing a mouse model (Ctnnb1ex3cko) with germ cell specific overacti-
vation of WNT/β​catenin signalling. Ctnnb1ex3cko mice were bred with homozygous ROSA26flGFP-NLS-lacZ mice36 to 
obtain Ctnnb1ex3/lacZcko (Ddx4cre;Ctnnb1ex3/+;ROSA26flGFP-NLS-lacZ/+) mice. DNA isolation and genotyping were 
performed using REDExtract-N-Amp™​ Tissue PCR Kit (Sigma, MO, USA). For recombination PCR, DNA was 
isolated from whole ovaries of adult control and mutant female mice using the same kit. Sequence of primers used 
is listed in Table S1.

Time mating and fertility analysis.  For timed pregnancies, control and mutant females were mated with 
males of known fertility. Females were checked for the presence of copulatory plugs in the morning and the day 
of plug was considered as 0.5 dpc. Time pregnant females were euthanized at several time points and gravid uteri 
were collected. Implantation sites were counted and the uteri were fixed in 4% PFA, overnight at 4 °C. For fertility 
analysis, adult control (Ctnnb1tm1Mmt) and mutant (Ctnnb1ex3cko) females of reproductive age were paired with 
Ctnnb1tm1Mmt for four months and the number of litters and pups born per litter were recorded.

Mouse oocyte collection and maturation.  Oocyte collection and maturation was performed as 
described by us in37. The oocytes after in vitro maturation (IVM) were scored morphologically for different mat-
uration stages that are, germinal vesicle (GV), germinal vesicle breakdown (GVB), MII determined by the first 
polar body (PB1) extrusion and oocyte degeneration.

In vitro parthenogenic development.  IVM oocytes were activated parthenogenetically using 
strontium-containing medium as described in our previous study38.

Histology and Immunohistochemistry.  Histological and IHC protocols used in this study were adopted 
from our previous study39. 5 μ​m thick deparaffinised tissue sections were incubated with primary antibodies 
(Table S2), followed by AlexaFluor secondary antibodies (1:250; Jackson ImmunoResearch Laboratories, PA, 
USA) for signal detection. Pictures were obtained using an Olympus DP72 microscope or Olympus FV1000 
(Olympus, Tokyo, Japan) with the same gain and exposure for tissues from the control and mutant mice. For 
the assessment of florescence intensity of β​catenin at least 30 oocytes were counted, from three different animals 
from both control and mutant group, using ImageJ (National Institutes of Health, USA). β​-galactosidase staining 
procedure is described in40.

Statistical Analysis.  Statistical significance was calculated by Student t-test using GraphPad Prism 6.0 
Software with P value <​ 0.05 considered significant. All values are presented as mean  ±​  SEM. Each experiment 
was performed with N ≥​ 3 for both control and mutant mice.

References
1.	 Clevers, H. Wnt/beta-catenin signaling in development and disease. Cell 127, 469–480, doi: 10.1016/j.cell.2006.10.018 (2006).
2.	 Cadigan, K. M. & Waterman, M. L. TCF/LEFs and Wnt signaling in the nucleus. Cold Spring Harb Perspect Biol 4, doi: 10.1101/

cshperspect.a007906 (2012).
3.	 Tanwar, P. S. et al. Focal Mullerian duct retention in male mice with constitutively activated beta-catenin expression in the Mullerian 

duct mesenchyme. Proc Natl Acad Sci USA 107, 16142–16147, doi: 10.1073/pnas.1011606107 (2010).
4.	 Tanwar, P. S., Zhang, L. & Teixeira, J. M. Adenomatous polyposis coli (APC) is essential for maintaining the integrity of the 

seminiferous epithelium. Mol Endocrinol 25, 1725–1739, doi: 10.1210/me.2011-0057 (2011).
5.	 Tanwar, P. S. et al. Constitutive WNT/beta-catenin signaling in murine Sertoli cells disrupts their differentiation and ability to 

support spermatogenesis. Biol Reprod 82, 422–432, doi: 10.1095/biolreprod.109.079335 (2010).
6.	 Boyer, A., Hermo, L., Paquet, M., Robaire, B. & Boerboom, D. Seminiferous tubule degeneration and infertility in mice with 

sustained activation of WNT/CTNNB1 signaling in sertoli cells. Biol Reprod 79, 475–485, doi: 10.1095/biolreprod.108.068627 
(2008).

7.	 Chang, H. et al. Wt1 negatively regulates beta-catenin signaling during testis development. Development 135, 1875–1885, doi: 
10.1242/dev.018572 (2008).

8.	 Jordan, B. K., Shen, J. H., Olaso, R., Ingraham, H. A. & Vilain, E. Wnt4 overexpression disrupts normal testicular vasculature and 
inhibits testosterone synthesis by repressing steroidogenic factor 1/beta-catenin synergy. Proc Natl Acad Sci USA 100, 10866–10871, 
doi: 10.1073/pnas.1834480100 (2003).

9.	 Vainio, S., Heikkila, M., Kispert, A., Chin, N. & McMahon, A. P. Female development in mammals is regulated by Wnt-4 signalling. 
Nature 397, 405–409, doi: 10.1038/17068 (1999).

10.	 Perrone, F. et al. Frequent mutation and nuclear localization of beta-catenin in sertoli cell tumors of the testis. Am J Surg Pathol 38, 
66–71, doi: 10.1097/PAS.0b013e31829cdbc6 (2014).



www.nature.com/scientificreports/

1 2Scientific Reports | 6:27273 | DOI: 10.1038/srep27273

11.	 Xiao, G. Q., Granato, R. C. & Unger, P. D. Bilateral Sertoli cell tumors of the testis-a likely new extracolonic manifestation of familial 
adenomatous polyposis. Virchows Arch 461, 713–715, doi: 10.1007/s00428-012-1332-x (2012).

12.	 Tanwar, P. S. et al. Mammalian target of rapamycin is a therapeutic target for murine ovarian endometrioid adenocarcinomas with 
dysregulated Wnt/beta-catenin and PTEN. PLoS One 6, e20715, doi: 10.1371/journal.pone.0020715 (2011).

13.	 Boerboom, D. et al. Misregulated Wnt/beta-catenin signaling leads to ovarian granulosa cell tumor development. Cancer Res 65, 
9206–9215, doi: 10.1158/0008-5472.CAN-05-1024 (2005).

14.	 Harwood, B. N., Cross, S. K., Radford, E. E., Haac, B. E. & De Vries, W. N. Members of the WNT signaling pathways are widely 
expressed in mouse ovaries, oocytes, and cleavage stage embryos. Dev Dyn 237, 1099–1111, doi: 10.1002/dvdy.21491 (2008).

15.	 Prunskaite-Hyyrylainen, R. et al. Wnt4, a pleiotropic signal for controlling cell polarity, basement membrane integrity, and 
antimullerian hormone expression during oocyte maturation in the female follicle. FASEB J 28, 1568–1581, doi: 10.1096/fj.13-
233247 (2014).

16.	 Boyer, A. et al. WNT4 is required for normal ovarian follicle development and female fertility. FASEB J 24, 3010–3025, doi: 10.1096/
fj.09-145789 (2010).

17.	 Hsieh, M. et al. Mice null for Frizzled4 (Fzd4-/-) are infertile and exhibit impaired corpora lutea formation and function. Biol Reprod 
73, 1135–1146, doi: 10.1095/biolreprod.105.042739 (2005).

18.	 Fan, H. Y. et al. Beta-catenin (CTNNB1) promotes preovulatory follicular development but represses LH-mediated ovulation and 
luteinization. Mol Endocrinol 24, 1529–1542, doi: 10.1210/me.2010-0141 (2010).

19.	 Lague, M. N. et al. Synergistic effects of Pten loss and WNT/CTNNB1 signaling pathway activation in ovarian granulosa cell tumor 
development and progression. Carcinogenesis 29, 2062–2072, doi: 10.1093/carcin/bgn186 (2008).

20.	 Ferrer-Vaquer, A. et al. A sensitive and bright single-cell resolution live imaging reporter of Wnt/β​-catenin signaling in the mouse. 
BMC Developmental Biology 10, 1–18 (2010).

21.	 Usongo, M. & Farookhi, R. β​-catenin/Tcf-signaling appears to establish the murine ovarian surface epithelium (OSE) and remains 
active in selected postnatal OSE cells. BMC Developmental Biology 12, 17 (2012).

22.	 Holt, J. E. et al. The APC/C activator FZR1 is essential for meiotic prophase I in mice. Development 141, 1354–1365, doi: 10.1242/
dev.104828 (2014).

23.	 Harada, N. et al. Intestinal polyposis in mice with a dominant stable mutation of the beta-catenin gene. EMBO Journal 18, 
5931–5942 (1999).

24.	 Stemmler, M. P., Hecht, A., Kinzel, B. & Kemler, R. Analysis of regulatory elements of E-cadherin with reporter gene constructs in 
transgenic mouse embryos. Dev Dyn 227, 238–245, doi: 10.1002/dvdy.10301 (2003).

25.	 Tanwar, P. S. et al. Constitutive activation of Beta-catenin in uterine stroma and smooth muscle leads to the development of 
mesenchymal tumors in mice. Biol Reprod 81, 545–552, doi: 10.1095/biolreprod.108.075648 (2009).

26.	 Tanwar, P. S., Commandeur, A. E., Zhang, L., Taketo, M. M. & Teixeira, J. M. The Mullerian inhibiting substance type 2 receptor 
suppresses tumorigenesis in testes with sustained beta-catenin signaling. Carcinogenesis 33, 2351–2361, doi: 10.1093/carcin/bgs281 
(2012).

27.	 Chang, H., Guillou, F., Taketo, M. M. & Behringer, R. R. Overactive beta-catenin signaling causes testicular sertoli cell tumor 
development in the mouse. Biol Reprod 81, 842–849, doi: 10.1095/biolreprod.109.077446 (2009).

28.	 Wu, R. et al. Mouse model of human ovarian endometrioid adenocarcinoma based on somatic defects in the Wnt/beta-catenin and 
PI3K/Pten signaling pathways. Cancer Cell 11, 321–333, doi: 10.1016/j.ccr.2007.02.016 (2007).

29.	 Edson, M. A., Nagaraja, A. K. & Matzuk, M. M. The mammalian ovary from genesis to revelation. Endocr Rev 30, 624–712, doi: 
10.1210/er.2009-0012 (2009).

30.	 Chassot, A. A. et al. RSPO1/beta-catenin signaling pathway regulates oogonia differentiation and entry into meiosis in the mouse 
fetal ovary. PLoS One 6, e25641, doi: 10.1371/journal.pone.0025641 (2011).

31.	 Kimura, T. et al. The stabilization of beta-catenin leads to impaired primordial germ cell development via aberrant cell cycle 
progression. Dev Biol 300, 545–553, doi: 10.1016/j.ydbio.2006.06.038 (2006).

32.	 Lomeli, H., Ramos-Mejia, V., Gertsenstein, M., Lobe, C. G. & Nagy, A. Targeted insertion of Cre recombinase into the TNAP gene: 
excision in primordial germ cells. Genesis 26, 116–117 (2000).

33.	 Gallardo, T., Shirley, L., John, G. B. & Castrillon, D. H. Generation of a germ cell-specific mouse transgenic Cre line, Vasa-Cre. 
Genesis 45, 413–417 (2007).

34.	 Usongo, M., Rizk, A. & Farookhi, R. β​-Catenin/Tcf signaling in murine oocytes identifies nonovulatory follicles. Reproduction 144, 
669–676 (2012).

35.	 Sundararajan, S., Wakamiya, M., Behringer, R. R. & Rivera-Perez, J. A. A fast and sensitive alternative for beta-galactosidase 
detection in mouse embryos. Development 139, 4484–4490, doi: 10.1242/dev.078790 (2012).

36.	 Stoller, J. Z. et al. Cre reporter mouse expressing a nuclear localized fusion of GFP and beta-galactosidase reveals new derivatives of 
Pax3-expressing precursors. Genesis 46, 200–204, doi: 10.1002/dvg.20384 (2008).

37.	 Holt, J. E. et al. The APC/C activator FZR1 coordinates the timing of meiotic resumption during prophase I arrest in mammalian 
oocytes. Development 138, 905–913, doi: 10.1242/dev.059022 (2011).

38.	 Seah, M. K., Holt, J. E., Garcia-Higuera, I., Moreno, S. & Jones, K. T. The APC activator fizzy-related-1 (FZR1) is needed for 
preimplantation mouse embryo development. J Cell Sci 125, 6030–6037, doi: 10.1242/jcs.110155 (2012).

39.	 Tanwar, P. S., Kaneko-Tarui, T., Lee, H. J., Zhang, L. & Teixeira, J. M. PTEN loss and HOXA10 expression are associated with ovarian 
endometrioid adenocarcinoma differentiation and progression. Carcinogenesis 34, 893–901 (2013).

40.	 Tanwar, P. S. et al. Stromal liver kinase B1 [STK11] signaling loss induces oviductal adenomas and endometrial cancer by activating 
mammalian Target of Rapamycin Complex 1. PLoS Genet 8, e1002906, doi: 10.1371/journal.pgen.1002906 (2012).

Acknowledgements
We thank Prof Maketo M Taketo for providing us the Ctnnb1tm1Mmt mice. We would like to thank members 
of the gynaecology oncology group for critical reading of this manuscript. This work is in part supported by 
funding from the National Health and Medical Research Council (P.S.T., E.M.), the Australian Research Council 
(P.S.T., J.H.) and the Cancer Institute NSW (P.S.T.). M.K. and N.C. are recipients of the University of Newcastle 
Postgraduate Research Fellowship.

Author Contributions
M.K., N.C. and J.H. performed all the experiments listed in the manuscript. M.K., N.C., J.H. analysed the data. 
M.K. and P.S.T. prepared the figures. E.M. and J.M.T. provided Ddx4cre mice and intellectual input to the study. 
M.K. and P.S.T. wrote the main manuscript text. P.S.T. conceived and designed the experiments, analysed the 
data, supervised the study, provided financial support, editing and final approval of the manuscript. All authors 
reviewed, approved and commented on the manuscript.



www.nature.com/scientificreports/

13Scientific Reports | 6:27273 | DOI: 10.1038/srep27273

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Kumar, M. et al. Germ cell specific overactivation of WNT/βcatenin signalling has no 
effect on folliculogenesis but causes fertility defects due to abnormal foetal development. Sci. Rep. 6, 27273; doi: 
10.1038/srep27273 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Germ cell specific overactivation of WNT/βcatenin signalling has no effect on folliculogenesis but causes fertility defects ...
	Results

	Activation of WNT signalling during different stages of follicular development. 
	Conditional activation of WNT/βcatenin signalling in ovarian germ cells. 
	Oocyte specific constitutive activation of WNT/βcatenin signalling causes subfertility but has no effect on folliculogenesi ...
	Sustained activation of WNT signalling in oocytes leads to abnormal development of ectoderm and foetal loss. 

	Discussion

	Materials and Methods

	Mouse breeding and husbandry. 
	Time mating and fertility analysis. 
	Mouse oocyte collection and maturation. 
	In vitro parthenogenic development. 
	Histology and Immunohistochemistry. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Active WNT signalling during follicular development in mouse ovary.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Overactivation of Wnt signalling in oocytes does not affect oogenesis.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Normal morphology of pre-pubertal and adult ovaries in control and mutant mice.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Normal follicular development in ovaries of control and mutant mice.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Overactivation of Wnt signalling in oocytes does not affect oocyte maturation but leads to fertility defects due to embryonic death.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Defective embryonic development in mutant mice.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Embryonic lethality in mutant females is associated with overactivation of Wnt signalling in embryos.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Overactivation of Wnt signalling lead to defective germ layer differentiation in the embryos of mutant mice.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Normal corpus luteum development in control and mutant females.
	﻿Table 1﻿﻿. ﻿  Ctnnb1ex3cko female mice are subfertile.



 
    
       
          application/pdf
          
             
                Germ cell specific overactivation of WNT/βcatenin signalling has no effect on folliculogenesis but causes fertility defects due to abnormal foetal development
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27273
            
         
          
             
                Manish Kumar
                Nicole J. Camlin
                Janet E. Holt
                Jose M. Teixeira
                Eileen A. McLaughlin
                Pradeep S. Tanwar
            
         
          doi:10.1038/srep27273
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27273
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27273
            
         
      
       
          
          
          
             
                doi:10.1038/srep27273
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27273
            
         
          
          
      
       
       
          True
      
   




