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ABSTRACT. Frizzled 3 is an important receptor in the Wnt/β-catenin 
pathway, a conserved signaling pathway that regulates gene expression 
and controls diverse developmental processes. However, the role of this 
protein during follicular development in the adult ovary is not known. The 
present study was designed to investigate the expression and localization 
of Frizzled 3 mRNA and protein during the estrous cycle in the mouse ovary 
through in situ hybridization (ISH), real-time quantitative polymerase chain 
reaction, immunohistochemistry and western blot. ISH results showed that 
in proestrus, high expression of Frizzled 3 was found in the granulosa and 
stroma with weak levels in the corpus luteum. In estrus and diestrus, the 
stroma had high Frizzled 3 expression, but levels were low in granulosa 
cells and corpus luteum. In the metestrus, moderate expression of Frizzled 
3 was found in the stroma but low to no expression was found in luteal cells 
and follicles. The mRNA and protein levels of Frizzled 3 were found to be 
the highest in proestrus and diestrus compared to estrus and metestrus 
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(P < 0.05), confirming the ISH results. During estrus and diestrus, high 
Frizzled 3 expression was observed in the stroma and moderate levels in 
granulosa cells, and during estrus and proestrus, low expression was seen 
in the oocyte cell membrane. The western blot results further confirmed 
this change during the estrous cycle. Together, these results indicate 
that Frizzled 3 is involved in regulating follicular development and oocyte 
maturation during the estrous cycle.
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INTRODUCTION

During the mammalian reproductive cycle, the ovary undergoes extensive morphological 
and functional changes, which are related to many intricate cellular processes such as cell 
proliferation/differentiation, angiogenesis and apoptosis (Lipner and Maxwell, 1960; Lipner et al., 
1974; Zhang et al., 2011a,b, 2015; Wang et al., 2012, 2015). These processes are mainly regulated 
by the pituitary gonadotropins follicle-stimulating hormone and luteinizing hormone (Richards, 
1994), and are subject to many important ovarian-derived factors, such as the Wnt signaling 
pathways. In mammals, Wnt proteins can bind to Frizzled proteins, thereby activating different 
downstream pathways for regulating their physiological functions in vivo (MacDonald et al., 2007; 
Semenov et al., 2007; Schulte, 2010; Dijksterhuis et al., 2014).

Recently, Wnt signaling has been implicated in ovarian development, oogenesis, 
and early embryonic development (Chan et al., 1992; Vainio et al., 1999; Ricken et al., 2002; 
Boerboom et al., 2005; Hsieh et al., 2002, 2005; Kimura et al., 2006; Wu et al., 2007; Wang et al., 
2009, 2010b; Lapointe et al., 2012). Vainio et al. (1999) found that Wnt 4-deficient mice exhibit 
sex reversal and a paucity of oocytes in the newborn ovary, while mice null for Frizzled 4 are 
infertile and exhibit impaired function of the corpus luteum (Hsieh et al., 2005). Wnt 2 and Frizzled 
1 are expressed in the granulosa cells, while Wnt 4 and Frizzled 4 are expressed in the corpus 
luteum (Hsieh et al., 2002; Ricken et al., 2002). It has been reported that misregulation of Wnt/β-
catenin signaling in granulosa cells can contribute to granulosa cell tumor development, and 
defects in the Wnt/β-catenin pathway often lead to human ovarian endometrioid adenocarcinoma 
(Boerboom et al., 2005; Wu et al., 2007). Expression of the stable, active form of β-catenin in 
primordial germ cell promoter tissue-nonspecific alkaline phosphatase (TNAP)-Cre-expressing 
cells and cell lineages results in male and female germ cell deficiency in mice (Kimura et al., 
2006). Moreover, Frizzled 2 mRNA has been detected in a high steady state level in the rat 
ovary by northern analysis (Chan et al., 1992). The Frizzled 2 protein was highly expressed 
in granulosa cells and the membrane of oocytes during the mouse estrous cycle (Wang et al., 
2010b). Frizzled 1 is required for normal female fertility and may act in part to regulate oocyte 
maturation and cumulus cell function, but it is unlikely to function as the sole ovarian Wnt 4 
receptor (Wang et al., 2009).

Co-immunoprecipitation experiments have shown that Wnt 2 can interact with Frizzled 3 
in human cumulus cells (Lapointe et al., 2012) but very little is known about the expression pattern 
or function of Frizzled 3 in the mouse ovary. Therefore, the aim of this study was to explore the 
spatial and temporal expression profiles of Frizzled 3 mRNA and protein in the mouse ovary during 
the estrous cycle.
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MATERIAL AND METHODS

Animals

Female 5-week-old ICR mice were obtained from the Center of Laboratory Animals, 
Nantong University (China) and were housed under optimal conditions of hygiene, temperature, 
and humidity with 12-h intervals of light and dark. Commercial chow and tap water were continually 
available. All experimental procedures were performed under protocols approved by the Committee 
on the Care and Use of Animals in Research of Nanjing Agricultural University (China) and Fujian 
Normal University (China).

Experimental design

Adult female mice were divided (four per group) in proestrus (P), estrus (E), metestrus (M), 
and diestrus (DI) groups by vaginal smear according to two consecutive estrous cycles (Wang et 
al., 2010b). Animals were then sacrificed by cervical dislocation. The uteruses from different groups 
were weighed and histone H3.2 mRNA levels were detected to validate estrous cycle classification. 
Ovaries from different groups were removed and used for extraction of RNA and protein or fixed for 
in situ hybridization (ISH) and immunohistochemistry (IHC) analyses.

Quantitative polymerase chain reaction (qPCR)

Real-time qPCR analysis was performed to analyze Frizzled 3 mRNA levels as previously 
described (Wang et al., 2010b). Both optimal annealing temperature and the amplification size of 
products are shown in Table 1. Frizzled 3 mRNA levels were normalized to 60S ribosomal (L-19) 
gene expression.

Gene GenBank accession No. Primer sequence (5'-3') Product size (bp) Annealing temperature (°C)

Frizzled 3 NM_021458 F: 5'-GGGAGTGTCCACAGCAAAGTGA-3' 180 67.7
  R: 5'-GTGTCGGGACTGCTCGTTGA-3'
L-19 NM_009078 F: 5'-ATGAGTATGCTCAGGCTACAGA-3' 104 63.2
  R: 5'-GCATTGGCGATTTCATTGGTC-3'

Table 1. Oligonucleotide primers used in real-time quantitative PCR.

F = forward primer; R = reverse primer.

ISH

The ISH procedure was performed as previously described (Wang et al., 2010b). Frizzled 
3 RNA localization was determined using a commercial assay kit (Haoyang Inc., Tianjin, China) 
according to the manufacturer instructions. Frizzled 3 probes are shown in Table 2.

Gene GenBank accession No. Probe sequence Size (bp)

Frizzled 3 NM_021458 Antisense probes 
  5'-TTACCCACCATACACTGCCAGCCATAG-3' 27
  5'-GAGAGAAACCCCAACTACCACATACAGG-3' 28
  Sense probe 
  5'-CTATGGCTGGCAGTGTATGGTGGGTAA-3' 27

Table 2. Oligonucleotide probes used in ISH analysis.
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IHC

The procedure for IHC was performed as previously described (Wang et al., 2010b). The 
Power-VisionTM-PV 6001 kit (Haoyang Inc.) and 3,3’-diaminobenzidine (Haoyang Inc.) were used. 
The slides were incubated in rabbit polyclonal Frizzled 3 antibody (F3179, 1:300 dilution; Sigma, 
St.-Louis, MO, USA). The results of IHC and ISH were recorded with a DS-5Mc digital camera 
system (Nikon, Kanagawa, Japan), and the digital images were processed by NIS-Elements Basic 
Research (version 2.30; Nikon).

Western blot

The western blot procedure was performed as previously described (Wang et al., 2010b). 
Following transfer, the membranes were incubated with rabbit polyclonal Frizzled 3 antibodies 
(ab75233, 1:1000 dilution; Abcam, Cambridge, MA, USA). Anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibody (1:10,000 dilution; Chemicon International, Temecula, CA, 
USA) was used as the protein loading control. Membranes were detected with ECLTM western 
blotting detection reagent (Amersham Biosciences, Little Chalfont, Buckinghamshire, England). 
The relative intensity of Frizzled 3 compared to GAPDH was quantified using the Quantity One 
software (Bio-Rad Laboratories, Hercules, CA, USA).

Statistical analysis

The statistical analysis of data from real-time qPCR and western blot were assessed by 
one-way ANOVA (SPSS for Windows package release 13.0; SPSS Inc., Chicago, IL, USA). P < 
0.05 was considered to be statistically significant.

RESULTS

Follicular development model in the ovary of adult mice

To clarify the temporal and spatial expression profiles of Frizzled 3 in the ovary during the 
estrous cycle, we used the follicular development model in the ovary of adult female mice. Stage of 
estrous cycle was confirmed by vaginal smear (Figure 1) and ovarian histology (Figure 2).

Localization of Frizzled 3 mRNA in the mouse ovary during the estrous cycle

To understand the role of Frizzled 3 in the ovary, ISH assays for Frizzled 3 mRNA were 
performed to identify the localization of Frizzled 3 in the ovary during follicular development. Our 
results found strong expression of Frizzled 3 mRNA in the stroma and granulosa cells in the follicles 
during all estrous stages, but weak expression in the corpus luteum at the P stage (Figure 3A). The 
staining of Frizzled 3 mRNA was high in the stroma but low to undetectable in the granulosa cells 
and corpus luteum at the E stage (Figure 3B). Further analysis found that Frizzled 3 mRNA was 
moderately expressed in the stroma and weakly expressed in the corpus luteum at the M stage 
(Figure 3C), while high levels of expression were seen in the stroma and low expression in the 
granulosa cells and corpus luteum at the DI stage (Figure 3D). Control sections without probe or 
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with sense probe only did not show any specific signals (Figure 3E). All Frizzled 3 probes yielded 
similar patterns of expression. These findings indicate that the strongest hybridization signal was 
observed at the P and DI stages followed by the E and M stages.

Figure 2. Ovarian histology at the different stages of the estrous cycle. Ovarian histology was further examined for the 
identification of the estrous cycle according to follicular development. A. Indicates the proestrus stage (P); B. Indicates 
the estrus stage (E); C. Indicates the metestrus stage (M); and D. Indicates the diestrus stage (DI). pr = primary follicle; 
sf = secondary follicle; po = preovulatory follicle; ov = ovulatory follicle; o = oocyte; GC = granulosa cell; T = theca; S 
= stroma; CL = corpus luteum. Bar = 100 μm.

Figure 1. Images of the vaginal smear for the identification of the estrous cycle in mice. The vaginal smear was 
performed and examined for the identification of the estrous cycle. A. Indicates the proestrus stage (P); B. Indicates 
the estrus stage (E); C. Indicates the metestrus stage (M); and D. Indicates the diestrus stage (DI).
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Frizzled 3 mRNA levels in the mouse ovary during the estrous cycle

Real-time qPCR was used to examine the mRNA levels of Frizzled 3 at different stages 
of the estrous cycle. Our results demonstrated higher mRNA levels of Frizzled 3 at the P and DI 
stages (P < 0.05; Figure 4) compared to the E and M stages (Figure 4), which is consistent with 
the results of ISH (Figure 3).

Figure 3. Expression level and localization of Frizzled 3 mRNA in the ovary during the estrous cycle. In situ hybridization 
analysis of Frizzled 3 mRNA was performed to determine the expression level and localization of Frizzled 3 mRNA in 
the ovary at the different stages of the estrous cycle. A. Indicates the proestrus stage (P); B. Indicates the estrus stage 
(E); C. Indicates the metestrus stage (M); D. Indicates the diestrus stage (DI), and E. Indicates the negative control 
(NC). pr = primary follicle; sf = secondary follicle; po = preovulatory follicle; ov = ovulatory follicle; o = oocyte; GC = 
granulosa cell; T = theca; S = stroma; CL = corpus luteum. Bar = 100 μm.

Figure 4. Frizzled 3 mRNA expression levels in the ovary during the estrous cycle. The levels of Frizzled 3 mRNA 
normalized to L-19 were detected by real-time qPCR in the ovary during the estrous cycle. Different letters (a and b) 
denote significance values (P < 0.05) by the Tukey test. P = proestrus; E = estrus; M = metestrus; DI = diestrus.
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Localization of the Frizzled 3 protein in the mouse ovary during the estrous cycle

IHC was performed to determine the expression and localization of the Frizzled 3 protein 
in the mouse ovary during the estrous cycle (Figure 5). In the ovary during the P stage, Frizzled 
3 was visualized strongly in the stroma and granulosa cells but and a low signal was obtained in 
the oocyte membrane and corpus luteum (Figure 5A). During the E stage, moderate expression 
of Frizzled 3 was found in the stroma and granulosa cells and weak expression of Frizzled 3 was 
found in the corpus luteum and membrane of the oocyte (Figure 5B). During the M stage, Frizzled 
3 was weakly expressed in the stroma and membrane of the oocyte and no signal was found in 
granulosa cells (Figure 5C). During the DI stage, a moderate Frizzled 3 signal was found in the 
granulosa cells while a weak signal was observed in the corpus luteum and stroma (Figure 5D). 
The control sections, which were incubated without primary antibody, did not produce any positive 
staining for Frizzled 3 (Figure 5E). The localization pattern of the Frizzled 3 protein was similar to 
Frizzled 3 mRNA during the estrous cycle. However, some differences were observed; according 
to IHC, Frizzled 3 protein expression was strongest in the granulosa cells while ISH results showed 
that Frizzled 3 mRNA levels were highest in the stroma. Together, these results indicate that 
Frizzled 3 may play an important role in the regulation of ovarian function.

Figure 5. Expression and localization of the Frizzled 3 protein in the ovary at different stages of the estrous cycle. A. 
Indicates the proestrus stage (P); B. Indicates the estrus stage (E); C. Indicates the metestrus stage (M); D. Indicates 
the diestrus stage (DI); and E. Indicates the negative control (NC). pr = primary follicle; sf = secondary follicle; po = 
preovulatory follicle; ov = ovulatory follicle; o = oocyte; GC = granulosa cell; T = theca; S = stroma; CL = corpus luteum. 
Bar = 100 μm.
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Expression level of the Frizzled 3 protein in the mouse ovary during the estrous 
cycle

To further confirm the IHC results, the expression of the Frizzled 3 protein was detected 
by western blot. The results showed that Frizzled 3 was expressed to a higher degree at the P and 
DI stages compared to the E and M stages (P < 0.05; Figure 6). These results show that Frizzled 
3 may be involved in follicular development during the estrous cycle.

Figure 6. Frizzled 3 protein expression in the ovary during the estrous cycle. The level of the Frizzled 3 protein was 
detected by western blot in the ovary during the estrous cycle. A. Pepresentative western blot depicting the protein 
level of Frizzled 3 with β-actin as the loading control. B. Densitometric analysis of Frizzled 3 expression from the 
western blot normalized to the GAPDH control. Different letters (a and b) denote significant values (P < 0.05) by the 
Tukey test. P = proestrus; E = estrus; M = metestrus; DI = diestrus.

DISCUSSION

The Wnt/Frizzled signaling pathway orchestrates and influences a myriad of cell and 
developmental processes such as proliferation, differentiation, cell-fate decisions, migration, and 
embryonic development. Misregulation of Wnt signaling can lead to various diseases ranging from 
cancer and inflammatory diseases to metabolic and neurological disorders. Previous research 
showed that Wnt signaling is crucial for ovarian development, and various Wnt pathways are 
localized to different parts of the ovary (Vainio et al., 1999; Hsieh et al., 2002; Ricken et al., 
2002). Abnormal Wnt signaling has been shown to result in ovarian tumors (Boerboom et al., 
2005; Wu et al., 2007). Our results indicate that the Wnt signaling pathway is vital to regulating 
follicular development in the ovary. So far, studies have showed that Frizzled 1 and Frizzled 2 are 
found in different parts of the rodent ovary (Chan et al., 1992; Wang et al., 2010b; Lapointe et 
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al., 2012). Interestingly, in human cumulus cells, Frizzled 3 can bind to Wnt 2, but it is not known 
which downstream signaling pathways are activated following this interaction (Wang et al., 2009). 
Furthermore, the Wnt 1/Frizzled 3 system plays a regulatory role in the achievement of the in vitro 
capacitation and subsequent in vitro acrosome exocytosis of porcine spermatozoa (Covarrubias et 
al., 2015). Therefore, it is important to examine the expression patterns of Frizzled 3 in the ovary 
during the estrous cycle.

In the present study, the spatial and temporal expression profiles of Frizzled 3 were 
examined in vivo in the ovary during the estrous cycle. Frizzled 3 mRNA and protein levels were 
significantly higher at the P and DI stages than at the E and M stages. These results imply that 
Frizzled 3 may be involved in the onset and termination of the estrous cycle and most likely plays 
a role in folliculogenesis and atrophy of the corpus luteum. Furthermore, using ISH, we showed 
that Frizzled 3 mRNA levels are higher in the ovary during the P and DI stages, where it is mainly 
localized in the stroma or granulosa cells. During the E and M stages, Frizzled 3 mRNA was 
detected moderately in the stroma. The expression pattern of the Frizzled 3 protein was mostly 
consistent with its mRNA levels. A strong signal appeared in the stroma at the P and DI stages 
and few localization differences were observed. Frizzled 3 protein was expressed moderately in 
the granulosa cells at the E and D stages. These results indicate that some other factors may be 
involved in regulating the expression of Frizzled 3 at the translational level.

In the ovary, the follicles are embedded in the connective tissue (stroma). The central 
stroma (medulla) contains a rich vascular bed, lymphatic vessels, and nerves within loose 
connective tissue (Zhang et al., 2015). Currently, the function of the stroma in the ovary has been 
poorly understood. Studies have identified differential expression of inflammation-related genes in 
the ovarian stroma and granulosa cells of polycystic ovary syndrome (PCOS) patients, indicating 
that these are important regions for pathophysiological changes during PCOS (Schmidt et al., 
2014). Our study found the strongest signals for Frizzled 3 in the stroma and granulosa cells during 
the estrous cycle. Therefore, we speculate that Frizzled 3 may be related to the pathogenesis of 
PCOS but this issue needs to be further investigated. In addition, recent evidence in the mouse 
ovary demonstrated that misregulation of Wnt/β-catenin signaling can result in granulosa cell 
tumors (Boerboom et al., 2005). Wnt 2/β-catenin signaling contributes to regulating the proliferation 
of granulosa cells (Wang et al., 2010a). Meanwhile, immunofluorescence analysis of cultured 
granulosa cells revealed that it colocalizes with Frizzled 3 and Frizzled 9. Co-immunoprecipitation 
experiments showed that the Wnt 2 antibody could pull down Frizzled 3 and Frizzled 9, but only 
Frizzled 9 antibody could pull down Wnt 2, suggesting that Frizzled 9 may be the preferred receptor 
for Wnt 2 in mouse granulosa cells (Wang et al., 2010a). Interestingly, our study revealed the 
strongest signals (highest expression) for Frizzled 3 in the granulosa cells during the estrous cycle. 
However, the possible effect and mechanism of Frizzled 3 in granulosa cells need to be further 
explored.

In conclusion, our results clearly show that Frizzled 3 is highly expressed during the 
proestrus and diestrus stages; moreover, it is primarily localized in the granulosa cells and stroma. 
These findings indicate that Frizzled 3 may be involved in follicle growth, oocyte maturation, and 
luteal atresia during the estrous cycle.
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