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Abstract 

We previously demonstrated that female Runx3 knockout (Runx3−/−) mice were anovulatory 

and their uteri were atrophic, and that Runx3 mRNA was expressed in granulosa cells. To 

clarify how Runx3 regulates folliculogenesis and ovulation, we examined the effects of Runx3 

knockout on the gene expression of growth factors associated with folliculogenesis and 

enzymes associated with steroidogenesis. In Runx3−/− mouse ovaries, the numbers of primary 

and antral follicles were lower than those in wild type (wt) mice at 3 weeks of age, indicating 

that the loss of Runx3 affects folliculogenesis. The expression of genes encoding activin and 

inhibin subunits (Inha, Inhba, and Inhbb) was also decreased in ovaries from the Runx3−/− 

mice compared with that in wt mice. Moreover, the expression of the genes Cyp11a1 and 

Cyp19a1 encoding steroidogenic enzymes was also decreased. In cultured granulosa cells 

from 3-week-old mouse ovaries, Cyp19a1 mRNA levels were lower in Runx3−/− mice than 

those in wt mice. Follicle stimulating hormone (FSH) treatment increased Cyp19a1 mRNA 

levels in both wt and Runx3−/− granulosa cells in culture, but the mRNA level in Runx3−/− 

granulosa cells was lower than in wt ones, indicating that granulosa cells could not fully 

function in the absence of Runx3. At 3 weeks of age, gonadotropin α subunit, FSHβ subunit 

and Luteinizing hormone (LH)β subunit mRNA levels were decreased in Runx3−/− mice. 

These findings suggest that Runx3 plays a key role in female reproduction by regulating 

folliculogenesis and steroidogenesis in granulosa cells. 
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Introduction 

 The mammalian Runt domain transcription factor family consists of Runx1, Runx2, 

and Runx3 (Ito 1999; Otto et al. 2003; Cameron and Neil 2004). Runx1 and Runx2 play 

crucial roles in the periovulatory process of rat ovaries (Jo et al. 2004; Hernandez-Gonzalez et 

al. 2006; Jo and Curry 2006; Park et al. 2008; Liu et al. 2009; Liu et al. 2010; Park et al. 2010; 

Park et al. 2012). In addition, Runx2 regulates follicle stimulating hormone (FSH) β gene 

expression in gonadotropes (Breen et al. 2010). Recently, we found that female Runx3−/− 

mice were anovulatory and their uteri were atrophic. The numbers of primary, secondary, and 

antral follicles in ovaries were also significantly lower in adult Runx3−/− mice than in wt mice, 

and corpora lutea were not observed in Runx3−/− mice, indicating a lack of ovulation in the 

mouse (Sakuma et al. 2008). In adult mouse ovaries, Runx3 mRNA expression was detected 

in granulosa cells by in situ hybridization, and was also detected in isolated granulosa cells by 

RT-PCR analysis (Ojima et al. 2016). These findings lead us to the hypothesis that Runx3 in 

granulosa cells is involved in the development of ovarian follicles. However, it is not clear 

how Runx3 regulates folliculogenesis and ovarian functions in mice. 

 Ovarian folliculogenesis is divided into two stages: the early stage is the 

gonadotropin-independent growth stage, and the later stage is the gonadotropin-dependent 

growth one. In the early stage, primordial follicles undergo initial recruitment from their pool 

to initiate their growth into primary and secondary follicles. This initial recruitment is 

regulated by intraovarian growth factors, estrogens, and unknown factors other than FSH. In 

the later stage, cyclic rises of circulating FSH during the estrous cycle recruit antral follicles 

to initiate the growth into preovulatory follicles and finally the ovulation induced by LH surge 

(Dierich et al. 1998; Kumar et al. 1997; Lei et al. 2001; Orisaka et al. 2009). Thus, 

folliculogenesis consists of two distinct stages of follicle recruitment (initial and cyclic ones; 
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McGee and Hsueh 2000). It is still not clear how Runx3 regulates the early stage of 

folliculogenesis (the initial recruitment) in mouse ovaries. The cyclic recruitment of follicles 

starts at the onset of puberty. Therefore, it is necessary to analyze the development of follicles 

distinctly in two periods: before and after the onset of puberty. We previously investigated 

follicular development of 8-week-old Runx3−/− and wt mouse ovaries (Ojima et al. 2016). The 

present study primarily focuses upon follicular development during the prepubertal period to 

clarify the roles of Runx3 in folliculogenesis in the initial recruitment stage. 

TGF-β superfamily growth factors, acting as the intra-ovarian growth factors, are 

involved in the regulation of folliculogenesis (Drummond 2005; Knight and Glister 2006; 

Richards and Pangas 2010; Knight et al. 2012). As signal transduction of the TGF-β 

superfamily members is mediated by members of the Smad family (Massague and Wotton 

2000; Wrana and Attisano 2000), the deletion of Smad3 severely affects the follicular 

development (Xu et al. 2002; Tomic et al. 2004; Kaivo-oja et al. 2006). Therefore, we 

examined the gene expression of members of the TGF-β superfamily, anti-Müllarian hormone 

(AMH) and subunits of activin and inhibin in Runx3−/− mouse ovaries. 

Estrogen is another intraovarian factor involved in the regulation of follicular 

development (Krege et al. 1998; Lubahn et al. 1993). Estrogen production in follicular cells is 

regulated by FSH and LH (Adashi and Hsueh 1982; Fitzpatrick and Richards 1991). In Runx3

−/− mouse ovaries, mRNA expression of the gene encoding the cholesterol side-chain cleavage 

enzyme (SCC) gene Cyp11a1 in theca cells is decreased in mature female mice (Sakuma et al. 

2008; Tsuchiya et al. 2012; Ojima et al. 2016). Aromatase encoded by Cyp19a1 is a key 

enzyme of estrogen synthesis in granulosa cells, in which Runx3 is also expressed. However, 

the role of Runx3 in Cyp19a1 expression in granulosa cells is still unclear. Therefore, the 

expression of genes involved in steroidogenesis including Cyp19a1 was studied using 



 5 

granulosa cells collected from the ovaries of 3-week-old mice.  

The present study focuses upon the involvement of Runx3 in the early stage of 

folliculogenesis (the initial recruitment of follicles). We investigated the effects of Runx3 

knockout on the development of follicles, and the involvement of the gene expression of 

TGFβ superfamily growth factors and enzymes involved in steroidogenesis in follicles. This 

work provides new insights into the regulatory mechanism of Runx3 in the early stage of 

folliculogenesis. 

 

 

Materials and methods 

Animals 

Male and female BALB/c mice were used in the present study. Runx3 knockout 

(Runx3−/−) mice with the BALB/c genetic background were generated as previously described 

(Li et al., 2002). All animal care and experiments were approved by the Animal Care and Use 

Committee, Okayama University, and were conducted in accordance with the Policy on the 

Care and Use of Laboratory Animals, Okayama University. Runx3+/− mice were mated, and 

their offsprings were genotyped as previously described (Yamamoto et al. 2006).  

 Ovaries obtained from Runx3−/− and wt mice (n=5, each group)   were fixed in 

Bouin’s fixative, dehydrated, and embedded in paraffin. Sections (7 µm thick) were cut and 

stained with hematoxylin and eosin. The number of primordial follicles was counted in every 

other section, and each follicle was followed through consecutive sections to ensure that it 

was counted only once. 

 

Riboprobes 
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 Mouse Cyp11a1 and Cyp19a1 riboprobes were generated in accordance with a 

previously described method (Murakami et al. 2005). DNA fragments encoding part of mouse 

Cyp11a1 (NM_019779.3; 630-1055) and Cyp19a1 (NM_007810.3; 286-789) were obtained 

by reverse-transcription polymerase chain reaction (RT-PCR) using the following primers 

described in Table 1. The cDNA fragments were subcloned into the pGEM-3Zf(+) vector. 

Each plasmid DNA was linearized using restriction enzyme (EcoRI/HindIII) sites of 

pGEM-3Zf(+) and RNA probes were synthesized using a T7 and SP6 polymerase system 

(Promega, Madison, WI, USA), in accordance with the manufacturer’s instructions. The 

probe was labeled with digoxigenin (DIG) (Roche Diagnostics, Mannheim, Germany). 

 

In situ hybridization analysis 

 Ovaries from wt and Runx3−/− mice were embedded in O.C.T. Compound (Sakura 

Finetek Japan, Tokyo, Japan), frozen with liquid nitrogen, and sectioned at 10-µm thickness 

by a cryostat. The dried sections were treated with 0.5 µg/ml proteinase K (Nacalai Tesque, 

Kyoto, Japan) at 37°C for 10 min, 0.2% glycine in PBS for 20 min, and subjected to 

acetylation treatment with 0.15 M acetic anhydride in 0.1 M triethanolamine for 10 min at 

room temperature. The sections were then treated with pre-hybridization solution containing 

4×SSPE, 1×Denhardt’s solution, 10% dextran sulfate, 50% deionized formamide, and yeast 

tRNA (50 µg/slide) at room temperature for 30 min. After the pre-hybridization, the sections 

were exposed to hybridization solution containing DIG-labeled antisense or sense riboprobes 

(50 ng/slide) in pre-hybridization solution overnight at 45°C (Cyp11a1 and Cyp19a1). 

Following the hybridization for 16 h, the sections were incubated with alkaline phosphatase 

(AP)-conjugated anti-DIG antibody (Roche Diagnostics) in blocking solution overnight at 

4°C. Hybridization signals were detected in AP buffer containing 35 µg/ml nitro-blue 
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tetrazolium chloride (Wako Pure Chemical, Osaka, Japan) and 17.5 µg/ml 

5-bromo-4-chloro-3′-indoylphosphate p-toluidine salt (Wako Pure Chemical). 

 

Ovarian granulosa cell isolation and culture 

 Granulosa cell isolation and culture were performed in accordance with methods 

used in previous studies (Otsuka and Shimasaki 2002; Miyoshi et al. 2007; Ojima et al. 2016). 

Ovaries from 3-week-old wt and Runx3−/− mice were collected and dissected free of 

connective tissue. They were then incubated in M199 medium containing 25 mM HEPES and 

0.1% BSA, and were punctured with a 27-gauge needle. Mixtures of granulosa cells and 

oocytes were filtered through cell strainers (40-µm nylon mesh, BD Falcon, Bedford, MA, 

USA) that allowed the passage of granulosa cells but not oocytes to pass through. After 

centrifugation (5 min at 500 × g, 4°C), cells were cultured in McCoy’s 5A medium 

(Sigma-Aldrich, St. Louis, MO, USA) containing 10% dextran-coated charcoal-treated fetal 

bovine serum (DC-FBS, v/v; Life Technologies, Grand Islands, NY, USA) at 37°C in an 

atmosphere of 5% CO2. The cells were seeded at a density of 5×104 cells per well in 24-well 

plates. After 24 h, the medium was changed to serum-free McCoy’s 5A medium containing 

0.1% BSA supplemented with insulin–transferrin–selenium (ITS; Life Technologies) and 

culture supplement (100 µg/l hydrocortisone, 400 ng/l triiodothyronine, 10 ng/l glucagon, 200 

ng/l parathormone) for 24 h before further analysis. The cell types of dissociated follicle cells 

were confirmed by detection of the expression of granulosa cell-related genes, in accordance 

with previous studies (Ojima et al., 2016). Fshr and Cyp19a1 mRNA was detected in the 

dissociated cells from wt mouse ovaries and Runx3−/− mouse ovaries. Hence, we concluded 

that the dissociated cells included granulosa cells and were appropriate for analysis of the 

effects of FSH treatment on such cells. 
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RNA extraction and reverse transcription (RT) - polymerase chain reaction (PCR) 

 Total RNA was extracted from tissues or isolated granulosa cells using TRIsure 

Reagent (Bioline, London, UK), and reverse-transcribed using the Prime Script RT-PCR 

System (Takara Bio), in accordance with the manufacturer’s instructions. Random hexamers 

were used for the RT reactions.  

 PCR was carried out using Blend Taq (Toyobo, Tokyo, Japan) and a Gene Amp PCR 

System 9700 thermal cycler (Applied Biosystems, Branchburg, NJ, USA). The PCR 

conditions were as follows: 2 min at 94°C; an appropriate number of cycles of 94°C for 30 s, 

annealing temperature for 30 s, and 72 °C for 30 s; and then 10 min at 72°C. A 10-µl of 

aliquot of each reaction was electrophoresed on a 2% agarose gel, which was then stained 

with ethidium bromide, and photographed under ultraviolet radiation.  

 Real-time PCR was performed using SYBR Premix Ex Taq (Perfect Real Time; 

Takara Bio) with an ABI PRISM 7300 Sequence Detection System (Applied Biosystems). 

The PCR program was as follows: after initial denaturing at 95°C for 10 s, 40 cycles 95oC for 

5 s and 60oC for 31 s, followed by a melting-curve analysis (95oC for 15 s, 60oC for 1 min, 

95oC for 15 s, and 60oC for 15 s). This latter analysis was conducted to confirm the absence of 

primer dimmers. Standard curves were generated by serial dilution of total cDNA, and the 

amount of each target mRNA level was normalized against the amount of mRNA of 

ribosomal protein L19 (Rpl19).  

 

Analysis of steroid production 

 Estradiol and progesterone levels were measured by a chemiluminescent 

immunoassay using Architect estradiol and progesterone kits (Abbott Co., Ltd., Tokyo, 
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Japan), in accordance with the methods used in previous studies (Nakamura et al. 2013). For 

steroid assays, granulosa cells were plated into 96-well plates and grown in serum-free 

McCoy’s 5A medium containing 100 nM androstenedione (a substrate for aromatase, 

Sigma-Aldrich). Granulosa cells were cultured without (control) and with ovine FSH 

(Sigma-Aldrich, 30 ng/ml) (Miyoshi et al., 2007). After 48 h, the culture supernatant was 

collected and stored at −20°C until assaying. Each group consisted of four wells, and each 

experiment was performed independently in triplicate. 

 

Statistical analysis 

 Data are shown as the mean ± S.E. Differences among groups were analyzed by 

analysis of variance followed by Tukey’s test, and the differences in means between the two 

groups were analyzed by Student’s t-test (Kaleida Graph; Synergy Software, Reading, PA, 

USA). Differences were considered significant at P<0.05. 

 

 

Results 

Morphological changes of ovaries in Runx3−/− mice 

 We previously demonstrated delayed folliculogenesis in ovaries of Runx3−/− mice at 

8 weeks of age (Sakuma et al. 2008). It is however difficult to investigate the initial 

recruitment of follicles using ovaries of postpubertal mice since the cyclic recruitment of 

follicles starts after the onset of puberty (McGee and Hsueh 2000). Therefore, in the present 

study the ovaries of prepubertal mice (2 and 3 weeks of age) were observed (Fig. 1a). At 2 

weeks of age, all four types of follicle including primordial follicles were found in the ovary 

and their numbers did not differ between wt and Runx3−/− mice (Fig. 1b). At 3 weeks of age, 
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the numbers of primary and antral follicles per ovary were significantly lower in Runx3−/−
 

mice than those in wt mice, while the number of secondary follicles per ovary were higher in 

Runx3−/− mice than that in wt mice. These changes of the number of follicles during the 

prepubertal period may be ascribed to the delayed growth of primordial follicles into primary 

follicles, and of secondary follicles into antral follicles, indicating that the initial recruitment 

was affected by Runx3 knockout. At 8 weeks of age, the ovaries of Runx3−/− mice were 

smaller than those of wt mice, possibly because the former did not contain corpora lutea, 

while the latter contained many corpora lutea. These changes observed in the ovaries of 

8-week-old mice were consistent with the findings in our previous study (Sakuma et al. 2008). 

 

Expression of growth factor genes involved in regulation of follicular development and 

functions in ovaries of wt and Runx3−/− mice 

 The morphological analysis of folliculogenesis in the present study demonstrated that 

folliculogenesis in the initial recruitment was adversely affected in Runx3−/− mouse ovaries, 

which was assumed to be due to changes in intra-ovarian growth factors, mainly those in the 

TGF-β superfamily growth factors. Therefore, we analyzed Amh, Igf1, Inha, Inhba, and Inhbb 

mRNA levels in wt and Runx3−/− mouse ovaries using quantitative real-time PCR to 

determine whether Runx3 knockout can affect gene expression of the TGF-β superfamily 

growth factors involved in folliculogenesis and other ovarian functions in 3-week-old mice. 

Inha, Inhba, and Inhbb mRNA levels were lower in Runx3−/− mouse ovaries than in wt ones; 

no significant differences in Amh and Igf1 mRNA levels were detected (Fig. 2). These results 

suggest that Runx3 may be involved in the regulation of Inha, Inhba, and Inhbb expression, 

and that the decrease in the synthesis of inhibin and activin subunits may lead to the decrease 

in inhibin or activin activity in Runx3−/− mouse ovaries. 
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Expression of genes involved in regulation of steroidogenesis in the ovaries of wt and 

Runx3−/− mice 

 Estrogen synthesis is one of the primary roles of ovarian follicles, and estrogen is 

another intraovarian factor for folliculogenesis. To determine whether Runx3 is involved in 

the regulation of steroidogenesis in mouse ovaries, we analyzed the mRNA levels of Fshr 

(FSH receptor), Lhcgr (LH receptor), and the key regulators of steroidogenesis in ovarian 

granulosa cells, namely, Star (steroidogenic acute regulatory protein), Cyp11a1 (p450scc, 

cholesterol side-chain cleavage enzyme), Cyp17a1 (p450c17, steroid 17 α hydroxylase), and 

Cyp19a1 (p450arom, aromatase), in wt and Runx3−/− mouse ovaries using quantitative 

real-time PCR. mRNA levels of Fshr, Lhcgr, Cyp11a1, and Cyp19a1 mRNA levels were 

lower in Runx3−/− mouse ovaries than in wt ones, while those of Star and Cyp17a1 also 

appeared to be decreased albeit without reaching statistical significance because of large 

variations in wt mouse ovaries (Fig. 3). These findings suggest that the expression of 

aromatase, an enzyme involved in estrogen synthesis, was diminished in Runx3−/− mouse 

ovaries, leading to the decreased synthesis of estrogen. 

 

In situ hybridization analysis of Cyp11a1 and Cyp19a1 mRNA expression in wt and 

Runx3−/− mouse ovaries 

 Real-time PCR analysis of Runx3−/− mouse ovaries showed decreased Cyp11a1 and 

Cyp19a1 mRNA expression. However, it is not clear how Runx3 knockout affected Cyp11a1 

and Cyp19a1 mRNA-expressing cells in mouse ovaries. Therefore, these cells were analyzed 

in 3-week-old mice by in situ hybridization using DIG-labeled riboprobes (Cyp11a1, Fig. 4a–

f; Cyp19a1, Fig. 4g–l). In all in situ hybridization studies, no signals were detected when 
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sense riboprobes were used for the control analysis (Fig. 4e, f, k, l).  

Cyp11a1 mRNA  In both wt and Runx3−/− mouse ovaries, Cyp11a1 mRNA signals were 

detected in some of the interstitial cells and in some of the theca interna cells of secondary 

and antral follicles (Fig. 4a–d). However, in Runx3−/− mouse ovaries, Cyp11a1 mRNA signals 

in interstitial cells and theca interna cells were lower than those in wt mice (wt, a, c; Runx3−/−, 

b, d). 

Cyp19a1 mRNA  In wt mouse ovaries, Cyp19a1 mRNA signals were detected in granulosa 

cells of primary, secondary and antral follicles (Fig. 4g–j). In Runx3−/− mouse ovaries, 

Cyp19a1 mRNA signals were lower than those in wt mice (wt, g, i; Runx3−/−, h, j). Taken 

together, these findings correspond well to the decreased Cyp11a1 and Cyp19a1 mRNA 

expression in Runx3−/− mouse ovaries. 

 

Effects of FSH treatment on E2 and P4 production and genes involved in steroidogenesis 

in freshly prepared granulosa cells of wt and Runx3−/− mice 

 Steroidogenesis in granulosa cells is regulated by gonadotropin. We thus next 

cultured granulosa cells of wt and Runx3−/− mice with or without FSH (30 ng/ml) for 48 h, 

and examined the effects of FSH on the production of E2 and P4 and expression of 

gonadotropin receptor genes and steroidogenic enzyme genes in these cells.  

 The expression of Cyp19a1 mRNA in granulosa cells of Runx3−/− mouse ovaries was 

significantly lower than that in wt mouse granulosa cells (Fig. 5). In contrast, the expressions 

of Fshr, and Cyp11a1 mRNA in granulosa cells did not differ between Runx3−/− and wt mice 

(Fig. 5). FSH treatment increased Cyp19a1 mRNA levels in both wt and Runx3−/− granulosa 

cells, but the increase in Runx3−/− granulosa cells was smaller than that in wt ones. 

Conversely, FSH treatment did not significantly affect the levels of Fshr and Cyp11a1 mRNA 
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expression in both wt and Runx3−/− mice (Fig. 5).  

 E2 levels were significantly lower in granulosa cells from Runx3−/− mice than those 

from wt mice without FSH treatment (control) (Fig. 5). FSH treatment significantly increased 

E2 levels in Runx3−/− granulosa cells, but not in wt granulosa cells (Fig. 5), while FSH 

treatment significantly increased P4 production in both Runx3−/− granulosa cells and wt 

granulosa cells. There was no difference in the FSH-induced response in progesterone 

production between wt and Runx3−/− mice (Fig. 5). These findings clearly indicated that E2 

synthesis in Runx3−/− mouse ovaries was decreased due to the decreased Cyp19a1 expression, 

and the FSH response in granulosa cells in terms of Cyp19a1 expression was diminished in 

Runx3−/− mouse ovaries. 

 

Expression of Cga, Fshb, and Lhb mRNA in wt and Runx3−/− mice 

 To clarify the alteration of gonadotropin gene expression in 3-week-old mice, we 

analyzed the mRNA levels of Cga, Fshb, and Lhb. All of these levels in Runx3−/− mouse 

pituitaries were lower than those in wt mouse ones (Fig. 6). These findings suggest that FSH 

and LH production decreased in Runx3−/− mouse pituitaries. 

 

 

Discussion 

 Recent studies as well as the present one have shown that the Runt-related 

transcription factor family participates in the regulation of ovarian functions in rats and mice. 

Runx1 and Runx2 are involved in regulating the LH-induced ovulatory process and 

luteinization in the rat ovary. We previously demonstrated the expression of Runx3 mRNA in 

granulosa cells of ovarian follicles as well as alterations in follicular development and a lack 
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of ovulation in Runx3−/− mice, and we suggested that Runx3 acted in the ovulation-regulatory 

system in the hypothalamo-pituitary, probably in the regulation of Kiss1 mRNA expression in 

the anteroventral periventricular nucleus (AVPV) (Sakuma et al. 2008; Ojima et al. 2016). 

The present study indicates that Runx3 in granulosa cells is involved in the regulation of 

folliculogenesis and steroidogenesis in mouse ovaries. 

We previously demonstrated that ovaries were markedly reduced in size in 

8-week-old Runx3−/− mice, with a significantly decreased number of antral follicles and the 

absence of corpora lutea (Sakuma et al. 2008). In the present study, we found that the 

transition of primordial follicles to primary follicles and that of preantral follicles to antral 

follicles seemed to be retarded in Runx3−/− mouse ovaries. Early folliculogenesis from 

primordial follicles to preantral follicles proceeds under the control of the intraovarian 

regulatory system (Knight and Glister 2006; Richards and Pangas 2010), and that of preantral 

follicles to antral follicles is regulated by FSH (Kumar et al. 1997; Dierich et al. 1998; Lei et 

al. 2001; Orisaka et al. 2009). As another possibility, atresia during folliculogenesis may be 

accelerated by Runx3 deletion. In fact, we previously found the increase in atretic follicles in 

8-week-old Runx3−/− mouse ovaries. Although atretic follicles were not examined in the 

ovaries of 2-3-week-old Runx3−/− mice, it is probable that the atresia of antral follicles in 

Runx3−/− mouse ovaries during the peripubertal period was increased like that in 8-week-old 

Runx3−/− ones. Therefore, considering the possibility of accelerated atresia we concluded in 

the present study that the changes in the early stage of folliculogenesis observed in 

3-week-old Runx3−/− mouse ovaries were probably caused by alterations of the intraovarian 

regulatory system, which may be controlled by Runx3 within granulosa cells.  

 Many reports have demonstrated that folliculogenesis is regulated by TGF-β/BMP 

family members and insulin-like growth factor 1 (IGF1) produced within follicles (Knight and 
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Glister 2006; Knight et al. 2012; Otsuka 2013). The retarded early folliculogenesis observed 

in Runx3−/− mouse ovaries at the age of 3 weeks was possibly due to defects in the activities 

of these growth factor actions. Therefore, we examined anti-Müllarian hormone (AMH), 

subunits of activins and inhibins, and IGF1. Inha, Inhba, and Inhbb mRNA expression was 

decreased in Runx3−/− mouse ovaries, suggesting that the synthesis of activins or inhibins was 

decreased in them. When Inha, Inhba, and Inhbb mRNA levels were determined in granulosa 

cells isolated from wt and Runx3−/− mouse ovaries by real-time PCR, no significant 

differences in these levels were detected (data not shown). Hence, it is probable that the 

decreases in Inha, Inhba, and Inhbb mRNA levels in Runx3−/− mouse ovaries were partly due 

to the decrease in the number of granulosa cells expressing Inha, Inhba, and Inhbb mRNAs. 

Low Inha, Inhba, and Inhbb mRNA levels probably led to decreased production of activin B, 

activin AB, or inhibin B in Runx3−/− mouse follicles. 

 Activins stimulate the proliferation of primordial germ cells and granulosa cells of 

early immature follicles (Li et al. 1995; Miró and Hillier 1996; Yokota et al. 1997; Liu et al. 

1999; El-Hefnawy and Zeleznik 2001; Bristol-Gould et al. 2006). They also stimulate FSHR 

expression in granulosa cells (Hasegawa et al. 1988; Xiao et al. 1992; Nakamura et al. 1993) 

and synergize with FSH to regulate the differentiation of granulosa cells during late 

folliculogenesis (Woodruff et al. 1990; Findlay 1993; Kishi et al. 1998). Inhibins, which 

generally antagonize the activities of activins (Knight et al. 2012), are involved in the 

inhibition of primordial follicle recruitment and early follicle development (Woodruff et al. 

1990; Myers et al. 2009). In addition, a recent study of Inhbb knockdown mice showed that 

Inhbb is involved in the regulation of granulosa cell proliferation in mouse ovaries (M'Baye et 

al. 2015). These changes in folliculogenesis in Inhbb knockdown mice were similar to those 

in Runx3−/− mouse ovaries. Therefore, retarded folliculogenesis in Runx3−/− mouse ovaries 
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was probably due to the decreased expression of subunits of activins and/or inhibins that are 

involved in the regulation of early folliculogenesis. However, the role of Runx3 in the 

regulation of activin and/or inhibin gene expression remains to be studied. 

 Smad proteins function as integrators of TGF-β/BMPs signaling pathways 

(Miyazono et al. 2001). For example, Smad3 knockdown was shown to induce the slower 

growth of primordial follicles into antral follicles (Tomic et al. 2004). The retarded growth of 

follicles observed in Smad3−⁄− mouse ovaries appears to be similar to the changes in 

folliculogenesis observed in Runx3−/− mouse ovaries. Considering the possible interaction of 

Runx3 with Smad3 in signal transduction pathways of TGF-β/BMP (Hanai et al., 1999; Ito 

and Miyazono, 2003), the present study supports previous findings suggesting that Runx3 is 

involved in the regulation of folliculogenesis as a factor involved in TGF-β/BMP signal 

transduction. 

 The decrease in the number of antral follicles developing into preovulatory follicles 

was the most significant change induced by the loss of Runx3 in mouse ovaries, which led to 

the depletion of healthy preovulatory follicles. Follicular development is closely connected to 

steroidogenesis. Estrogen is one of the most important regulators of follicular development 

and is the key signal to the hypothalamic–pituitary system for the generation of LH surge and 

ovulation (Krege et al. 1998; Hegele-Hartung et al. 2004). The capacity for estrogen 

production in granulosa cells emerges in the late preantral stage. The expression of Cyp11a1 

and Cyp19a1, genes encoding key enzyme genes in steroidogenesis, was found to be 

diminished in Runx3−/− ovaries, probably resulting in low estrogen production, defects in 

follicular development, anovulation and atrophy of uteri. Thus, it is highly probable that 

Runx3 is involved in the regulation of steroidogenesis in mouse ovaries, in particular estrogen 

synthesis. Cyp11a1 mRNA expression was detected in theca interna cells, some 
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granulosa cells of preovulatory follicles, and corpora lutea (Zlotkin et al. 1986), and Cyp19a1 

mRNA expression was detected in granulosa cells (Zhou et al. 1997; Turner et al. 2002; 

Guigon et al. 2003). The present in situ hybridization analysis demonstrated a decrease in the 

number of Cyp11a1 mRNA-expressing cells in theca cells of Runx3−/− mice in accordance 

with our previous study (Ojima et al. 2016), as well as diminished expression of Cyp19a1 

mRNA in granulosa cells. In fact, in vitro analysis of granulosa cells revealed that E2 

production decreased in granulosa cells of Runx3−/− mice. Estrogen is required for the 

development of antral follicles to preovulatory follicles (Lubahn et al. 1993; Krege et al. 

1998). Therefore, it is probable that the decreased production of E2 affected the late stage of 

folliculogenesis. 

Cyp11a1 expression in theca cells is regulated by LH (Magoffin and Weitsman 1993), 

and by growth factors and hormones produced in granulosa cells. Inhibin and activin, both 

produced in granulosa cells, stimulate and inhibit androgen synthesis in theca cells, 

respectively (Hillier 1991; Hillier et al. 1991; Knight et al. 2012; Hoang et al. 2013). Inhbb is 

involved in the regulation of Cyp11a1 expression in mouse ovaries (M'Baye et al. 2015). Thus, 

the functions of theca cells are regulated by growth factors produced by granulosa cells as 

well as LH. Therefore, it is highly probable that Runx3-regulated growth factors in granulosa 

cells control the functions of theca cells in a paracrine manner because Runx3 was not 

expressed in theca cells. Decreased Cyp11a1 expression in theca cells of Runx3−/− mouse 

ovaries may decrease androgen production, leading to a decrease in estrogen production, 

because androgens are converted to estrogens by aromatase encoded by Cyp19a1 in granulosa 

cells.  

Cyp19a1 mRNA expression in granulosa cells was shown to be regulated by FSH. 

Cyp19a1 mRNA levels were lower in Runx3−/− mouse ovaries than in those of wt ones. FSH 
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treatment increased Cyp19a1 mRNA levels in cultured granulosa cells of both wt and 

Runx3−/− mouse ovaries. Although the FSH-induced increase in Cyp19a1 mRNA levels in 

Runx3−/− mice was lower than that in wt mice, granulosa cells of Runx3−/− mouse ovaries 

appeared to respond normally to FSH treatment. Fshr mRNA expression was not altered by 

FSH treatment in granulosa cells of both wt and Runx3−/− mice, although the expression of 

FSHR was not determined. From these results, it is probable that Runx3 plays an essential 

role in Cyp19a1 mRNA expression in granulosa cells. However, it is not clear whether Runx3 

directly regulates Cyp19a1 transcription. 

As Runx3−/− mouse ovaries contained less antral follicles, the granulosa cells isolated 

from Runx3−/− mouse ovaries contained more immature granulosa cells than those from wt 

mouse ovaries, leading to less Cyp19a1 mRNA levels. Therefore, lower Cyp19a1 expression 

in Runx3−/− mouse ovaries may result in the decrease of estrogen production, and then may 

affect folliculogenesis. 

With regard to P4 production, the effects of FSH treatment on Cyp11a1 expression 

and P4 secretion in granulosa cells of Runx3−/− mice did not differ from those of wt mice. As 

Runx3 mRNA expression was not detected in corpora lutea, Runx3 is probably not involved 

in P4 production in lutein cells. 

Pituitary Cga, Fshb, and Lhb mRNA levels were decreased in Runx3−/− mice, 

indicating that the levels of FSH and LH synthesis was decreased. These results suggest that 

decreased FSH and LH secretion may affect the FSH-dependent folliculogenesis and 

LH-induced androgen production in theca cells. Thus, it is probable that Runx3 regulates 

ovarian functions through hypothalamic–pituitary systems as well as the intraovarian systems 

in mice at 3 weeks old, as well as at 8 weeks old as shown in our previous study (Ojima et al. 

2016).  
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 In conclusion, we found decreased mRNA levels of genes associated with 

folliculogenesis, steroidogenesis, and gonadotropin release in Runx3−/− mice. We also showed 

that the expression of genes encoding subunits of activin and inhibin was decreased in 

Runx3−/− mouse ovaries. The present study suggests that Runx3 plays important roles in 

intraovarian regulatory systems in the early stage of folliculogenesis through TGFβ family 

growth factors and in the regulation of estrogen synthesis through aromatase expression.  
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Figure Legends 

Fig. 1 Morphological observations of Runx3−/− mouse ovaries. (a) Ovaries were collected 

from wt and Runx3−/− mice at the age of 2, 3, 5, and 8 weeks. Ovaries of both wt and 

Runx3−/− mice examined at all ages contained primordial follicles, primary follicles, 

secondary follicles, and antral follicles. However, corpora lutea were not detected in wt and 

Runx3−/− mice at 2–5 weeks of age, and in 8-week-old Runx3−/− mice. Bar = 300 µm. (b) 

Effect of Runx3 deletion on ovarian folliculogenesis. Ovaries were collected from wt mice 

and Runx3−/− mice at the age of 2 and 3 weeks, and processed for histological observation. 

The numbers of follicles were counted in accordance with the procedure described in 

Materials and methods. * P<0.05, ** P<0.01, significantly different from wt mice. 

Fig. 2 Expression of growth factor genes in the whole ovary of wt and Runx3−/− mice at the 

age of 3 weeks. Real-time PCR was performed for quantitative analysis of Amh, Igf1, Inha, 

Inhba, and Inhbb mRNA expression. The amount of each mRNA in wt and Runx3−/− mice 

was normalized against that of Rpl19 mRNA. Each group consisted of five mice. Data are 

expressed as the mean ± SEM of triplicate wells. * P<0.05, *** P<0.001, significantly 

different from wt mice. 

Fig. 3 Expression of gonadotropin receptor, StAR and steroidogenic enzymes in the whole 

ovary of wt and Runx3−/− mice at the age of 3 weeks. Real-time PCR was performed for 

quantitative analysis of Fshr, Lhcgr, Star, Cyp11a1, Cyp17a1, and Cyp19a1 mRNA 

expression. The amount of each mRNA in wt and Runx3−/− mice was normalized against that 

of Rpl19 mRNA. Each group consists of five mice. Data are expressed as the mean ± SEM of 

triplicate wells. ** P<0.01, *** P<0.001, significantly different from wt mice.  
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Fig. 4 In situ hybridization analysis of Cyp11a1 and Cyp19a1 mRNAs in ovaries from wt and 

Runx3−/− mice at 3 weeks of age. Ovarian sections were obtained from wt and Runx3−/− mice. 

DIG-labeled antisense riboprobes for Cyp11a1 and Cyp19a1 and sense probes were used 

(Cyp11a1, a–f; Cyp19a1, g–l). Cyp11a1 mRNA signals were detected in theca cells (wt, a, c; 

Runx3−/−, b, d), and Cyp19a1 mRNA signals were detected in granulosa cells (wt, g, i; 

Runx3−/−, h, j). No signals were detected when the sense probe was used for hybridization (e, 

f, k, l). Bar = 300 µm (low magnification), 50 µm (high magnification). 

Fig. 5 Effect of FSH on E2 and P4 production, and gonadotropin receptor and steroidogenic 

enzyme expression in the cultured granulosa cells of wt and Runx3−/− mice. Granulosa cells 

were treated with 100 nM androstenedione without (control) and with FSH (30 ng/ml) for 48 

h. E2 and P4 levels in the medium were determined by enzyme labeled immunoassay. Data 

are expressed as the mean ± SEM of four wells. Real-time PCR was performed for the 

quantitative analysis of Fshr, Cyp19a1, and Cyp11a1 mRNA expression. The amount of each 

mRNA of wt and Runx3−/− mice was normalized against that of Rpl19 mRNA. Each group 

consisted of four wells, and each experiment was performed independently in triplicate. Data 

are expressed as the mean ± SEM of four wells. *** P<0.001, significantly different from 

control groups. ## P<0.01, ### P<0.001, significantly different from wt of the same treatment 

+++ P<0.001, significantly different from control of wt mice. 

Fig. 6 Pituitary Cga, Fshb, and Lhb mRNA levels in wt and Runx3−/− mice at 3 weeks of age. 

* P<0.05, ** P<0.01, *** P<0.001, significantly different from wt mice. 

 



gene 5' - sequence - 3' Tm ( ˚C) Product (bp)
Cyp11a1 FP CCTTTGAGTCCATCAGCAGTG

RP GTACCTTCAAGTTGTGTGCCA
Cyp19a1 FP GAGAGTTCATGAGAGTCTGG

RP CCTTGACGGATCGTTCATAC

Fshr FP AGCAAGTTTGGCTGTTATGAGG
RP GTTCTGGACTGAATGATTTAGAGG

Lhcgr FP CCTTGTGGGTGTCAGCAGTTAC
RP TTGTGACAGAGTGGATTCCACAT

Star FP GACGTCGGAGCTCTCTGCTT
RP GCCTTCTGCATAGCCACCTC

Cyp11a1 FP ACATGGCCAAGATGGTACAGTTG
RP ACGAAGCACCAGGTCATTCAC

Cyp17a1 FP GATCTAAGAAGCGCTCAGGCA
RP GGGCACTGCATCACGATAAA

Cyp19a1 FP AACCCGAGCCTTTGGAGAA
RP GGCCCGTCAGAGCTTTCA

Cga FP CCACCTCCTCCCTACCAGACT
RP TGTAACCGTAAAGAGGCAGTGTGT

Fshb FP TGGATTGTTCCAGGCAGACA
RP GGTGGCAATACCTTGGGAAA

Lhb FP CCCTTGGTCTCCCATTTCTG
RP TGCTGGTGAGATGCCAGTTG

Amh FP TGCTAGTCCTACATCTGGCTGA
RP GTCCAGGGTATAGCACTAACAGG

Igf1 FP AAAGCAGCCCGCTCTATCC
RP CTTCTGAGTCTTGGGCATGTCA

Inha FP CTCCCAGGCTATCCTTTTCC
RP TGGCCGGAATACATAAGTGA

Inhba FP GATCATCACCTTTGCCGAGT
RP TGGTCCTGGTTCTGTTAGCC

Inhbb FP CACCTTCGCTTCAGTCTCCA
RP CTGATCGGGGTGAAGCGAAA

Rpl19 FP CCCGTCAGCAGATCAGGAA
RP GTCACAGGCTTGCGGATGA
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Table 1. Primer List for RT-PCR and real-time PCR
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