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ABSTRACT 

 

Role of CTNNB1 in the Development of  

Avian Reproductive System and Ovarian Carcinomas 

 

Seungmin Bae 

WCU Biomodulation Major 

Department of Agricultural Biotechnology 

The Graduate School 

Seoul National University 

 

      The chicken is an ideal experimental model for researching various aspects of 

the reproductive system including the developmental biology of vertebrate embryonic 

gonads, oviduct development in response to estrogen, and human epithelial-derived 

ovarian cancer (EOC). Therefore, the aims of this study were to investigate the 

functional roles and expression pattern of CTNNB1 during the morphological changes 

of embryonic gonads and the estrogen-dependent regulation of CTNNB1 in oviduct 

development and potential functions as a biomarker of CTNNB1 in human EOC using 

the chicken as a biological research model. 

 

       Beta-catenin (CTNNB1) is involved in various biological processes, including 

embryogenesis, tumorigenesis, angiogenesis and progression of metastasis. CTNNB1, 

as a multifunctional and oncogenic protein, has important roles in adhesion between 

Sertoli cells through an N-cadherin-dependent manner and in various cancer types 
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through its over-activation. In addition, CTNNB1 can interact with estrogen/estrogen 

receptor α complex, which regulates the transcription of Wnt/β-catenin target genes. 

 

        First, we identified that CTNNB1 has a crucial role in Sertoli cell adhesion 

during testicular development. The expression patterns and cell-specific localization of 

CTNNB1 was determined by qRT-PCR, in situ hybridization and 

immunohistochemistry in different stages of embryonic gonad development. CTNNB1 

mRNA and protein, with similar patterns to that detected in CTNNB1-related genes such 

as ESR α, CCND1 and CDH2, were most abundant during Sertoli cell maturation and 

localized in Sertoli cells. Estrogen not only stimulates immature Sertoli cell biosynthesis 

of adhesion proteins such as N-cadherin but also induces the up-regulation of CCND1 in 

Sertoli cells. Therefore, CTNNB1 may play a crucial role in the proliferation of 

seminiferous epithelial cells and Sertoli cells during testis morphogenesis. 

 

       Second, we identified CTNNB1 as a novel biomarker of human EOC. Over 

active CTNNB1 has a crucial role in tumorigenesis, angiogenesis and progression of 

metastasis and is also important in ovarian cancer. Thus, we focused on the CTNNB1 

gene in the chicken reproductive track including the oviducts and ovaries. We 

determined that DES (diethylstilbestrol, a synthetic non-steroidal estrogen) increased 

CTNNB1 expression in oviduct development, and its expression was localized 

predominantly in the LE of the magnum. In addition, the mRNA and protein of 

CTNNB1 were significantly expressed in the GE of ovarian endometrioid carcinoma, 

but not in the other cancerous and normal ovaries of hens. Furthermore, four miRNAs, 

miR-217, miR-1467, miR-1623 and miR-1697, were found to influence CTNNB1 
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expression via its 3’-UTR, which suggests the post-transcriptional regulation of 

CTNNB1 expression in chickens. Collectively, the results of this study show that 

CTNNB1 expression is up-regulated by estrogen in the epithelial cells of the chicken 

oviducts and that it is also abundantly present in chicken ovarian endometrioid 

carcinoma. Therefore, CTTNB1 could be used to monitor the effects of varies therapies 

for ovarian cancer in laying hens. 

 

       Collectively, this study provides new insights into the functional roles of 

CTNNB1 in male and female reproductive tracts and Epithelial-derived ovarian 

carcinogenesis. 
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1. Embryonic Gonad Development 

 

1.1 Mammalian gonad differentiation 

 

      A wide variety of morphology and cell biology is described in vertebrate species. 

Most mammals use an XX:XY sex chromosome system; the male has a Y chromosome-

linked SRY gene (Sex- determining Region Y) that acts within indifferent gonads to 

initiate testis differentiation and development while the female is homogametic (XX). 

The early mammalian gonads as bipotential gonads are composed of somatic cells and 

primordial germ cells (PGCs), which are capable of forming either testes or ovaries 

(Tilmann and Capel, 2002). 

 

      In the XY gonad, the specific expression of SRY triggers the testis differentiation 

pathway between embryonic day 10.5 and 12.0. The early fetal testes at E 13.5 are close 

to the mesonephros containing the Wolffian duct. Sertoli cells and pertubular myoid (PM) 

cells enclose a cluster of germ cells to form the testis cords, and the steroidogenic leydig 

cells are located in the interstitum between the testis cords. Pre-Sertoli cells are 

differentiated by Sox9 which is upregulated by Sry and maintained in an autocrine and 

paracrine manner (Smith et al., 1999). PM cells originating from the mesonephros 

produces α-smooth muscle actin, which supports structurally the formation of the testis 

cords to bind with the Sertoli cells (Capel et al., 1999). Leydig cells arise from the 

mesonephors and produce androgen for fetal masculinization. In addition, vascular 

endothelial cells that contribute to the organization of testis-specific vasculature 

originate in the mesonephores and migrate into the XY gonads (Brennan et al., 2002). 
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      In the female gonads, the absence of Sry initiates the development of ovaries 

from the cortex of the indifferent gonads. One of the early steps of ovarian 

differentiation is the germ cells enter meiosis at E12.5-13.5 but then becomes arrested in 

pachytene Ⅰ at E 18.5. The histological features are blocked, but the ovaries are 

already differentiated on a molecular level. R-spondin1 (Rspo 1) as a key female-

determining factor is up-regulated in the somatic cells of XX gonads at E 11.5. Rspo1 

also regulates the expression of Wnt4 in developing gonads which promotes the ovarian 

fate and suppresses testis development by stabilizing β-catenin. Foxl2, as a potential 

female-sex-determining gene, is also expressed at E12.5 and required for differentiation 

and maintenance of the ovaries by the Rspo1/Wnt4/β-catenin signaling pathway in an 

independent manner (Nef and Vassalli, 2009) 

 

1.2. Chicken sex differentiation 

 

      Sex is determined by a specific chromosome such as the sex chromosome. In 

avians and mammals, the sex chromosome of both groups evolved from a different pair 

of autosomes that resulted in different chromosome systems; the mammalian is an 

XX/XY sex chromosome system and the avian are a ZZ/ZW sex chromosome system. 

In the case of chickens, the Z-linked gene initiates sex determination, and one pair of Z 

chromosomes is the male sex (Smith and Sinclair, 2004). 

 

      The undifferentiated bi-potential gonads are adjacent to the ventral surface of 

mesonephric kidneys and show up at E3.5. The first morphological differentiation of 

fetal gonads appear between day 5.5 and 6.5 via the expression of the Z-linked gene, 
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DMRT1 (Doublesex and mab-3-related Transcription factor 1). In early testicular 

development, DMRT1 contributes to the masculinization of the ZZ gonads, activates 

SOX9 (SRY (Sex determining region Y)-box 9), which triggers Sertoli cell proliferation 

and differentiation, and leads to the thickening of medullary cords. AMH (anti-Mullerian 

hormone) is produced in pre-Sertoli cells and inhibits mullerian ducts regression as in 

mammalians (Oreal et al., 1998).  

 

      Interestingly, the chicken female left gonad can differentiate into an ovary. The 

early stage of the left gonad undergoes morphological changes between E 6.5 to E 8.5. 

The medullar cords become vacuolated to form the lacunae during ovary formation, 

while the cortex begins to thicken by proliferation of somatic and germ cells. Germ cells 

that migrate to the cortex of the gonadal ridge undergo meiotic prophase and prepare for 

folliculogenesis. Molecular signaling such as the β-catenin pathway and Foxl2 may 

apply to chickens in the same manner as mammalians; however, AMH is expressed in 

the female gonad due to the regression of the right duct (Chue and Smith, 2011). 

 

1.3. Avian models 

 

The chicken gonad is an appealing comparative model to understand the 

molecular mechanisms underlying the formation of the testes and ovaries. The 

embryonic gonads develop in a similar way in mammals and avian, involving conserved 

cell types and developmental processes that are generally shared (Chue and Smith, 2011; 

Lovell-Badge et al., 2002; Sekido and Lovell-Badge, 2007; Smith, 2007). This implies 

that the underlying genetic pathways leading to testis or ovary formation are also 
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conserved. Indeed, the chicken shares with other vertebrates several key genes involved 

in gonadal sex differentiation, such as DMRT1, SF1, SOX9 and AMH, as outlined 

below (Smith and Sinclair, 2004). The chicken, therefore, provides a practical model to 

study embryonic gonad development (DeFalco and Capel, 2009; Morrish and Sinclair, 

2002). 

 

2. Estrogen Action in the Female Reproductive System 

 

2.1. Molecular Mechanisms of Estrogen 

 

Estrogen (E) is the essential female sex hormone in reproductive processes 

including the following: development of the ovulatory follicle, stimulating the midcycle 

preovulatory surge of gonadotropins, altering the consistency of cervical mucus to 

facilitate sperm transport and preparing the endometrial lining of the uterus for 

implantation. Synthesis of estrogen starts in the theca cells by conversion of cholesterol 

to androgen. The second enzymatic step is the aromatization of androgen into estrogen 

in granulose cells (Hewitt et al., 2005; Hillier et al., 1994). 

 

Estrogen has a multitude biological effects that are mediated through two 

estrogen receptor molecules, estrogen receptor alpha (ESR1) and beta (ESR2). These 

receptors consist of mainly two functional domains including a DNA binding domain 

and ligand-binding domain that are highly conserved domains (about 97 and 60%, 

respectively). The N-terminal domain of estrogen receptor has a low degree of 

homology at 18% and has activation function-1 (AF-1) which acts independent of the 
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ligand (Hall et al., 2001; Hewitt et al., 2005).  

The mechanism of estrogen action involves four pathways. First, in the classical 

ligand-dependent pathway, the ligand binds to the estrogen receptor (ER) inducing the 

binding to estrogen response elements (ERE) located within the regulatory region of the 

target genes, which regulates the expression of target genes (Rosenfeld and Glass, 2001). 

Second, in the ligand-independent pathway, peptide growth factors such as epidermal 

growth factor (EGF) and insulin-like growth factor-1 (IGF-1) interact with the N-

terminal AF-1 domain that stimulate the expression of ER target genes (Smith, 1998). 

Third, in ERE-independent genomic action, the E-ER complex binds to DNA-bound 

transcription factors such as Fos and Jun, interacting with alternative response element 

(AP-1) which regulates gene expression. Finally, in nongenomic signaling, ER and 

plasma membranes involved in interactions with adaptor protein are linked and activate 

the MAPK signaling pathway (Simoncini et al., 2000). 

 

2.2. Regulation of CTNNB1 through Estrogen  

 

CTNNB1 is a multifunctional protein found in the membrane, cytosol and 

nucleus. 

In the plasma membrane, CTNNB1 is an essential component of cell-adhesion 

complexes maintaining epithelial cell layers and barriers. This complex is stabilized by 

phosphorylation of β-catenin at serine/threonine; however, phosphorylated β-catenin at 

tyrosine can result in its dissociation from the adherin complex and transfer to the 

cytoplasm. The other function of CTNNB1 in the cytoplasm is regulating the expression 

of target genes by acting as a transcription factor. The binding of Wnt induces the 



7 

 

inactivation of GSK3β and promotes binding to the TCF/LEF transcription factors, 

which activate the transcription of various target genes (MacDonald et al., 2009a). 

The over-expression of CTNNB1 induces uterine endometrial carcinomas as the 

most common cancer in the female reproductive tract. The accumulation of high levels 

of CTNNB1 in the cytoplasm originates from the mutation of specific proteins including 

APC and AXIN and the specific mutation of the GSK-3β phosphorylation site in the N-

terminal of CTNNB1 in exon 3. In addition, estrogen regulates Wnt/β-catenin signaling 

in the uterus. Wnt/β-catenin signaling regulates the proliferation of uterine epithelial 

cells in an estrogen-dependent manner (Hou et al., 2004b). Furthermore, estrogen not 

only directly modulates the transcriptional activation of Wnt ligands including Wnt 4, 

Wnt 5A, and Wnt 7A but also regulates the expression of the Wnt/β-catenin target gene 

through EZH2 (the polycomb group protein enhancer of zets homolog2) in the ERE-

independent pathway in endometrial cancer (Wang et al., 2010). 

 

2.3. Effects of Estrogen in the Oviducts of Avian models 

 

Diethylstilbestrol (DES) is a widely used synthetic non-steroidal estrogen analog 

to study the biological roles of estrogen in the development of the chicken oviducts (Seo 

et al., 2009; Song et al., 2011). DES treatment by subcutaneous pellet implantation over 

two weeks triggers massive proliferation of reproductive organs and increases the 

expression of oviduct-related genes such as SERPINB 3 (Lim et al., 2012a), SERPINB 

11 (Lim et al., 2011b), A2M (Lim et al., 2011a), AHCYL1 (Jeong et al., 2012b) and 

PTN (Lee et al., 2012b). 
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Immature chicken oviducts undergo dynamic histological, ultrastructural and 

biochemical differentiation in response to estrogen. The morphological changes first 

appear in immature epithelial cells of the magnum in chicken oviducts. The 

differentiated cells are divided into three distinct types: tubular gland cells (synthesis of 

ovalbumin protein), goblet cells (synthesis of avidin) and ciliated cells (function in 

motility) (Kohler et al., 1968). During the cytodifferentiation of immature oviducts by 

estrogen, the weight and length increase, and the production of major egg white proteins, 

including ovalbumin, conalbumin and lysozyme, is also up-regulated (Palmiter et al., 

1978). 

 

Finally, estrogen has tissue-protective effects and prevents cell death through the 

regulation of apoptotic genes and bone morphogenetic proteins-7 (BMP-7) and caspases 

in the chicken oviduct. While the expression of BMP-7 is suppressed to prevent 

apoptosis during treatment with estrogen, estrogen withdrawal stimulated BMP-7 

expression to induce apoptosis. Caspases 1 and 2 as an initiator caspase of apoptosis 

signaling are regulated by estrogen in the chicken oviduct (Anish et al., 2008; Monroe et 

al., 2000). 

 

Therefore, the chicken oviduct is an excellent model system to investigate the 

biological function and signaling pathway for estrogen because of the extensive and 

sensitive response to the minimal amount of steroid hormones in immature chicks 

(Dougherty and Sanders, 2005). 

 

3. Epithelial-Derived Ovarian Cancer 
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3.1 General Characteristics 

 

Epithelial ovarian cancer (EOC) is the fifth leading cause of cancer-related 

deaths, and approximately between 15,000 and 22,000 women are diagnosed with this 

cancer disease in the United States. Over 70% of the patients diagnosed with EOC are at 

an advanced stage of EOC due to a poor detection system for the early stage of EOC 

(Bovicelli et al., 2011; Jemal et al., 2011). Therefore, to resolve these problems, 

molecular approaches to discovery biomarkers for the early diagnosis of EOC are 

necessary. 

 

Ovarian cancer originates from three different ovarian cell types. Germ cell 

tumors arise most frequently in the second and third decade of life and account for 3-5% 

of all ovarian cancers. Sex-cord-stromal tumors arise from the ovarian connective tissue 

and account for 7% of all ovarian malignancies. Epithelial ovarian cancers generally 

develop after age 40 and include approximately 90% of all malignant ovarian tumors 

(Chen et al., 2003). The histological subtypes of epithelial ovarian cancer can be divided 

into four types which are Fallopian tube (serous), endometrium (endometrioid), mucin-

secreting endocervical glands (mucinous) and glycogen-filled vaginal rests (clear cell) 

(Auersperg, 2011; Auersperg et al., 2001). 

 

The reasons for the occurrence of ovarian cancer are 15% familial and 85% 

sporadic. Generally, the origin of ovarian cancer has been though to be from ovarian 

surface epithelial cells, but recently, fallopian tubes (oviducts) have also been shown to 
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be a candidate for the origin of tumors (Tahira et al., 2010). Molecular alterations that 

are commonly observed in ovarian cancer are mutations in BRCA causing a defect in 

DNA repair in membrane ruptures  (Sowter and Ashworth, 2005). 

 

3.2 Classifications 

 

Four types of EOC are classified on the basis of morphology and histology 

which are serous, endometrioid, mucinous and clear cells. (Auersperg, 2011; Auersperg 

et al., 2001). Serous carcinoma, accounting for over half of all EOCs, has various 

characteristics, including multiple cysts, solid areas, glands and parts of papillae. 

Endometrioid carcinoma accounts for approximately between 10 and 20 % of all EOCs 

and arises from the alteration of genetic molecules such as oncogenes, tumor suppressor 

gene, phosphatase and tensin homolog (PTEN) and other DNA repair-related genes. 

Several features are observed in this type of tumor such as glands, solid masses and 

fibrous consistency. In the mucinous carcinomas, morphological properties have been 

found as follows: papillae and soli areas, mucin-riched cytoplasm and large areas of 

necrosis and hemorrhage. Finally, clear cell carcinoma makes up 10% of all EOCs based 

on the development of tubular, papillary solid and hobnail cells containing apical nuclei 

(Barua et al., 2009). 

 

3.3 Avian models for Epithelial-Derived Ovarian Cancer 

 

To investigate the specific molecular targets responsible for the therapeutic effect 

of EOCs, the laying hen is an optimal animal model for the discovery of novel 
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biomarkers. The following advantages of this model provide reasonable evidence for the 

applicability of this animal to research human EOCs. First, the cause of chicken ovarian 

cancer is incessant ovulation which is the same reason in human ovarian cancer 

(Johnson and Giles, 2013). Second, chicken ovarian cancer spontaneously develops 

from ovarian surface epithelium at a high rate, just like in women (Vanderhyden et al., 

2003). Chicken ovarian cancer usually spontaneously develops after chickens stop their 

ovulation to produce eggs when they are over 2 years old. Third, the histological 

classification and stage of chicken ovarian cancer are remarkably consistent with that of 

women: histological subtypes of ovarian carcinoma are serous, endometrioid, mucinous 

and clear cell carcinomas, and the stage is divided by the International Federation of 

Gynecologists (FIGO) staging system (Barua et al., 2009; Heintz et al., 2006). Finally, 

biomarkers for detecting the early-stages of human EOCs, including CA125, EGFR and 

ERBB-2, are detected in very similar patterns in the cancerous ovaries of hens 

(Rodriguez-Burford et al., 2001) . 
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1. Abstract 

Beta-catenin (CTNNB1), as a key transcriptional regulator in the WNT signal 

transduction cascade, plays a pivotal role in multiple biological functions such as 

embryonic development and homeostasis in adults. Although it has been suggested that 

CTNNB1 is required for gonad development and maintenance of ovarian function in 

mice, little is known about the expression and functional role of CTNNB1 in gonadal 

development and differentiation in the chicken reproductive system. To examine sex-

specific, cell-specific and temporal expression of CTNNB1 mRNA and protein during 

gonadal development to maturation of reproductive organs, we collected left and right 

gonads apart from mesonephric kidney of chicken embryos on embryonic day (E) 6, E9, 

E14, E18, as well as testes, oviduct and ovaries from 12-week-old and adult chickens 

and performed quantitative PCR, in situ hybridization, and immunohistochemical 

analyses. In addition, localization of Sertoli cell markers such as anti-Müllerian hormone 

(AMH), estrogen receptor alpha (ESR1), cyclin D1 (CCND1) and N-cadherin (CDH2) 

during testicular development was evaluated. Results of the present study showed that 

CTNNB1 mRNA and protein are expressed predominantly in the seminiferous cords on 

E6 to E14 in the male embryonic gonad, and are mainly localized to the medullary 

region of female embryonic gonads from E6 to E9. In addition, CTNNB1 mRNA and 

protein are abundant in the Sertoli cells in the testes and expressed predominantly in 

luminal epithelial cells of the oviduct, but not in the ovaries from 12-week-old and adult 

chickens. Concomitant with CTNNB1, AMH, ESR1,CCND1 and CDH2 were detected 

predominantly in the seminiferous cord of the medullary region of male gonads at E9 

(after sex determination) and then maintained or decreased until hatching. Interestingly, 

AMH, ESR1,CCND1 and CDH2 were located in seminiferous tubules of the testes from 
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12-weeks-old chickens and ESR1, CCND1 and CDH2 were expressed predominantly in 

the Sertoli cells within seminiferous tubules of adult testes. Collectively, these results 

revealed that CTNNB1 is present in gonads of both sexes during embryonic 

development and it may play essential roles in differentiation of Sertoli cells during 

formation of seminiferous tubules during development of the testes. 
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2. Introduction 

 

Beta-catenin (CTNNB1), the vertebrate homolog of Armadillo in Drosophila 

melanogaster, plays important roles as a transcriptional coactivator in the WNT signal 

transduction cascade as well as linkage of the cadherin complex to the actin filament 

network during early embryogenesis and adult homeostasis (MacDonald et al., 2009a). 

In general, in the canonical WNT signaling pathway, cytoplasmic CTNNB1 is activated 

after binding of the WNT ligand to its transmenbrane receptor Frizzled and its 

coreceptor, low-density lipoprotein receptor related protein 6. The activated CTNNB1 is 

shuttled into the nucleus to act as a transcriptional stimulator of the TCF/LEF family of 

DNA-bound transcription factors of the promoter regions of WNT target genes. Without 

WNT ligand, CTNNB1 is phosphorylated at serine residue 33 and 37 and provides a 

binding site for the E3 ubiquitin ligase, resulting in CTNNB1 ubiquitination and 

degradation by the destruction complex composed of Axin, adenomatous polyposis coli 

gene product (APC), glycogen synthase kinase 3 (GSK3), protein phosphatase 2A 

(PP2A), and casein kinase 1 (CK1) (Logan and Nusse, 2004). Thus, mutant CTNNB1 

via mutation at the phosphorylation sites continuously activates WNT signaling cascades, 

leading to various diseases such as cancer (Kimelman and Xu, 2006). For instance, it is 

well known that deregulation of the WNT/CTNNB1 signal transduction cascade results 

in colorectal carcinogenesis through excessive proliferation or renewal of stem cells 

resulting from a CTNNB1 mutation (Polakis, 2007).  

 

In the WNT signaling pathway, CTNNB1 also acts as a key player in a number 

of biological processes including development and differentiation of embryonic organs. 
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For instance, during mouse embryonic development, Ctnnb1-/- embryos fail to develop 

mesoderm and initiate gastrulation (Haegel et al., 1995) and they have defects in 

anterior-posterior axis formation and fail to generate head structures (Huelsken et al., 

2000). On the other hand, CTNNB1 is involved in sex determination and differentiation 

in mice. Recently, Liu and colleagues reported that Ctnnb1 is essential only for ovarian 

differentiation, but not necessary for testicular development in a conditional knockout 

mouse model (Ctnnb1+/-) (Liu et al., 2009). However, little is known about the 

expression and function CTNNB1 in development of the chicken embryo, especially 

gonadal development, sex determination and differentiation. Indeed, in chickens, sex 

determination and differentiation is decided by a genetic ZZ/ZW system in which the 

male is homogametic (ZZ) and the female is heterogametic (ZW). In the chicken 

embryo (21-day embryonic period), the gonads on embryonic day (E) 3.5 exist in a 

bipotential undifferentiated state and are initially visible on the ventral surface of the 

embryonic kidneys (Hamburger and Hamilton, 1951). The first signs of sex 

determination and differentiation occur at E6.5 when morphological changes include 

proliferation and thickening of the cortex of the left gonad as well as regression of the 

right gonad in the female. In contrast, the male embryo undergoes histological changes 

associated with formation of seminiferous cords in the medullary region and a reduction 

in size of the cortex without any morphological differences between the two gonads 

(Smith and Sinclair, 2001). In mammals, the sex determining region Y (SRY), a well-

known sex determining gene, Sry-associated HMG-box gene 9 (SOX9) and anti-

Müllerian hormones (AMH) are known molecular markers for fetal Sertoli cells of the 

differentiating embryonic testes (Liu et al., 2009). Likewise, double-sex and mab-3 

related transcription factor 1 (DMRT1) is the avian Z-linked gene that acts as a vital 
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factor for testis determination in chickens (Smith et al., 2009). However, the sex-specific 

role of CTNNB1 in chicken gonadal development is unknown; therefore, we focused 

our investigation on that gene. Results of the present study indicate that CTNNB1 plays 

essential roles in development of the testes and, specifically, differentiation of Sertoli 

cells during formation of the seminiferous tubules. 
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3. Materials and Methods 

 

Experimental Animals and Animal Care 

 

The experimental use of chickens for this study was approved by the Institute of 

Laboratory Animal Resources, Seoul National University (SNU-070823-5). White 

Leghorn (WL) chickens were subjected to standard management practices at the 

University Animal Farm, Seoul National University, Korea. All chickens were exposed 

to a light regimen of 15 h light and 9 h dark with ad libitum access to feed and water. 

 

Sex Determination 

 

Freshly laid eggs were incubated with intermittent rocking at 37°C under 60-70% 

relative humidity. Sex was determined on embryonic day E6.5. Approximately 0.2 ul of 

embryonic blood was collected from the dorsal aorta, diluted in 15 ul of 1X phosphate 

buffered saline (PBS, pH 7.4), and boiled at 95°C for 10 min to prepare the DNA 

template for PCR. Each 20 ul PCR reaction contained 2 ul of DNA template, 2 ul of 

PCR buffer, 1.6 ul of 2.5 mM dNTP mixture, 10 pmol of each forward and reverse 

primer of chicken W chromosome (F: 5’-CTA TGC CTA CCA CAT TCC TAT TTG C-3’ 

and R: 5’-AGC TGG ACT TCA GAC CAT CTT CT-3’), and 1 unit of Taq DNA 

polymerase. The thermal conditions for 35 cycles were 95°C for 30 sec, 66°C for 30 sec, 

and 72°C for 30 sec. Male or female sex was determined based on the strong bands 

detected for the W chromosome in the agarose gel after separation of PCR products by 

gel electrophoresis. 
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Tissue Samples 

 

We collected left and right gonads apart from mesonephric kidney of chicken 

embryos at E6, E9, E14, E18, as well as testes, oviduct and ovaries from 12-week-old 

and adult chickens. After collecting gonads, tissue samples were stored at -80°C for 

extracting RNA or fixed in freshly prepared 4% paraformaldehyde in PBS (pH 7.4). 

After 24 h, embryos fixed in 4% paraformaldehyde were changed to 70% ethanol for 24 

h and then dehydrated in a graded series of increasing concentrations of ethanol. 

Embryos were incubated in xylene for 3 h and embedded in Paraplast-Plus (Leica 

Microsystems, Wetzlar, Germany). Paraffin-embedded tissues were sectioned at 5 µm 

for further analyses. 

 

RNA Isolation  

 

Total cellular RNA was isolated from frozen tissues using Trizol reagent 

(Invitrogen, Carlsbad, CA) according to manufacturer’s recommendations. The quantity 

and quality of total RNA was determined by spectrometry and denaturing agarose gel 

electrophoresis, respectively. 

 

Quantitative RT-PCR Analysis 

Total RNA was extracted from each segment of oviduct at each time point using 

TRIzol (Invitrogen) and purified using an RNeasy Mini Kit (Qiagen). Complementary 

DNA was synthesized using a Superscript® III First-Strand Synthesis System 

(Invitrogen). Gene expression levels were measured using SYBR® Green (Biotium, 
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Hayward, CA, USA) and a StepOnePlus™ Real-Time PCR System (Applied Biosystems, 

Foster City, CA, USA). The glyceraldehydes 3-phosphate dehydrogenase (GAPDH) 

gene was analyzed simultaneously as a control and used for normalization of data. 

GAPDH expression is assumed to be most stable among other house-keeping genes, so 

it is commonly used for normalizing for variations. Each target gene and GAPDH was 

analyzed in triplicate. Using the standard curve method, we determined expression of 

the examined genes using the standard curves and Ct values, and normalized them using 

GAPDH expression. The PCR conditions were 95°C for 3 min, followed by 40 cycles at 

95°C for 20 sec, 60°C for 40 sec, and 72°C for 1 min using a melting curve program 

(increasing the temperature from 55°C to 95°C at 0.5°C per 10 sec) and continuous 

fluorescence measurement. ROX dye (Invitrogen) was used as a negative control for the 

fluorescence measurements. Sequence-specific products were identified by generating a 

melting curve in which the Ct value represented the cycle number at which a fluorescent 

signal was statistically greater than background, and relative gene expression was 

quantified using the 2–ΔΔCt method (Livak and Schmittgen, 2001). For the control, the 

relative quantification of gene expression was normalized to the Ct value for the control 

oviduct.  

 

In Situ Hybridization Analysis 

 

For hybridization probes, PCR products were generated from cDNA with the 

primers used for RT-PCR analysis. The products were extracted from the gel and cloned 

into pGEM-T vector (Promega, Madison, WI). After verification of the sequences, 

plasmids containing gene sequences were amplified with T7- and SP6-specific primers 
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(T7:5’-TGT AAT ACG ACT CAC TAT AGG G-3’; SP6:5’-CTA TTT AGG TGA CAC 

TAT AGA AT-3’) then digoxigenin (DIG)-labeled RNA probes were transcribed using a 

DIG RNA labeling kit (Roche Applied Science, Indianapolis, IN). Tissues were 

collected and fixed in 4% paraformaldehyde, embedded in paraffin and sectioned at 5 

μm on APES-treated (silanized) slides. The sections were then deparaffinized in xylene 

and rehydrated to diethylpyrocarbonate (DEPC)-treated water through a graded series of 

alcohol. The sections were treated with 1% Triton X-100 in PBS for 20 min and washed 

two times in DEPC-treated PBS. After washing in DEPC-treated PBS, the sections were 

digested with 5μg/ml Proteinase K (Sigma-Aldrich, St. Louis, MO) in TE buffer (100 

mM Tris-HCl, 50 mM EDTA, pH 8.0) at 37°C. After post-fixation in 4% 

paraformaldehyde, sections were incubated twice for 5 min each in DEPC-treated PBS 

and incubated in TEA buffer (0.1M triethanolamine) containing 0.25% (v/v) acetic 

anhydride. The sections were incubated in a prehybridization mixture containing 50% 

formamide and 4X standard saline citrate (SSC) for at least 10 min at room temperature. 

After prehybridization, the sections were incubated overnight at 42°C in a humidified 

chamber in a hybridization mixture containing 40% formamide, 4X SSC, 10% dextran 

sulfate sodium salt, 10mM DTT, 1 mg/ml yeast tRNA, 1mg/ml salmon sperm DNA, 

0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.2mg/ml RNase-free bovine serum albumin 

and denatured DIG-labeled cRNA probe After hybridization, sections were washed for 

15 min in 2X SSC at 37°C, 15min in 1X SSC at 37°C, 30 min in NTE buffer (10mM 

Tris, 500mM NaCl and 1mM EDTA) at 37°C and 30 min in 0.1X SSC at 37°C. After 

blocking with a 2% normal sheep serum (Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA), the sections were incubated overnight with sheep anti-DIG antibody conjugated to 

alkaline phosphatase (Roche, Indianapolis, IN). The signal was visualized following 
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exposure to a solution containing 0.4 mM 5-bromo-4-chloro-3-indolyl phosphate, 0.4 

mM nitroblue tetrazolium, and 2 mM levamisole (Sigma Chemical Co., St. Louis, MO). 

 

Immunohistochemistry 

 

Immunocytochemical localization of CTNNB1 protein was performed as 

described previously using a rabbit polyclonal antibody to CTNNB1 (catalog number 

#9582; Cell Signaling Technology) at a final dilution of 1:100. Negative controls 

included substitution of the primary antibody with purified non-immune rabbit IgG at the 

same final concentration. 

 

Statistical Analyses 

 

All quantitative data were subjected to analysis of variance (ANOVA) according 

to the general linear model (PROC-GLM) of the SAS program (SAS Institute, Cary, 

NC). All tests of significance were performed using the appropriate error terms 

according to the expectation of the mean square for error. Data are presented as mean ± 

SEM unless otherwise stated. Differences in the variances between E6 and E9 for each 

gonad were analyzed using the F test, and differences in the means were subjected to 

Student’s t test. Differences were considered significant at P < 0.05. 
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4. Results 

 

Differential expression of CTNNB1 mRNA and protein during the male gonadal 

development and differentiation 

To examine sex-specific, spatial- and temporal expression of CTNNB1 during 

gonadal development to maturation of reproductive organs, we collected gonads on 

embryonic day 6 (E6), E9, E14 and E18 from female and male embryos as well as testes, 

ovaries and oviducts from both sexes of chickens before and after sexual maturation. As 

illustrated in Figure 1A, in male gonads, CTNNB1 mRNA expression was not different 

from E6 to E14, but its expression decreased around the time of hatching of the chick 

(E18). Interestingly, CTNNB1 expression increased 1.4-fold (P < 0.001) in testes of 

immature chickens (12-weeks-old) and decreased (P < 0.001) in testes of adult males. In 

situ hybridization analysis showed that CTNNB1 mRNA is expressed predominantly in 

the seminiferous cords of developing testes from E6 to E14 (Figure 1B). In testes from 

12-week-old and adult male chickens, CTNNB1 mRNA is abundant in the Sertoli cells. 

Consistent with these results, immunohistochemical analysis detected immunoreactive 

CTNNB1 protein mainly in the seminiferous cords of developing male gonads on E6 to 

E14 and it was also abundant in the Sertoli cells of testes from immature and adult male 

chickens (Figure 1C and Additional file 1: Figure S1). 

 

Differential expression of CTNNB1 mRNA and protein during the female gonadal 

development and differentiation 
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Although the gonads of chick embryos have no left-right asymmetrical 

morphology in either sex as for mammalian species before sex determination, the onset 

of sex-specific differentiation on E6.5 drives histological apparent differences in gonadal 

development that is asymmetric. Thus, most female birds have a functional left ovary 

and oviduct whereas the right gonad degenerates. Therefore, we focused our study on 

the left gonad from female embryos. As shown in Figure 2A, the expression of CTNNB1 

mRNA decreased steadily from E9 to E18 (P < 0.001). However, CTNNB1 mRNA then 

increased about 11-fold (P < 0.001) in the oviducts from 12-weeks-old chicken as 

compared to that on E18 and about 6-fold (P < 0.001) in adult oviducts, whereas there in 

no significant difference of CTNNB1 mRNA in ovaries from immature and mature 

chickens. In situ hybridization analysis showed that CTNNB1 mRNA is mainly localized 

in the medullary region of embryonic gonads from E6 to E9 and weakly detected in the 

cortex region of gonads from E14 to E18. In the chicken oviduct, CTNNB1 mRNA is 

predominantly expressed in luminal epithelial cells, but not in any other cell-types. 

However, little or no expression of CTNNB1 mRNA was detected in the ovaries from 

immature and mature chickens. In support of these results, immunohistochemistry 

demonstrated that immunoreactive CTNNB1 protein was localized in medullary and 

cortical regions of embryonic gonads from E6 to E9 and from E14 to E18, respectively. 

Of particular note, CTNNB1 protein was abundant in the luminal epithelium of the 

chicken oviduct. 

 

Expression of Sertoli cell development-related genes, AMH, ESR1, CCND1 and 

CDH2 during testicular development 
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Recently, we reported that CTNNB1 plays important roles in development of 

the chicken oviduct. Thus, in the present study, we focused on the expression and 

function of CTNNB1 in the development of Sertoli cells in gonads of roosters. Indeed, 

anti-Müllerian hormone (AMH) is known as a Sertoli cell marker because it is secreted 

by Sertoli cells for regression of the Müllerian duct in female embryos (Rey et al., 2000). 

In addition, estrogen mediates physiological effects in male testes via its cognate 

receptor estrogen receptor alpha (ESR1) (Albrecht et al., 2004; Saunders et al., 1998; 

Yamashita, 2004) and cyclin D1 (CCND1) plays a key role in integrin-mediated 

adhesion in formation of tight junctions between Sertoli cells (Mruk and Cheng, 2004). 

N-Cadherin as a well-known adhesion protein expressed by immature Sertoli cells in 

response estrogen (MacCalman et al., 1997). Therefore, we performed quantitative PCR 

analyses to determine quantitative changes in expression of CTNNB1, AMH, ESR1, 

CCND1 and CDH2 mRNAs during the course of testicular development. As illustrated 

in Figure 3, AMH mRNA increased 3.6-fold (P < 0.001) at E9 and was maintained until 

hatching. However, it increased 10-fold (P < 0.001) in the testes from 12-weeks-old 

chickens as compared to E6. On the other hand, expression of ESR1, CCND1 and CDH2 

mRNAs decreased gradually until E18 and then dramatically increased about 42- ,11- 

and 2.5-fold (P < 0.001), respectively, in testes from 12 week old males as compared to 

expression levels at E18.  

 

Localization of Sertoli cell development-related genes, AMH, ESR1, CCND1 and 

CDH2 during testis development 

 

To determine the localization of AMH, ESR1 and CCND1 mRNAs in the 
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developing gonads and testes from chickens, we performed in situ hybridization 

analyses (Figure 4). The expression of AMH mRNA is evident in the seminiferous cord 

at E9 (after sex determination) and maintained until hatching. AMH mRNA was then 

localized to seminiferous tubules in the testes from 12-weeks-old males during 

development and differentiation of Sertoli cells within the seminiferous tubules, but this 

transcript was not detected in seminiferous tubules of adult male chickens. ESR1 mRNA 

was also expressed in seminiferous cords at E9 and then its expression decreased to E18. 

However, ESR1 mRNA was abundant in Sertoli cells of the seminiferous tubules of 

testes from 12-weeks-old male chickens. CCND1 and CDH2 mRNAs were expressed in 

seminiferous cords of the medullary region of male gonads from E6 to E9 and in the 

seminiferous tubules of testes from 12 week old males. Interestingly, CCND1 was 

expressed predominantly in the nuclei of Sertoli cells within the seminiferous tubules of 

testes from adult male chickens.  
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Figure 2-1. Comparison of relative expression and localization of CTNNB1 mRNA 

and protein in male embryonic gonads during embryogenesis and reproductive 

organs from male chickens. [A] Relative changes in CTNNB1 mRNA expression were 

determined using quantitative RT-PCR. The asterisks denote statistically significant 

differences (***P < 0.001). [B] Cell-specific localization of CTNNB1 mRNA was 

determined using in situ hybridization analysis. Cross sections of left and right gonads 

from E6 to E18 in male embryos and testes from 12-week-old and adult chickens were 

hybridized with antisense or sense cRNA probes. [C] Immunoreactive CTNNB1 protein 

during the development of chicken male gonad. For the IgG control, normal rabbit IgG 

was substituted for the primary antibody. Legend: M, medullar region; C, cortex region; 

Sc, seminiferous cord; S, Sertoli cells. Scale bar represents 100 μm. See Methods for a 

complete description of the methods. 
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Figure 2-2. Comparison of relative expression and localization of CTNNB1 mRNA 

and protein in female embryonic gonads during embryogenesis and reproductive 

organs from female chickens. [A] Relative changes in CTNNB1 mRNA expression 

were determined using quantitative RT-PCR. The asterisks denote statistically significant 

differences (***P < 0.001). [B] Cell-specific localization of CTNNB1 mRNA was 

determined using in situ hybridization analysis. Cross sections of left gonad from E6 to 

E18 in female embryos, oviduct and ovary from 12-week-old and adult chickens were 

hybridized with antisense or sense cRNA probes. [C] Immunoreactive CTNNB1 protein 

during the development of chicken female gonad. For the IgG control, normal rabbit 

IgG was substituted for the primary antibody. Legend: M, medullar region; C, cortex 

region; Sc, seminiferous cord; S, Sertoli cells; LE, luminal epithelium. Scale bar 

represents 100 μm. See Methods for a complete description of the methods. 
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Figure 2-3. Comparison of relative expression of AMH, ESR1, CCND1 and CDH2 

mRNAs in male embryonic gonads during embryogenesis and testes from male 

chickens. Relative changes in expression of AMH, ESR1, CCND1and CDH2 mRNAs 

were determined using quantitative RT-PCR. The asterisks denote statistically significant 

differences (***P < 0.001, **P < 0.01 and *P < 0.05). 
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Figure 2-4. In situ hybridization analyses of AMH, ESR1, CCND1 and CDH2 

mRNAs in male embryonic gonads during embryogenesis and testes from male 

chickens. Cell-specific localization of AMH, ESR1, CCND1 and CDH2 mRNAs was 

determined using in situ hybridization analysis. Cross-sections of right and left gonads 

from E6 to E18 male embryos, and testes from 12-week-old and adult chickens were 

hybridized with antisense or sense cRNA probes. Legend: M, medullar region; C, cortex 

region; Sc, seminiferous cord; ST, seminiferous tubules; S, Sertoli cells. Scale bar 

represents 100 μm. See Methods for a complete description of the methods. 
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5. Discussion 

 

Results of the present study provide comprehensive information on expression of 

CTNNB1 during embryogenesis and in the maturation of male and female gonads of 

chickens. Our results also indicate stage of development and cell-specific patterns of 

expression of AMH, ESR1 and CCND1 during embryonic development, as well as 

during post-hatching sexual maturation of roosters that are very similar to that for 

CTNNB1 in testes of the rooster.  These results support our hypothesis that CTNNB1 

plays important roles in differentiation of Sertoli cells and in the formation of 

seminiferous tubules during testes development.  

 

CTNNB1, a member of the armadillo family of proteins, has the classical 

armadillo repeat domain and the C-terminal domain. Interestingly, the N-terminal region 

(known as a HelixC) of the C-terminal domain connects with the end of the armadillo 

repeat domain resulting in formation of a CTNNB1 superhelical core that is necessary to 

recruit and bind various CTNNB1 coactivators for increasing levels of transactivation in 

the WNT signal transduction cascades (Xing et al., 2008). In addition, the sequence of 

CTNNB1 is highly conserved among various species. For instance, chicken CTNNB1 

amino acid sequence shares 99-, 99- and 85% identity with mouse, human and Xenopus, 

respectively (Lu et al., 1997). In the present study, we assessed sex-specific, cell-specific 

and temporal expression of CTNNB1 in gonads on selected embryonic days from 

female and male embryos. In male gonads, CTNNB1 mRNA and protein were 

expressed predominantly in the seminiferous cords of developing testes between E6 and 

E14 (Figure 1). But, in female gonads, expression of CTNNB1 mRNA and protein were 
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mainly localized to the medullary region of embryonic gonads from E6 to E9 and 

weakly detected in the cortex region of gonads from E14 to E18 (Figure 2). In chickens, 

undifferentiated gonads consist of an outer cortex and underlying medulla, and most 

mesenchymal cells are localized in the medullary region and most primordial germ cells 

are in the cortical region (Smith and Sinclair, 2004). However, during morphological 

differentiation after onset of sex determination, medullary cords transform into 

seminiferous cords in male embryonic gonads and the cortex is diminished in 

developing testes (Smith and Sinclair, 2004). Interestingly, CTNNB1 mRNA and protein 

were abundant in Sertoli cells of testes from immature and mature male chickens (Figure 

1). In the chicken oviduct, CTNNB1 mRNA and protein were predominantly detected in 

luminal epithelial cells, but not in any other cell-type (Figure 2). However, little or no 

expression of CTNNB1 mRNA was detected in ovaries from either immature or mature 

female chickens. Therefore, CTNNB1 likely has an essential role in testis development 

and Sertoli cell differentiation, but it is not required for development and differentiation 

of the ovary in female chickens. 

 

 Morphological and functional aspects of the reproductive organs (i.e. two 

gonads, and Müllerian and Wolffian ducts of mammalian male and female embryos are 

initially indistinguishable. But, with initiation of sexual differentiation occurs in 

response to testicular hormones such as testosterone and anti-Müllerian hormone 

(AMH), also known as Müllerian inhibiting substance (Behringer et al., 1994). AMH, a 

glycoprotein in the transforming growth factor-beta family, is secreted by Sertoli cells 

and transduces its signal via transmembrane receptors such as AMH type II receptor, 

after the onset of testis determination in the male fetus (Jamin et al., 2003). As a result, 
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there is regression of the Müllerian duct and testosterone produced by Leydig cells, 

promotes Wolffian duct development (Xavier and Allard, 2003). AMH induces 

accumulation of Ctnnb1 in the cytoplasmic and nuclear compartments of peri-Müllerian 

mesenchymal cells which likely alters target gene expression patterns in the cells leading 

to regression of the Müllerian ductal epithelial cells (Allard et al., 2000). This result 

indicates that CTNNB1 might be a critical regulator in the AMH signaling pathway 

(Xavier and Allard, 2003). Thus, we examined the expression AMH in gonads of male 

chicken embryos in this study and demonstrated that it was expressed predominantly in 

seminiferous cords from E9 to hatching (Figures 3 and 4). In addition, AMH mRNA was 

expressed in seminiferous tubules in testes from 12-weeks-old chickens during 

development and differentiation of Sertoli cells in seminiferous tubules, but not in 

Sertoli cells in testes of sexually mature male chickens. These results support the idea 

that AMH initially produced by the Sertoli cells of the embryonic testes in the fetal male 

remain elevated levels during childhood, but decreases to low levels from puberty to 

mature adult male stage in life (Trbovich et al., 2004). Therefore, results of our current 

study suggest that AMH-activated CTNNB1 plays an important role in sex 

determination, differentiation and testes development in male chickens. 

 

In the male reproductive system, androgens from Leydig cells are metabolized to 

estrogens by the P450 aromatase enzyme localized mainly to Sertolic cells and germ 

cells and estrogen is involved in various biological and physiological functions of testes 

(Hess, 2003). In general, estrogen mediates various physiological effects via specific 

estrogen receptors, particularly estrogen receptor alpha (ESR1) and –beta (ESR2) that 

accompany activation of SRC and several signaling cascades, such as the MAPK and 
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EGFR cell signaling pathways. Hence, this activation of estrogen-dependent signal 

transduction likely contributes to the proliferation of Sertoli cells and interactions 

between Sertoli cells and germ cells in mice. For instance, Esr1 knockout mice have 

impaired spermatogenesis with reduced sperm numbers and abnormal sperm function 

leading to infertility (Eddy et al., 1996; Lubahn et al., 1993). In addition, Esr1-/- and 

Esr1-/-/Esr2-/- mice exhibit depletion of germ cells in the seminiferous tubules and 

defective structural changes such as a marked dilation of straight tubules and rete testis 

(Dupont et al., 2000). These results indicate that estrogen and its receptor are essential 

for normal spermatogenesis, development of seminiferous tubules and fertility in males. 

In the present study, ESR1 was expressed predominantly in seminiferous cords at E9 

and then its expression decreased until after hatching. ESR1 was abundant in 

seminiferous tubules of testes of male chickens at 12 weeks of age and expressed 

specifically in Sertoli cells of adult testes; changes are coordinate with abundant 

expression of CTNNB1. Indeed, there are many reports that estrogen induces 

WNT/CTNNB1 signaling pathways in various organs and disease states. For example, 

when estrogen levels increase or decrease, there is coordinate accumulation or 

reductions in amounts of activated CTNNB1 proteins in the nucleus during the 

proliferative and secretory phases of the menstrual cycle in women (Nei et al., 1999). 

Moreover, administration of exogenous estrogen to mice increased nuclear localization 

of Ctnnb1 in epithelial cells of the mouse uterus (Hou et al., 2004a). Therefore, our 

current results suggest that estrogen-ESR1 signaling via CTNNB1 is likely to be 

involved in development and differentiation of seminiferous tubules and Sertoli cells in 

male chickens. 
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In the Sertoli cells, estrogen also regulates expression of cyclin D1 (CCND1), as 

a well-known D-type cell cycle regulator, through SRC/MAPK pathways (Lucas et al., 

2011), that plays a pivotal roles in the G1/S phase during spermatogonial cells 

proliferation (Beumer et al., 2000; Ravnik et al., 1995). Indeed, CCND1 is one of the 

essential factors in cell adhesion. In the testis, integrins mediate formation of Sertoli cell 

tight junction complexes and several studies suggested that CCND1 plays a key role in 

integrin-mediated cell adhesion (Mruk and Cheng, 2004). In addition, expression of 

CCND1 is stimulated by focal adhesion kinase in response to cell adhesion signals 

(Zhao et al., 2001) and expression is directly increased by integrin-liked kinase which is 

a required for cell adhesion and interactions with integrin beta subunits (D'Amico et al., 

2000). Interestingly, over-expression of CTNNB1 increased CCND1 protein levels and 

consequently induced rapid progression of the cell cycle (Shtutman et al., 1999). On the 

other hand, in the non-canonical WNT pathway, CTNNB1 and N-cadherin participate in 

cell-cell adhesion (Daugherty and Gottardi, 2007). Of particular note, N-cadherin can 

mediate adhesion between Sertoli cells and spermatogenic cells and also serve as a 

marker of Sertoli cells.  Moreover, CTNNB1 has an important function to regulate 

adhesion and signaling pathways at Sertoli cell-germ cell junctions (Chang et al., 2011; 

Heidenberg et al., 2012; Newton et al., 1993). In the present study, CCND1 was 

specifically and abundantly expressed in the seminiferous cords of male gonads between 

E6 and E9 and in seminiferous tubules of testes at 12 weeks of age. Interestingly, 

CCND1 was predominantly expressed in Sertoli cells within the seminiferous tubules of 

adult testes. Therefore, based on previous reports and our present results, we suggest that 

CCND1 expression increases coordinately with increases in expression of CTNNB1 to 

play important roles in increasing proliferation of seminiferous epithelial cells and 
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Sertoli cells within the seminiferous tubules.  

 

Collectively, results of the present study provide the first molecular and cellular 

evidence for distinct sex-specific, cell-specific and temporal expression of CTNNB1 

during gonadal development from embryonic stages to maturation of the reproductive 

organs, specifically the gonads, in chickens. Further, our results revealed coordinate 

changes in expression of CTNNB1, along with AMH, ESR1 and CCND1 during 

development of the seminiferous tubules and differentiation of Sertoli cells in testes of 

male chickens. Therefore, results of the present study provide new insights into sex-

specific expression of CTNNB1 during sex determination and differentiation as well as 

during testicular development during post-hatching stages of development in male and 

female chickens.  
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1. Abstract 

 

Beta-catenin (CTNNB1) is a dual function molecule that acts as a key 

component of the cadherin complex and WNT signaling pathway. It has a crucial role in 

embryogenesis, tumorigenesis, angiogenesis and progression of metastasis. Recently, it 

has been suggested that the CTNNB1 complex is a major regulator of development of 

the mouse oviduct and uterus. However, little is known about the CTNNB1 gene in 

chickens. Therefore, in this study, we focused on the CTNNB1 gene in the chicken 

reproductive tract and hormonal control of its expression in the chicken oviduct. 

CTNNB1 was localized specifically to the luminal and glandular epithelium of the four 

segments of chicken oviduct and DES (diethylstilbestrol, a synthetic non-steroidal 

estrogen) increased its expression primarily in LE of the magnum. In addition, CTNNB1 

mRNA and protein were expressed abundantly in glandular epithelium of endometrioid-

type ovarian carcinoma, but not in normal ovaries. Moreover, CTNNB1 expression was 

post-transcriptionally regulated via its 3’-UTR by binding with target miRNAs including 

miR-217, miR-1467, miR-1623 and miR-1697. Collectively, these results indicate that 

CTNNB1 is a novel gene regulated by estrogen in epithelial cells of the chicken oviduct 

and that it is also abundantly expressed in epithelial cells of endometrioid-type ovarian 

carcinoma suggesting that it could be used as a marker for diagnosis of ovarian cancer in 

laying hens and women.  
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2. Introduction 

 

Beta-catenin (CTNNB1) is an intracellular protein that has multiple functions 

in the cell membrane, cytoplasm and nucleus. One of the well-defined roles of CTNNB1 

at the cell membrane is as a subunit of the cadherin complex that mediates cell-cell 

adhesion. CTNNB1 also forms a complex with the cytoplasmic domain of type I 

cadherins and these functional complexes are essential for cell adhesion and the 

structural organization of cells (Fan et al., 2010; MacDonald et al., 2009b; Suriano et al., 

2005). Cytoplasmic CTNNB1 has a central role in transcriptional regulation in the WNT 

signaling pathways. Activation of the canonical WNT signaling cascade is initiated by 

binding secreted WNT ligand to members of the Frizzled (FZD) receptor family. This 

event leads to inactivation of glycogen synthase kinase 3 beta (GSK3B) and thereby 

permits the accumulation of activated CTNNB1 in the cytoplasm of cells. Afterward, the 

activated CTNNB1 translocates into the nucleus where it interacts with transcription 

factor/lymphoid enhancer-binding factor (TCF/LEF) to regulate transcriptional 

activation of multiple target genes, such as MYC and cyclin D1 (Suriano et al., 2005; 

van Amerongen and Nusse, 2009).  

 

The chicken oviduct is a one of the classical models to investigate biological 

effects of steroid hormones on development of tissues/organs (Dougherty and Sanders, 

2005). The oviduct of laying hens consists of four parts: the infundibulum (site of 

fertilization); magnum (production of components of egg-white); isthmus (formation of 

the shell membrane); and shell gland (formation of the egg shell) (Jung et al., 2011). 

During oviduct development, estrogen is the primary female sex hormone that induces 
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cell proliferation, production of egg white proteins and formation of tubular glands 

(Kohler et al., 1969; Palmiter, 1972; Ylikomi and Tuohimaa, 1988). In the mouse uterus, 

estrogen stimulates the WNT signaling pathway through activation of CTNNB1 in 

epithelial cells (Hou et al., 2004b). However, little is known about expression or 

functional roles of CTNNB1 in the reproductive tract of chickens during development or 

in laying hens that develop epithelial cell-derived ovarian cancer.  

 

Epithelial cell-derived ovarian cancer (EOC) is one of the most common causes 

of cancer-related deaths among women due to the fact that there are no or few symptoms 

in the early stage of the disease (Jemal et al., 2011; Suh et al., 2012). Thus, the 

importance of development of effective biomarker for early detection and appropriate 

animal model for EOC research is strongly emphasized. Up to now, several animal 

models for research on EOC have been developed and, among them, the laying hen 

model is being recognized (Johnson, 2009). Indeed, EOC occurs spontaneously in laying 

hens and tumorigenesis derives from the ovarian surface epithelium as is the case for 

women (Shepherd et al., 2006). In addition, the histological and pathological types and 

stages of chicken EOC are conspicuously similar to EOC in women (Barua et al., 2009). 

Therefore, the laying hen is excellent animal model for studies of human ovarian cancer 

and for investigating novel therapeutic applications and drug development to diagnose 

and treat this disease. 

 

Avian CTNNB1 expression is detected during development of vascular and 

neural rest cells and feather and skin morphogenesis (de Melker et al., 2004; Nacher et 

al., 2005; Widelitz et al., 2000). However, irrespective of its important potential role and 
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function in the WNT signaling pathways during tissue/organ development, there has 

been little research on expression and hormonal regulation of CTNNB1 in the chicken 

reproductive tract. In addition, CTNNB1 is known to participate in development of 

tumors in the digestive tract, skin, testis and ovaries (Bhatia and Spiegelman, 2005; 

Bullions and Levine, 1998; Chang et al., 2009; Huiping et al., 2001; Palacios and 

Gamallo, 1998). We previously reported that several genes, such as SERPINB3 and 

AHCYL1, are potential biomarkers for early diagnosis of ovarian cancer in laying hens 

(Jeong et al., 2012a; Lim et al., 2012c). Therefore, the hypothesis tested in the present 

study was that CTNNB1 plays crucial roles in differentiation, development and growth 

of the chick oviduct in response to estrogen and that its aberrant expression is involved in 

transitional events from a normal ovary to ovarian endometrioid carcinogenesis in laying 

hens. The objectives of this study were to: (1) evaluate tissue- and cell-specific 

expression of CTNNB1 in the chicken oviduct; (2) determine whether CTNNB1 

expression is regulated by estrogen during development of the chick oviduct; (3) 

compare differential expression patterns of CTNNB1 in normal and cancerous ovaries of 

laying hens; and (4) determine whether CTNNB1 expression is controlled post-

transcriptionally by specific microRNAs. Our novel results provide evidence that 

CTNNB1 has an important role(s) in development of chicken oviduct in an estrogen-

dependent manner and that it is a candidate gene for EOC in laying hens and women. 
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3. Materials and Methods 

 

Experimental Animals and Animal Care 

 

The experimental use of chickens for this study was approved by the Institute of 

Laboratory Animal Resources, Seoul National University (SNU-070823-5). All White 

Leghorn (WL) chickens were exposed to a light regimen of 15 h light and 9 h dark with 

ad libitum access to feed and water, and managed according to standard practices for 

poultry husbandry. 

 

Tissue Samples 

 

Study one. Following euthanasia of mature WL hens, tissue samples were 

collected from brain, heart, liver, kidney, small intestine, gizzard, muscle, ovary and 

oviduct of 1- to 2- year-old laying hens (n=5). Subsets of these samples were frozen or 

fixed in 4% paraformaldehyde for further analysis. Frozen tissue samples were cut into 

5- to 7-mm pieces, frozen in liquid nitrogen vapor, and stored at -80°C. The other 

samples were cut into 10-mm pieces and fixed in fresh 4% paraformaldehyde in PBS 

(pH 7.4). After 24 h, fixed tissues were changed to 70% ethanol for 24 h and then 

dehydrated and embedded in Paraplast-Plus (Leica Microsystems, Wetzlar, Germany). 

Paraffin-embedded tissues were sectioned at 5µm. 

Study two. Female chicks were identified by PCR analysis using W chromosome-

specific primer sets (F: 5’-CTA TGC CTA CCA CAT TCC TAT TTG C-3’ and R: 5’-

AGC TGG ACT TCA GAC CAT CTT CT-3’). Treatment with DES and recovery of the 
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oviduct were conducted as reported previously (Lim et al., 2011b). We implanted a 15 

mg DES pellet in the abdominal region of 1-week-old female chicks to release the 

hormone for 10 days. The DES pellet was removed from all chicks for 10 days, and then 

a 30 mg daily dose was administered for 10 additional days. Five chicks were assigned 

to each treatment group. 

Study three. In this study, a total of 136 laying hens (88 over 36 months of age and 48 

over 24 months of age) which had stopped laying eggs were euthanized for collection of 

normal and cancerous ovaries. From that population of laying hens, we obtained 

cancerous ovarian tissue from 10 hens and normal ovarian tissues from 10 egg-laying 

hens of similar age. We evaluated tumor stage of 10 hens with cancerous ovaries 

according to characteristic features of chicken ovarian cancer (Barua et al., 2009; Lim et 

al., 2012d). Three hens had stage III disease as ovarian tumor cells had metastasized to 

the gastrointestinal (GI) tract and liver surface with profuse ascites in the abdominal 

cavity. Five hens had tumor cells spread to distant organs including liver parenchyma, 

lung, GI tract and oviduct with profuse ascites, indicating stage IV disease. Two hens 

had stage I disease as tumors were limited to their ovaries. Subsets of these samples were 

fixed in 4% paraformaldehyde for further analyses. After 24 h, fixed tissues were 

changed to 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus 

(Leica Microsystems, Wetzlar, Germany). Paraffin-embedded tissues were sectioned at 

5µm and stained with hematoxylin and eosin. Epithelial ovarian cancers in chickens 

were classified based on their cellular subtypes and patterns of cellular differentiation 

with reference to ovarian malignant tumor types in humans (Barua et al., 2009). 

 

RNA Isolation  
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Total cellular RNA was isolated from frozen tissues using Trizol reagent 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s recommendations. The 

quantity and quality of total RNA was determined by spectrometry and denaturing 

agarose gel electrophoresis, respectively. 

 

Semiquantitative RT-PCR analysis 

 

The expression of CTNNB1 mRNA in the normal and cancerous ovaries of 

laying hens was assessed using semi-quantitative RT-PCR as described previously. The 

cDNA was synthesized from total cellular RNA (2 μg) using random hexamer 

(Invitrogen, Carlsbad, CA) and oligo (dT) primers and AccuPowerⓇ RT PreMix 

(Bioneer, Daejeon, Korea). The cDNA was diluted (1:10) in sterile water before use in 

PCR. For CTNNB1, the sense primer (5’- GCG TTG GTT AAA ATG CTT GG -3’) and 

antisense primer (5’- GCT GGC TTG GAA TCT GTA AGG -3’) amplified a 412-bp 

product. For GAPDH (housekeeping gene), the sense primer (5’- TCC TTG GAT GCC 

ATG TGG ACC ATT -3’) and antisense primer (5’- TCC TTG GAT GCC ATG TGG 

ACC ATT -3’) amplified a 301-bp product. The primers, PCR amplification and 

verification of their sequences were conducted as described previously (Song et al., 2007; 

Stewart et al., 2000). PCR amplification was conducted using approximately 60ng 

cDNA as follows : (1) 95°C for 3 min; (2) 95°C for 20 sec, 60°C for 40 sec (for 

CTNNB1 and GAPDH) and 72°C for 1 min for 35 cycles; and (3) 72°C for 10 min. 

After PCR, equal amounts of reaction product were analyzed using a 1% agarose gel, 

and PCR products were visualized using ethidium bromide staining. The amount of 

DNA present was quantified by measuring the intensity of light emitted from correctly 
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sized bands under ultraviolet light using a Gel Doc™ XR+system with Image Lab™ 

software (Bio-Rad). 

 

Quantitative RT-PCR Analysis 

 

Total RNA was extracted from each segment of the oviduct from DES-treated or 

non-treated chicks using Trizol (Invitrogen) and purified using an RNeasy Mini Kit 

(Qiagen). Complementary DNA was synthesized using a Superscript® III First-Strand 

Synthesis System (Invitrogen). Gene expression levels were determined using SYBR® 

Green (Biotium, Hayward, CA, USA) and a StepOnePlus™ Real-Time PCR System 

(Applied Biosystems, Foster City, CA, USA). The GAPDH gene was analyzed 

simultaneously as a control and used for normalizationto account for variation in loading. 

Each target gene and GAPDH were analyzed in triplicate. Using the standard curve 

method, we determined the level of expression of the examined genes using the standard 

curves and CT values, and normalized them based on GAPDH expression. For CTNNB1, 

the sense primer (5’- TAT CCC ACG GCT AGT TCA GC -3’) and antisense primer (5’- 

TAC AGC CCT CAA CGA TTT CC -3’) amplified a 125-bp product. For GAPDH, the 

sense primer (5’- ACA CAG AAG ACG GTG GAT GG -3’) and antisense primer (5’- 

GGC AGG TCA GGT CAA CAA CA -3’) amplified a 193-bp product. The PCR 

conditions were 94°C for 3 min, followed by 40 cycles at 94°C for 20 sec, 60°C for 40 

sec, and 72°C for 1 min using a melting curve program (increasing the temperature from 

55°C to 95°C at 0.5°C per 10 sec) and continuous fluorescence measurement. ROX dye 

(Invitrogen) was used as a negative control for the fluorescence measurements. 

Sequence-specific products were identified by generating a melting curve in which the 
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Ct value represented the cycle number at which a fluorescent signal was statistically 

greater than background, and relative gene expression was quantified using the 2–ΔΔCt 

method (Livak and Schmittgen, 2001). The relative quantification of gene expression 

was normalized to the Ct value for the control oviduct.  

 

In Situ Hybridization Analysis  

 

For hybridization probes, PCR products were generated from cDNA using the 

primers described for RT-PCR analysis. The products were extracted from the gel and 

cloned into the TOPO®Vector (Invitrogen, Carlsbad, CA).. After verification of the 

sequences, plasmids containing gene sequences were amplified with T7- and SP6-

specific primers (T7:5’-TGT AAT ACG ACT CAC TAT AGG G-3’; SP6:5’-CTA TTT 

AGG TGA CAC TAT AGA AT-3’) then digoxigenin (DIG)-labeled RNA probes were 

transcribed using a DIG RNA labeling kit (Roche Applied Science, Indianapolis, IN). 

Tissues were collected and fixed in fresh 4% paraformaldehyde, embedded in paraffin 

and sectioned at 5 μm on APES-treated slides. The sections were then deparaffinized in 

xylene and rehydrated to diethylpyrocarbonate (DEPC)-treated water through a graded 

series of alcohol. The sections were treated with 1% Triton X-100 in PBS for 20 min and 

washed two times in DEPC-treated PBS. After washing in DEPC-treated PBS, the 

sections were digested with 5 μg/ml Proteinase K (Sigma) in TE buffer (100 mM Tris-

HCl, 50 mM EDTA, pH 8.0) at 37°C. After post-fixation in 4% paraformaldehyde, 

sections were incubated twice for 5 min each in DEPC-treated PBS and incubated in 

TEA buffer (0.1M triethanolamine) containing 0.25% (v/v) acetic anhydride. The 

sections were incubated in a prehybridization mixture containing 50% formamide and 
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4X standard saline citrate (SSC) for at least 10 min at room temperature. After 

prehybridization, the sections were incubated overnight at 42°C in a humidified chamber 

in a hybridization mixture containing 40% formamide, 4X SSC, 10% dextran sulfate 

sodium salt, 10mM DTT, 1 mg/ml yeast tRNA, 1mg/ml salmon sperm DNA, 0.02% 

Ficoll, 0.02% polyvinylpyrrolidone, 0.2mg/ml RNase-free bovine serum albumin and 

denatured DIG-labeled cRNA probe After hybridization, sections were washed for 15 

min in 2X SSC at 37°C, 15min in 1X SSC at 37°C, 30 min in NTE buffer (10mM Tris, 

500mM NaCl and 1mM EDTA) at 37°C and 30 min in 0.1X SSC at 37°C. After 

blocking with 2% normal sheep serum (Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA), the sections were incubated overnight with sheep anti-DIG antibody conjugated to 

alkaline phosphatase (Roche, Indianapolis, IN). The signal was visualized following 

exposure to a solution containing 0.4 mM 5-bromo-4-chloro-3-indolyl phosphate, 0.4 

mM nitroblue tetrazolium, and 2 mM levamisole (Sigma Chemical Co., St. Louis, MO). 

 

Immunohistochemistry 

 

Immunocytochemical localization of CTNNB1 protein was performed as 

described previously using a rabbit polyclonal antibody to CTNNB1 (catalog number 

#9582; Cell Signaling Technology) at a final dilution of 1:100. Negative controls 

included substitution of the primary antibody with purified non-immune rabbit IgG at the 

same final concentration. 

 

MicroRNA Target Validation Assay 
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The 3’-UTR of CTNNB1 was cloned and confirmed by sequencing. The 3’-UTR 

was cloned between the eGFP gene and bGH poly-A tail in pcDNA3eGFP (Clontech, 

Mountain View, CA) to generate the eGFP miRNA target 3’-UTR (pcDNA-eGFP-

3’UTR) fusion constructs. For the dual fluorescence reporter assay, the fusion constructs 

containing the DsRed gene and either miR-217, miR-1467, miR-1623 or miR-1697 were 

designed to be co-expressed under control of the CMV promoter (pcDNA-DsRed-

miRNA). The pcDNA-eGFP-3’-UTR and pcDNA-DsRed-miRNA (4 µg) were co-

transfected into 293FT cells (Invitrogen, Carlsbad, CA) using the calcium phosphate 

method. When the DsRed-miRNA is expressed and binds to the target site of the 3’-UTR 

downstream of the GFP transcript, green fluorescence intensity decreases due to 

degradation of the GFP transcript. At 48 h post-transfection, dual fluorescence was 

detected by fluorescence microscopy and calculated by FACSCalibur flow cytometry 

(BD Biosciences). For flow cytometry, the cells were fixed in 4% paraformaldehyde and 

analyzed using FlowJo software (Tree Star Inc., Ashland, OR). 

 

Statistical Analyses 

 

Data presented for real-time PCR are expressed as mean ± SEM unless otherwise 

stated. Differences in the variances between normal and cancerous ovaries were 

analyzed using the F test, and differences between means were subjected to the Student’s 

t test. Differences with a probability value of P < 0.05 were considered statistically 

significant. Excel (Microsoft, Redmond, WA) was used for statistical analyses.  
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4. Results 

 

Localization of CTNNB1 mRNA and protein in the chicken oviduct 

 

In a preliminary experiment, we determined tissue-specific expression of 

CTNNB1 mRNA in various organs of laying hen by RT-PCR analysis and found it to be 

highly expressed in brain, heart, kidney, gizzard and oviduct from female chickens (data 

not shown). Since the expression and function of CTNNB1 in the chicken oviduct is 

unknown, we focused on the chicken oviduct to investigate gene expression and 

hormonal regulation of expression of CTNNB1. To confirm the localization of CTNNB1 

in the oviduct, in situ hybridization and immunohistochemical analyses were performed 

using each segment of the chicken; oviduct, infundibulum, magnum, isthmus and shell 

gland. As illustrated in Figure 1A, CTNNB1 mRNA was strongly expressed in the 

luminal epithelium (LE) of each segment of the chicken oviduct and in the glandular 

epithelium (GE) of the isthmus and shell gland. Consistent with these results, 

immunoreactive CTNNB1 protein was abundant in LE of all oviduct segments and GE 

of the isthmus and shell gland (Figure 1B). However, the non-specific rabbit IgG, used 

as a negative control, did not detect CTNNB1 protein in any segment of the chick 

oviduct. 

 

 Effects of estrogen on CTNNB1 expression during development of the chicken 

oviduct 

 

We determined effects of estrogen on CTNNB1 during development of the 
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chicken oviduct using quantitative PCR analysis. As shown in Figure 2A, CTNNB1 

mRNA increased 2.3-fold (P < 0.05) in DES-treated oviducts as compared to non-treated 

oviducts. In addition, DES stimulated 2- (P < 0.001), 3.7- (P < 0.001), 1.6- (P < 0.001) 

and 1.7-fold (P < 0.001) increases in CTNNB1 mRNA in the infundibulum, magnum, 

isthmus and shell gland, respectively (Figure 2B). In situ hybridization analysis revealed 

that CTNNB1 mRNA was expressed abundantly in LE of the infundibulum and the 

magnum, and to lesser extent in LE and GE of the isthmus and shell gland of oviducts 

from chicks treated with DES (Figure 2C). Consistent with these results, 

immunoreactive CTNNB1 protein was expressed most abundantly  in  the 

infundibulum and magnum and expressed weakly in LE and GE of the isthmus and shell 

gland (Figure 2D). 

 

Post-trasncriptional Regulation of microRNAs on CTNNB1 

 

To reveal whether CTNNB1 is controlled post-transcriptionally by miRNA(s), 

we performed a miRNA target validation assay using the miRNA target prediction 

database (miRDB; http://mirdb.org/miRDB/), and selected four highly ranked binding 

sites for miR-217, miR-1467, miR-1623 and miR-1697 within the 3’-UTR of CTNNB1 

(Figure 3A). The CTNNB1 3’-UTR fragments containing miRNA binding sites were 

cloned and inserted in the pcDNA3-eGFP vector. For the dual fluorescence reporter 

assay, the fusion constructs harboring the DsRed gene and either miR-217, miR-1467, 

miR-1623, or miR-1697 were designed to be co-expressed under control of the CMV 

promoter (Figure 3B). After co-transfection of eGFP-CTNNB1 3’-UTR and DsRed-

miRNA into the 293FT cells which are generally used for optimal transfection using 
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standard methods such as calcium phosphate precipitation, the intensity and percentage 

of GFP-expressing cells were detected and analyzed by fluorescence microscopy and 

FACS. As illustrated in Figures 3C and 3D, within the cells expressing miR-217, miR-

1467, miR-1623 and miR-1697, the intensity and percentage decreases in GFP-

expression were 13.8% by miR-217, 54.5% by miR-1467, 14.9% by miR-1623 and 29.2% 

by miR-1697, respectively (P < 0.01).  

 

Differential expression of CTNNB1 in normal and cancerous ovaries of hens 

 

As illustrated in Figure 4A, RT-PCR analysis revealed that CTNNB1 mRNA was 

expressed in endometrioid-type carcinomas, but there was a little or no expression in 

either serous, mucinous or clear cell carcinomas or normal ovaries. In addition, 

quantitative PCR analysis indicated that CTNNB1 mRNA expression increased 39-fold 

(P < 0.01) in cancerous as compared to normal ovaries of laying hens (Figure 4B). To 

compare cell-specific expression of CTNNB1 between normal and cancerous ovaries, in 

situ hybridization and immunohistochemical analyses were conducted. As shown in 

Figures 4C and 4D, the abundant levels of CTNNB1 mRNA and protein were localized 

specifically to GE of endometrioid cancerous ovaries, but not stromal cells or blood 

vessels. However, expression of CTNNB1 mRNA and protein was not detected in 

normal ovaries. 
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Figure 3-1. Expression of CTNNB1 in the chicken oviduct [A] In situ hybridization 

analysis of CTNNB1 mRNA in the infundibulum, magnum, isthmus and shell gland of 

the chicken oviduct with either antisense or sense chicken CTNNB1 cRNA probes. [B] 

Immunoreactive CTNNB1 protein in the chicken oviduct. For the IgG control, normal 

rabbit IgG was substituted for the primary antibody. Sections were not counterstained. 

Legend: LE, luminal epithelium; GE, glandular epithelium. Scale bars represents 200 

μm (the first columnar panels, sense and IgG) or 50 μm (the second columnar panels, 

sense and IgG). See Materials and Methods for complete description of methods 
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Figure 3-2. Effect of DES on tissue- and cell-specific expression of CTNNB1 in the 

chicken oviduct [A and B] Quantitative-PCR analyses were performed using cDNA 

templates from oviducts from DES-treated and non-treated chicks (mean ± SEM; P < 

0.01 or P < 0.001). These experiments were conducted in triplicate and normalized to 
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control GAPDH expression. [C] In situ hybridization analyses indicated cell-specific 

expression of CTNNB1 mRNA in oviducts from DES-treated and non-treated chicks. 

Cross-sections of the infundibulum, magnum, isthmus, and shell gland of oviducts from 

chicks treated with DES or vehicle were hybridized with antisense or sense chicken 

CTNNB1 cRNA probes. [D] Immunoreactive CTNNB1 protein in oviducts from DES-

treated and non-treated chicks. For the IgG control, normal rabbit IgG was substituted 

for the primary antibody. Sections were not counterstained. Legend; LE, luminal 

epithelium; GE, glandular epithelium. Scale bars represents 200 μm (the first columnar 

panels, sense and IgG) or 50 μm (the second columnar panels, sense and IgG). See 

Materials and Methods for complete description of methods. 
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Figure 3-3. In vitro target assay to determine effects of miR-217, miR- 1467, miR-

1623 and miR-1697 on CTNNB1 transcript [A] Diagram of miR-217, miR-1467, miR-
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1623 and miR-1697 binding sites in the 3’-UTR of the CTNNB1 gene. [B] Expression 

vector maps for eGFP with CTNNB1 3’-UTR and Ds-Red with each miRNA. The 3’-

UTR of the CTNNB1 transcript was subcloned between the eGFP gene and the polyA 

tail to generate the fusion construct of the GFP transcript following the miRNA target 3’-

UTR (pcDNA-eGFP-3’UTR) (left panel) and the miRNA expression vector was 

designed to co-express DsRed and each miRNA (pcDNA-DsRed-miRNA) (right panel). 

[C and D] After co-transfection of pcDNA-eGFP-3’UTR for the CTNNB1 transcript and 

pcDNA-DsRed-miRNA for each microRNA, the fluorescence signals of GFP and 

DsRed were detected using FACS [C] and fluorescent microscopy [D]. Scale bar 

represents 100 μm.  
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Figure 3-4. Quantitation and localization of CTNNB1 in normal and cancerous 

ovaries from laying hens [A] RT-PCR analyses were performed using cDNA templates 

from normal and cancerous ovaries of laying hens using chicken CTNNB1 specific 

primers. Lanes 1 to 4 show expression of CTNNB1 in normal ovaries. Lanes 1-9 are 

from analyses of 9 different cancerous ovaries for expression of CTNNB1. Legends for 

the lower panel: Lane 1, clear cell carcinoma (Stage IV); Lane 2, serous/mucinous 

carcinoma (Stage III); Lane 3, endometrioid carcinoma (Stage I); Lane 4, serous 

carcinoma (Stage I); Lane 5, endometrioid carcinoma (Stage IV); Lane 6, endometrioid 
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carcinoma (Stage IV); Lane 7, clear cell carcinoma (Stage IV); Lane 8, serous/mucinous 

carcinoma (Stage IV); and Lane 9, endometrioid/serous/mucinous carcinoma (Stage III). 

[B] Quantitative RT-PCR analysis for CTNNB1 mRNA was performed using cDNA 

templates from normal and cancerous ovaries (mean ± SEM; P < 0.01). [C] In situ 

hybridization analyses of CTNNB1 mRNA in normal and cancerous ovaries of laying 

hens. Cross-sections of normal and cancerous ovaries of laying hens hybridized with 

antisense or sense chicken CTNNB1 cRNA probes demonstrated abundant CTNNB1 

mRNA predominantly in GE of cancerous ovaries. [D] Immunohistochemical detection 

of expression of CTNNB1 protein. For the negative control, the primary antibody was 

substituted with purified non-immune mouse IgG. Legend: GE, glandular epithelium. 

Scale bar represents 200 μm (the first horizontal panels) or 50 μm (the second horizontal 

panels).  
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5. Discussion 

 

Results of the present study provide the first evidence of CTNNB1 expression 

in the reproductive tract of female chickens, as well as estrogen regulation on its cell-

specific expression during development of the oviduct, and evidence for regulation of 

expression by miR-217, miR-1467, miR-1623 and miR-1697 that interact with their 

respective binding-sites in the 3’-UTR of the CTNNB1 gene. In addition, results of the 

present study provide the first evidence for highly significant differences in expression 

of CTNNB1 in ovarian endometrioid carcinomas in laying hens. These results support 

our hypothesis that CTNNB1 plays crucial roles in differentiation, development and 

growth of the chick oviduct in response to estrogen and that its aberrant expression is 

involved in transitional events from a normal ovary to ovarian endometrioid 

carcinogenesis in laying hens. 

 

In the current study, we demonstrated that CTNNB1 is expressed in a cell-

specific manner in all segments of the chicken oviduct. In fact, results of many studies 

suggest that the WNT/CTNNB1 signaling pathway is associated with developmental and 

functional aspects of reproductive organs such as oviduct and ovary (Fan et al., 2010). 

For instance, in the mouse oviduct, Wnt7a activates the canonical WNT pathway 

involved in morphogenesis of the oviduct, and mutation of Wnt7a leads to a reduction in 

size of the oviduct and defects in coiling of the oviduct (Miller and Sassoon, 1998; 

Stewart and Behringer, 2012). In this study, we also found that expression of CTNNB1 is 

regulated by estrogen during development of the chicken oviduct which is an amazing 

reproductive organ for research on actions of steroid hormones to effect cell growth and 
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cytodifferentiation (Dougherty and Sanders, 2005; Kohler et al., 1969), as well as 

expression of oviduct-specific genes and formation of tubular glands from epithelial cells 

(Palmiter and Wrenn, 1971). It is well known that estrogen activates WNT/CTNNB1 

signaling pathways in various organs. Previous studies showed that the estrogen 

stimulates expression of WNT ligands including WNT4, WNT5A and WNT7A 

(Katayama et al., 2006; Miyakoshi et al., 2009; Wagner and Lehmann, 2006), and 

estrogen can also modulate the transcriptional events of WNT target genes through 

interactions with ESR1 (estrogen receptor alpha), EZH2 (enhancer of zeste homolog 2) 

and CTNNB1, to maintain the balance between cell proliferation and differentiation 

during the menstrual cycle (Wang et al., 2010). These results suggest that estrogen 

induces the WNT/CTNNB1 signal transduction cascade during development of the 

oviduct in immature chicks and during the reproductive cycle of mature laying hens. 

 

MicroRNAs (miRs) are abundant in various multi-cellular organisms and act as 

negative regulators of transcription of target genes. In this study, we searched for 

candidate miRs for the CTNNB1 gene using the microRNA database. Based on our 

previous experience [23-26 35-38], we selected four predicted target-miRs with 

prediction scores of greater than 80 because scores greater than 80 are most likely to be 

real. Results from the present study showed that, in the presence of miR-217, miR-1467, 

miR-1623 and miR-1697, the intensity and percentage of GFP-expressing cells 

decreased which indicated that miR-217, miR-1467, miR-1623 and miR-1697 bind 

directly to the CTNNB1 transcript and post-transcriptionally regulates CTNNB1 gene 

expression (Figure 3). Indeed, a single miR can regulate multiple targets at the same 

time and miR-mediated regulation is a fine tuning mechanism and not an on-off switch. 
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In addition, according to results from our miRNA-target search using the TargetScan 

program, miR-217, miR-1467, miR-1623 and miR-1697 may also control expression of 

ESR1, PGRMC2 (progesterone receptor membrane component 2), BCL2 (apoptosis 

facilitator), several cell cycle genes and members of oncogene family. Collectively, 

target genes for miR-217, miR-1467, miR-1623 and miR-1697 may be involved in 

regulation of various physiological processes, post-translation events and a variety of 

cellular metabolic processes. Therefore, we propose that miR-217, miR-1467, miR-1623 

and miR-1697 regulate expression of other DES-regulated genes which could be closely 

related to its regulation of CTNNB1 gene expression and development of the chicken 

oviduct. Future studies using the target-miRNA binding assay are necessary to clarify 

the mechanism(s) involved.  

 

In chickens, Trevino et al (Trevino et al., 2010) reported that about one-half of 

up-regulated genes in EOC of laying hens are oviduct-related genes. Furthermore, we 

reported several estrogen-stimulated genes, including cathepsin B (CTSB) (Ahn et al., 

2010), serpin peptidase inhibitor, clade B, member 11 (SERPINB11) (Lim et al., 2012d), 

SERPINB3 (Lim et al., 2012c), S-adenosylhomocysteine hydrolase-like protein 1 

(AHCYL1) (Jeong et al., 2012a), secreted phosphoprotein 1 (SPP1) (Lim et al., 2012b), 

alpha 2 macroglobulin (A2M) (Lim et al., 2011a), pleiotrophin (PTN) (Lee et al., 2012b), 

beta-defensin 11 (AvBD-11) (Lim et al., 2013) and several cell cycle genes (Lee et al., 

2012a) are expressed in the chicken oviduct, and also expressed abundantly in GE of 

ovaries from laying hens with ovarian adenocarcinoma. Moreover, there is evidence that 

the aberrant expression of CTNNB1 is induced by mutations in its regulators such as 

GSK3B and APC or regulation of miRNAs in various cancer types (Ban et al., 2003; 
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Hirata et al., 2012; Moreno-Bueno et al., 2002; Suriano et al., 2005). Therefore, we 

hypothesized that expression patterns for CTNNB1 would differ between normal and 

cancerous ovarian tissues from laying hens. In this study, we found that CTNNB1 was 

expressed predominantly in endometrioid-type carcinoma which is the most common 

type of ovarian cancer in laying hens. In addition, in situ hybridization and 

immunohistochemistry analyses revealed that CTNNB1 mRNA and protein were most 

abundant in glandular epithelium in all endometrioid-type cancerous tissues. The 

overexpression of CTNNB1 in response to estrogen is likely to contribute to the 

development of ovarian cancer. In fact, estrogen is a well-known risk factor for 

endometrial cancer in women (Gronroos et al., 1987) and ESR1 mRNA levels are up-

regulated 51-fold (P < 0.001) in ovarian cancer (Lee et al., 2012b). In accordance with 

results of previous studies, CTNNB1 nuclear translocation is featured in various types of 

malignancies (Catasus et al., 2004; Lopez-Knowles et al., 2010; Moreno-Bueno et al., 

2002; Nei et al., 1999). Results of the present study indicate that expression of CTNNB1 

mRNA increased 39-fold (P < 0.01) in chicken ovarian cancer (Figure 4). Further, we 

observed that CTNNB1 was specifically localized to the glandular epithelial cells of 

endometrioid-type ovarian cancer which has a complex glandular architecture as 

compared to the other cancerous types. This glandular architecture is one of the most 

common characteristics of endometrioid-type ovarian cancer in both laying hens and 

women (Baekelandt and Castiglione, 2008; Barua et al., 2009). Endometrioid-type 

carcinoma is also the most common form of endometrial cancer, which is estrogen-

dependent and mainly appears in pre- and peri-menopausal women. Recently, Jeong and 

colleagues reported that aberrant expression of CTNNB1 leads to endometrial 

hyperplasia including an increase in size and number of glandular epithelial cells, 
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hyperchromatic nuclei and pseudostratification of the epithelial cells in the genetically 

engineered dominant stabilized CTNNB1 mouse (PRcre/+Ctnnb1f(Ex3)/+) (Jeong et al., 

2009). Generally, deregulation of gland formation frequently occurs at an early stage in 

gynecological cancers such as ovarian and endometrial cancers (Barua et al., 2009). 

Moreover, in our previous study, we demonstrated that ESR1 mRNA levels increased 

51-fold (P < 0.001) in cancerous as compared to normal ovaries, and immunoreactive 

ESR1 protein was abundant in the glandular epithelial cells of cancerous ovaries while 

there was little or no detectable ESR1 protein in normal ovaries of laying hens (Lee et al., 

2012b). Collectively, results of the present study indicate that the abundance CTNNB1 

increases in response to estrogen in endometrioid-type cancerous ovaries of laying hens. 

 

In conclusion, results of the present study demonstrate that CTNNB1 is a novel 

estrogen-stimulated gene expressed specifically in epithelial cells during development 

and differentiation of the chicken oviduct. In addition, miR-217, miR-1467, miR-1623, 

and miR-1697 are involved in post-transcriptional regulation of expression of the 

CTNNB1 gene. Furthermore, CTNNB1 is clearly associated with and may be an 

essential regulatory factor in abnormal growth and dysfunction of endometrioid-type 

ovarian carcinomas in laying hens. Therefore, the results of these findings provide novel 

insights into mechanism(s) responsible for estrogen-associated differentiation and 

development of oviductal epithelial cells in chickens and the etiology and pathogenesis 

of epithelial cell-derived ovarian cancer in laying hens.  
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AVIAN CAHTEPSIN L DURING MOLING 

 

 

 

 

 

 



67 

 

1. Abstract 

 

Cathepsins (CTSs) are peptidases that have biological roles in degrading 

extracellular matrix, catabolism of intracellular proteins, and processing of pro-

hormones. Of these, cathepsin L (CTSL) is closely associated with morphological 

changes in reproductive organs required for proper function in mammals, including 

humans and mice, but little is known about CTSL in avian species. In the present study, 

the expression of CTSL was investigated in the oviduct of hens during regression and 

recrudescence in response to molting. Our results revealed that expression of CTSL 

mRNA increased (P<0.001) when the oviduct underwent regression during the molting 

period in hens. In situ hybridization and immunohistochemial analyses detected CTSL 

mRNA and protein predominantly in the luminal (LE) and glandular epithelia (GE) 

during regression of the oviduct, but not during regeneration of the oviduct.  

Expression of CTSL decreased in the oviduct of chicks treated with diethylstilbestrol 

(DES, a synthetic estrogen agonist). Furthermore, we discovered four miRNAs including 

miR-23b, miR-551, miR-1464 and miR-1803 that regulate expression of the CTSL gene 

at the post-transcriptional level, which suggests that CTSL mRNA can be regulated by 

specific miRNAs via 3’-UTR in chickens. Results of the present research suggest that 

that estrogen may regulate expression of CTSL during regression of the oviduct during 

molting and that down-regulation of CTSL is likely a prerequisite for the normal 

regeneration of oviductal tissues following molting in laying hens. 
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2. Introduction 

 

In avian species, molting is a unique phenomenon consisting of complete 

remodeling of the reproductive system as well as shedding and replacement of feathers. 

For example, laying hens usually start to lay an egg on 90% or more of the days in her 

first year after reaching sexual maturity; however, as the hen ages, the rate of daily egg 

production progressively decreases (Garlich et al., 1984). The hen then undergoes a 

natural annual period of molting at the end of each laying cycle and their the 

reproductive organs also undergo substantial regression and recrudescence in 

preparation for a new egg laying cycle (Berry, 2003). Therefore, artificially induced 

molting is a well known and effective method to improve the rate of egg production and 

quality of eggs because of the renewal of the hen’s laying cycle in the commercial 

poultry industry (al-Batshan et al., 1994; Webster, 2003). Although conventional and 

convenient induction of molting is induced by removal of feed provided to the laying 

hen, most commercial poultry farmers and scientists seek to develop alternative methods 

that enhance animal welfare (Ruszler, 1998). Of these, feeding a diet with a high 

concentration of zinc is a highly successful strategy to induce molting and egg 

production by laying hens (Park et al., 2004; Sundaresan et al., 2008).  

 

During regression of the avian oviduct during the molting period, concentrations 

of estrogen in serum decrease suggesting that estrogen may be a key factor for 

preventing apoptosis in reproductive tissues of laying hens (Monroe et al., 2002). Indeed, 

estrogen is a primary female sex hormone closely related with proliferation, 

differentiation, development and maintenance of functional reproductive organs in 
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chickens (Dougherty and Sanders, 2005). In addition, estrogen acts as a pivotal regulator 

of gene expression in the reproductive organs and simulates expression of specific genes 

during development of the oviduct in chickens (Jeong et al., 2012b). Thus, during 

molting-induced regression of reproductive organs in laying hens, circulating 

concentrations of estrogen decrease which may stimulate the expression of apoptosis-

related genes such as caspases (Tanabe et al., 1981). The expression of caspases, such as 

caspase-1 and caspase-2, is stimulated by estrogen withdrawal and zinc-induced molting 

(Anish et al., 2008; Kondoh et al., 2002). On the other hand, cathepsins (CTSs) are well-

known lysosomal cysteine proteinases of crucial importance in many essential biological 

processes in all living organisms. One of the well-defined functions of CTSs is the 

induction of apoptosis by activation of apoptotic factors such as caspase, Bid, Bax and 

cytochrome c (Chwieralski et al., 2006). Also, the CTSs have multiple biological 

functions including the degradation of extracellular matrix and tissue remodeling that 

impacts cell transformation and differentiation, motility, adhesion, invasion, 

angiogenesis, and metastasis (Mohamed and Sloane, 2006; Obermajer et al., 2008). We 

previously reported differential expression of selected candidate genes in the oviduct 

during tissue remodeling and post-transcriptional regulation of these genes by specific 

miRNAs related to mechanisms regulating regression, remodeling, and recrudescence of 

the oviduct following the molting period in laying hens (Jeong et al., 2013). Of 

particular note, the gene profiling data identified cathepsin L (CTSL) as being likely to 

play an important role in the regression and recrudescence phases of the oviduct during 

and following molting. Therefore, the aims of this study were to: 1) investigate the 

physiological changes and gene expression profiles of CTSL in reproductive organs of 

laying hens during molting; and 2) determine epigenetic mechanisms regulating 
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expression of CTSL to affect remodeling and recrudescence of the reproductive tract of 

laying hens due to molting. 
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3. Material and methods 

 

Experimental Animals and Animal Care 

 

The experimental use of chickens for this study was approved by the Animal Care and 

Use Committee of Dankook University. All chickens were exposed to a light regimen of 

15 h light and 9 h dark with ad libitum access to feed and water, and subjected to 

standard poultry husbandry guidelines. 

 

Molting and Recrudescence Induction 

 

Molting of laying hens was induced by adding 20,000 ppm zinc to the diet to effectively 

reduce feed-intake and induce molting as reported previously (Berry and Brake, 1985; 

Creger and Scott, 1977). Briefly, molting was induced by feeding hens in the zinc-fed 

group a diet containing high zinc (mixed 252 g zinc oxide per 10 kg feed to achieve a 

final concentration of 20,000 ppm of zinc). Laying hens in the molting group ceased egg 

production completely within 12 days after feeding the high zinc-diet. The 35 laying 

hens (47-weeks-old) were divided into two groups, including hens in which molting was 

in occurring and hens in the post-molting period. The hens were kept in individual cages. 

The molting group was divided into three subgroups based on the number of days of 

feeding the high zinc diet (normal feeding group, 6 days and 12 days after onset of zinc 

feeding). The recrudescence (post-molting) group was divided into four subgroups based 

on the number of normal feeding days after complete cessation of egg laying and 

initiation of feeding a normal commercial diet: 20, 25, 30 or 35 days after onset of zinc 
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feeding, and 8, 13, 18 or 23 days of normal feeding after cessation of egg production and 

removal from the high zinc diet.  

 

Tissue and Blood Sample Collection 

 

Study One. Hens (n=5 per time point) in each subgroup (0, 6, 12, 20, 25, 30 and 35 days 

after onset of zinc feeding) were bled to obtain serum which was stored at -80°C until 

further use. After euthanizing the hens using 60%–70% carbon dioxide, the ovary and 

oviduct were removed and measured for length and weight on each assigned day. 

Oviduct weight was taken after removing the egg, if present, from the oviduct. Portions 

of the ovary, magnum, isthmus and shell gland of each oviduct from each hen at each 

time point were cut into 10- to 15-mm pieces and either: 1) frozen immediately in liquid 

nitrogen and stored at -80°C until analyzed; or 2) fixed in freshly prepared 4% 

paraformaldehyde in PBS (pH 7.4). After 24 h, tissues fixed in 4% paraformaldehyde 

were changed to 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-

Plus (Leica Microsystems, Wetzlar, Germany). Paraffin-embedded tissues were 

sectioned at 5μm and stained with hematoxylin and eosin. Histomorphological changes 

of the stained tissue sections were evaluated using a microscope (Leica Microsystems, 

DM3000, Germany). 

Study Two. Female chicks were identified by PCR analysis using W chromosome-

specific primer sets (Lee et al., 2009). Treatment with DES and recovery of the oviduct 

were conducted as reported previously [21]. Briefly, a 15mg DES pellet was implanted 

subcutaneously in the abdominal region of 1-week-old female chicks for release of 

hormone for 10 days, and then a 30mg dose of DES was administered for 10 additional 
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days (Song et al., 2011). Five 37-day-old chicks in each group were euthanized using 60% 

70% carbon dioxide. Subsets of these samples were frozen or fixed in 4% 

paraformaldehyde for further analyses. Frozen tissue samples were cut into 5- to 7- mm 

pieces and frozen in liquid nitrogen. The other samples were cut into 10- to 15-mm 

pieces and fixed in fresh 4% paraformaldehyde in PBS (pH 7.4). After 24h, fixed tissues 

were changed to 70% ethanol for 24h and then dehydrated and embedded in Paraplast-

Plus (Leica Microsystem, Wetzlar, Germany). Paraffin-embedded tissues were sectioned 

at 5µm. 

 

RNA Isolation  

 

Total cellular RNA was isolated from frozen tissues using Trizol reagent (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s recommendations. The quantity and 

quality of total RNA was determined by spectrometry and denaturing agarose gel 

electrophoresis, respectively. 

 

Quantitative RT-PCR Analysis 

 

Complementary DNA was synthesized using total RNA extracted from the magnum of 

the oviduct (AccuPower® RT PreMix Bioneer, Daejeon, Korea). Gene expression was 

assessed using SYBR® Green (Sigma, St. Louis, MO, USA) and a StepOnePlus™ Real-

Time PCR System (Applied Biosystems, Foster City, CA, USA). The GAPDH gene was 

simultaneously analyzed as a control and used for normalization for variation in loading. 

For CTSL, the sense primer (5′-GGG CTT TCA GCA CAA CAG GA-3′) and antisense 
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primer (5′-GAC CAC CAT TGC AGC CTT GA-3′) amplified a 129-bp product. For 

GAPDH, the sense primer (5′-ACA CAG AAG ACG GTG GAT GG-3′) and antisense 

primer (5′-GGC AGG TCA GGT CAA CAA CA-3′) amplified a 193-bp product. CTSL 

and GAPDH were analyzed in triplicate. Using the standard curve method, we 

determined the level of gene expression using the standard curves and CT values, and 

normalized them based on GAPDH expression. The PCR conditions were 95°C for 3 

min, followed by 40 cycles at 95°C for 30 sec, 60°C for 30 sec, and 72°C for 30 sec 

using a melting curve program (increasing the temperature from 55°C to 95°C at a rate 

of 0.5°C per 10 sec) and continuous fluorescence measurement. ROX dye (Invitrogen 

need city state and country) was used as a negative control for the fluorescence 

measurements. Sequence-specific products were identified by generating a melting 

curve in which the CT value represented the cycle number at which a fluorescent signal 

was statistically greater than background, and relative gene expression was quantified 

using the 2–ΔΔCT method (Livak and Schmittgen, 2001). For the control, the relative 

quantification of gene expression was normalized to the CT value for the magnum on 

Day 0 of the experiment.  

 

In Situ Hybridization Analysis 

 

For hybridization probes, PCR products were generated from cDNA with the primers 

used for RT-PCR analysis. The products were extracted from the gel and cloned into 

TOPO® vector (Invitrogen). After verification of the sequences, plasmids containing 

gene sequences were amplified with T7- and SP6-specific primers (T7:5’-TGT AAT 

ACG ACT CAC TAT AGG G-3’; SP6:5’-CTA TTT AGG TGA CAC TAT AGA AT-3’) 
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then digoxigenin (DIG)-labeled RNA probes were transcribed using a DIG RNA 

labeling kit (Roche Applied Science, Indianapolis, IN). Tissues were collected and fixed 

in 4% paraformaldehyde, embedded in paraffin and sectioned at 5 μm on APES-treated 

(silanized) slides. The sections were then deparaffinized in xylene and rehydrated to 

diethylpyrocarbonate (DEPC)-treated water through a graded series of alcohol. The 

sections were treated with 1% Triton X-100 in PBS for 20 min and washed two times in 

DEPC-treated PBS. After washing in DEPC-treated PBS, the sections were digested 

with 5 μg/ml Proteinase K (Sigma need city state country) in TE buffer (100 mM Tris-

HCl, 50 mM EDTA, pH 8.0) at 37°C. After post-fixation in 4% paraformaldehyde, 

sections were incubated twice for 5 min each in DEPC-treated PBS and incubated in 

TEA buffer (0.1M triethanolamine) containing 0.25% (v/v) acetic anhydride. The 

sections were incubated in a prehybridization mixture containing 50% formamide and 

4X standard saline citrate (SSC) for at least 10 min at room temperature. After 

prehybridization, the sections were incubated overnight at 42°C in a humidified chamber 

in a hybridization mixture containing 40% formamide, 4X SSC, 10% dextran sulfate 

sodium salt, 10mM DTT, 1 mg/ml yeast tRNA, 1mg/ml salmon sperm DNA, 0.02% 

Ficoll, 0.02% polyvinylpyrrolidone, 0.2mg/ml RNase-free bovine serum albumin and 

denatured DIG-labeled cRNA probe After hybridization, sections were washed for 15 

min in 2X SSC at 37°C, 15min in 1X SSC at 37°C, 30 min in NTE buffer (10mM Tris, 

500mM NaCl and 1mM EDTA) at 37°C and 30 min in 0.1X SSC at 37°C. After 

blocking with 2% normal sheep serum (Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA), the sections were incubated overnight with sheep anti-DIG antibody conjugated to 

alkaline phosphatase (Roche, Indianapolis, IN). The signal was visualized following 

exposure to a solution containing 0.4 mM 5-bromo-4-chloro-3-indolyl phosphate, 0.4 
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mM nitroblue tetrazolium, and 2 mM levamisole (Sigma Chemical Co., St. Louis, MO). 

 

Immunohistochemistry 

 

Immunohistochemical localization of CTSL protein was performed as described 

previously using a rabbit polyclonal antibody to CTSL (Catalog number # 3219-100, Bio 

vision) at a final dilution of 0.2µg/µl. Negative controls included substitution of the 

primary antibody with purified non-immune rabbit IgG at the same final concentration. 

 

MicroRNA Target Validation Assay 

 

The targeting sequence for each miRNA was chosen from the coding sequence of CTSL 

3’-UTR, and these targeting sequences were used as the guide for miRNA construction. 

CTSL miRNAs, miR-23b, -551, -1464, -1803, were inserted at NotI restriction sites 

downstream of the DsRed in the pcDNA 3.1 plasmid (Invitrogen). For the generation of 

binding sites for CTSL miRNAs, nucleotides 164 from exon 8 of the CTSL 3’UTR were 

synthesized with flanking EcoR I restriction sites and cloned into the pcDNA-eGFP 

plasmid. All constructs were verified by DNA sequencing. For selection of effective 

mRNA, pcDNA-eGFP-3’UTR and pcDNA-DsRed-miRNA (4µg) were co-transfected 

into 293FT cells. HEK293 cells (Invitrogen city, state country) were grown in DMEM 

medium supplemented with 10% fetal bovine serum. When cell confluency reached 

approximately 80%, they were detached by trypsin digestion and split into 6-well plates 

for fluorescence detection. The cells were transfected at a density of approximate 70% in 

the presence of fetal bovine serum. For transient transfection, the calcium phosphate 
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method was used routinely to induce translocation of plasmids into the transfected cells. 

The growth medium was changed every 24 h after transfection. The transfected cells 

were harvested at 48 h after transfection, fixed in 4% paraformaldehyde and analyzed 

using FlowJo software (Tree Star Inc., Ashland, OR). GFP and DsRed fluorescence in 

viable cells were measured through 530/30 and 585/42 nm band-pass filters. Detectable 

DsRed levels served as a transfection control to gate between transfected and 

untransfected cells. Where DsRed was detectable even for the constructs containing four 

miRNAs, GFP levels were calculated as the mean fluorescence of the transfected 

population divided by that of the untransfected population. All ratios were normalized to 

the GFP value for the construct lacking a miRNA under the same conditions. Reported 

DsRed measurements equal the mean fluorescence values of the transfected population 

divided by the mean fluorescence value for the construct lacking a miRNA. Reported 

data are from three replicates of independently transfected wells in the same cell-culture 

plate. We captured fluorescence images using a confocal laser scanning microscope and 

Zen 2009 microscopy software (Carl Zeiss, Germany) with the following settings: 

Lenses, 206; Frame size, 128(X) and 128(Y); Laser settings, 3% FITC at 488 nm) and 

2.8% DsRed at 555 nm; Scan time, 491 msec; Pinhole size; 1Airy unit. 

 

Statistical Analyses 

 

Data for real-time PCR are expressed as mean ± SEM unless otherwise stated. 

Differences in the variances between states of regression and recrudescence of the 

oviducts were analyzed using the F test, and differences between means were subjected 

to the Student’s t test. Differences with a probability value of P < 0.05 were considered 
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statistically significant. 
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4. Results 

 

Expression of CTSL mRNA during regression and recrudescence of the oviduct 

 

We previously identified several potential genes regulating tissue regression and 

remodeling during induced molting in hens using Affymetrix GeneChip® Chicken 

Genome Arrays (Jeong et al., 2013). One of the candidate genes is cathepsin L (CTSL), 

which increased 4.42- and 3.27-fold on Day 12 and Day 6 of molting, respectively, as 

compared with Day 0. In the present study, we confirmed the previous data and 

determined specific expression patterns for CTSL during regression and recrudescence 

phases of induced molting in laying hens using quantitative PCR analyses. As illustrated 

in Fig. 1, expression of CTSL mRNA increased 3.72-fold (P < 0.001) and 2.44-fold (P < 

0.001) on Day 6 and Day 12, respectively and then declined to Days 20 to 35 after onset 

of molting. This result indicates that CTSL mRNA is expressed abundantly in the 

oviduct of laying hens during the regression phase, but not during the recrudescence 

phase of molting. 

 

Cell-type specific localization of CTSL mRNA and protein during regression and 

recrudescence of the oviduct 

 

In situ hybridization analyses determined that CTSL mRNA is expressed predominantly 

in the luminal epithelium (LE) of the oviduct on Day 6 and in both LE and glandular 

epithelium (GE) on Day 12 of the molting cycle (Fig. 2A). However CTSL mRNA was 
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not detected on Day 0 or between Days 20 to 35 of the molting period. Consistent with 

this result, immunoreactive CTSL protein was localized primarily to the GE on Day 6 

and LE and GE of the oviduct on Day 12, but not any other days of the molting cycle 

(Fig. 2B). These results indicate that CTSL expression is closely associated with 

apoptotic regression of oviductal epithelial cells during the molting period of laying hens. 

 

Effects of estrogen on expression of CTSL in the oviduct of chicks 

 

During the development of oviduct, estrogen suppresses expression of apoptosis-related 

genes to prevent tissue regression (Monroe et al., 2002). In present study, we 

investigated a direct role of estrogen in repressing transcription of the CTSL gene since 

CTSL is one of the inducers of apoptosis during development of the oviduct. 

Quantitative PCR analysis revealed that estrogen inhibits the expression of CTSL mRNA 

by about 73% (P <0.01) (Fig. 3). This result indicates that expression of CTSL mRNA is 

inhibited by estrogen in the developing oviduct of chicks.  

 

Post-trasncriptional Action of miRNA on CTSL 

 

MicroRNAs (miRNAs) are well known as an essential regulator of proper development 

and function of the female reproductive tract (Nothnick, 2012). The estrogen signaling 

pathway regulates expression of miRNAs in various reproductive organs of vertebrates 

(Klinge, 2012). Therefore, we performed a miRNA target validation assay to determine 

whether miRNAs regulate expression of CTSL mRNA to account for suppression of its 

expression by estrogen. Using the miRNA target prediction database (miRDB; 
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http://mirdb.org/miRDB/), and we chose four miRNAs, miR-23b, miR-551*, miR-1464, 

miR-1803, which are highly ranked binding sites within the 3’-UTR of the CTSL gene 

(Fig. 4). As shown in Figs. 5C and 5D, the percentage of GFP-expression by cells was 

decreased 94.4% by miR-23b, 93% by miR-551*, 82.8% by miR-1464 and 94.6% by 

miR-1803. These results indicate that the four miRNAs directly regulate expression of 

the CTSL gene 
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Figure 4-1. The expression pattern of CTSL mRNA in the oviduct of laying hens 

during induced molting. Quantitative-PCR analyses were performed using cDNA 

templates from each pooled RNA sample. All values were normalized to GAPDH 

housekeeping gene. Each bar is mean ± SEM of three independent experiments. The 

asterisks denote significant effects (*** P < 0.001, ** P < 0.01, or * P < 0.05). See 

Materials and Methods for a complete description.  
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Figure 4-2. Localization of CTSL mRNA and protein in the oviduct of laying hens 

during induced molting. [A] In situ hybridization analyses of CTSL mRNA in the 

chicken oviduct during the pre- and post-molting periods. Cross-sections of the magnum 

section of the oviducts were hybridized with either an antisense or sense chicken CTSL 

cRNA probe. The results indicate specific expression of CTSL mRNA in luminal (LE) 

and /or glandular (GE) epithelia of the magnum in chickens. [B] The localization of 

CTSL protein in the magnum of hens on different days of the pre- and post-molting 

periods. For the IgG control, normal rabbit IgG was substituted for the primary antibody. 

Sections were not counterstained. Legend; LE, luminal epithelium; GE, glandular 
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epithelium. Scale bar represents 100µm (the first horizaontal panels, sense and IgG in 

[A] and [B]) and 50µm (the second horizontal panels in [A] and [B]). See Materials and 

Methods for a complete description.  
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Figure 4-3. The Effect of DES on tissue-specific expression of CTSL mRNA in the 

oviduct of chicks. Quantitative-PCR analyses were performed using cDNA templates 

from oviducts of DES-treated and non-treated chicks (mean ±SEM; P<0.001). This 

experiment was conducted in triplicate and normalized to control GAPDH expression. 

See Materials and Methods for a complete description.  
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Figure 4-4. In vitro target assay of chicken microRNAs on the expression of the 

CTSL transcript. [A] Diagram of miR-23b, miR-551, miR-1464 and miR-1803 binding 

sites in the 3’-UTR of the CTSL gene. [B] The maps of eGFP-CTSL 3’UTR expressing 

and DsRed-each miRNA expressing vector. The CTSL 3’UTR sequence was subcloned 

between the eGFP gene and the polyA tail, generating the fusion construct of the GFP 

transcript following the CTSL 3’UTR (left panel). A miRNA expressing vector was 

designed to the experimental control (right panel). [C and D] After co-trasnfection of pc-

DNA-CTSL-eGFP-3’UTR and pcDNA-DsRed-miRNA for the miR-23b, miR-551, miR-
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1464 and miR-1803 into 293FT cells, the fluorescence signals of GFP and DsRed were 

detected using FACS [C] and fluorescent microscopy [D]. See Material and Methods for 

a complete description. 
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5. Discussion 

 

In the present study, we found that CTSL mRNA and protein are expressed 

predominantly in LE and GE of the oviduct of laying hens during the regression phase 

of induced molting in hens. Further, four miRNAs, miR-23b, miR-551, miR-1464, miR-

1803, were found to regulate transcription and translation of CTSL mRNA through 

interactions with binding sites in the 3’-UTR. These results support our hypothesis that 

CTSL is an important regulator of regression of oviductal tissue and that the decrease in 

expression of CTSL mRNA and protein is related to the decline in circulating 

concentrations of estrogen during the period of regression of the oviduct of laying hens 

during the molting period.  

 

In avian species, the molting process leads to substantial morphological changes 

in the oviduct of laying hens. Especially, the weight/size of ovary and oviduct in laying 

hens decrease and then increased during the molting period. For instance, the oviductal 

cells that undergo apoptosis and autolysis are replaced by cells that undergo proliferation, 

which makes the oviduct similar to the immature stage of the chick oviduct with respect 

to  histoarchitecture (Eroschenko and Wilson, 1974). We previously reported that the 

decrease in weight and length of the oviduct of laying hens occurred coincidentally with 

the reduction in ovarian weight and numbers of ovarian follicles during the induced 

molting period (Day 0 to Day12) and recovered in response to laying hens being fed a 

normal diet (Jeong et al., 2013). We also identified differential gene profiling and 

candidate genes that potentially regulate oviductal regression and recrudescence during 

and following induced molting [17]. Indeed, concentrations of prolactin increase during 
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the molting process (Rozenboim et al., 1993), which inhibits release of gonadotropin-

releasing hormone (GnRH) and luteinizing hormone (LH) (Tabibzadeh et al., 1995) and 

ovarian synthesis of estradiol and progesterone [28]. In addition, regression of the 

oviduct and the ovary begins with apoptosis resulting from loss of ovarian sex steroid 

hormones (Etches et al., 1984). However, in response to feeding the normal diet to 

molting hens, there is an increase in secretion of GnRH that increases circulating 

concentrations of LH, development of the ovary and production of ovarian sex steroids 

(Berry, 2003). Consistent with those earlier reports, our previous study revealed  that 

concentrations of estradiol, progesterone, testosterone, and corticosterone in serum 

decreased during the period of regression of ovarian and oviductal tissues during 

molting (Day 0 to Day 12), and increased during recrudescence of the reproductive 

tissues of laying hens following molting (Day 20 to Day 35). These results indicated that 

dynamic changes in circulating concentrations of sex steroid hormones during induced 

molting period lead to substantial histomorphological changes in the oviduct and ovary 

of laying hens.  

 

Cathepsins (CTSs) are well known proteolytic enzymes that act as critical 

regulators in a variety of biological processes including apoptosis or programmed cell 

death. Apoptosis is generally required for tissue remodeling in the reproductive organs 

(Gosden and Spears, 1997; Mor et al., 2002) and can be induced by lysosomal 

membrane permeabilization leading to release of CTSs from the lysosomal lumen into 

the cytosol where they act as apoptotic factors (Johansson et al., 2010). In general, CTSs 

are involved in the two distinct apoptotic pathways; the extrinsic pathway and the 

intrinsic pathway. In both pathways, CTSs interact with various pro- and apoptotic 
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factors including caspases, Bax, Bid, Bcl-2 family and Xiap to accelerate cell death 

(Chwieralski et al., 2006; Droga-Mazovec et al., 2008). Of particular note, CTSL is a 

key lysosomal cysteine protease involved in various cellular processes such as epidermal 

homeostasis (Reinheckel et al., 2005), regulation of hair follicle morphogenesis and 

cycling (Roth et al., 2000), classⅡ MHC restricted antigen processing (Nakagawa et al., 

1998), and neovascularization of ischemic tissue(Petermann et al., 2006). In addition, 

many studies focused on the function and expression of CTSL in reproductive organs. 

For example, CTSL is detected strongly in mature Sertoli cells in seminiferous tubules 

of the testes (Zabludoff et al., 2001). CTSL may also play important roles during 

endometrial remodeling, as well as implantation in pregnancy of mammals such as cats 

(Li et al., 1992), pigs (Geisert et al., 1997), mice (Hamilton et al., 1991), and sheep 

(Song et al., 2005). However, little is known about expression and regulation of CTSL in 

the avian female reproductive system. Therefore, the present study investigated the 

relationship between CTSL and oviductal tissue remodeling. Indeed, results of this study 

showed that CTSL mRNA and protein are expressed predominantly in LE and GE of the 

oviduct during the regression phase of the induced molting (Day 0 to Day 12) (Figs. 1-3). 

Interestingly, the pattern of expression of CTSL is consistent with results of TUNEL 

assay showing that the intensity of TUNEL staining increased between Day 0 and Day 

12 and decreased during proliferation of oviduct tissue (Day 20 to Day35) (Jeong et al., 

2013). These results suggest that CTSL plays an important role in tissue regression by 

driving apoptotic events in the oviduct of laying hens during molting. 

 

In the present study, we also demonstrated that the interaction between CTSL 

and estrogen during regression and regeneration of reproductive organs in chickens. As a 
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rule, the chicken oviduct is an excellent model for studies of hormone actions on 

development of body organ/tissues. Estrogen plays also an important role in cell 

proliferation and differentiation, as well as having anti-apoptotic effects and protective 

roles in various tissues. For instance, estrogen withdrawal leaded to the decrease of its 

weight and apoptosis in the ovary (Billig et al., 1993; Etches et al., 1984).  Estrogen 

also triggers formation of the egg shell by regulating calcium metabolism in the shell 

gland of the chicken oviduct (Bar, 2009; Hincke et al., 2010). In this study, we found 

that CTSL mRNA and protein decreased as circulating concentrations of estrogen 

decreased and oviduct regression occurred during induced molting. Moreover, CTSL 

mRNA decreased in response to DES in the chick oviduct. These results provide the first 

evidence that estrogen suppresses CTSL gene expression at the transcriptional and 

translational level in the chicken oviduct. On the other hand, several studies emphasized 

the important role of miRNAs in controlling normal reproductive tissue development 

and function (Carletti and Christenson, 2009). In the mouse ovary, miR-503 regulates 

translation of target genes related to granulosa cell proliferation and luteinization events 

(Lei et al., 2010). Our previous studies also demonstrated that various miRNAs of target 

genes are involved in development of the chicken oviduct (Jeong et al., 2012b; Lee et al., 

2012b). Results from the present study indicate that CTSL mRNA is directly regulated 

by miR-23b, miR-551, miR-1464 and miR-1803. Thus, estrogen and several miRNAs 

directly regulate expression of CTSL gene at post-transcriptional levels in laying hens. 

 

Collectively, results of this study revealed that expression of CTSL increases in 

LE and GE of regressed avian oviductal tissue due to insufficient estrogen during the 

regression phase of the oviduct of laying hens during induced molting. Additionally, the 



92 

 

chicken CTSL gene is regulated by miRNA, miR -23b, -551, -1464, -1803. These results 

indicate that CTSL is likely a key mediator of oviductal tissue regression that occurs in 

the absence of estrogen. Therefore, the regression of the chicken oviduct is critically 

dependent upon decreases in estrogen and increases in expression of CTSL that initiate 

regression of the reproductive tract in laying hens during molting.  
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The chicken animal model has provided insights into molecular mechanisms that 

are related with embryogenesis, hormone actions and ovarian cancer. The sex-

determination related genes, including AMH, SOX9 and SF1, are expressed in a similar 

manner in the gonads of both mammals and chickens. In addition, both species show a 

conserved genetic mechanism underlying sex differentiation. The chicken oviduct is a 

valuable tool for studying steroid hormone action because of the immediate-early 

response to estrogen. Furthermore, the chicken is the only animal that spontaneously 

develops ovarian carcinomas on the surface of the ovaries like humans. 

 

In this study, we designed two experiments to understand the biological 

functions of CTNNB1 in the male and female reproductive systems. In the male 

reproductive organs, CTNNB1 plays a key role during the formation of the seminiferous 

tubules during maturation of the testes. In the female reproductive organs, CTNNB1 acts 

as a regulator in the development of the oviducts and ovarian cancer. 

 

The aim of the first experiment was to investigate the expression pattern of 

CTNNB1 during the differentiation of the chicken gonads into the testes and ovaries. 

The Wnt/CTNNB1 signaling pathway is initiated during early gonadogenesis in both 

males and females (Chassot et al., 2012). The function of CTNNB1 is well-studied in 

mammalian gonad development, which is more involved in the differentiation of the 

ovaries than the testes (Liu et al., 2009). In the present study, the expression of CTNNB1 

was remarkably increased during the maturation of the testes but was decreased in 

immature ovaries and adult ovaries. This finding shows that CTNNB1 has an important 

role in the differentiation of the testis gonads, and that the regulation of CTNNB1 can 
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induce the proliferation and differentiation of Sertoli cells through the interaction with 

several genes such as N-cadherin, estrogen and cyclin D1. 

 

We performed the second experiment to investigate the expression of CTNNB1 

in the female reproductive tract, the estrogen-dependent growth of the chicken oviducts 

and the development of cancerous ovaries. The aberrant expression of CTNNB1 is 

induced by mutations in its regulators such as GSK3B and APC or by changes in the 

regulation of miRNAs in ovarian carcinomas. (Fukuchi et al., 1998; Liu et al., 2000; Wu 

et al., 2001) . The formation of the gland was also frequently observed in the 

endometrioid type of ovarian cancer (Barua et al., 2009), and the increasing size and 

number of glandular epithelial cells was regulated by CTNNB1 expression (Jeong et al., 

2009). Furthermore, the Wnt/CTNNB1 signaling pathway was strongly associated with 

the development of ovarian cancer in response to estrogen. This experiment revealed the 

regulation of CTNNB1 by estrogen during the development and differentiation of the 

chicken oviduct. In addition, specific miRNAs such as miR-217, miR-1467, miR-1623 

and miR 1697 regulated the CTNNB1 expression at post-transcriptional levels which 

suggests that epigenetic regulatory mechanisms influenced its expression in the avian 

reproductive system. Furthermore, CTNNB1 was localized predominantly to the 

glandular epithelium of cancerous ovaries in laying hens, which had similar expression 

patterns of CA125 as a biomarker of human ovarian cancer (Seo et al., 2010). Therefore, 

based on the above results, CTNNB1 is a biomarker of ovarian cancer.  

 

In conclusion, the present study shows the advantages of using a chicken as an 

animal model to research the molecular mechanisms of the reproductive system and 
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ovarian carcinogenesis. Our results show that the CTNNB1 is an essential modulator in 

both the male and female reproductive tracts. We demonstrate not only the potential 

roles of CTNNB1 during male gonad development but also the availability of CTNNB1 

as a biomarker in ovarian cancer, which provides a better understanding for further 

studies on fetal gonad development and reproductive systems at a molecular level. 
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ABSTRACT IN KOREAN 

 

닭  생식  달  분 는 포  슷한 과  거 며  분

  자들   역시 사한  보인다. 또한 닭  아  

경우 자  조작이나 처리가 간편하다는 이  가지고 있다. 닭  난

 에스트 겐 작용에 가장 민한  자연 생  난소 암이 

병하며 그 래가 상피 포라는 에  인간  난소 암과 생리학 , 태학

 특징이 사하여 여  생식 과  연구를 행하 에 합한 모

델이라고 할  있다. 라  본 연구에 는 닭  동 모델  용하여 생식

과 난소 암에  CTNNB1  역할  규명하고자 한다. 

 

CTNNB1  포막, 포질 그리고 핵에  각각 다양한 역할  행하

는 단 질이다. 포막에 는 포- 포 부착에 매개하는 cahherin과 복합체

를 이루는 구  단 질 써, cadherin  포질 부분에 결합하여 actin flament

 결합  매개하는 역할  한다. 또한 WNT가 존재할 경우, WNT가 용

체  결합함 써 CTNNB1가 분해 지 않고 핵  이동하여 사인자  

작용, 자   조 하여 포  증식  달 그리고 암 에 

여를 한다. 

 

우  생신  달  분 에  CTNNB1  역할  규명하  한 

연구를 행하 다. 남 과 여  생식  달 과  에  CTNNB1  

 양상  분 한 결과, 남 과 여  생식  결 에 있어 는 요한 역할

 행하지 않 나, 남  생식  경우 미분 한 고  르톨리 포에

 이 강하게 나타났 며  여  경우 달 과  에 있는 난
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에  그 이 크게 증가 하 다. 르톨리 포는 생식 포  상 작

용  통하여 양분과 타 필요한 인자를 공하여 자를 달시키는데 

있어 요한 역할  행하며, 생식  달 과  에  르톨리 포  

능 행에 필요한 자들   양상이 CTNNB1과 매우 사함  인

하 다. 라  CTNNB1  이러한 자들과  상 작용  통해 르톨리 

포  달과 분 에 여하고 있  인 할  있었다.  

 

다  행한 연구  목  여 생식 인 난  달과 난소 

암에  CTNNB1   양상  연구하 다. CTNNB1 조  단 질 또는 그 

자체 CTNNB1  변이  인한 과  난소 암 병  원인  알  

있다. 또한 상 상피 포  나 크  증가는 난소 암  인 특징

, 이를 CTNNB1가 진하는 것  다. 또한 WNT/CTNNB1  신

는 난소 암  달 과  에  에스트 겐에 해 조 는 것  보고

었다. 이  같  연구결과  상 하게, 본 실험  연구 결과 난 이 달

하는 동안 CTNNB1는 에스트 겐에 해 그 이 진 었 며, 난소 암

에 도 그 이 크게 증가하 다. 불어 상 상피 포에  특이 인 

 나타내었다. 이  인간 난소 암  진단  해 사용 는 CA-125 

이 마커    동일하다. 라  CTNNB1 자는 에스트 겐

에 해 조 며 난 달에 있어  요한 역할  할 뿐만 아니라 불어 

조 난소 암  진단하는 이 마커 써  용이 가능할 것  추 다.  

 

결 , 본 연구는 닭이 생식 과  다양한 생 학  커

니즘  연구하는데 있어 합한 모델임  입증하 며, 처  닭  동

모델  생식  분 에 부  여  생식  달  질병에  



127 

 

CTNNB1  역할과 상업 인 용가능  시함 써 이   분자

생 학 인 이해를 한 생명과학 분야  과학 분야에도 공헌할  있  

것이라 사료 다. 

 

주요어: CTNNB1, 르토리 포, 난 , 에스트 겐, 상피  난소암 

 

학  번: 2012-22619 
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