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ABSTRACT 

 

  Adenomyosis is a common gynecological disorder defined by the presence 

of endometrial glands and stromal within the myometrium. Despite its frequent 

occurrence, the precise etiology and physiopathology of adenomyosis is still 

unknown. WNT/β-catenin signaling molecules are important and should be tightly 

regulated for uterine function. Abnormal activation of β-catenin signaling by 

mutations in CTNNB1 is a causative factor of endometrial cancer. To investigate 

the role of β-catenin signaling in adenomyosis, the expression of β-catenin was 

examined in human adenomyosis by immunohistochemical analysis. The 

expression of nuclear and cytoplasmic β-catenin was significantly higher in 

epithelial cells of human adenomyosis compared to control endometrium. To 

determine if constitutive activation of β-catenin in the murine uterus leads to 

development of adenomyosis, mice were used which expressed a dominant 

stabilized β-catenin in the uterus by crossing the PR-Cre mouse with Ctnnb1f(ex3)/+ 

mice. Uteri of PRcre/+ Ctnnb1f(ex3)/+ mice display an abnormal irregular structure and 

highly active proliferation in the myometrium, and subsequently developed 

adenomyosis. Interestingly, the expression of E-cadherin was repressed in 

epithelial cells of PRcre/+ Ctnnb1f(ex3)/+ mice compared to control mice. Repression 

of E-cadherin is one of the hallmarks of epithelial mesenchymal transition (EMT). 

The expression of SNAIL and ZEB1, which are transcriptional repressors of E-

cadherin and an EMT marker, was observed in some epithelial cells of the uterusin 

PRcre/+ Ctnnb1f(ex3)/+ mice but not in control mice. Vimentin and COUP-TFII, 

mesenchymal cell markers, was expressed in some epithelial cells of PRcre/+ 

Ctnnb1f(ex3)/+ mice. In human adenomyosis, the expression of E-cadherin was 

decreased in epithelial cells compared to control endometrium, while CD10, 

endometrial stromal marker, was expressed in some epithelial cells of human 

adenomyosis. These results suggest that abnormal activation of β-catenin 
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contributes to adenomyosis development through the induction of EMT. 
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General introduction and literature review 
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1. General introduction 

 

  Adenomyosis is a common benign gynecological disorder and defined by the 

presence of endometrial glands and stromal deep within the myometrium 

associated with adjacent myometrial hypertrophy and hyperplasia (Ferenczy, 1998; 

Tamai et al., 2005; Wang et al., 2009a). Adenomyosis occurs when the normal 

boundary between the endometrial basal layer and the myometrium is disrupted 

(Uduwela et al., 2000; Vercellini et al., 2006; Brosens et al., 2012; Koike et al., 

2012). Invasion of the basal endometrium leads to dysfunctional myometrial 

hyperperistalsis, increased intrauterine pressure, and impairment of the proper 

uterine function (Kunz et al., 2005). This condition can interfere with the normal 

implantation and can cause subfertility (de Souza et al., 1995; Devlieger et al., 

2003; Matalliotakis et al., 2005; Campo et al., 2012; Louis et al., 2012). 

Adenomyosis is frequently diagnosed in infertility patients (de Souza et al., 1995; 

Salim et al., 2012). Prevalence of adenomyosis was 10 % to 66 % in women 

(Vercellini et al., 2006). Symptoms include menorrhagia, dyspareunia, dyschezia, 

dysmenorrhea and chronic pelvic pain (Levgur et al., 2000). The spread of 

adenomyosis also correlates significantly with pelvic pain (Sammour et al., 2002). 

However, early diagnosis of adenomyosis is difficult because of the absence of 

pathogenic symptoms and biomarkers. Therefore, most women are not diagnosed 

until later stages and severely symptomatic women who do not respond to 

pharmacological therapy require invasive surgical intervention which involves a 

hysterectomy. Despite its prevalence, the precise etiology and pathophysiology of 

adenomyosis is poorly understood. 

  

  Endometrial hyperplasia is observed more frequently among cases with 
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adenomyosis (Parazzini et al., 1997). Adenomyosis has been suggested to be an 

ovarian steroid hormone-dependent disorder. High concentrations of estrogen 

without appropriate protection from progesterone have been linked to endometrial 

cancer, endometrial hyperplasia and adenomyosis (Schindler, 2009). When the 

relationship between adenomyosis and endometrial carcinoma was evaluated in 

hysterectomy specimens, this disease was positively associated with endometrial 

carcinomas in 17 % of cases (Fukuchi et al., 1998; Kobayashi et al., 1999; Ikeda et 

al., 2000; Saegusa et al., 2001; Saegusa and Okayasu, 2001; Kazandi et al., 2010; 

Schindler, 2010). Interestingly, the β-catenin signaling was activated in endometrial 

cancer and induced by high levels of estrogen (Amant et al., 2005; Schindler, 2009).  

 

  β-catenin (CTNNB1) functions in a dual manner in epithelial cells, 

depending on its intracellular localization. At the plasma membrane, β-catenin is an 

essential component of the E-cadherin-catenin unit, and is important for cell 

differentiation and the maintenance of normal tissue architecture. β-catenin can 

also act as the main effector of canonical WNT signaling in the nucleus, which is 

critically involved in tissue differentiation during embryonic development. In the 

absence of WNT signals in normal cells, β-catenin forms a complex with glycogen 

synthase kinase 3β (GSK3β) and adenomatous polyposis coli (APC). GSK3β 

phosphorylates β-catenin which marks ubiquitin-dependent degradation by the 

proteasome, thereby maintaining low levels of free cytoplasmic β-catenin (Aberle 

et al., 1997). Whereas, mutations in exon 3 of β-catenin result in protein 

stabilization, cytoplasmic and nuclear accumulation, and participation in signal 

transcriptional activation through DNA binding (Palacios and Gamallo, 1998). In 

adenocarcinomas, elevated β-catenin levels caused by mutations in CTNNB1 or 

APC, result in the activation of the WNT/β-catenin pathway. Recent evidence 
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suggests that estrogen-dependent proliferation depends on activated WNT 

signaling since it was shown to induce WNT pathway components in the 

endometrium of estrogen-treated women. Additional facts also show that up to 30% 

of estrogen-associated cancers exhibit nuclear β-catenin expression, the hallmark of 

canonical WNT signaling (Moreno-Bueno et al., 2002; Cloke et al., 2008). 

Mutations of WNT/β-catenin pathway members result in aberrant activation of the 

target genes, including those encoding for activators of epithelial-mesenchymal 

transition (EMT) (Schmalhofer et al., 2009). 

  

  EMT is a programmed development of biological cells characterized by the 

loss of cell adhesion, a repression of E-cadherin expression, and an increase in cell 

mobility (Polyak and Weinberg, 2009). EMT endows cells with migratory and 

invasive properties and can be induced by estrogen. One of the signals initiating an 

EMT is the canonical WNT pathway whose stimulation triggers the translocation 

of the β-catenin to the nucleus (Clevers, 2006). A key initial step of EMT is the 

downregulation of E-cadherin, which is repressed by several factors; namely, ZEB1, 

ZEB2, SNAI1, SNAI2, Twist1, Twist2, and E12/E47 (Polyak and Weinberg, 2009). 

In inducing EMT, ZEB1 not only transcriptionally represses epithelial markers like 

E-cadherin but also activates mesenchymal genes (Sanchez-Tillo et al.). 

Nonetheless, these phenomena are poorly understood in reproductive biology. 

Hence, understanding the molecular mechanisms whereby activation of β-catenin 

induces EMT and contributes to the development of adenomyosis will provide 

insight into the physiology and pathophysiology of this disease.  

 

  In a previous study, we have generated a dominant stabilized β-catenin in the 

murine uterus (PRcre/+ Ctnnb1f(ex3)/+) which results in infertility, hormone 
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insensitivity, and endometrial glandular hyperplasia (Jeong et al., 2009). These 

analyses demonstrated that β-catenin has important roles in normal uterine function 

as well as in tumorigenesis. In this study, we utilized the conditionally stabilized β-

catenin mouse model and human adenomyosis samples to demonstrate that β-

catenin is an important molecule in the etiology and pathology of adenomyosis. 
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2. Literature review 

 

1) Adenomyosis 

 

  (1) Definition and prevalence 

 

  Adenomyosis is a common benign gynecological disorder and is defined by 

the presence of endometrial glands and stroma deep within the myometrium 

(Ferenczy, 1998; Tamai et al., 2005). The name itself has Latin roots: adeno- refers 

to glands, myo- refers to muscle, and –osis refers to an abnormal condition (He et 

al., 2011). The disorder involves ectopic invasion of endometrial glands and 

stromal tissue, inducing a local inflammatory response that leads to hypertrophy 

and hyperplasia of the surrounding muscle fibers (Fernandes et al., 2008; Kim et al., 

2010). The prevalence of adenomyosis ranges from 1% to 70% depending on the 

location and criteria used for diagnosis. The reported prevalence of histologically-

confirmed adenomyosis in hysterectomies varies from 14% to as much as 66% 

(Vercellini et al., 2006). There are also considerable variations across geographic 

areas and ethnic groups (Vercellini et al., 2006). 

 

  (2) Etiology and symptoms  

 

  Although adenomyosis is a common disorder worldwide, its precise etiology 

remains unknown. A number of hypothesized models for the development of 

adenomyosis have been proposed, that include factors such as age, pregnancy-

related events, and hormone disorders. Age is suggested to be an important 

contributor; adenomyosis is most often detected in women 30 to 50 years of age. 
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Menstrual and reproductive factors are also likely to be strongly associated with 

adenomyosis, while elevated levels of follicle-stimulating hormone (FSH) and 

luteinizing hormone (LH) as well as a history of depression are also suspected. The 

hormonal changes that occur during pregnancy may increase the risk of ectopic 

endometrium development within the myometrium (Vercellini et al., 2006). High 

concentrations of estrogens without appropriate regulatory influences from 

progesterone have also been linked to endometrial hyperplasia, and there a positive 

association has been identified between endometrial hyperplasia and adenomyosis. 

Other risk factors include tissue injury and repair. Adenomyosis is observed in 

chronic myometrial peristalsis and hyperperistalsis due to microscopic trauma at 

the boundary between the endometrium and myometrium. During these processes, 

the levels of local estrogen increase, further promoting chronic inflammation and 

the growth of adenomyotic implants due to the process of tissue injury and repair. 

 

  Common symptoms of adenomyosis include menorrhagia, dyspareunia, 

dyschezia, dysmenorrhea and chronic pelvic pain. Adenomyosis has been observed 

in 35 to 55% of women with fibroids, and causes uterine enlargement. However, 

uterine enlargement may be a trivial factor in the absence of fibroids. More 

importantly, endometriosis and endometrial cancer are often co-observed with 

adenomyosis (Hayata et al., 1994; Hanley et al., 2010; Kazandi et al., 2010; 

Schindler, 2010). The condition can interfere with normal implantation and can be 

a cause of subfertility, and as a result, adenomyosis is more frequently diagnosed in 

infertility patients (de Souza et al., 1995).  

 

  (3) Diagnosis 
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  Computed tomography (CT) is most commonly used for diagnosing 

adenomyosis because it allows precise differentiation between adenomyosis, 

normal myometrium and fibroids (Williams et al., 2007).  However, some 

limitations are present. Ultrasound and magnetic resonance imaging (MRI) have 

also been frequently used to diagnose adenomyosis. Common ultrasound imaging 

techniques in women with adenomyosis can identify uterine enlargement, an 

irregular myometrium with poorly defined cystic areas, striations and an ill-defined 

endometrial-myomterial border (Amant et al., 2005; Williams et al., 2007; 

Fernandes et al., 2008; Williams et al., 2008). Transvaginal ultrasound is more 

accurate than common ultrasound because the restricted resolution of the 

abdominal approach gives rise to difficulties in distinguishing focal adenomyosis 

from fibroids and realizing other subtle features of adenomyosis (Williams et al., 

2007; Basak and Saha, 2009). In high resolution imaging techniques for diagnosing 

adenomyosis, magnetic resonance imaging (MRI) has several advantages including 

outstanding resolution, high sensitivity and specificity that permits identification of 

invasiveness in soft tissue (Basak and Saha, 2009). Although there are several 

drawbacks in using MRI inlcuding expense and a lack of availability (Basak and 

Saha, 2009), clinicians generally prefer MRI due to its sensitivity and specificity. 

 

  In addition to imaging techniques, laboratory testing, biopsies, and 

laparoscopy have been recommended for diagnosing adenomyosis. In laboratory 

testing, CA-125 is commonly used as an adenomyosis marker. Women with 

adenomyosis have significantly higher CA-125 levels than women with fibroids or 

healthy control subjects. However, high CA-125 levels can also be due to related 

gynecologic diseases including endometriosis, ovarian mass, fibroids, ectopic 

pregnancy, and ovarian hyperstimulation. Some doctors have attempted to diagnose 
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adenomyosis though myometrial biopsy, because histopathology has been a 

mainstay criteria for adenomyosis diagnosis (Levgur et al., 2000). However, the 

biopsy approach has been limited due to several problems, including the difficulty 

in selecting an optimal number of biopsies and sampling devices, as well as 

physician inexperience. 

 

  (4) Treatment  

 

  Hormonal and non-hormonal treatments can help to relieve the symptoms of 

adenomyosis. Hormonal medications include combined oral contraceptives, 

various progesterone medications, and gonadotropin-releasing hormone agonists. 

Gonadotropin-releasing hormone agonists such as leuprolide have also been used 

for women with adenomyosis. These medications act to prevent adenomyosis by 

reducing estrogen levels, effectively reducing the adenomyotic area, and inducing 

menopause. These medications are effective during treatment, but the symptoms 

quickly return after cessation. Moreover, such medications induce side effects 

including hot flashes, vulvovaginal atrophy, mood changes, and lowered bone 

density. Consequently, gonadotropin-releasing hormone agonists are used for short 

periods, usually no more than six months (Farquhar and Brosens, 2006). 

 

  Non-hormonal medications include non-steroidal anti-inflammatory drugs 

(NSAIDs) as well as newer therapies such as tranexamic acid and valproic acid 

which are available to treat menorrhagia and dysmenorrhea as long-standing 

therapies. Tranexamic acid is useful for the treatment of menorrhagia in women 

who wish to avoid hormone therapy or who are not unsuitable for it. However, 

tranexamic acid also causes adverse effects such as headaches, sinus and nasal 
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discomfort, back pain, nausea, vomiting, diarrhea, disturbances in color vision, 

musculoskeletal pain, and fatigue (Lethaby et al., 2007; Philipp, 2011). Valproic 

acid, a histone deacetylase inhibitor that has been applied to care epilepsy and 

biopolar disorder, is another alternative that can  relieve adenomyosis symptoms. 

 

  If hormonal and non-hormonal treatments are ineffective in treating 

adenomyosis, hysterectomy may be an appropriate choice, which is regarded as the 

most definitive treatment (Farquhar and Brosens, 2006). The decision to apply a 

surgical approach to treatment relies on factors such including the woman’s age; 

future fertility desires; the size, site, and extent of the adenomyotic regions; and the 

surgeon’s preferences and skills (Farquhar and Brosens, 2006). Surgical options 

include hysterectomy, uterine artery embolization, excision of focal adenomyotic 

regions, and endometrial removal. Hysterectomy has long been used to 

permanently treat adenomyosis. In addition, it is the only definitive way to 

diagnose adenomyosis, but also renders the patient infertile. The approach is often 

best for women with severe invasiveness in more than one-third of the 

myometrium (Levgur, 2007). Endometrial ablation has also been considered as a 

treatment for adenomyosis in superficial regions.   

 

  (5) Animal models 

 

  Mouse models 

  For the study of adenomyosis, experimental animals have long been 

employed. The mouse model is a common and convenient experimental model, and 

is easy to manipulate with hormonal alterations or pituitary grafts. Hormonal 

imbalances are known to enhance the development of adenomyosis.  
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Hyperprolactinemia (HP) is the presence of abnormally high levels of prolactin in 

the blood and prolonged treatment with estrogen administration has been 

associated with adenomyosis (Lipschutz et al., 1967; Ostrander et al., 1985). 

Unfortunately, the precise hormonal conditions present in many of these 

experiments have remained unclear. Mori et al., previously performed intrauterine 

implantation of isographs of anterior pituitary glands in mice to identify the 

pathogenesis of adenomyosis (Mori and Nagasawa, 1983; Matsuda et al., 2001). 

They used SHN or SLN strainz for performing isologous graft in the anterior 

pituitary glands in the lumen of the right anterior uterine horn at seven weeks. At 

various time points, mice were sacrificed after implantation. Adenomyosis was 

widely observed implantation 90 days after implantation. It was concluded that  

the prolactin induced adenomyosis and could be prevented by bromocriptine (a 

suppressor of pituitary prolactin), or the presence of increased prolactin receptor 

mRNA in the affected uterus (Mori et al., 1991; Yamashita et al., 1999).  

 

  Using the same model, other groups have shown that increased matrix 

metalloproteinase mRNA in uterine tissues are observed in mainly luminal, 

glandular epithelial and myometrial cells (Yamashita et al., 1999). Moreover, it 

was also observed that apoptosis increased in the myometrial cells of mice with 

adenomyosis. In this model system, probucol, a cholesterol-lowering drug, was 

shown to be effective in inhibiting the development of adenomyosis (Zhou et al., 

2004). Moreover, a number of experiments involving treatment with various 

estrogenic agents have reported the induction of adenomyosis (Guttner, 1980). 

However, estrogenic effects are often complicated by the presence of other uterine 

diseases, such as endometrial hyperplasia, squamous metaplasia and uterine 

carcinomas. Lipschutz et al., showed that a distinct and dose-dependent increase in 
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adenomyosis occurred when BALB/c mice were exposed to progesterone over 12 

or 18 months (Lipschutz et al., 1967). The synthetic progestins, norethindrone and 

norethynodrel also induce adenomyosis, although a lesser extent than progesterone. 

Ostrander et al., determined that adenomyosis developed after prolonged 

progesterone treatment of both controls and mice treated with diethylstilboestrol 

during the neonatal period (Ostrander et al., 1985). Recently, oral administration of 

tamoxifen and toremifene during the neonatal period has been found to give rise to 

the development of adenomyosis in adults. These studies have revealed critical 

details regarding the etiology of adenomyosis involving hormonal perturbations in 

mice. 

 

  Rat models 

  Some researchers prefer rat models over mice for the study of adenomyosis, 

suggesting hormonal perturbations are the central pathophysiology. Rats also 

develop adenomyosis after pituitary grafting (Mori et al., 1998) similar to mouse 

models. Treatment with fluoxetine, a serotonin reuptake inhibitor, has been found 

to induce adenomyosis along with high circulating levels of prolactin.   

  

  Rabbit models 

  The rabbit also has been used for studying adenomyosis because the 

condition spontaneously develops and its prevalence can be increased by estrogen 

treatment over one or two years (Meissner et al., 1957). However, adenomyosis 

development following estrogen administration is not ideal for the study of 

adenomyosis as with mice. Furthermore, it is frequently complicated by the 

associated development of endometrial hyperplasia and endometrial carcinoma. 
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2) WNT/β-catenin signaling pathway 

 

  WNT signaling represents an important signaling pathway in development 

and disease (Clevers, 2006). At present, 20 WNT proteins have been identified that 

bind to cell surface receptors of the Frizzled family (Clevers, 2006), and three 

different pathways can be activated: the canonical WNT/ 13 -catenin signaling 

pathway (Clevers, 2006), the non-canonical WNT/Planar cell polarity pathway 

(D'Onofrio et al., 2006) and the non-canonical WNT/Ca2+ pathway (Kukla et al., 

2006). The canonical WNT/13-catenin signaling pathway is associated with female 

reproductive function. 

 

  (1) Canonical WNT/β-catenin signaling pathways 

 

  Central to activated canonical WNT/13-catenin signaling is the nuclear 

accumulation of 13-catenin. Binding of the WNT ligand to the Frizzled receptor 

involves members of the LRP family (Miele et al., 2006b). As a result , via an 

interaction with a protein called Dishevelled, as well as the degradation complex 

consisting of the scaffold proteins AXIN1 and AXIN2 (conductin), the tumour 

suppressor APC (adenomatosis polyposis coli) and the Ser-Thr kinases CK1 (caein 

kinase I) and GSK313 (glycogen synthase kinase 3 beta) it dissociates from 13-

catenin (CTNNB1) and 13-catenin is therefore no longer targeted for degradation 

(Curry et al., 2006). 

   

  The WNT pathway consists of more than 30 extracellular WNT-ligands, 

which interact with receptors of the frizzled family (Logan and Nusse, 2004). 

Disheveled (Dsh) inhibits the Glycogen-Activated Kinase-3 (GSK3), which, in the 
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absence of WNT signaling phosphorylates and targets the 14 -catenin-

Adenomatous Polyposis Coli (APC) complex for ubiquitination and proteolytic 

degradation. Upon WNT signaling activation, 14-catenin is stabilized, accumulates 

in the cytoplasm and translocates to the nucleus, where it interacts with DNA-

binding proteins of the T-cell factor/lymphocyte enhancer binding factor (TCF/LEF) 

family. In the presence of 14-catenin, TCF/LEF acts as a transcriptional activator 

of proliferation stimulating genes such as c-myc and cyclin D1 (Tetsu and 

McCormick, 1999). 

 

  WNT receptors 

   Frizzled (Fz) seven-pass transmembrane receptors and LRP5/6 are critical 

for WNT/β-catenin signaling. The mammalian genome contains 10 Fz genes, most 

of which have variable capacities to activate β-catenin signaling when co-

overexpressed with WNT and LRP5/6 (Binnerts et al., 2007). Specific WNT family 

members can activate β-catenin or non-canonical pathways depending on their 

receptor complement (van Amerongen et al., 2008). Fz function is related to both 

β-catenin and noncanonical pathways. The Fz-LRP5/6 co-receptor is essential for 

the activation of WNT/β-catenin signaling (He, 2004). However, some reports 

suggest that LRP6 antagonizes non-canonical WNT/β-catenin signaling, via 

competition for WNT ligands or an unknown mechanism (Tahinci et al., 2007; 

Bryja et al., 2009).   

 

WNT antagonists and agonists 

Several secreted protein families antagonize or modulate WNT/β-catenin 

signaling. The WNT inhibitory protein (WIF) binds to WNT, and functions as a 

WNT antagonist for both β-catenin and noncanonical signaling (Bovolenta et al., 
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2008). There are two distinct classes of WNT inhibitors comprised of the Dickkopf 

(DKK) family and the WISE/SOST family. DKK proteins are LRP5/6 

ligands/antagonists and are considered specific inhibitors of WNT/β-catenin 

signaling. WISE and SOST proteins constitute another family of LRP5/6 

ligands/antagonists (Itasaki et al., 2003; Li et al., 2005b; Semenov et al., 2005). 

Like DKK1, SOST is able to disrupt the WNT-induced Fz-LRP6 complex in vitro 

(Semenov et al., 2005). Both DKK1 and SOST are strongly implicated in human 

diseases. 

 

WNT pathway self-regulation 

WNT/β-catenin signaling plays a critical role in cell proliferation, 

differentiation, and fate specification in the developmental period and in 

maintaining adult tissue homeostasis. A larger number of WNT target genes exist 

(Vlad et al., 2008) and are cell specific (Logan and Nusse, 2004). WNT signaling 

components, including Fz, LRP6, Axin2, TCF/LEF, and DKK1 are often regulated 

positively or negatively by TCF/β-catenin (Logan and Nusse, 2004) WNT 

induction of Axin2, DKK1, and suppression of Fz and LRP6 cause negative 

feedback that reduces WNT signaling. In contrast, WNT induction of TCF/LEF 

genes induces positive circuits that activate WNT signaling, a feature that can be 

exploited during tumorgenesis (Arce et al., 2006). These WNT pathway self-

regulatory loops are cell-specific, and afford complexity in several responses.  

 

(2) WNT/β-catenin signaling in uterine development 

 

  In the early embryonic stage of the anterior area of the coelomic cavity, 

Lim1-expressing epithelial cells are induced and undergo invagination by WNT 4, 
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which is expressed in the mesonephros or coleomic epithelium (Kobayashi et al., 

2004). The primitive anlage of the Műllerian duct continuously extends toward and 

interacts with the Wolffian duct. This is followed by posterior elongation mediated 

by WNT9b expressing epithelial cells from the Wolffian duct. If the Wolffian duct 

or WNT9b is absent, the Műllerian duct does not develop further (Carroll et al., 

2005). Elongation of the Műllerian duct is accomplished by the proliferation of 

coelomic epithelial cells, similar to mesoepithelial cells at the disral tip (Guioli et 

al., 2007). The end of the outgrowth will fuse to form the uterovaginal tube, which 

then joins the urogenital sinus. WNT7a is involved in the correct patterning of the 

Mllerian duct into the vagina, cervix, uterus and oviduct and uterus, and WNT5a is 

expressed in mesenchymal cells of the uterus, cervix, and vagina (Mericskay et al., 

2004). 

 

  In mice, by embryonic Day 11.5, the Műllerian duct is formed via the 

folding of WNT4-expressing epithelial cells from the coelomic wall followed by 

posterior elongation into the colacal area (Kobayashi et al., 2004; Carroll et al., 

2005). When the Műllerian duct is generated, WNT4 is detected at high levels in 

the mesenchymal cells surrounding the duct. Moreover, WNT4a is required for 

suppressing male differentiation of the female gonad (Vainio et al., 1999). Carroll 

et al., determined that WNT9b is expressed in the Wolffian ducts during early 

embryonic development when both Wolffian and Műllerian ducts exist and the 

initial Műllerian analage is present (E9.5-E14.5). WNT9b knockout mice do not 

exhibit elongation of the Műllerian duct. This result indicates that WNT9b is 

necessary for posterior outgrowth during Műllerian duct formation (Carroll et al., 

2005).  

  



 

 

 

 
 

 

17 

  WNT7a is expressed in the Műllerian ducts before birth and in oviduct and 

uterine luminal epithelium after birth (Miller et al., 1998). The disruption of 

WNT7a causes oviducts to be absent in most mice and, when present, they exist in 

uncoiled shapes similar to uterus morphology. Moreover, uterus physiology shows 

marked resemblances to the vagina, with thickening of the surrounding 

musculature, a relatively thin stroma, pronounced loss of glands and a luminal 

epithelium with a clear aquamous aspect. These results suggest that the loss of 

WNT7a induces posterioriation of the female reproductive tract, and plays an 

important role in patterning the Műllerian duct (Miller and Sassoon, 1998). 

  

  WNT5a is first observed in mesenchymal cells, surrounding the Műllerian 

ducts and later in mesenchymal cells of the uterus, cervix and vagina (Miller et al., 

1998). WNT5a knockout mice exhibit normal oviducts and anterior uterine horns, 

but lack the more posterior cervical and vaginal structures. These mice have 

severely coiled uterine horns that are either fused at the midline or remain 

separated as sightless ending sacs. Moreover, wild type mice have high levels of 

WNT5a in the stromal regions of the endometrium, and WNT5a and WNT7a 

appear to be required, and cooperate in the formation of normal glands (Miller et 

al., 1998). 

 

 

(3) WNT/β-catenin signaling in uterine function 

 

  The human uterus is composed of two major layers: the outer myometrial 

layer (myometrium) and the inner endometrial layer (endometrium). The 

endometrium is a dynamic tissue, and is involved in implantation, development and 
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outgrowth of the embryo. The endometrium is also composed of two sublayers: a 

functional layer and a basal layer. The functional layer, which is divested every 

month during menses, is replenished by the basal layer during the proliferative 

phase of the menstrual cycle. After menses, and during the first two weeks of the 

menstrual cycle, estrogen induces proliferation of the endometrium and thereby 

generates a new functional layer. During the second half of the menstrual cycle 

(known as the secretory phase), this functional layer will differentiate in order to 

prepare for implantation of the fertilized ovum. During this phase, progesterone, 

produced by the corpus luteum, counterbalances the proliferative effects of 

estrogen and is responsible for the induction of differentiation (Arumugam et al., 

2006). 

  

  Analogous to the situation in the gastrointestinal tract, in proliferating 

epithelial cells, WNT/β-catenin signaling is activated while in differentiated cells 

WNT/β-catenin signaling is diminished (Clevers, 2006). Based on these 

observations, a critical role for WNT/β-catenin signaling was hypothesized for the 

endometrium. In short, during the proliferative phase of the menstrual cycle, 

estrogen enhances WNT/β-catenin signaling. However progesterone inhibits 

estrogen-induced proliferation by prevention of WNT/β-catenin signaling, thus 

inducing differentiation during the secretory phase. Over time, a number of studies 

have been reported evidence in support of this hypothesis. Nei et al., investigated 

nuclear localization of 18-catenin during the proliferative phase of the menstrual 

cycle, when estrogen levels are elevated and unopposed by progesterone (Nei et al., 

1999). During the secretory phase of the menstrual cycle, when progesterone levels 

increase and estrogen levels decrease, nuclear β-catenin accumulation was also 

found to decrease. Further data in support of the suggested involvement of WNT/ 
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β-catenin signaling in regulation of the menstrual cycle has been obtained from 

gene expression profiling studies (Talbi et al., 2006; Cloke et al., 2008; Sahlgren et 

al., 2008; Wang et al., 2009c; Kuokkanen et al., 2010). In summary, sex hormones 

regulate WNT/β-catenin signaling in the endometrium to maintain the balance 

between estrogen-induced proliferation and progesterone-induced differentiation 

throughout the menstrual cycle. 

 

  WNT/β-catenin signaling therefore plays an important role in the 

proliferation and differentiation of tissue that occurs during normal uterine 

physiology processes and plays an essential role in embryonic development, 

blastocyst implantation, endometrial decidualization and placenta formation. 

During implantation, hormonal signaling regulates receptivity of the endometrium. 

Levels of estrogen increase during the first 2 weeks of the menstrual cycle, 

supporting the outgrowth of the functional layer. From ovulation onwards, the 

inhibition of estrogenic effects further induces differentiation. Differentiation itself 

is primarily characterized by induction of secretory activity within the glands. 

Endometrial stromal cells initiate transformation into decidual cells (signaling the 

start of decidualization) and attract natural killer cells (Gellersen et al., 2007). In 

humans, such endometrial priming is different to the situation in mice in terms of 

invasion of the trophoblast and full decidualization of the uterine stroma (Dey et al., 

2004). 

 

(4) WNT/β-catenin signaling in uterine disorders 

 

  Prolonged high levels of estrogen are a major risk factor for endometrial 

cancer. During the secretory phase of the menstrual cycle, high estrogen levels are 
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counterbalanced by progesterone. When these progesterone levels are too low and 

estrogen levels are elevated, the proliferative effect of estrogen becomes dominant 

and will induce endometrial hyperplasia (Amant et al., 2005) 

 

  Endometriosis, a common and benign gynecological disorder, is identified 

by the appearance of endometrial glandular and stromal tissue outside the uterus 

(pelvic peritoneum, on the ovaries and in the rectovaginal septum). Symptoms of 

endometriosis include pelvic pain and infertility. Endometriosis has been referred 

to as an estrogen-dependent disease as it entails low progesterone receptor levels 

and resistance to progesterone therapy (Giudice and Kao, 2004; Burney et al., 2007; 

Bulun et al., 2010a,b). The etiology of the development and maintenance of this 

disease has also been proposed to involve WNT/β-catenin signaling.  

 

  Using gene expression profiling, results have shown that WNT/β-catenin 

signaling is indeed differentially regulated between the eutopic and ectopic 

endometrium (Burney et al., 2007; Kao et al., 2003; Wu et al., 2006). Furthermore, 

Gaetje et al. (2007), showed significantly higher expression of WNT7a was present 

in endometriotic tissues, most likely caused by reduced progesterone signaling 

(Zanatta et al., 2010). It has also been found that HOXA10 is a downstream target 

of PR and is decreased in endometriotic tissue from women and baboons (Taylor et 

al., 1999). In baboons, the decreased levels of HOXA10 expression decreases 

target genes including integrin B3. During endometriosis, the dysregulation of 

HOXA10 could be caused by methylation of related genes. In baboons, the F1 

region of HOXA10 has been observed to be hypermethylated in comparison to 

endometriosis-free animals. In endometrial tissue during endometriosis, HOXA10 

expression has been associated with hypermethylation of the HOXA10 gene. These 
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reports suggest that endometriosis results from post-transcriptional modifications, 

such as gene silencing or activation (Kim et al., 2007). 

 

In addition to endometrial tissues homing towards the abdominal cavity, 

there is a special form of endometriosis that invades the myometrium, known as 

adenomyosis. Interestingly, using a mouse model in which WNT/β-catenin 

signaling was activated in the myometrium, endometrial glands and stroma were 

observed to be present in the myometrium (Tanwar et al., 2009; Wang et al., 2011). 

Whether these observations point towards an active process of endometrial tissue 

invading into the myometrium or the possibility that endometrial tissue is simply 

filling the gap generated by myometrial dystrophy is not entirely clear at this point. 

In summary, enhanced estrogen signaling relative to inhibited progesterone 

signaling in ectopic endometrium activates the WNT/β-catenin signaling pathway, 

and may be a mechanism for stimulating survival, proliferation and invasion of 

endometrial tissue outside its normal environment (Table 1). 

 

  A major risk factor for endometrial cancer is prolonged high levels of 

estrogen (Schindler, 2009). During the normal menstrual cycle, high estrogen 

levels are counterbalanced each month by progesterone during the secretory phase 

of the menstrual cycle. When these progesterone levels are too low, or when 

estrogen levels are too high, the proliferative effect of estrogen becomes dominant 

and will induce endometrial hyperplasia (Amant et al., 2005). Endometrial 

hyperplasia can, over time, develop further into Type I endometrial cancer, which 

constitutes 90% of endometrial cancer cases (Amant et al., 2005). 

  

  Jeong et al. (2009) has manipulated the progesterone receptor to drive Cre 
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expression in order to induce activating or inactivating mutations, or β-catenin in 

all uterine cell types (myometrium, stroma, glandular epithelium and luminal 

epithelium). Both β-catenin mutations led to severe sub-fertility or even infertility 

due to a failure to undergo decidualization during embryo implantation. 

Furthermore, Pgr-Cre induced constitutive β-catenin activation resulted in enlarged 

glands causing endometrial hyperplasia. The conditional ablation of β-catenin, 

however, results in a reduction in epithelial gland development and squamous cell 

metaplasia (Jeong et al., 2009). 
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Table 1. Summary of WNT/ β-catenin signaling in endometrial physiology and disease (van der Horst et al., 2012) 
 
WNT/ β-catenin signaling in uterine development 

WNT4 
WNT4 is identified in epithelial cells from the mesonephros or coelomic wall (Kobayashi et al., 2004; Carroll et al., 2005) 

WNT4 is essential for Műllerian duct origination (Stark et al., 1994; Vainio et al., 1999; 
Kobayashi et al., 2004; Carroll et al., 2005) 

WNT5a 
WNT5a is observed in mesenchymal cells of the Műllerian duct  (Miller et al., 1998) 

WNT5a knockout mice has the deficiency in cervical and vaginal structures (Mericskay et al., 2004) 

WNT7a 
WNT7a is presented throughout the epithelium of Műllerian duct  (Miller and Sassoon, 1998) 

The loss of WNT7a outcomes posteriorization of the female reproductive tract (Miller and Sassoon, 1998; Parr and 
McMahon, 1998) 

WNT9b 
WNT9b is present in epithelial cells of the Wolffian duct, when the Műllerian 
duct is present (Carroll et al., 2005) 

WNT9b is essential for posterior outgrowth of the early Műllerian duct (Carroll et al., 2005) 

WNT/ β-catenin signaling in uterine physiology 

DKK1 DKK1 is progesterone induced and can inhibit WNT/β-catenin signaling (Kao et al., 2002; Tulac et al., 2003; Tulac et 
al., 2006; Wang et al., 2009b) 

FOXO1 FOXO1 is induced by progesterone and inhibit WNT/β-catenin signaling (Takano et al., 2007; Ward et al., 2008; 
Wang et al., 2009b) 

Gsk3β Gsk3β inhibition activates WNT signaling and proliferation (Gunin et al., 2004) 
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Sfrp2 Sfrp2, WNT antagonist, inhibits the proliferative effect of estrogen (Nei et al., 1999) 

WNT/β-catenin signaling in uterine function (during implantation) 

Dkk1 
Dkk1 disturbs implantation in normal pseudopregnant recipients (Xie et al., 2008) 

Dkk1 leads to reduce trophoblast migration and invasion (Pollheimer et al., 2006) 

Fzd5 Loss of Fzd5 is a reason of embryonic death through poor placental 
vascularization (Ishikawa et al., 2001) 

Lef1 Lef1 disruption gives rise to defects in placental formation (Galceran et al., 1999) 

Sfrp2 Sfrp2 interferes implantation in mice (Mohamed et al., 2005) 

Tcf1 Tcf1 disruption provokes defects in placental formation (Galceran et al., 1999) 

WNT2 The disruption of WNT2 promotes defective placental vascularization (Monkley et al., 1996) 

WNT3a WNT3a treatment results in trophoblast migration and invasion (Sonderegger et al., 2010) 

WNT4 
WNT4 is required for Bmp2 mediated decidualisation (Lee et al., 2007; Li et al., 2007) 

WNT4 ablation has the defects of stromal cell survival, differentiation and 
progesterone responsiveness (Franco et al., 2011) 

WNT7a WNT7a triggers WNT/β-catenin signaling in pseudopregnant mice (Mohamed et al., 2005; Tanwar et al., 2011) 
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WNT7b WNT7b disruption leads to embryonic death because of placental failure (Mohamed et al., 2005; Tanwar et al., 2011) 

WNT/β-catenin signaling in uterine disorders (endometriosis and endometrial carcinogenesis) 

Apc 
Apc conditional knockdown induces endometrial hyperplasia and cancer (Arango et al., 2005; Tanwar et al., 2011) 

Apc conditional knockdown drives myometrial loss and reduced gland numbers (Wang et al., 2011) 

β-catenin 

Activating β-catenin mutations are associated with 15–40% of endometrial 
cancers 

(Saegusa and Okayasu, 2001; Pijnenborg et 
al., 2004) 

Conditional activation of β-catenin in mice leads to tumor-like growths and 
multiple hemorrhagic sites at the uterine surface; increased myometrial area. 
Conditional knockdown of β-catenin in mice induces myometrial loss and areas 
of adipogenesis 

(Jeong et al., 2009; Tanwar et al., 2009) 

WNT7a WNT7a is increased in endometriosis. (Deutscher and Hung-Chang Yao, 2007; 
Gaetje et al., 2007) 
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3) Steroid hormone signaling in the uterus 

 

  The human uterus is a dynamic tissue responsible for the full menstrual cycle 

of proliferation, differentiation and shedding (Brosens et al., 2010). The 

endometrium itself consists of the functionalis layer and the basalis layer, of which 

the functionalis layer undergoes shedding during menses. The basalis remains 

intact during the menstrual cycle and generates a new functionalis during each 

menstrual cycle (Winterhager et al., 2009; Brosens et al., 2010). Balance within the 

endometrium is regulated by steroid hormones including estrogen and progesterone. 

 

(1) Steroid hormone signaling in uterine disorders 

 

  Endometrial cancer is one of the most common types of female 

gynecological cancer (Jones et al., 2009) and can be delineated into two types. 

Among western countries, approximately 85% of all endometrial carcinomas are 

Type I endometrial cancers, which are associated with increased estrogen signaling 

(Amant et al., 2005). Type I endometrial cancer often exhibits mutations in PTEN, 

KRAS or CTNNB1 (β-catenin) (Fukuchi et al., 1998; Kildal et al., 2005; Di 

Cristofano and Ellenson, 2007). In contrast, Type II endometrial cancer is 

predominantly observed in older post-menopausal women, and is not reliant upon 

estrogen. Type II endometrial cancers frequently contain alterations in TP53 and 

ERBB2 (Her-2/neu) (Amant et al., 2005; Kildal et al., 2005; Di Cristofano and 

Ellenson, 2007).  

 

  Increased levels of estrogen for prolonged periods and insufficient 

progesterone levels represent the core risk factors in endometrial cancer. 
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Progesterone prevents the proliferative action of estrogen by stimulating the 

differentiation of epithelial and stromal cells in the endometrium (Daniels and 

Weis, 2005; Modarresi et al., 2005). Although progesterone treatment can be 

applied for chronic endometrial cancer, the usage of this treatment is modest (15-

25%) (Thigpen et al., 1999). Conversely, when progesterone is used as a primary 

treatment, response rates are noticeably improved (up to 60%) (Kim et al., 1997; 

Yahata et al., 2006). 

 

(2) Relationship between steroid hormone signaling and WNT/β-catenin 

signaling in utero 

 

  Central to canonical WNT signaling is, a multi-protein complex called the 

destruction complex that consists of the scaffold proteins AXIN1 and AXIN2 

(conductin), β-catenin (CTNNB1), the tumor suppressor APC (adenomatosis 

polyposis coli) and the Ser-Thr kinases CK1 (casein kinase I) and GSK3β 

(glycogen synthase kinase 3 beta) (Behrens et al., 1998). In the absence of WNT 

ligands, formation of the destruction complex triggers Thr/Ser-phosphorylation of 

β-catenin by CK1 and GSK3β, and its subsequent ubiquitination and proteasomal 

degradation. During WNT signaling, the formation of the destruction complex is 

inhibited, thus leading to cytoplasmic accumulation of β-catenin and its subsequent 

nuclear translocation (Clevers, 2006). In the nucleus, β-catenin interacts with 

members of the TCF/LEF transcription factor family, thereby regulating the 

expression of a broad spectrum of WNT downstream target genes (Huber et al., 

1996; Cho and Dressler, 1998; Clevers, 2006). The latter include genes encoding 

proteins that play a central role in cell proliferation and survival such as cyclin D1 

(CCND1) and c-MYC, in addition to factors involved in a broad spectrum of other 
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cellular functions including cellular migration (e.g. CD44), cell adhesion (CDH1), 

regulation of the extracellular matrix (MMP7) and many others (Clevers, 2006). 

 

The central role of WNT/β-catenin signaling in the regulation of tissue 

homeostasis has been extensively investigated in the gut (Fodde et al., 2001; 

Clevers, 2006). Along the intestinal tract, stem cells are located at the bottom of the 

crypts of Lieberkuhn which give rise to new stem cells and proliferating progenitor 

cells (transient amplifying/TA cells) (Fodde et al., 2001). These progenitor cells 

actively divide and produce new cells that are pushed up along the flank of the 

crypt towards the villus and eventually differentiate into Goblet cells, 

enteroendocrine cells and absorptive epithelial cells (Fodde et al., 2001). A similar 

process appears to take place in the endometrium, where estrogen receptor 

activation in the basalis stimulates endometrial cell proliferation during the first 

two weeks of the menstrual cycle, thus giving rise to the functionalis. In Week 3 

and 4 of the menstrual cycle, the corpus luteum produces progesterone, which 

reduces estrogen-driven proliferation and induces differentiation of the functionalis, 

thus preparing the endometrium for implantation of the fertilized oocyte at 

approximately Day 20 - 22 of the menstrual cycle. WNT/β-catenin signaling 

activity along the crypt-villus axis of the intestine follows a decreasing gradient 

from the stem cell (SC) and proliferative (TA) areas to the more differentiated 

regions (van de Wetering et al., 2002). In the endometrium WNT/β-catenin 

signaling has also been suggested to play a role in regulating proliferation and 

differentiation during the menstrual cycle. Nei et al., observed that in the human 

endometrium, nuclear β-catenin was clearly enhanced during the proliferative 

phase of the menstrual cycle, while it was mostly found in the cytoplasm during the 

secretory phase (Nei et al., 1999). 
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4) Epithelial-mesenchymal transition 

 

(1) Definition 

 

  Epithelial–mesenchymal transition or transformation (EMT) is a process by 

which epithelial cells lose their cell polarity and cell-cell adhesion, and gain 

migratory and invasive properties to become mesenchymal cells. EMT is essential 

for numerous developmental processes including mesoderm formation and neural 

tube formation. EMT has also been shown to play a central role in wound healing, 

organ fibrosis and in the initiation of metastasis during cancer progression. 

 

In normal development, several developmental milestones, including 

gastruation, neural crest formation and heart morphogenesis, rely on the plastic 

transition between epithelium and mesenchyme. Epithelial and mesenchymal cells 

represent the two major cell types in mammals. Epithelial cells are characterized by: 

(i) cohesive interactions among cells, facilitating the formation of continuous cell 

layers; (ii) existence of three membrane domains: apical, lateral and basal; (iii) 

presence of tight junctions between apical and lateral domains; (iv) apicobasal 

polarized distribution of the various organelles and cytoskeleton components; and 

(v) lack of individual epithelial cell mobility with respect to their local environment. 

 

  Multicelluar mesenchymal architectures differ from multicellular epithelial 

architectures in having: (i) loose or no interactions among cells, so that no 

continuous cell layer is formed; (ii) no clear apical and lateral membranes; (iii) no 

apicobasal polarized distribution of organelles or cytoskeletal components; and (iv) 

motile cells that may even have invasive properties. During development, certain 
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cells can switch from an epithelial to a mesenchymal status by means of a tightly 

regulated process defined as the EMT, which is associated with a number of 

cellular and molecular events. In some cases, EMT is reversible and cells undergo 

the reciprocal mesenchymal to epithelial transition (MET). ). A schematic view of 

the molecular and structural features associated with epithelial and mesenchymal 

cells during EMT and MET (Fig. 1). Recently, several studies have reported that 

physiopathological transitions occur during the progression of epithelial tumor 

formation, endowing cancer cells with increased motility and invasiveness. 

 

(2) EMT and related pathways 

 
  Multiple oncogenic signaling pathways including TGF-beta, FGF, EGF, HGF, 

WNT/β-catenin catenin and Notch are regulated by peptide growth factors 

including Src, Ras, Ets and integrin. These signaling pathways induce EMT via 

several types of proteins, ligands, receptors and effectors.  

 

  WNT/β-catenin signaling 

  The canonical WNT/β-catenin pathway plays critical roles in development 

and is frequently elevated in cancer. If WNT signals are absent, β-catenin is 

regulated by a complex together with APC and axin, and is phosphorylated by 

GSK3β and degraded by the ubiquitin/-proteasome pathway. In the presence of the 

WNT ligand, Frizzled receptors activate Disheveled (Dsh), and blocks β-catenin 

degradation. Accumulated cytoplasmic β-catenin translocates into the nucleus, and 

activates the transcription factor TCF/LEF, which promotes the expression of 

several target genes. Unsurprisingly, several studies have determined that WNT/β-

catenin signaling-induced EMT plays a role in colorectal cancer metastasis and 
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squamous cell carcinoma progression (Taki et al., 2003). WNT/β-catenin signaling 

is induced by the activation of Slug, which is a direct transcriptional target of β-

catenin/TCF (Conacci-Sorrell et al., 2003), and by the stabilization of Snail, via 

inhibition of its phosphorylation and degradation (Yook et al., 2005). 

 

  β-catenin plays a critical role in EMT regulation via two mechanisms. As a 

transcription factor, β-catenin regulates transcriptional modulators such as Slug, 

which induce the repression of E-cadherin. Another function of β-catenin is as a 

component of adherens junctions together with E-cadherin and α-catenin. Total β-

catenin is involved in the regulation of adherens junctions and nuclear transcription 

while cytoplasmic β-catenin can be throught of as a pool that feeds both functions, 

and alternatively is phosphorylated and ubiquitinated for degradation by the 

proteasome. Activation of Slug by β-catenin promotes the establishment of EMT 

and represses E-cadherin. This action causes the dissolution of adherens junctions 

and further induces the movement of β-catenin toward the nucleus for 

transcriptional activity. 

 

  TGF-β signaling 

  TGF-β signaling plays important and sophisticated regulatory roles in many 

types of cancer. This signaling plays an important role in cell proliferation, 

differentiation, apoptosis, adhesion, invasion, and interactions with the cellular 

microenvironment. These mechanism have been reported in epithelial, endothelial, 

and hematopoietic cell lineages (Blobe et al., 2000). In the canonical TGF-β 

signaling pathway, TGF-β consists of homo- or heterodimers and is secreted into 

the extracellular matrix as part of a complex known as the large latency complex 

(LLC). When this complex is released, TGF-β is active. This TGF-β signaling 
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pathway was first identified as EMT signaling in 1994 (Miettinen et al., 1994). 

Moreover, the transcriptional activation of Snail, Slug, Zeb1, and Twist has been 

observed as a critical process in EMT-related TGF-β signaling (Xu et al., 2009; 

Wendt et al., 2012). In TGF-β signaling, the TGF-β receptors are located at the 

membrane and exhibit serine-threonine kinase activity. TGF-β binds to the receptor, 

and then phosphorylates receptor-regulated Smads (R-Smads). There are at least 

eight known variants of R-Smads, the principal of which are Smads 2 and 

3,considered canonical to TGF-β signaling (Wendt et al., 2012). The R-Smads then 

form a complex with Smad 4, and the newly-formed complex translocates into the 

nucleus to function as a transcriptional regulator. Recently, in colon cancer and 

papillary thyroid cancer, Smad 4 mutations have been identified. Such mutations 

promote nuclear localization, and induce reductions in E-cadherin while increasing 

N-cadherin and fibroblastic phenotypes (D'Inzeo et al., 2012). Activated TGF-β 

signaling has been considered as the downstream effectors of this change, along 

with myc signaling, with potential links to the WNT and Notch signaling pathways. 

During this process, cell-cell adhesion is broken and the actin cytoskeleton is 

rearranged, which heavily influences the EMT process (Tian et al., 2011). 

Additionally, since TGF-β signaling is activated, downstream events such as myc 

signaling, WNT pathway activation and Notch signaling are promoted. In a clinical 

study, cholangiocarcinoma cell migration, invasion, fibroblastic phenotype and 

cadherin switch (a change from E-cadherin repression to N-cadherin upregulation) 

was observed after TGF-β treatment (Tian et al., 2011). TGF-β signaling was then 

investigated during chemotherapy and radiation. However, both radiation treatment 

and ionizing radiation led to increased TGF-β levels and increased circulating 

tumor cells and lung metastatic burden. The authors of the study suggested that 

these effects can be reduced with treatment by a small molecule inhibitor of TGF-β. 
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TGF-β has been considered as a critical factor for cancer cell survival and recovery 

after radiation and chemotherapy. 

 

  Notch Signaling 

  The Notch pathway is related to cell proliferation, survival, apoptosis, and 

differentiation, critical for the embryogenesis and function of many organs. The 

Notch receptors are typically located at the cell membrane as heterodimers. Notch 

ligands include the Delta and Jagged families that are membrane-bound ligands. 

Notch signaling is most frequently activated by the binding of ligands to the 

receptor as a result of contact with neighboring cells.  Upon ligand binding, the 

intracellular domain of the receptor is then ubiquitinated, and protease and gamma-

secretase enzymes cleave the transmembrane domain of the receptor. These events 

cause the release of the Notch intracellular domain (NICD) into the cytoplasm, 

which translocate into the nucleus and binds CSL (CBF1/RBP-Jκ/Suppressor of 

Hairless/LAG-1) transcription factors (Weerkamp et al., 2006). The Notch-CSL 

complex activates the transcription of Notch target genes, which include helix-

loop-helix transcription factors, and HRT/Herp transcription factors that are 

involved in regulating a diverse cellular decisions (Bolos et al., 2007). The Notch 

signaling pathway has been identified as overexpressed in many human 

malignancies (Miele and Osborne, 1999; Miele et al., 2006a). It has also been 

reported that Notch is a critical regulator of the EMT process (Niessen et al., 2008; 

Sahlgren et al., 2008). Notch activation induces endothelial cells to undergo 

morphological, phenotypic, and functional changes consistent with mesenchymal 

transformation. During EMT induction, endothelial markers such as E-cadherin, 

Tie1, Tie2, and platelet-endothelial cell adhesion molecule-1 are downregulated 

and mesenchymal markers (α-SMA, fibronectin, and platelet-derived growth factor 
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receptors) are upregulated. Moreover, several reports have suggested that Notch-2 

and its ligand, Jagged-1, are highly up-regulated in such cells, which is consistent 

with the acquisition of EMT. Subsequently, the loss of Notch signaling by siRNA 

silencing led to inhibition of the EMT process and mesenchymal-epithelial 

transition, associated with decreased expression of vimentin, ZEB1, Slug, Snail, 

and NF-κB (Wang et al., 2009c). These results provide support for therapeutic 

strategies that involve Notch signaling regulation for chemotherapy, whereby the 

inhibition of Notch signaling could be a potential targeted therapeutic approach for 

preventing tumor progression. 

 

(3) EMT and metastasis 

 

  The invasion of surrounding tissues and metastasis to distant sites are the 

core features of malignancy. Recent reports indicate that both invasion and 

metastasis may critically rely upon the acquisition of EMT features by cancer cells. 

Metastasis involves a multistep process that includes dissociation of tumor cells 

from the epithelial layer, penetration through the basement membrane into adjacent 

connective tissue, intravasation, survival in the bloodstream, growth of metastatic 

cells in distant organs and the stimulation of neoangiogenesis.  

 

  The initiation of metastasis requires an invasive cell phenotype typical to the 

EMT process. Carcinoma cells first lose cell-cell adhesion, mediated by E-cadherin 

repression, break through the basement membrane with increased invasive 

properties, and enter the bloodstream through intravasation. Later, when these 

circulating tumor cells (CTCs) exit the bloodstream to form micrometastases, they 

undergo MET for clonal development at these metastatic sites. Thus, EMT and 
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MET are required for the initiation and completion of the invasion-metastasis 

cascade. 

 

  Like other cancer types, the heterogeneity of invasive breast carcinomas is 

reflected in their histological features and reaction to treatment. Histological 

features include the presence of differentiated tubules, enhanced proliferative 

ability (mitotic index) and anisokaryosis (Come et al., 2006). Hormonal receptor 

status also correlates with disease progression and is used as a marker for 

diagnostic and prognostic purposes (Lacroix et al., 2004). For these diagnoses, 

limitations are present in clinical studies because it is impossible to identify an 

undifferentiated phenotype that reflects a lack of differentiation or an active EMT 

process during tumor progression. However, EMT phenotypes based on cell-to-cell 

adhesion status have been proposed for the presumption of tumor progression 

(Klymkowsky and Savagner, 2009). In carcinosarcoma or metaplastic carcinomas, 

identifying the expression of cytokeratins or vimentin intermediate filaments can 

aid in the recognition of epithelial or mesenchymal areas. Evidence from 

cytogenetic studies strongly suggests that these epithelial and mesenchymal 

compartments arise from a mutual precursor cell population that undergoes EMT 

(Zhuang et al., 1997). Recent studies have identified Snail genes that are 

overexpressed in these tumors, involving the activation of Akt and β-catenin 

pathways (Saegusa et al., 2009). Some mammary tumors, infiltrating the lobular 

carcinoma, exhibit E-cadherin repression and significantly higher levels of the 

EMT master gene, Twist (Yang et al., 2004), but interestingly still maintain 

cytokeratin expression. This finding suggests that individualized cells have partial 

EMT completion. More recently, several techniques for expression profiling have 

provided new approaches for studying tumorigenesis. These expression profiles, 
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histological features and tumor phenotypes are standard for categorizing tumor 

stages. 

 

5) Cre–loxP technology for the generation of mouse models  

 

  Cre–loxP technology involves homologous recombination between DNA 

sequences in the chromosome and introduced DNA to mutate genes of interest in 

the mouse genome (Capecchi, 1989). Cre–loxP technology allows for specific 

manipulation of the mammalian genome, and has generated numerous strains of 

mutant mice for research. Studies of these mutant mice have produced valuable 

data in many biological fields. While Cre–loxP technology can be used to generate 

mutant mice for any genes, many are necessary for embryonic development. In 

such cases, germline mutations often induce embryonic, neonatal, or preadult 

lethality, which confounds studies of gene function in later stages of development 

and during tumorigenesis (Weinstein et al., 2000). More recently, Cre–loxP 

technology involving inducible systems has become popular to overcome the 

problem of embryonic and early postnatal lethality (Le and Sauer, 2000; Nagy, 

2000). Tissue or site-specific Cre–loxP-mediated recombination has been 

employed to study the spatial and temporal function of oncogenes and tumor 

suppressors. 

 

(1) Cre-loxP system 

 

  The Cre–loxP site-specific recombination system is relatively simple and 

robust (Argos et al., 1986; Sternberg et al., 1986), with the conditional knockout of 

target genes achieved with the use of Cre recombinase (Nagy, 2000). The Cre 
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(cyclization recombination) gene encodes a 38-kDa site-specific DNA recombinase, 

which recognizes loxP 34-bp sites and catalyzes the recombination between two 

loxP (locus of X-over P1) sites. The loxP site contains an 8-bp non-palindromic 

core region flanked by two 13-bp inverted repeats. Cre–loxP recombination 

between two loxP sites excises all DNA sequences located within the two flanking 

loxP sites. Because the efficiency of Cre–loxP-mediated recombination is high and 

does not require any additional factors, it is very useful for the creation of 

experimental model systems. Usually, loxP sites are located within the same 

chromosome, allowing for deletion of the intervening DNA sequence. The loxP 

sites can also be located in different chromosomes for recombination between 

different chromosomes. 

 

(2) Cre-loxP mediated gene inactivation or activation 

 

 By inserting the Cre protein either as a transgene or combined under the 

promoter of the tissue specific gene, one can express the recombinase at sufficient 

levels for genetic ablation when crossed into a mouse containing a gene of interest 

flanked by two loxP sites (floxed). 

  

The vector itself can be constructed through multiple established procedures 

(Zhang et al., 2002; Deng and Xu, 2004). Commonly, a selectable marker and a 

nonselectable marker are transferred (Deng et al., 1993). For example, a neomycin 

(neo) gene for positive selection and a thymidine kinase (tk) gene for negative 

selection are introduced in a vector (Mansour et al., 1988). The gene of interest is 

flanked by loxP sites and can be deleted by Cre–loxP mediated recombination. 
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After introducing the construct containing the gene of interest into ES cells, 

Southern blots are performed to identify the cells containing the anticipated 

homologous recombination and these are injected into the embryo for germline 

transmission. Next, the removal procedure of the recombinant neo gene in ES cells 

is important and several methods such as transient Cre expression either in ES cells 

or mutant mice can be used, because the neo gene if present in an intron often 

disturbs endogenous gene expression and leads to reduction in expression or 

inactivation of the floxed genes (Hirotsune et al., 1998; Xu et al., 2001).  

 

 The Cre–loxP system is therefore very useful for cancer research as it allows 

for the study of gene activation. Carcinogenesis relies upon activation of numerous 

oncogenes and the inhibition of tumor suppressors. For example, activation of 

KRAS is found in a number of cancers, including pancreas (90%), colon (50%), and 

lung (30%) (Rodenhuis et al., 1988; Mills et al., 1995; Huncharek et al., 1999). 

Meuwissen et al., (2001) generated a mouse model with an activated K-Ras (K-ras 

G12V) mutation that specific to lung epithelial cells (Meuwissen et al., 2001). The 

construct harboring the conditional K-ras G12V transgene contained a broadly 

active beta-actin promoter, a green fluorescence protein (GFP) expression cassette, 

and a K-ras G12V cDNA sequence combined with a human placenta-like alkaline 

phosphatase (PLAP) expression construct. The GFP gene functions as a reportor 

for the presence of the target gene and also functions to inhibit the expression of K-

ras G12V.  

 

Likewise, the inactivation of tumor suppressor genes can induce 

carcinogenesis. For example, nearly 50% of all human cancers contain a 

dysfunctional p53 (Morgan and Kastan, 1997). However, it was previously unclear 
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whether constant inactivation of p53 was associated with tumor maintenance. To 

further investigate this notion, a reactivatable p53 knockout allele (p53-LSL) was 

generated using the Cre–loxP technology (Ventura et al., 2007). In this system, p53 

expression was inhibited through a blocker inserted within the intron of the gene. 

The p53-LSL mice were crossed with mice containing a Cre recombinase–

estrogen-receptor-T2 (Cre–ERT2) allele to allow for the reactivation of p53. To 

reactivate temporal expression of p53, tamoxifen administration was used to 

activate Cre recombinase (Indra et al., 1999) and permit recombination of the loxP 

sites.  

 

  (3) Uterine-specific conditional knockout mice  

 

  By generating the progesterone receptor Cre (PRcre) mouse, in which the Cre 

recombinase is present in all PR positive cells, the function of genes through 

conditional knockout can be studied in the uterus (Soyal et al., 2005). PR sites can 

be chosen after the spatial and temporal expression is determined by inserting the 

bacterial betagalactosidase gene into the first exon of the PR site (Ismail et al., 

2002). In the PR-LacZ mice, PR expression is present in the pituitary, ovary, uterus 

and mammary glands. In the uterus, PR expression is observed only in the luminal 

and glandular epithelium postnatally, and stromal expression after one month.  

During the postnatal period, successful PRcre expression demonstrated that this 

system could be used for studying conditional ablation in the uterus without 

problems arising during pre-natal development. Furthermore, mice carrying 

specific Cre recombinases were generated to further study the roles of specific 

genes in different uterine compartments, such as the WNT7acre and Sprr2fcre line 
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(Winuthayanon et al.; Contreras et al., 2010) in epithelial cells. 
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Figure 1. Schematic representation of the Cre-loxP system. (A) The loxP site 

contains an 8-bp nonpalindromic region flanked by two 13-bp inverted repeats. (B) 

Cre–loxP-mediated recombination can be applied for loss of function by deleting 

target gene between two lox P sites. (C) Cre/loxP system can be also used for 

activation of target genes.
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CHAPTER 2. 

General materials and methods 
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1. Human adenomyosis samples 

 

  Tissue samples of adenomyosis with their corresponding eutopic 

endometrium were collected from a total of 19 women with histologic evidence of 

adenomyosis. Adenomyosis samples were derived from hysterectomy surgical 

specimens. Controls comprised of 24 regularly cycling premenopausal women 

undergoing a hysterectomy for benign conditions with no history or evidence of 

adenomyosis, were documented not to be pregnant, and had not been on hormonal 

therapies for at least three months before tissue sampling. These samples were 

obtained by Michigan State University’s Center for Women’s Health Research 

Female Reproductive Tract Biorepository with MSUIRB approval and these 

samples were obtained with informed written consent from the patients. Full 

thickness endometrium was collected at Greenville Hospital System from 

hysterectomy samples using approved IRB protocols. Tissues were fixed in 

formalin and embedded in paraffin for histological analysis. Histological samples 

were examined by an independent pathologist, and phases were assigned according 

to the Noyes criteria (Noyes et al., 1975).  

 

2. Animals and tissue collection 

 

  All experimental procedures were approved by the Institutional Animal Care 

and Use Committee (IACUC) of Michigan State University. Mice were cared for 

and used in the designated animal care facility according to the Michigan State 

University institutional guidelines. Control (PRcre/+ and Ctnnb1f(ex3)/+) mice and 

mutant (PRcre/+ Ctnnb1f(ex3)/+) mice were sacrificed at two, four, and six months of 

age. To collect the uteri, the mice were anesthetized with Avertin (2,2-tribromoethl 
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alcohol, Sigma-Aldrich, St. Louis, MO, USA) and euthanized by cervical 

dislocation. At the time of dissection, uterine tissues were fixed with 4 % 

paraformaldehyde (vol/vol) and paraffin embedded. 

 

3. Immunohistochemistry 

 

  Uterine sections from paraffin-embedded tissue were cut at six μm and 

mounted on silane-coated slides, deparafinized and rehydrated in a graded alcohol 

series. Sections were preincubated with 10 % normal serum in PBS (pH 7.5). Then, 

uterine sections were incubated with primary antibodies in 10% normal serum 

overnight at 4 °C. Antibodies used are listed in Table 2. On the following day, 

sections were washed in PBS and incubated with biotinylated secondary antibody 

(Vector Laboratories, Burlingame, CA, USA) for one hour at room temperature. 

Immunoreactivity was detected using DAB (Vector Laboratories). In the uterine 

section of mice, immunohistochemical staining with anti-mouse antibody was 

carried out using the Vector Mouse on Mouse (MOM) kit (Vector Laboratories) 

following the manufacturer’s instructions, to minimize cross reactivity between the 

mouse secondary antibody and mouse tissues. Briefly, sections were blocked 

overnight with MOM IgG blocking solution in PBS, washed twice for five minutes 

with PBS, incubated with MOM solution in PBS for 30 min, incubated with anti-β-

catenin antibody overnight at 4 °C. On the following day, sections washed in PBS, 

incubated with secondary biotinylated anti-mouse (Vector Laboratories) for one 

hour at room temperature then washed, detected using the Vectastain Elite ABC 

system (Vector Laboratories). The sections were counterstained with hematoxylin, 

dehydrated, and mounted.  
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4. Immunofluorescence  

 

  Uterine sections from paraffin-embedded tissue were cut at six μm and 

mounted on silane-coated slides, deparafinized and rehydrated in a graded alcohol 

series. Sections were preincubated with 1% blocking solution from the TSA kit in 

PBS and 0.01% Triton X-100 (PBST). For maximal sensitivity of antibodies, we 

used tyramide signal amplification (TSA) immunofluorescence (TSA kit; 

PerkinElmer, Waltham, MA, USA) following the manufacturer’s protocol. Sections 

were preincubated with 1% blocking solution from the TSA kit in PBS and 0.01% 

Triton X-100 (PBST), and then incubated with antibodies in PBST overnight at 

4 °C. Antibodies used are listed in Table 2. On the following day, sections were 

washed in PBST and incubated with biotinylated secondary antibody (Vector 

Laboratories) for one hour at room temperature. Immunoreactivity was detected 

using the Vectastain Elite ABC system. After five -minute TSA reaction, slides 

were washed in PBST and then incubated the second antibodies, which we want to 

check the colocalization with primary antibodies, overnight at 4°C. On the third 

day, sections were washed in PBST and incubated with Alexafluor conjugated 

secondary antibodies (Sigma-Aldrich, St. Louis, MO, USA) for two hours at room 

temperature. Slides were counterstained by Vectashield mounting media with DAPI 

(Vector Laboratories). Images were captured with a confocal microscope (510 

NLO confocal microscope with a META detector; Carl Zeiss, Inc., Thornwood, NY, 

USA) or fluorescent microscope (Nikon Instruments Inc., Melville, NY, USA) and 

processed using the image programs inherent in the microscope system (Carl Zeiss 

Meditec, Inc.).  

 

 



 

 

 

 
 

 

46 

5. Statistical analysis 

 

  Statistical analysis were performed using one-way ANOVA analysis 

followed by Tukey’s post hoc multiple range test or Student’s t tests using the Instat 

package from GraphPad (GraphPad Software, Inc., San Diego, CA). p< 0.05 was 

considered statistically significant. 
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 Table 2.The lists used antibodies

Antibody name Source Clonality Species Dilution 

APC Abcam, Cambridge, MA, USA monoclonal rabbit 1:500 

COUP-TFII Perseus Proteomics, Tokyo, Japan monoclonal rabbit 1:1000 

CD3 Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA monoclonal rat 1:500 

CD4 Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA polyclonal goat 1:500 

CD10 Novocastra, Burlingame, CA, USA monoclonal mouse 1:500 

CD11b-FITC Abcam, Cambridge, MA, USA monoclonal rat 1:200 

Cyclin D1 Neomarkers, Fremont, CA, USA monoclonal mouse 1:500 

E-cadherin BD bioscience, San Jose, CA, USA monoclonal mouse 1:1000 

GSK3β Cell Signaling, Rockford, IL, USA monoclonal rabbit 1:500 

Keratin 18 Proteintech, Chicago, IL, USA polyclonal rabbit 1:500 

Ki67 BD bioscience, San Jose, CA, USA monoclonal mouse 1:500 

phospho-histone H3 (Ser10) Millipore, Billerica, MA, USA polyclonal rabbit 1:500 

Snail Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA polyclonal rabbit 1:500 

Vimentin Invitrogen, Carlsbad, CA, USA monoclonal mouse 1:500 

WIF-1 Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA polyclonal goat 1:500 

WNT4 Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA polyclonal goat 1:500 

ZEB1 Dr. Dong S Darling  rabbit 1:1000 

α-smooth muscle actin  Abcam, Cambridge, MA, USA polyclonal rabbit 1:500 

β-catenin BD bioscience, San Jose, CA, USA monoclonal mouse 1:500 
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CHAPTER 3. 

Dysregulated WNT/β-catenin signaling  

plays an important role  

in the development of adenomyosis 
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1. Introduction 

 

The accurate etiology and pathophysiology of adenomyosis is not known. 

Adenomyosis has been suggested to be an ovarian steroid hormone-dependent 

disorder. High concentrations of estrogen without appropriate protection from 

progesterone have been linked to endometrial cancer, endometrial hyperplasia and 

adenomyosis (Schindler, 2009). Interestingly, the β-catenin signaling was activated 

in endometrial cancer and induced by high levels of estrogen (Amant et al., 2005; 

Schindler, 2009).    

 

β-catenin (Ctnnb1) is associated with E-cadherin, a transmembrane protein 

involved in cell-cell adhesion. Also, β-catenin is a component of the WNT 

signaling, which plays an important role in cell proliferation, differentiation during 

embryonic development. In the absence of WNT ligand in normal cells, β-catenin 

is phosphorylated by a complex including GSK3β, APC, axin, and CK1 (Fig. 2). In 

common cancers, these molecules are alterated or disrupted and β-catenin is 

activated.   

 

In addition to its role in cancers, WNT/β-catenin signaling plays an 

important role in proliferation and differentiation during normal uterine physiology. 

Also, WNT/β-catenin signaling has been known as important pathways in disease 

(Clevers, 2006). Mutations in exon 3 of β-catenin leads the protein stabilization, 

cytoplasmic and nuclear accumulation, and participation in signal transcriptional 

activation through DNA binding (Palacios and Gamallo, 1998). Increased β-catenin 

level is cause of mutations in CTNNB1 or APC, and brings the activation of the 

WNT/β-catenin pathway. Current data suggests that estrogen induces the 
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proliferation depends on WNT signaling beacause it was shown to increase WNT 

pathway molecules in the endometrium of estrogen-effected women.  

  

  In this study, we used the conditionally stabilized β-catenin mouse model in 

the uterus and human adenomyosis samples to investigate the association of 

WNT/β-catenin in the etiology and pathology of adenomyosis. 



 

 

 

 
 

 

51 



 

 

 

 
 

 

52 

Figure 2. Overview of WNT/β-catenin signaling. In the absence of WNT, 

cytoplasmic β-catenin forms a complex with Axin, APC, GSK3β, and CK1, and is 

phosphorylated by CK1 and GSK3β. Phosphorylated β-catenin is degraded. In the 

presence of WNT signal, a receptor complex forms between Fzd and LRP5/6. This 

process disrupts a complex with Axin, APC, GSK3β, and CK1-mediated 

phosphorylation/degradation of β-catenin, allowing β-catenin to accumulate in the 

nucleus where it serves as a coactivator for TCF to activate WNT target genes such 

as Cyclin D1. 
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2. Materials and methods 

 

1) Generation of the mice with uterine specific β-catenin conditionally 

stabilized  

 

  To investigate the function of the β-catenin activation, the phosphorylation 

sites in exon 3 were flanked by loxP in β-catenin (Ctnnb1f(Ex3)) (Harada et al, 1999) 

because exon 3 of β-catenin is the site of phosphorylation and the mutations of the 

β-catenin exon 3 prevent its degradation and have been shown in several tumors 

(Fukuchi et al., 1998; Garcia rostan et al. 1999, Samowitz et al 1999). The 

Ctnnb1f(Ex3)/+ mice were crossed with the PRcre mouse to generate uterine specific 

stabilization of β-catenin (PRcre/+ Ctnnb1f(Ex3)/+) in PR-expressing cells (Soyal et al. 

2005) (Fig. 3).  

    

2) H&E staning 

 

  For Hematoxylin and Eosin (H&E) Staining, mice uterus was fixed 

overnight in 4% paraformaldehyde, followed by thorough washing in 70% ethanol. 

The tissues were processed, and embedded in paraffin. The six μm sections were 

cut and stained with hematoxylin and eosin by standard protocols.       

 

3) Hormone treatments 

 

  The steroid hormone response was assessed in adult mice by 

ovariectomizing the mice at six weeks of age. Two weeks later, ovariectomized 

mice were treated with either vehicle (sesame oil), estrogen (E2) (0.1 μg/mouse), 
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progesterone (P4) (1mg/mouse in 100 μl) or E2 plus P4 and mice were sacrificed 

three month after the treatment by cervical dislocation while under anesthetic 

(Avertin; 2,2-tribromoethyl alcohol; Sigma-Aldrich). At the time of dissection, 

uterine tissues were fixed with 4 % paraformaldehyde (vol/vol) and paraffin 

embedded. 

 

4) Immunohistochemistry 

 

  Uterine sections from paraffin-embedded tissue were cut at six μm and 

mounted on silane-coated slides, deparafinized and rehydrated in a graded alcohol 

series. Sections were preincubated with 10 % normal rabbit serum or 10 % normal 

goat serum in PBS (pH 7.5) and then incubated with WIF-1 (1:500; Santa Cruz 

Biotechnology Inc., Santa Cruz, CA, USA), WNT4 (1:500; Santa Cruz 

Biotechnology Inc.), GSK3β (1:500; Cell Signaling, Rockford, IL, USA), APC 

(1:500; Abcam, Cambridge, MA, USA), Cyclin D1 (1:500; Neomarkers, Fremont, 

CA, USA), α-smooth muscle actin (α-SMA) (1:500; Abcam), and phospho-histone 

H3 (Ser10) (1:500; Millipore, Billerica, MA, USA) antibodies in 10% normal 

serum in PBS (pH 7.5) overnight at 4 °C. On the following day, sections were 

washed in PBS and incubated with biotinylated secondary antibody (Vector 

Laboratories) for one hour at room temperature. Immunoreactivity was detected 

using DAB (Vector Laboratories). Immunohistochemical staining with anti-β-

catenin (1:500; BD bioscience, San Jose, CA, USA) was carried out using the 

Vector Mouse on Mouse (MOM) kit (Vector Laboratories) following the 

manufacturer’s instructions, to minimize cross reactivity between the mouse 

secondary antibody and mouse tissues. Briefly, sections were blocked overnight 

with MOM IgG blocking solution in PBS, washed twice for five minutes with PBS, 
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incubated with MOM solution in PBS for 30 min, incubated with anti-β-catenin 

antibody overnight at 4 °C. On the following day, sections washed in PBS, 

incubated with secondary biotinylated anti-mouse (Vector Laboratories, 

Burlingame) for one hour at room temperature then washed, detected using the 

Vectastain Elite ABC system (Vector Laboratories). The sections were 

counterstained with hematoxylin, dehydrated, and mounted. Immunostained 

sections were examined by light microscopy and the intensity of β-catenin, WIF-1, 

WNT4, GSK3β, APC, and Cyclin D1 expressions scored according to the intensity 

of staining on a scale of zero (no staining) to five (strong staining). 

 

4) Immunofluorescence  

 

  For observing the adenomyosis phenotype in the mutant (PRcre/+ Ctnnb1f(ex3)/+) 

mice, E-cadherin (1:1000; BD bioscience), Ki67 (1:500, BD bioscience) and α-

smooth muscle actin (α-SMA) (1:500; Abcam) were incubated PBST overnight at 

4 °C. On the following day, sections were washed in PBST and incubated with 

Alexafluor conjugated secondary antibodies (Sigma-Aldrich) for two hours at room 

temperature. Slides were counterstained by Vectashield mounting media with DAPI 

(Vector Laboratories). Images were captured with a confocal microscope or 

fluorescent microscope and processed using the image programs inherent in the 

microscope system. 
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Figure 3. The breeding scheme for obtaining the uterine specific β-catenin 

stabilized mice. PRcre mice and Ctnnb1f(Ex3)/+ mice are crossed to generate uterine 

specific stabilization of β-catenin (PRcre/+ Ctnnb1f(Ex3)/+) in PR-expressing cells.  
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3. Results 

 

1) Activation of β-catenin signaling in human adenomyosis 

 

  To determine if β-catenin signaling is dysregulated in adenomyosis, the 

expression of β-catenin was examined in endometrium from patients with and 

without adenomyosis by immunohistochemistry (Fig. 4, Table 3 and Table 4). The 

protein level of nuclear β-catenin was significantly higher in epithelial cells of 

eutopic endometrium (n=6) and adenomyosis region (n=8) compared to control 

endometrium without adenomyosis (n=13) in proliferative phase samples. In 

secretory phase samples, the level of nuclear β-catenin was also significantly 

higher in epithelial nucleus of eutopic endometrium compared with control 

endometrium. Higher level of nuclear β-catenin was observed in adenomyosis 

regions of secretory phase even though there is no significant difference (Fig. 5A). 

The expression of cytoplasmic β-catenin was not observed in control endometrium 

(n=13), but the level of cytoplasmic β-catenin in eutopic (n=6) and adenomyosis 

regions (n=8) was significantly higher compared with control endometrium in 

proliferative phase. In the epithelial cells of eutopic (n=7) and adenomyosis region 

(n=11) of secretory phase, the cytoplasmic β-catenin intensity was also 

significantly higher than control endometrium (n=11) (Fig. 5B). However, the 

expression of nuclear and cytoplasmic β-catenin was not different between 

proliferative and secretory endometrium in controls and adenomyosis. In addition, 

the level of membranous β-catenin expression was not different depending on 

menstrual cycles and adenomyosis disease (Fig. 5C). To better understand the 

integration of β-catenin in adenomyosis, we examined full thickness endometrium 

of patients with and without adenomyosis (Fig. 6). Weak expression of 
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membranous β-catenin was observed at full thickness endometrium of control 

patients. However, myometrium of control did not have any β-catenin staining (Fig. 

6A). The expression of β-catenin was gradually increased at endometrium of the 

basal layer and adenomyosis regions of myometrium compared with the zona 

functionalis layer in adenomyosis (Fig. 6B).  

 

To identify if WNT/β-catenin signaling molecules are dysregulated in 

adenomyosis, we also examined the expression profiles of WNT inhibitory factor-1 

(WIF-1), WNT4, GSK3β, adenomatous polyposis coli (APC), and Cyclin D1 in 

normal endometrium (n=9) and eutopic (n=11) and adenomyosis region (n=13) of 

adenomyosis. Althogh there is no difference in WIF-1, and WNT4 expression 

between control endometrium and adenomyosis (Fig. 7), we observed lower level 

of GSK3β in eutopic and adenomiotic region of adenomyosis compare to control 

endometrium (Fig. 8A). GSK3β inactivation results in upregulation of β-catenin 

expression (Jope and Johnson, 2004). APC plays a central role in regulating the β-

catenin level in the WNT/β-catenin signaling(Rubinfeld et al., 1993) and there is 

report that APC gene is mutated in endometrial cancer in women(Schlosshauer et 

al., 2000). However, APC levels were not much different between adenomyosis 

and normal group (Fig. 8B). Cyclin D1 is an important cell cycle regulator that is 

considered to be a downstream target of β-catenin (Tetsu and McCormick, 1999). 

Immunohistochemical staining in some adenomyosis (six among 11 eutopic region 

and six among 13 adenomyosis region) revealed strong nuclear staining of Cyclin 

D1 (Fig. 9). Although WNT/β-catenin signaling molecules such as WIF-1, WNT4, 

GSK3β, APC and Cyclin D1 do not have significantly difference between control 

and adenomyosis endometrium, the level of β-catenin expression were significantly 

increased in the nucleus and cytoplasm of adenomyosis endometrium. This result 



 

 

 

 
 

 

59 

suggests that the activation of β-catenin may play an important role in pathogenesis 

of adenomyosis.
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Figure 4. Activation of β-catenin in endometrial tissue from women with 

adenomyosis. Photomicrographs represent immunostaining for β-catenin in human 

endometrium with (b and c) and without adenomyosis (a). β-catenin was confined 

to cell cytoplasm and intensity of β-catenin expression was not difference between 

proliferative and secretory phases (A and B). Nuclear accumulation of β-catenin 

was prominent in eutopic endometrium and adenomyosis region (b and c). Scale 

bar = 50 μm. 
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Table 3. The β-catenin expression intensity in control endometrium 

Sample Stage Age Cycle Membrane Nucleus Cytoplasm 
LB 11/19/04A Normal - Proliferative  0 0 0 

1-4-1 D23N Normal - Proliferative  0 0 0 

IHH 2/2/06 Normal - Proliferative  1 0 0 

JF 2/14/06 d13 Normal - Proliferative  1 0 0 

1-1-1 D7N Normal - Proliferative  1 0 0 

1-5-1 D9N Normal - Proliferative  1 0 0 

1-6-1 D10N Normal - Proliferative  1 0 0 

D813 Normal - Proliferative  2 0 0 

D814 Normal - Proliferative  2 0 0 

CD 112904A Normal - Proliferative  2 0 0 

1-8-1 D9 Normal - Proliferative  2 0 0 

1-7-1 D10N Normal - Proliferative  3 0 0 

S06-13460F Normal - Proliferative  3 0 0 

AVE 1.46 0.00 0.00 

SE 0.27 0.00 0.00 

LF 5/2/06 Normal - Secretory 0 0 0 

VT 111004C Normal - Secretory 0 0 0 

LF 5/2/06 d24 Normal - Secretory 0 0 0 

IMH 110104C Normal - Secretory 0 0 0 

cv 2/16/06 d21 Normal - Secretory 1 0 0 

YSC 120604 Normal - Secretory 3 0 0 

N1 Normal - Secretory 3 0 0 

N3 Normal - Secretory 3 0 0 

N5  Normal - Secretory 3 0 0 

S08-1076B Normal - Secretory 3 0 1 

J-D24 Normal - Secretory 2 3 0 

AVE 1.60 0.00 0.10 

SE 0.48 0.00 0.10 
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Table 4. The β-catenin expression intensity in eutopic region and adenomyotic region 

Sample Stage Age Cycle 
Eutopic region Adenomyotic region 

Membrane Nucleus Cytoplasm Membrane Nucleus Cytoplasm 
SP08-10697 Adenomyosis - Proliferative  1 3 2 2 2 1 
S08-17037B Adenomyosis - Proliferative  1 3 3 1 3 3 
S08-15085B Adenomyosis 45 Proliferative  2 3 0 1 0 0 
2445 Adenomyosis 46 Proliferative  2 4 2 3 1 2 
7335 Adenomyosis 48 Proliferative  0 5 2 3 0 2 
8285 Adenomyosis 47 Proliferative  3 5 3 4 1 3 
SP08-10063 Adenomyosis - Proliferative  No Endometrium 2 1 0 
2965 Adenomyosis 35 Proliferative  No Endometrium 4 0 3 

AVE 1.50 3.83 2.00 2.50 1.00 1.75 
SE 0.43 0.40 0.45 0.42 0.38 0.45 

SP08-9494 Adenomyosis - Secretory 0 0 1 3 2 0 
12215 Adenomyosis 33 Secretory 2 0 2 3 0 2 
SP08-11402 Adenomyosis - Secretory 3 1 0 3 1 0 
SP08-10050-1c Adenomyosis 45 Secretory 3 2 1 0 0 1 
SP08-11304 Adenomyosis - Secretory 2 3 0 2 3 3 
14905 Adenomyosis 39 Secretory 2 3 4 5 0 2 
11360 Adenomyosis 42 Secretory 1 5 2 4 0 3 
SP08-9904 Adenomyosis - Secretory No Endometrium 3 1 0 
6010 Adenomyosis 44 Secretory No Endometrium 3 3 2 
8022 Adenomyosis 39 Secretory No Endometrium 2 0 2 
16200 Adenomyosis 38 Secretory No Endometrium 3 0 1 

AVE 1.86 2.00 1.43 2.82 0.91 1.45 
SE 0.40 0.69 0.53 0.38 0.37 0.34 
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Figure 5. The intensity of β-catenin expression in endometrial tissue with and 

without adenomyosis. (A) Nuclear β-catenin was scored by measuring expression 

intensity of endometrial epithelial cells from control women (n=24), eutopic 

endometrium (n=13) and adenomyosis region (n=19). (B) Cytoplasmic β-catenin 

was scored by measuring expression intensity of endometrial epithelial cells from 

control women (n=24), eutopic endometrium (n=13) and adenomyosis region 

(n=19). (C) Membranous β-catenin was scored by measuring expression intensity 

of endometrial epithelial cells from control women (n=24), eutopic endometrium 

(n=13) and adenomyosis region (n=19). In membrane of epithelial cells, the 

intensity of β-catenin expression was not changed between controls, eutopic and 

adenomyosis regions at different menstrual phases. ***, p< 0.001; **, p< 0.01; *, 

p< 0.05, one-way analysis of variance (ANOVA) followed by Tukey’s post hoc 

multiple range test.
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Figure 6. The expression of β-catenin was observed in full-thickness endometrium 

without (A) and with adenomyosis (B). Nuclear accumulation of β-catenin is 

observed in epithelial cells of endometrium and myometrium with adenomsyosis. 

The expression of β-catenin was gradually increased at endometrium of the basal 

layer and adenomyosis regions of myometrium (B). 
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Figure 7. The intensity of WIF-1 and WNT4 expressions in endometrial tissue with 

and without adenomyosis. (A) WIF-1 expression was not difference in human 

endometrium with (b and c) and without adenomyosis. (B) WNT4 expression was 

not also different in human endometrium with (b and c) and without adenomyosis. 

Scale bar = 100 μm. 
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Figure 8. The intensity of GSK3β and APC expressions in endometrial tissue with 

and without adenomyosis. (A) The intensity of GSK3β was not 

statistically significant difference in human endometrium with (b and c) and 

without adenomyosis, but was decreased in human endometrium with adenomyosis. 

(B) APC was not different in human endometrium with (b and c) and without 

adenomyosis. Scale bar = 100 μm.
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Figure 9. The intensity of Cyclin D1 expression in endometrial tissue with and 

without adenomyosis. The intensity of Cyclin D1 is induced in adenomyosis 

although the result shows no statistically significant increases. Scale bar = 100 μm. 
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2) Myometrial defects in the mice with uterine specific stabilization of   

β-catenin 

 

  To determine if abnormal activation of β-catenin in the murine uterus 

develops adenomyosis, Ctnnb1f(ex3)/+ mice were crossed with PRcre mice in PR-

expressing cells (PRcre/+ Ctnnbf(ex3)/+) (Jeong et al., 2009). Our previous data from 

showed that mutant mice (PRcre/+ Ctnnbf(ex3)/+) resulted in infertility, hormone 

insensitivity, and endometrial glandular hyperplasia (Jeong et al., 2009). In addition 

to endometrial hyperplasia, we observed an increase of β-catenin levels and nuclear 

localization in the myometrium and epithelium in the uterus of mutant mice 

compared to control mice (PRcre/+ Ctnnbf(ex3)/+) (Fig. 10). In the uterus of the mutant 

(PRcre/+ Ctnnbf(ex3)/+) mice, we observed an increase of β-catenin levels and nuclear 

localization in the myometrium and epithelium compared to control mice (PRcre/+ 

and Ctnnbf(ex3)/+) (Fig. 10). Histological assessment of uteri from two month old 

mutant mice revealed severe defects in the myometrium. To investigate these 

defects in more detail, smooth muscle actin (α-SMA) immunohistochemistry was 

employed to specifically mark the myometrium. Control mice showed regular 

concentric layers of smooth muscle cells (Fig. 11Aa and Fig. 12A). However, 

mutant mice exhibited an abnormal, irregular structure which exhibits an 

interwoven pattern and scattering of α-SMA positive cells in the myometrium (Fig. 

11Ab and Fig. 12D). The thickness of myometrium area is significantly increased 

in mutant mice (189.85 ± 62.09 μm, n=11) compared with control mice (93.88 ± 

34.6 μm, n=10) (Fig. 11Ac). In order to determine the extent of cell proliferation in 

the myometrium of mutant mice, we performed immunohistochemical staining for 

phospho-Histon H3, a mitotic marker, in control and mutant mice at two months of 

age. Immunohistochemical staining of phospho-Histone H3 demonstrated that 
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proliferation was significantly increased in the myometrium of mutant mice (4.43 ± 

0.63 %, n=8) compared to control mice (0.25 ± 0.17 %, n=10) (Fig. 11Bc). We also 

observed the colocalization of myometrium and proliferative cells by using α-SMA 

and Ki67 as proliferative marker in control and mutant mice (Fig. 12). There are 

not positive-Ki67 cells in the myometrium region of control mice. However, we 

examined the positive-Ki67 cells in the myomterium of mutant mice, and these 

proliferative cells were not coexpressed with myometrial cells. These results 

suggest that activation of β-catenin in the uterus exhibited abnormal irregular 

structure and increased cell proliferation at the myometrium. The origin of 

proliferative cells is not from myometrium. 
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Figure 10. Analysis of conditionally dominant stabilized β-catenin in the murine 

uterus. Six week old control mice and mutant mice were sacrificed. 

Immunohistochemical analysis for β-catenin demonstrated cytoplasmic β-catenin 

was observed in control mice (A and C), but nuclear accumulation of β-catenin in 

the epithelium and myometrium of mutant mice uterus (B and D). C and D are high 

magnification pictures (Scale bar = 40 μm) of the boxed areas in A and B (Scale 

bar = 100 μm).
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Figure 11. Abnormal irregular structure and highly active proliferation in 

myometrium of uteri of mutant mice. (A) Immunohistochemical localization for 

smooth muscle actin (α-SMA), a smooth muscle cell marker, was examined in 

uterus of control (a) and mutant (b). The myometrial area of mutant mice was 

significantly increased (c) and revealed abnormal irregular structure. (B) Phospho-

histone H3 was used for identification of proliferationin control (a) and mutant 

mice (b). Proliferative ability was increased in myometrium of mutant mice 

compared with control mice (c). Arrowheads indicate positive-phospho-histone H3 

cells. Dashed lines indicate inner circular layer of myometrium. ***, p< 0.001, 

one-way analysis of variance (ANOVA) followed by Tukey’s post hoc multiple 

range test. Scale bar = 50 μm. 
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Figure 12. Irregular structure and highly active proliferation in myometrium of 

uteri of mutant mice. α-smooth muscle actin (α-SMA; red) was used as a smooth 

muscle cell marker and Ki67 (green) was used as a proliferative cell marker. The 

myometrial area of mutant mice were increased and revealed abnormal irregular 

structure. The proliferative cells were not co-expressed with positive α-SMA cells 

in the myometrium of mutant mice. Scale bar = 50 μm. 
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3) Development of adenomyosis in the mice with uterine specific 

stabilization of β-catenin 

 

  In addition to the abnormal myometrial structure, mutant mice subsequently 

showed glands and stromal cells in the myometrium which is adenomyosis (Fig. 

13). To identify the progression of adenomyosis in mutant mice, we sacrificed 

control mice and mutant mice at two, four and six months of age (n=20 per age per 

genotype), and investigate histology by using H&E staining. Histological analysis 

showed control mice had defined endometrium and regular myomterium but 

mutant mice exhibited abnormal endometrium, myomterium and adenomyosis 

development. In four month-old mutant mice, the incident of adenomyosis was 40% 

and endometrial glandular hyperplasia was observed in all mutant mice. At six 

months of age, 80% of mutant mice had abnormal glandular hyperplasia and 

adenomyosis in myomtrium. This histology of mutant mice having endometrial 

glandular hyperplasia and adenomyosis is very similar to human adenomyosis. 

Whereas human uterus of adenomyosis including hyperplasia of the smooth uterine 

musculature is 2-3 times the normal size (Devlieger et al., 2003), there were no 

significant difference between uterus/body weight ratio of control and mutant 

(PRcre/+Ctnnb1f(ex3)/+) mice at 4 month (3.95 ± 0.83 % vs. 3.15 ± 0.23 %) and 6 

month (5.14 ± 0.87 % vs. 3.47 ± 0.28 %) of age although the length of mutant uteri 

was smaller compared to control mice. In histological results, the well-constructed 

endometrium and myometrium were seen in control mice but, enlarged glands and 

thickened myometrium were found in mutant mice. Another feature of mutant mice 

was adenomysis development in loose myometrium. In immunofluorescence 

analysis, we demonstrated the expression of E-cadherin as epithelial cells marker 

and smooth muscle actin (α-SMA) (Fig. 14). In these results, the epithelial cells 
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were located in myometrium region of mutant mice. These results suggest that β-

catenin signaling plays an important role as a regulator of the endometrial growth 

homeostasis, and abnormal activation of β-catenin in the uterus results in 

adenomyosis development.
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Figure 13. Development of adenomyosis in the mice with uterine specific 

stabilization of β-catenin. (A) Incidence of adenomyosis development was scored 

in control mice and mutant mice. Control and mutant mice at two, four and six 

months of age were sacrificed. (B) Uterine weight was determined for control and 

mutant mice at 4 and 6 month of age. The uterine weight was not different between 

control and mutant mice. (C and D) Gross anatomy and histology of control and 

mutant mice uteri at four (C) and six (D) months of age. Uterine length of mutant 

mice was smaller than control mice but same thickness compared to control mice. 

In histology analysis, adenomyosis phenotype was observed in mutant mice. (a and 

d) Scale bar = 1 cm. (b and e) Scale bar = 200 μm. (c and f) Scale bar = 50 μm.
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Figure 14. Abnormal structures in endometrium and myometrium of uteri of mutant 

mice. At four month of age, control mice and mutant mice were sacrificed. 

Immunofluorescence analysis for E-cadherin (green) and α-SMA (red) 

demonstrated E-cadherin expression was observed in myometrium of mutant mice 

(B and D). The image of control mice is A and C. B and D show the E-cadherin and 

α-SMA of mutant mice. C and D are high magnification pictures (Scale bar = 30 

μm) of the boxed areas in A and B (Scale bar = 100 μm). 
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4. Discussion 

  

  Adenomyosis is one of gynecological disorder. Adenomyosis symptoms 

include menorrhagia, dyspareunia, dyschezia, dysmenorrhea and chronic pelvic 

pain. The prevalence of adenomyosis is 10 % to 66 % in women (Vercellini et al., 

2006). Although the prevalence of adenomyosis is very frequent, the precise 

etiology and pathophysiology are still unknown. Moreover, there is no good 

treatment to date except hysterectomy. Hysterectomy for adenomyosis treatment 

results in costly health care and may not be an option for those women wishing to 

maintain future fertility.  

 

  In the previous study, we identified that activation of β-catenin plays a 

critical role in the uterine function and the development of endometrial hyperplasia 

and cancer (Jeong et al., 2009). These results suggest that the tight regulation of β-

catenin is important in physiological uterine function. In this study, we identified 

that activation of WNT/β-catenin signal related molecules plays an important role 

in the pathogenesis of adenomyosis. In absence of WNT signal, a complex 

including GSK3β, Axin, adenomatous polyposis coli (APC) leads to degrade β-

catenin. However, in the presence of WNT signal, GSK3β is inactivated and the 

cytoplasmic β-catenin is accumulated. As β-catenin is increased in the cytoplasm, 

β-catenin translocates into the nucleus and it binds with TCF/LEF and activates 

WNT target genes such as Cyclin D1 (Molenaar et al., 1996; van de Wetering et al., 

2002; Daniels and Weis, 2005). The uterine specific β-catenin activation promoted 

abnormal irregular structure in the myometrium and proliferation was significantly 

increased in the myometrium of mutant mice compared to control mice (Fig. 11 and 

Fig. 12). The mice with conditional uterine activation of β-catenin developed 
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adenomyosis and provide a novel model system to investigate the genetic and 

molecular events involved in the transition from normal to adenomyosis. 

Constitutive activation of β-catenin in the uterine mesenchyme (Amhr2cre/+ 

Ctnnbf(ex3)/+) also shows myometrial hyperplasia, develop mesenchymal tumors and 

causes occasional adenomyosis (Tanwar et al., 2009). WNT/β-catenin signaling 

molecules are important and should be tightly regulated for uterine function 

(Arango et al., 2005; Li et al., 2005a; Mohamed et al., 2005; Rider et al., 2006; 

Jeong et al., 2009). Therefore, our results suggest that aberrant β-catenin activation 

is important to etiology of adenomyosis. 
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CHAPTER 4 

Epithealial and mesenchymal transition is 

associated with adenomyosis development 
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1. Introduction 

 

  Dysregulation of WNT/β-catenin signaling leads to aberrant activation of the 

target genes, associated to epithelial-mesenchymal transition (EMT) (Schmalhofer 

et al., 2009). During the process of EMT, the characterization of epithelial cells is 

lost and the cells gain migratory and invasive properties to become mesenchymal 

cells (Polyak and Weinberg, 2009). EMT is a crucial for several developmental 

processes including mesoderm formation and neural tube formation. EMT has also 

been known as the necessary course for wound healing, and the initiation of 

metastasis for cancer progression. Metastasis undergoes a multistep process 

including dissociation of tumor cells from the epithelial layer, penetration through 

the basement membrane into the adjacent connective tissue, intravasation, survival 

in the bloodstream, and growth of metastatic cells in the distant organ with 

stimulation of neoangiogenesis.  

 

  β-catenin is associated in EMT regulation by two mechanisms. First, β-

catenin regulates transcriptional factors such as ZEB2, SNAI1, SNAI2, Twist1, 

Twist2, and E12/E47 (Polyak and Weinberg, 2009), which repress E-cadherin. 

Another function of β-catenin is an element of adherens junctions with E-cadherin. 

Nonetheless, these phenomena are poorly known in reproductive biology. Specially, 

the etiology of adenomyosis is not well known. In the adenomyosis development, 

we hypothesis this EMT phenomena is involved in the process of adenomsyosis. 

Therefore, we tried to investigate the molecular mechanisms whereby activation of 

β-catenin induces EMT and contributes to the development of adenomyosis in 

human adenomyosis and uterine specific β-catenin activated mice.  
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2. Materials and methods 

 

1) Immunohistochemistry 

 

  Uterine sections from paraffin-embedded tissue were cut at six μm and 

mounted on silane-coated slides, deparafinized and rehydrated in a graded alcohol 

series. Sections were preincubated with 10 % normal goat serum in PBS (pH 7.5) 

and then incubated with COUP-TFII (1:1000; Perseus Proteomics, Tokyo, Japan), 

and Snail (1:500; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) antibodies 

in 10% normal serum in PBS (pH 7.5) overnight at 4 °C. On the following day, 

sections were washed in PBS and incubated with biotinylated secondary antibody 

(Vector Laboratories, Burlingame, CA, USA) for one hour at room temperature. 

Immunoreactivity was detected using DAB (Vector Laboratories). 

Immunohistochemical staining with anti-E-cadherin (1:1000; BD bioscience, San 

Jose, CA, USA) was carried out using the Vector Mouse on Mouse (MOM) kit 

(Vector Laboratories) following the manufacturer’s instructions, to minimize cross 

reactivity between the mouse secondary antibody and mouse tissues. Briefly, 

sections were blocked overnight with MOM IgG blocking solution in PBS, washed 

twice for five minutes with PBS, incubated with MOM solution in PBS for 30 min, 

incubated with anti-E-cadherin antibodies overnight at 4 °C. On the following day, 

sections washed in PBS, incubated with secondary biotinylated anti-mouse (Vector 

Laboratories) for one hour at room temperature then washed, detected using the 

Vectastain Elite ABC system (Vector Laboratories). The sections were 

counterstained with hematoxylin, dehydrated, and mounted. Immunostained 

sections were examined by light microscopy.  
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2) Immunofluorescence  

 

  Uterine sections from paraffin-embedded tissue were cut at six μm and 

mounted on silane-coated slides, deparafinized and rehydrated in a graded alcohol 

series. For maximal sensitivity of ZEB1 (1:2000), Vimentin (1:500; Invitrogen, 

Carlsbad, CA, USA), COUP-TFII (1:1000; Perseus Proteomics), or CD10 (1:500; 

Novocastra, Burlingame, CA, USA) we used tyramide signal amplification (TSA) 

immunofluorescence (TSA kit; PerkinElmer, Waltham, MA, USA) following the 

manufacturer’s protocol. Sections were preincubated with 1% blocking solution 

from the TSA kit in PBS and 0.01% Triton X-100 (PBST), and then incubated with 

anti-ZEB1, anti-COUP-TFII and anti-CD10 antibodies in PBST overnight at 4 °C. 

On the following day, sections were washed in PBST and incubated with 

biotinylated secondary antibody (Vector Laboratories) for one hour at room 

temperature. Immunoreactivity was detected using the Vectastain Elite ABC system. 

After five -minute TSA reaction, slides were washed in PBST and then incubated 

E-cadherin (1:1000; BD bioscience), Keratin 18 (1:500; Proteintech, Chicago, IL, 

USA), CD3 (Santa Cruz Biotechnology Inc), CD4 (Santa Cruz Biotechnology Inc.) 

or CD11b-FITC (Abcam, Cambridge, MA, USA) overnight at 4°C. On the third 

day, sections were washed in PBST and incubated with Alexafluor conjugated 

secondary antibodies (Sigma-Aldrich, St. Louis, MO, USA) for two hours at room 

temperature. Slides were counterstained by Vectashield mounting media with DAPI 

(Vector Laboratories). Images were captured with a confocal microscope (Carl 

Zeiss, Inc., Thornwood, NY, USA) or fluorescent microscope (Nikon Instruments 

Inc., Melville, NY, USA) and processed using the image programs inherent in the 

microscope system (Carl Zeiss Meditec, Inc.).  
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3) Cell culture  

 

  Human endometrial epithelial cells (HEC-1A) were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM; Gibco BRL, Gaithersburg, MD, USA) 

supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco BRL), 100 U/ml 

penicillin (Gibco BRL), and 0.1 mg/ml streptomycin (Gibco BRL) at 37°C under 5% 

CO2. Michigan Cancer Foundation-7 (MCF-7) cells were cultured in opti-MEM 

media (Gibco BRL) containing 10% fetal bovine serum (FBS; Gibco BRL), 1% 

Na-pyruvate (Gibco BRL), and 1% antibioitic-antimycotic (Gibco BRL).  

 

4) Transfection  

 

  The plasmid constructor of exon 3-deleted β-catenin was kindly provided by 

Dr. John Lydon at Baylor College of Medicine, Houston, TX. β-catenin expression 

vectors were generated by PCR and cloned into the pcDNA3.1-V5 (Invitrogen 

Corp.) plasmid vectors. Overexpressing β-catenin were prepared by transfecting 

HEC-1A and MCF-7 cells cells with plasmid vectors containing exon 3-deleted β-

catenin using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to 

manufacturer’s protocol. After twenty-four hours post-transfection, the cells were 

harvested or used for doing immunofluorescence. 

 

5) Immunofluorescence after transfection 

 

  Transfected cells were washed with PBS and were fixed in 4% PFA (vol/vol) 

for 30 minutes. Following three washes with PBS, the preparations were incubated 

at 37°C with anti-β-catenin (1:1000; BD bioscience) and ZEB1 (1:500; Santa Cruz 
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Biotechnology Inc.) with PBST in incubator for 2 hours. The cells were then 

washed in PBST another three times for 10 minutes each and incubated for 2 hours 

with Alexa fluor conjugated secondary antibodies (Sigma-Aldrich) diluted with 

PBST. After cells washed with PBST, the preparations were counterstained by 

Vectashield mounting media with DAPI (Vector Laboratories). Images were 

captured with a confocal microscope (Carl Zeiss, Inc.) and processed using the 

image programs inherent in the microscope system (Carl Zeiss Meditec, Inc.). 

 

6) Western blot 

 

  Transfected cells were washed with cold PBS, scraped off, and harvested. 

Cells were then incubated for 20 min in lysis buffer containing 0.5% triton X-100, 

20mM HEPES (pH7.4), 150mM NaCl, 2mM DTT, and 1mM PMSF. The lysates 

were centrifuged at 20 000 xg for 10 min at 4°C. The protein concentrations of 

clarified lysates were determined with the Bradford assay, with BSA as a reference. 

Samples containing 20 µg proteins were applied to SDS-PAGE. The separated 

proteins were transferred onto a polyvinylidene difluoride membrane (Millipore 

Corp., Bedford, MA). Membranes were blocked overnight with 0.5% casein 

(wt/vol) in PBS with 0.1% Tween 20 (vol/vol) (Sigma–Aldrich) and probed with 

anti-β-catenin (1:1000; BD bioscience), E-cadherin (1:3000; BD bioscience), ZEB1 

(1:1000; Santa Cruz Biotechnology Inc.), and COUP-TFII (1:1000; Perseus 

Proteomics) antibodies. Immunoreactivity was visualized by incubation with 

peroxidase-labeled goat anti-mouse IgG, anti-rabbit IgG or anti-goat IgG and 

treatment with ECL reagents (Amersham, Piscataway, NJ, USA) followed by 

exposure to X-ray film. To control for loading, the membrane was stripped and 

probed with anti-actin (Santa Cruz Biotechnology Inc.) and developed again. 
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Image J software was used for quantification of western blot results. 
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3. Results 

 

1) Epithelial to mesenchymal transition in adenomyosis development  

 

  In order to determine if the adenomyosis regions have endometrial epithelial 

cells in the mutant mice, we performed immunohistochemistry for E-cadherin, an 

epithelial cell marker (Kurihara et al., 2007; Lee et al., 2010). As shown in Figure 

15, we detected E-cadherin positive epithelial cells in the adenomyosis regions of 

mutant mice but not the myometrium of control mice at six months. Interestingly, 

the expression of E-cadherin was lower in epithelial cells of eutopic (Fig. 15Ad) 

and adenomyosis regions (Fig. 15Ae) of mutant mice compared to control mice 

(Fig 15Aa and c). Repression of E-cadherin is one of the hallmarks of epithelial 

mesenchymal transition (EMT) (Polyak and Weinberg, 2009). EMT is a process by 

which epithelial cells lose their cell-cell adhesion and polarity, and they acquire 

mesenchymal and migratory properties. EMT plays an important role in 

embryogenesis, fibrosis, and tumor metastasis (Acloque et al., 2009). EMT is 

initiated by a number of transcription factors, including Snail, Slug, Twist, ZEB1, 

and SIP1, via the repression of E-cadherin expression (Thiery, 2002). Due to the 

invasive behavior and cytoskeletal rearrangement of endometrial epithelial cells 

during ectopic implantation, we reasoned that EMT might be involved in 

adenomyosis development observed in mutant mice. We performed 

immunohistochemistry to distinguish the expression of Snail between control and 

mutant mice (Fig. 15B). In our results, Snail-positive cells were not detected in 

control uteri (Fig 15Ba and c), but we observed Snail expression in the epithelial 

cells of mutant uteri but not stromal cells (Fig 15Bb, d and e).  
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  Using immunofluorescence analysis, we demonstrated the expression of 

ZEB1 and E-cadherin in control and mutant mice. Interestingly, although the 

number of ZEB1-positive epithelial cells was sparse, the expression of ZEB1, 

which is a transcriptional repressor of E-cadherin, was observed in some epithelial 

cells of the uterus in mutant mice (Fig. 16E and G). The loss of E-cadherin 

expression was observed in ZEB1-positive epithelial cells (Figure 16E and F). In 

control mice, positive ZEB1 expression was limited in the majority of stromal and 

myometrium (Fig. 16A and C). These results indicated that EMT is related to the 

adenomyosis.
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Figure 15. The expressions of E-cadherin and Snail in the uterus of control and 

mutant mice. (A) Immunohistochemical analysis of E-cadherin demonstrated 

suppression of E-cadherin expression at epithelial cells in mutant mice (b, d and e) 

compared with control mice (a and c) at four months. (B) Immunohistochemical 

analysis of Snail demonstrated induction of Snail at epithelial cells in mutant mice 

(b, d and e) but not in control mice (a and c) at four months. (a and b) Scale bar = 

200 μm. (c, d, and e) Scale bar = 50 μm.
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Figure 16. The expression of ZEB1 in uterus of control mice and mutant mice. Immunofluorescence analysis of E-cadherin (red; B and F) and 

ZEB1 (green; C and G) was performed in control mice (A-D) and mutant (E-H) mice. The expression of ZEB1 was observed in epithelial cells 

of the uterus in mutant mice but not control mice. Merged images (A and E) and DAPI images (D and F). Arrowheads indicate positive-ZEB1 

cells. Scale bar = 50 μm. 
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3) The expression of mesenchymal cell markers in adenomyosis 

development  

 

  Vimentin is an intermediate filament protein and is ubiquitously found in a 

variety of mesenchymal cells. Several reports have investigated that Vimentin is 

overexpressed in various epithelial cancers, including prostate cancer, breast cancer, 

malignant melanoma, and lung cancer (Upton et al., 1986; Gilles et al., 2003; Zhao 

et al., 2008). In our data, Vimentin was limited in stromal cells of control mice, but 

Vimentin expression was observed and upregulated in some epithelial cells of 

mutant mice (Fig.17). Moreover, Cytokeratin 18 expression was decreased in the 

Vimentin-positive epithelial cells of mutant mice (Fig.17). 

 

  Chicken ovalbumin upstream promoter transcription factor II (COUP-TFII) 

is highly expressed in the mesenchymal cells and plays critical roles during mouse 

development (Lee et al., 2010). In the female uterus, COUP-TFII is expressed in 

uterine stromal cells and the myometrium but not epithelial cells (Kurihara et al., 

2007). The expression of COUP-TFII was observed in 29.50 ± 2.24 % eutopic 

epithelial cells and 13.36 ± 4.95 % adenomyotic epithelial cells of mutant mice 

(n=7) (Fig. 18B and C) while its expression was limited in endometrial stromal 

cells and the myometirum of control mice (0.50 ± 0.26 %, n=9) (Fig. 18A). These 

results suggest that abnormal activation of β-catenin contributes to adenomyosis 

development through induction of mesenchymal markers in epithelial cells.
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Figure 17. The expression of Vimentin in uterus of control mice and mutant mice. Immunofluorescence analysis of Cytoketratin 18 (red; B and 

F) and Vimentin (green; C and G) was performed in control mice (A-D) and mutant (E-H) mice. The expression of Vimentin was observed in 

epithelial cells of the uterus in mutant mice but not control mice. White dotted lines indicate positive-Vimentin cells in epithelial cells. Scale bar 

= 50 μm. 



 

 

 

 
 

 

101 

 



 

 

 

 
 

 

102 

Figure 18. The expression of COUP-TFII in uterus of control and mutant mice. 

Immunofluorescence analysis of COUP-TFII (green) and Cytokeratin 18 (red) was 

performed in uterus of control (A and D) and mutant (B, C, E, and F) mice. COUP-

TFII was observed in epithelial cells of mutant mice (B, C, E, and F) while its 

expression was limited in endometrial stromal cells and the myometrium of control 

mice (A and D). D, E, and F are high magnification pictures (Scale bar = 30 μm) of 

the boxed areas in A, B, and C (Scale bar = 30 μm). Arrowheads indicate positive-

COUP-TFII cells. G showed COUP-TFII-positive cells were significantly 

increased in mutant mice. *, p< 0.05; ***, p < 0.001, one-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc multiple range test. 
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4) Epithelial to mesenchymal transition in human adenomyosis 

 

  To elucidate the impact of EMT in human adenomyosis, 

immunohistochemistry for E-cadherin, COUP-TFII and CD10 was performed with 

control endometrium (proliferative phase, n=13; secretory phase, n=11) and eutopic 

endometrium (proliferative phase, n=6; secretory phase, n=7) and adenomyosis 

region (proliferative phase, n=8; secretory phase, n=11) from patients with 

adenomyosis. As shown in the mutant mice (Fig. 15A), eutopic endometrium and 

adenomyosis region from patients with adenomyosis showed decreased E-cadherin 

level in epithelial cells compared to control endometrium (Fig. 19A). To evaluate 

the expression of CD10 in human endometrium with or without adenomyosis, we 

performed immunofluorescense analysis for CD10. The expression of CD10 was 

observed in some epithelial cells of eutopic endometrium and adenomyosis region, 

while its expression was limited in endometrial stromal cells in control 

endometrium (Fig. 19B). To confirm CD10-positive cells are not present in 

infiltrating lymphocytes rather than epithelial cells, we examined the expression of 

CD3, CD4 and CD11b in CD10 positive cells. CD3 is expressed on T helper and T 

cytotoxic lymphocytes (Chuang et al., 2001; Jedryka et al., 2012) and CD4 is 

expressed on T helper lymphocytes (Nelson, 2008; Yamagami et al., 2011). CD10 

positive cells were neither CD3 nor CD4 positive cells in human endometrium with 

adenomyosis (Fig. 20 and Fig. 21). CD11b found on monocytes, macrophages, 

granulocytes, some B cells, dendritic cells, and natural killer cells (Khanh do et al., 

2011). CD10 positive cells were also CD11b negative cells (Fig. 22). Lymph node 

was used as positive control of CD3, CD4 and CD11b immunostaining. These 

results confirmed that CD10-positive cells are epithelial cells but not infiltrating 

lymphocytes. We also performed immunohistochemistry analysis for COUP-TFII. 
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The expression of COUP-TFII was observed in some epithelial cells of eutopic and 

adenomyotic region (Fig. 23).  

 

  Moreover, several reports have associated to the loss of E-cadherin 

expression, and the increased nuclear β-catenin expression in tumorigenesis 

(Fukuchi et al., 1998; Clevers, 2006). To gain insight into the participation of 

activated β-catenin in EMT, we overexpressed β-catenin with transfection of exon 

3-deleted β-catenin vector into MCF-7 cells using Lipofectamine 2000, and 

observed the expression of β-catenin and ZEB1. Deletion of exon 3 of the β-

catenin resulted in nuclear β-catenin, and ZEB1 induction (Fig. 24). We also 

examined β-catenin, E-cadherin, ZEB1, and COUP-TFII by western blot in 

HEC1A cells after β-catenin activation. E-cadherin expression was downregulated 

in β-catenin overexpressed cells with deletion of β-catenin exon 3. By contrast, the 

expression of the mesenchymal maker ZEB1 and COUP-TFII increased (Fig. 25). 

These results suggest that EMT may occur within adenomyosis development in 

human. 
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Figure 19. Repression of E-cadherin and induction of CD10 expression in epithelial 

cells of human adenomyosis. (A) Immunohistochemical analysis of E-cadherin 

showed suppression of E-cadherin expression in epithelial cells of eutopic 

endometrium (b) and adenomyosis region (c) compared to normal endometrium (a). 

Scale bar = 25μm. (B) The expression of CD10 was detected in some epithelial 

cells of eutopic endometrium (b and e) and adenomyosis region (c and f) but not 

control endometrium (a and d). d, e, and f are high magnification pictures (Scale 

bar = 25 μm) of the boxed areas in a, b, and c (Scale bar = 200 μm).
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Figure 20. The expressions of CD10 and CD3 in human endometrium with and 

without adenomyosis. Immunofluorescence analysis of CD10 (B, F and J; green) 

and CD3 (C, G and K; red) was performed with control endometrium (A, B, C and 

D), eutopic endometrium of adenomyosis (E, F, G and H) and baboon lymph node 

(I, J, K, and L). Merged images (A, E and I) and DAPI images (D, H, and L). 

Arrowheads indicate positive-CD10 cells. Scale bar = 50 μm. 
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Figure 21. The expressions of CD10 and CD4 in human endometrium with and 

without adenomyosis. Immunofluorescence analysis of CD10 (B, F and J; red) and 

CD4 (C, G and K; green) was performed with control endometrium (A, B, C and 

D), eutopic endometrium of adenomyosis (E, F, G and H) and baboon lymph node 

(I, J, K, and L). Merged images (A, E and I) and DAPI images (D, H, and L). 

Arrowheads indicate positive-CD10 cells. Scale bar = 50 μm.
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Figure 22. The expressions of CD10 and CD11b in human endometrium with and 

without adenomyosis. Immunofluorescence analysis of CD10 (B, F and J; red) and 

CD11b (C, G and K; green) was performed with control endometrium (A, B, C and 

D), eutopic endometrium of adenomyosis (E, F, G and H) and baboon lymph node 

(I, J, K, and L). Merged images (A, E and I) and DAPI images (D, H, and L). 

Arrowheads indicate positive-CD10 cells. Scale bar = 50 μm. 
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Figure 23. The expression of COUP-TFII in in human endometrium with and 

without adenomyosis. COUP-TFII is detected in stromal cells in the control 

endometrium. (A and D) In epithelial cells of eutopic endometrium and 

adenomyosis region, COUP-TFII is detected in some epithelial cells (B, C, E and 

F). Arrowheads indicate positive-COUP-TFII epithelial cells. D, E, and F (Scale 

bar = 25 μm) are high magnification pictures of the boxed areas in A, B, and C 

(Scale bar = 200 μm). 
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Figure 24. Immunofluorescense analysis of β-catenin and ZEB1 in MCF-7 cells 

after transfection of β-catenin expression vector. Control and β-catenin expression 

vector were transfected MCF-7 cells and the expression of β-catenin (A and D; 

green) and ZEB1 (B and E; red) were examined. When β-catenin was observed in 

nucleus of MCF-7 cells, the expression of ZEB1 was detected in epithelial cells. 

Scale bar = 20 μm.
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Figure 25. The expressions of E-cadherin, ZEB1, and Actin in HEC-1A epithelial 

cells after transfection of control or β-catenin expression vector. After β-catenin 

activation, E-cadherin is repressed and the expression of ZEB1 is increased. Actin 

was used as a loading control. (B) E-cadherin and ZEB1 quantification of western 

blot results is band densitometry/load control. The data shown are the means and 

error bars indicate SE. 
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4. Discussion 

 

  WNT/β-catenin signaling plays a critical role in the uterine function and the 

development of endometrial hyperplasia and cancer. Recently, it has been proposed 

that adenomyosis is an ovarian steroid hormone-dependent disorder, resulting from 

high estrogen levels unopposed by progesterone. Chen et al. have suggested 

estrogen-induced epithelial-mesenchymal transition of endometrial epithelial cells 

contributes to the development of adenomyosis (Chen et al., 2010). Changes of 

EMT markers including E-cadherin and Vimentin were linked to estrogen levels. In 

previous chapter, we identified that aberrant activation of β-catenin is an etiology 

of adenomyosis. EMT of the tumor cells has been shown with a nuclear 

accumulation of the transcriptional activator β-catenin. Activated β-catenin is one 

of EMT inducer in tumoriogenesis. Furthermore, increased level of β-catenin 

induces a loss of epithelial cell differentiation (Mariadason et al., 2001; Naishiro et 

al., 2001). E-cadherin is downregulated in the uterine epithelial cells of women and 

baboon with endometriosis compared with endometriosis-free controls (Zeitvogel 

et al., 2001; Braundmeier and Fazleabas, 2009). The most central marker of EMT 

is E-cadherin repression. The loss of E-cadherin is required for detachment, 

invasion, and metastasis which are associated with activated β-catenin signaling.  

 

  In this study, we observed E-cadherin, EMT markers (Snail and ZEB1) and 

mesenchymal markers (Vimentin and COUP-TFII) expression to identify the EMT 

process is involved in adenomyosis development. E-cadherin expression was 

repressed in the uterus of mutant mice and human adenomyosis (Fig. 15, and Fig. 

19). The mark of EMT initiation is the induction of numerous transcription factors, 

Snail, Slug, Twist, ZEB1, and SIP1, and the repression of E-cadherin expression 
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(Thiery, 2002). Snail and ZEB1 expression has been related to tumor cell migration, 

invasion, and metastasis. We examined exciting patterns of Snail and ZEB1-

positive cells and E-cadherin repression in some epithelial cells of the uterus in 

mutant mice (Fig. 15 and Fig. 16). Our results showed that loss of E-cadherin and 

aberrant expression of Snail and ZEB1 are related with EMT and induce the 

metastatic potential. Vimentin is also involved in an EMT and observed in 

epithelial cells involved in epithelial cell relocation (Gilles et al., 2003). In the 

expressions of Vimentin and Keratin 18 in mutant mice, Vimentin is aberrantly 

expressed and Keratin 18 is repressed in some epithelial cells of mutant mice (Fig. 

17).  We also found COUP-TFII-positive epithelial cells in mutant mice and 

human adenomyosis (Fig. 18 and Fig. 23) Therefore, our results clearly support an 

EMT process are involved in endometrial hyperplasia and adenomyosis 

development (Fig. 26). 
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Figure 26. Schematic diagram indicating the EMT mechanism during the 

development of adenomyosis. In the mutant mice, loss of E-cadherin and aberrant 

expression of Snail and ZEB1 are observed. Moreover, mesenchymal markers such 

as Vimentin and COUP-TFII are expressed in some epithelial cell and induce the 

metastatic potential.
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CHAPTER 5. 

Hormone dysregulation is associated with the 

development of adenomyosis 
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1. Introduction 

 

Adenomyosis is one of gynecological disorders, and characterized by the 

presence of endometrial glands and stroma cells within the myometrium. Most 

patients are premenopausal women between the age of 40 and 50. There are also 

reports that tamoxifen treated breast cancer patients have adenomyosis in 

postmenopause. Based on these cases, numorous scientists have suggested steroid 

hormone is associated with adenomyosis development, but the precise etiology is 

unclear and unexplained.  

 

Female steroid hormones control proliferation and differentiation of 

uterus (Tsai and O'Malley, 1994). This ovarian steroid hormone-dependent 

disorder strongly has been suggested for the etiology of endometrial cancer. In 

the patients of endometrial cancer, endometrial hyperplasia and adenomyosis, 

high levels of estrogen without proper protection from progesterone have been 

reported (Schindler, 2009). To investigate the mechanism of adenomyosis 

adenomyosis, a lot of rodent models and primates have been used. Particulary, 

the experiments of the implantation of an anterior pituitary gland into the 

uterine lumen or hormonal alterations have been applied to induce the 

adenomyosis in mouse model. In this chapter, to address the role of ovarian 

steroid hormones of adenomyosis development in different condition of β-

catenin expression, we used control (PRcre/+ and Ctnnbf(ex3)/+) and mutant mice 

(PRcre/+ Ctnnbf(ex3)/+) and treated the steroid hormones after ovariectomized the 

mice. 
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2. Material and method 

 

1) Hormone treatments 

 

  The steroid hormone response was assessed in adult mice by 

ovariectomizing the mice at six weeks of age. Two weeks later, ovariectomized 

mice were treated with either vehicle (sesame oil), estrogen (E2) (0.1 μg/mouse), 

progesterone (P4) (1mg/mouse in 100 μl) or E2 plus P4 and mice were sacrificed 

three month after the treatment by cervical dislocation while under anesthetic 

(Avertin; 2,2-tribromoethyl alcohol; Sigma-Aldrich). At the time of dissection, 

uterine tissues were fixed with 4 % paraformaldehyde (vol/vol) and paraffin 

embedded. 

 

2) H&E staning 

 

  For Hematoxylin and Eosin (H&E) Staining, mice uterus was fixed 

overnight in 4% paraformaldehyde, followed by thorough washing in 70% ethanol. 

The tissues were processed, and embedded in paraffin. The six μm sections were 

cut and stained with hematoxylin and eosin by standard protocols. 
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3. Results 

 

Ovarian steroid hormone dependency of adenomyosis development  

 

  It has been suggested that adenomyosis is an estrogen-dependent disorder in 

females in which estrogen causes growth and progression of adenomyosis (Zhou et 

al., 2012). We examined the role of ovarian steroid hormones in the development of 

the adenomyosis phenotype in the mutant mice. Mutant and control mice were 

ovariectomized and treated with vehicle, estrogen (E2), estrogen plus progesterone 

(E2+P4) or P4 for 3 months and sacrificed at 6 months old of age. Ovariectomized 

mutant mice did not develop adenomyosis as observed in intact mutant mice (Fig. 

27A). This demonstrates that the adenomyosis phenotype of mutant mice is 

dependent on ovarian hormone stimulation. Although the control mice showed 

endometrial hyperplasia as expected from chronic E2 treatment, they did not show 

adenomyosis phenotype. All of the mutant mice treated with E2 developed 

adenomyosis (Fig. 27B). This result supports that adenomyosis is an estrogen-

dependent disease. Ovariectomized mutant mice treated with E2+P4 for 3 months 

developed adenomyosis as intact mutant mice (Fig. 27C). However, 

ovariectomized mutant mice treated with P4 for 3 months did not develop 

adenomyosis (Fig. 27D). Therefore, these results demonstrate that β-catenin 

activation and estrogen is important to etiology of adenomyosis.
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Figure 27. Ovarian steroid hormone dependent development of adenomyosis in 

mutant mice. (A) Uteri of 6 month old ovariectomized control and mutant mice 

treat with vehicle. Histological analysis showed that mutant mice did not develop 

adenomyosis phenotype. (B) Formation of adenomyosis in ovariectomized mutant 

mice treated with E2. Adenomyosis induced in the uteri of ovariectomized mutant 

mice treated with E2 for 3 months. Histological analysis showed that mutant mice 

develop adenomyosis phenotype. (C) Uteri of 6 month old ovariectomized control 

and mutant mice treated with E2+P4 for 3 months. Histological analysis showing 

adenomyosis in the ovariectomized mutant mice treated with E2+P4 for 3 months. 

(D) Uteri of 6 month old ovariectomized control and mutant mice treat with P4. 

Histological analysis showed that mutant mice did not develop adenomyosis 

phenotype. 
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4. Discussion 

   

Adenomyosis is charactedrized by the location of endometrial glands and 

stroma within the myometrium. Control myometrium without adenomyosis is 

consisted with uniform concentric layers around the endometrium, but the 

myometrium with adenomyosis comprised irregular smooth muscle layers. There 

are several hypotheses for the etiology of adenomyosis. One theory is that any 

damage may increase endometrial tissue and the uterine line becomes relocated. 

Second theory is that high levels of estrogen induce abnormal growth of the 

endometrium. Also there are the other theories, the barrier between the 

endometrium and myomterium is broken, and allows the endometrium to invade 

into the myometrium of the uterus. In spite of all theories, the pathogenesis of 

adenomyosis remains unknown. 

 

  To treat endometriosis or adenomyosis, clinics have used agonize or 

antagonize ER because they considered a potentially effective therapy. Moreover, 

high level of estrogen lacking the protection of progesterone have been suggested 

to endometrial cancer, endometrial hyperplasia and adenomyosis (Schindler, 2009). 

Previous studies have demonstrated that raloxifene, oral selective estrogen receptor 

modulator (SERM), results in the suppression of estrogen-induced endometrial cell 

migration (Chen et al., 2010). This finding suggests that raloxifene may be an 

effective therapy for endometrial disorders caused by oestrogen-induced cell 

adhesion alterations. Chen YJ et al. (2012) also confirmed estrogen induced 

epithelial-mesenchymal transition of endometrial epithelial cells and contributes to 

the development of adenomyosis (Chen et al., 2010). 
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  In our results of hormone assay, the adenomyosis phenotype of mutant mice 

is dependent on ovarian hormone stimulation. All of the mutant mice treated with 

E2 or E2+P4 developed adenomyosis (Fig. 27B and C) although ovariectomized 

mutant treated with veh or P4 for 3 months did not develop adenomyosis (Fig. 27A 

and D). Therefore, our results suggest that aberrant β-catenin activation and 

estrogen is important to etiology of adenomyosis. 
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CHAPTER 6. 

General discussion and future plan 
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  Adenomyosis is a common benign gynecological disorder in women 

worldwide. Common symptoms include menorrhagia, dyspareunia, dyschezia, 

dysmenorrhea, and chronic pelvic pain. The majority of symptomatic women who 

are nonresponsive to pharmacological therapy require surgical intervention 

(Vercellini et al., 2006). With the aid of transvaginal ultrasonography and MRI this 

disease is now frequently diagnosed in infertility patients and can interfere with 

implantation, and cause subfertility and miscarriage (de Souza et al., 1995; Campo 

et al., 2012; Louis et al., 2012). Given the prevalence of adenomyosis and 

associated symptoms, there is, unfortunately, no good evidence-based treatment to 

date, except hysterectomy. Hysterectomy for adenomyosis treatment results in 

costly healthcare needs and may not be an option for women wishing to maintain 

future fertility. The precise etiology and pathophysiology of adenomyosis is still 

unknown. Our results suggest that activation of β-catenin plays an important role in 

the pathogenesis of adenomyosis. 

 

  To provide further insight into the development of adenomyosis, many 

different species including mice, rats, rabbits, dogs, cats and non-human primates 

have been studied (Greaves and White, 2006). To address the mechanism of disease 

development, several studies in the mouse model or hormonal treatment have 

demonstrated the ability to induce symptoms of adenomyosis (Guttner, 1980; Mori 

and Nagasawa, 1983; Ostrander et al., 1985; Parrott et al., 2001). However, the 

development of more accurate animal models is still required to understand the 

specific molecular mechanisms of the disease.  

 

In order to investigate the pathophysiological role of β-catenin activation in 

adenomyosis, we used engineered mice in which β-catenin was stabilized in the 
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reproductive tract using previously generated mice harboring modified β-catenin 

alleles, in addition to the PRcre mouse (Harada et al., 1999; Soyal et al., 2005; Jeong 

et al., 2009). In a previous study, we have shown that activation of β-catenin plays 

a potentially critical role in the regulation of uterine function as well as the 

development of endometrial hyperplasia and cancer in a steroid hormone-

dependent manner (Jeong et al., 2009). In addition to those phenotypes, the 

uteruses of mutant mice exhibited abnormal irregular structures in the myometrium, 

and proliferation was significantly increased (Fig. 11 and Fig. 12). We have 

obtained robust evidence that mice with conditional uterine activation of β-catenin 

go on to develop adenomyosis and have created a novel model system to further 

investigate the genetic and molecular events involved in the transition from normal 

conditions to adenomyosis. Constitutive activation of β-catenin in the uterine 

mesenchyme (Amhr2cre/+ Ctnnbf(ex3)/+) can also induce myometrial hyperplasia, as 

well as cause the development of mesenchymal tumors and occasional 

adenomyosis (Tanwar et al., 2009). WNT/β-catenin signaling molecules are critical 

in these processes and should be tightly regulated during normal uterine function 

(Arango et al., 2005; Li et al., 2005a; Mohamed et al., 2005; Rider et al., 2006; 

Jeong et al., 2009). These findings suggest that tight regulation of β-catenin in 

uterine mesenchymal cells and epithelial cells is important in physiological uterine 

function and that the dysregulation of β-catenin can lead to several pathological 

conditions including endometrial hyperplasia, uterine tumors and adenomyosis. 

 

   β-catenin interacts with E-cadherin in cell-cell adherens junctions. Tumor 

cell EMT is associated with nuclear accumulation of the transcriptional activator β-

catenin. β-catenin has been shown to induce EMT during gastrulation in sea 

urchins (Logan et al., 1999) and also in human cell culture systems (Eger et al., 
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2000; Morali et al., 2001). Moreover, increased activity of β-catenin directly leads 

to a loss of epithelial cell differentiation (Mariadason et al., 2001; Naishiro et al., 

2001). E-cadherin is reduced in the uterine epithelial cells of women and baboons 

with endometriosis, compared to endometriosis-free controls (Zeitvogel et al., 2001; 

Braundmeier and Fazleabas, 2009). The most important hallmarker of EMT is the 

loss of E-cadherin. Its loss is a requirement for detachment, invasion, distribution 

and metastasis, which are directly linked with activated β-catenin signaling. We 

observed that E-cadherin expression was decreased in the uterus of mutant mice as 

well as in human adenomyotic tissue (Fig. 15A, and Fig. 19). EMT is initiated by a 

number of transcription factors, including Snail, Twist, ZEB1, and SIP1, via the 

repression of E-cadherin expression (Thiery, 2002). ZEB1 expression has also been 

associated with tumor cell migration, invasion, and metastasis. Nicole S. et al 

(2006), identified ZEB1 as being overexpressed in tumor-associated stroma of low-

grade uterine cancers, but it has also been observed as aberrantly expressed in the 

tumor epithelial cells of aggressive endometrial cancers (Spoelstra et al., 2006). We 

observed interesting expression patterns for Snail and ZEB1-positive cells and E-

cadherin repression in some epithelial cells of the uterus in our mutant mice (Fig. 

15B and Fig. 16). Our results suggest that the loss of E-cadherin and aberrant 

expression of Snail and ZEB1 are associated with EMT and promote metastatic 

potential. Vimentin is also associated with EMT and is expressed in epithelial cells 

undergoing migration (Gilles et al., 2003). We observed the expression patterns of 

vimentin and repression of keratin 18 in epithelial cells of mutant mice (Fig. 17).  

 

  COUP-TFII positive cells are observed in some epithelial regions of the 

uterus of mutant mice and human adenomyosis patients (Fig. 18 and Fig. 23). 

COUP-TFII is strongly expressed in stromal regions and plays critical roles in 
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normal development and tumor formation (Lee et al., 2010; Qin et al., 2010). 

COUP-TFII induces the extracellular matrix-degrading proteinases matrix 

metalloproteinase 2 (MMP2) and urokinase-type plasminogen activator (uPA), both 

of which are known to play critical roles in angiogenesis and metastasis (Navab et 

al., 2004). CD10 is also a prominent factor during tumor invasion. CD10 is a cell-

surface zinc-dependent metalloproteinase, and its expression has been detected 

within the invasive areas of various cancers such as prostate, breast, colorectal, and 

skin carcinomas (Albrecht et al., 2002; Ogawa et al., 2002; Kesse-Adu and 

Shousha, 2004; Takahara et al., 2009). In our study, CD10 was found to be 

expressed in the epithelial cells of human adenomyotic tissue, while the control 

epithelial cells were negative for expression (Fig. 19B). Therefore, our findings 

clearly support the hypothesis that EMT is involved in endometrial hyperplasia and 

the development of adenomyosis. 

 

  Currently, two theories are generally understood for the development of 

adenomyosis. One is endomyometrial invagination of the endometrium and the 

other is the de-novo development of adenomyosis from Müllerian rests (Ferenczy, 

1998). It has been proposed that adenomyosis is an ovarian steroid hormone-

dependent disorder, resulting from high estrogen levels that are unopposed by the 

influences of progesterone. It positively correlates with endometrial hyperplasia, 

endometrial cancer and endometriosis, which are conditions also associated with 

unopposed estrogen levels (Parazzini et al., 1997; Bergholt et al., 2001).  Chen et 

al. have suggested that estrogen-induced epithelial-mesenchymal transition of 

endometrial epithelial cells contributes to the development of adenomyosis (Chen 

et al., 2010). Changes in EMT marker expression including E-cadherin and 

vimentin were linked to estrogen expression. In order to verify the effect of steroid 
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hormone regulation om the development of adenomyosis, we observed the 

histology after ovariectomy. Mutant mice treated with E2 and E2+P4 were found to 

still develop adenomyosis. However, mutant mice treated with vehicle or P4 

showed abnormal luminal epithelial structures but did not develop true 

adenomyosis. These results suggest that β-catenin is a critical factor associated 

with unopposed estrogen that contributes to the development of adenomyosis (Fig. 

27). 

 

  In conclusion, our results have demonstrated a role for β-catenin activation 

in the development of adenomyosis using a PRcre/+ Ctnnbf(ex3)/+ mouse model and 

analysis of tissue from human adenomyosis patients. We observed that β-catenin 

activation caused induction of Snail, ZEB1 expression and repression of E-

cadherin expression, as well as mesenchymal cell marker expression in epithelial 

cells during adenomyosis development.  

 

To date, no effective medical therapies for adenomyosis exist. Some reports 

have identified a lack of progesterone receptors in the endometrium of patients 

with adenomyosis. This deficiency is hypothesized to cause a lack of 

responsiveness during subsequent hormonal therapy for adenomyosis. Nevertheless, 

for women who desire to maintain fertility, hormonal therapy remains the preferred 

option. The objective of such therapy is not to cure adenomyosis, but to attempt to 

control the symptoms. Therefore, a major problem is the return of symptoms after 

discontinuation of therapy, and this issue is exacerbated by the fact that these 

medications can be used for short periods.  

 

In the studies presented in this thesis, we have identified mechanisms 
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involved and the pathophysiological role of β-catenin signaling in the development 

of adenomyosis. The results suggest that dysregulation of β-catenin signaling is 

associated with EMT and is critical for the development of adenomyosis. In 

addition to defining an association between β-catenin signaling and the 

development of adenomyosis, we demonstrated the important effects of hormones 

on adenomyosis development through the activation of β-catenin. These findings 

provide greater insights for the development of new therapeutic approaches for 

adenomyosis. Moreover, we propose that our uterine-specific β-catenin activated 

mice (PRcre/+ Ctnnb1f(ex3)/+) can be used for biomarker development in further 

adenomyosis research.  

 

For future studies, we intend to further investigate the molecular 

mechanisms responsible for the development of adenomyosis using assays for 

hormone regulation. A team led by Virginia et al. (2006) have already identified the 

alteration of WNT/β-catenin signaling in accordance with steroid hormone 

response, and that progesterone downregulates GSK3-β expression leading to the 

accumulation of β-catenin in the stromal cytoplasm (Rider et al., 2006). Our 

proposed studies will also help to clarify the mechanisms involved in steroid 

hormone regulation during the development of adenomyosis.  



 

 

 

 
 

 

136 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

 

137 

Aberle H, Bauer A, Stappert J, Kispert A, Kemler R. 1997. beta-catenin is a target 

for the ubiquitin-proteasome pathway. The EMBO journal 16:3797-3804. 

Acloque H, Adams MS, Fishwick K, Bronner-Fraser M, Nieto MA. 2009. 

Epithelial-mesenchymal transitions: the importance of changing cell state in 

development and disease. J Clin Invest 119:1438-1449. 

Albrecht M, Gillen S, Wilhelm B, Doroszewicz J, Aumuller G. 2002. Expression, 

localization and activity of neutral endopeptidase in cultured cells of benign 

prostatic hyperplasia and prostate cancer. J Urol 168:336-342. 

Amant F, Moerman P, Neven P, Timmerman D, Van Limbergen E, Vergote I. 2005. 

Endometrial cancer. Lancet 366:491-505. 

Arango NA, Szotek PP, Manganaro TF, Oliva E, Donahoe PK, Teixeira J. 2005. 

Conditional deletion of beta-catenin in the mesenchyme of the developing mouse 

uterus results in a switch to adipogenesis in the myometrium. Developmental 

biology 288:276-283. 

Arce L, Yokoyama NN, Waterman ML. 2006. Diversity of LEF/TCF action in 

development and disease. Oncogene 25:7492-7504. 

Argos P, Landy A, Abremski K, Egan JB, Haggard-Ljungquist E, Hoess RH, Kahn 

ML, Kalionis B, Narayana SV, Pierson LS, 3rd, et al. 1986. The integrase family of 

site-specific recombinases: regional similarities and global diversity. EMBO J 

5:433-440. 

Arumugam TV, Chan SL, Jo DG, Yilmaz G, Tang SC, Cheng A, Gleichmann M, 

Okun E, Dixit VD, Chigurupati S, Mughal MR, Ouyang X, Miele L, Magnus T, 

Poosala S, Granger DN, Mattson MP. 2006. Gamma secretase-mediated Notch 

signaling worsens brain damage and functional outcome in ischemic stroke. Nature 

medicine 12:621-623. 



 

 

 

 
 

 

138 

Basak S, Saha A. 2009. Adenomyosis: still largely under-diagnosed. J Obstet 

Gynaecol 29:533-535. 

Behrens J, Jerchow BA, Wurtele M, Grimm J, Asbrand C, Wirtz R, Kuhl M, 

Wedlich D, Birchmeier W. 1998. Functional interaction of an axin homolog, 

conductin, with beta-catenin, APC, and GSK3beta. Science 280:596-599. 

Bergholt T, Eriksen L, Berendt N, Jacobsen M, Hertz JB. 2001. Prevalence and risk 

factors of adenomyosis at hysterectomy. Hum Reprod 16:2418-2421. 

Binnerts ME, Kim KA, Bright JM, Patel SM, Tran K, Zhou M, Leung JM, Liu Y, 

Lomas WE, 3rd, Dixon M, Hazell SA, Wagle M, Nie WS, Tomasevic N, Williams J, 

Zhan X, Levy MD, Funk WD, Abo A. 2007. R-Spondin1 regulates WNT signaling 

by inhibiting internalization of LRP6. Proceedings of the National Academy of 

Sciences of the United States of America 104:14700-14705. 

Blobe GC, Schiemann WP, Lodish HF. 2000. Role of transforming growth factor 

beta in human disease. The New England journal of medicine 342:1350-1358. 

Bolos V, Grego-Bessa J, de la Pompa JL. 2007. Notch signaling in development 

and cancer. Endocrine reviews 28:339-363. 

Bovolenta P, Esteve P, Ruiz JM, Cisneros E, Lopez-Rios J. 2008. Beyond WNT 

inhibition: new functions of secreted Frizzled-related proteins in development and 

disease. Journal of cell science 121:737-746. 

Braundmeier AG, Fazleabas AT. 2009. The non-human primate model of 

endometriosis: research and implications for fecundity. Mol Hum Reprod 15:577-

586. 

Brosens I, Pijnenborg R, Benagiano G. 2012. Defective myometrial spiral artery 

remodelling as a cause of major obstetrical syndromes in endometriosis and 



 

 

 

 
 

 

139 

adenomyosis. Placenta. 

Brosens JJ, Hodgetts A, Feroze-Zaidi F, Sherwin JR, Fusi L, Salker MS, Higham J, 

Rose GL, Kajihara T, Young SL, Lessey BA, Henriet P, Langford PR, Fazleabas AT. 

2010. Proteomic analysis of endometrium from fertile and infertile patients 

suggests a role for apolipoprotein A-I in embryo implantation failure and 

endometriosis. Mol Hum Reprod 16:273-285. 

Bryja V, Andersson ER, Schambony A, Esner M, Bryjova L, Biris KK, Hall AC, 

Kraft B, Cajanek L, Yamaguchi TP, Buckingham M, Arenas E. 2009. The 

extracellular domain of Lrp5/6 inhibits noncanonical WNT signaling in vivo. 

Molecular biology of the cell 20:924-936. 

Campo S, Campo V, Benagiano G. 2012. Response: Adenomyosis and infertility. 

Reprod Biomed Online. 

Capecchi MR. 1989. Altering the genome by homologous recombination. Science 

244:1288-1292. 

Carroll TJ, Park JS, Hayashi S, Majumdar A, McMahon AP. 2005. WNT9b plays a 

central role in the regulation of mesenchymal to epithelial transitions underlying 

organogenesis of the mammalian urogenital system. Developmental cell 9:283-292. 

Chen YJ, Li HY, Huang CH, Twu NF, Yen MS, Wang PH, Chou TY, Liu YN, Chao 

KC, Yang MH. 2010. Oestrogen-induced epithelial-mesenchymal transition of 

endometrial epithelial cells contributes to the development of adenomyosis. J 

Pathol 222:261-270. 

Cho EA, Dressler GR. 1998. TCF-4 binds beta-catenin and is expressed in distinct 

regions of the embryonic brain and limbs. Mech Dev 77:9-18. 

Chuang SS, Lin CN, Li CY, Wu CH. 2001. Uterine leiomyoma with massive 



 

 

 

 
 

 

140 

lymphocytic infiltration simulating malignant lymphoma. A case report with 

immunohistochemical study showing that the infiltrating lymphocytes are cytotoxic 

T cells. Pathol Res Pract 197:135-138. 

Clevers H. 2006. WNT/beta-catenin signaling in development and disease. Cell 

127:469-480. 

Cloke B, Huhtinen K, Fusi L, Kajihara T, Yliheikkila M, Ho KK, Teklenburg G, 

Lavery S, Jones MC, Trew G, Kim JJ, Lam EW, Cartwright JE, Poutanen M, 

Brosens JJ. 2008. The androgen and progesterone receptors regulate distinct gene 

networks and cellular functions in decidualizing endometrium. Endocrinology 

149:4462-4474. 

Come C, Magnino F, Bibeau F, De Santa Barbara P, Becker KF, Theillet C, 

Savagner P. 2006. Snail and slug play distinct roles during breast carcinoma 

progression. Clin Cancer Res 12:5395-5402. 

Conacci-Sorrell M, Simcha I, Ben-Yedidia T, Blechman J, Savagner P, Ben-Ze'ev A. 

2003. Autoregulation of E-cadherin expression by cadherin-cadherin interactions: 

the roles of beta-catenin signaling, Slug, and MAPK. J Cell Biol 163:847-857. 

Contreras CM, Akbay EA, Gallardo TD, Haynie JM, Sharma S, Tagao O, Bardeesy 

N, Takahashi M, Settleman J, Wong KK, Castrillon DH. 2010. Lkb1 inactivation is 

sufficient to drive endometrial cancers that are aggressive yet highly responsive to 

mTOR inhibitor monotherapy. Dis Model Mech 3:181-193. 

Curry CL, Reed LL, Nickoloff BJ, Miele L, Foreman KE. 2006. Notch-

independent regulation of Hes-1 expression by c-Jun N-terminal kinase signaling in 

human endothelial cells. Laboratory investigation; a journal of technical methods 

and pathology 86:842-852. 

D'Inzeo S, Nicolussi A, Donini CF, Zani M, Mancini P, Nardi F, Coppa A. 2012. A 



 

 

 

 
 

 

141 

novel human Smad4 mutation is involved in papillary thyroid carcinoma 

progression. Endocrine-related cancer 19:39-55. 

D'Onofrio F, Miele L, Diaco M, Santoro L, De Socio G, Montalto M, Grieco A, 

Gasbarrini G, Manna R. 2006. Sjogren's syndrome in a celiac patient: searching for 

environmental triggers. International journal of immunopathology and 

pharmacology 19:445-448. 

Daniels DL, Weis WI. 2005. Beta-catenin directly displaces Groucho/TLE 

repressors from Tcf/Lef in WNT-mediated transcription activation. Nat Struct Mol 

Biol 12:364-371. 

de Souza NM, Brosens JJ, Schwieso JE, Paraschos T, Winston RM. 1995. The 

potential value of magnetic resonance imaging in infertility. Clin Radiol 50:75-79. 

Deng C, Thomas KR, Capecchi MR. 1993. Location of crossovers during gene 

targeting with insertion and replacement vectors. Mol Cell Biol 13:2134-2140. 

Deng CX, Xu X. 2004. Generation and analysis of Brca1 conditional knockout 

mice. Methods Mol Biol 280:185-200. 

Deutscher E, Hung-Chang Yao H. 2007. Essential roles of mesenchyme-derived 

beta-catenin in mouse Mullerian duct morphogenesis. Developmental biology 

307:227-236. 

Devlieger R, D'Hooghe T, Timmerman D. 2003. Uterine adenomyosis in the 

infertility clinic. Hum Reprod Update 9:139-147. 

Dey SK, Lim H, Das SK, Reese J, Paria BC, Daikoku T, Wang H. 2004. Molecular 

cues to implantation. Endocrine reviews 25:341-373. 

Di Cristofano A, Ellenson LH. 2007. Endometrial Carcinoma. Annu Rev Pathol 



 

 

 

 
 

 

142 

2:57-85. 

Eger A, Stockinger A, Schaffhauser B, Beug H, Foisner R. 2000. Epithelial 

mesenchymal transition by c-Fos estrogen receptor activation involves nuclear 

translocation of beta-catenin and upregulation of beta-catenin/lymphoid enhancer 

binding factor-1 transcriptional activity. J Cell Biol 148:173-188. 

Evans J, Catalano RD, Brown P, Sherwin R, Critchley HO, Fazleabas AT, Jabbour 

HN. 2009. Prokineticin 1 mediates fetal-maternal dialogue regulating endometrial 

leukemia inhibitory factor. FASEB J 23:2165-2175. 

Farquhar C, Brosens I. 2006. Medical and surgical management of adenomyosis. 

Best practice & research Clinical obstetrics & gynaecology 20:603-616. 

Ferenczy A. 1998. Pathophysiology of adenomyosis. Hum Reprod Update 4:312-

322. 

Fernandes MS, Brosens JJ, Gellersen B. 2008. Honey, we need to talk about the 

membrane progestin receptors. Steroids 73:942-952. 

Fodde R, Smits R, Clevers H. 2001. APC, signal transduction and genetic 

instability in colorectal cancer. Nat Rev Cancer 1:55-67. 

Franco HL, Dai D, Lee KY, Rubel CA, Roop D, Boerboom D, Jeong JW, Lydon JP, 

Bagchi IC, Bagchi MK, DeMayo FJ. 2011. WNT4 is a key regulator of normal 

postnatal uterine development and progesterone signaling during embryo 

implantation and decidualization in the mouse. FASEB J 25:1176-1187. 

Fukuchi T, Sakamoto M, Tsuda H, Maruyama K, Nozawa S, Hirohashi S. 1998. 

Beta-catenin mutation in carcinoma of the uterine endometrium. Cancer research 

58:3526-3528. 



 

 

 

 
 

 

143 

Gaetje R, Holtrich U, Karn T, Cikrit E, Engels K, Rody A, Kaufmann M. 2007. 

Characterization of WNT7A expression in human endometrium and endometriotic 

regions. Fertil Steril 88:1534-1540. 

Galceran J, Farinas I, Depew MJ, Clevers H, Grosschedl R. 1999. WNT3a-/--like 

phenotype and limb deficiency in Lef1(-/-)Tcf1(-/-) mice. Genes & development 

13:709-717. 

Gellersen B, Brosens IA, Brosens JJ. 2007. Decidualization of the human 

endometrium: mechanisms, functions, and clinical perspectives. Seminars in 

reproductive medicine 25:445-453. 

Gilles C, Polette M, Mestdagt M, Nawrocki-Raby B, Ruggeri P, Birembaut P, 

Foidart JM. 2003. Transactivation of vimentin by beta-catenin in human breast 

cancer cells. Cancer research 63:2658-2664. 

Greaves P, White IN. 2006. Experimental adenomyosis. Best Pract Res Clin Obstet 

Gynaecol 20:503-510. 

Guioli S, Sekido R, Lovell-Badge R. 2007. The origin of the Mullerian duct in 

chick and mouse. Developmental biology 302:389-398. 

Gunin AG, Emelianov VU, Mironkin IU, Morozov MP, Tolmachev AS. 2004. 

Lithium treatment enhances estradiol-induced proliferation and hyperplasia 

formation in the uterus of mice. Eur J Obstet Gynecol Reprod Biol 114:83-91. 

Guttner J. 1980. Adenomyosis in mice. Z Versuchstierkd 22:249-251. 

Hanley KZ, Dustin SM, Stoler MH, Atkins KA. 2010. The significance of tumor 

involved adenomyosis in otherwise low-stage endometrioid adenocarcinoma. Int J 

Gynecol Pathol 29:445-451. 



 

 

 

 
 

 

144 

Harada N, Tamai Y, Ishikawa T, Sauer B, Takaku K, Oshima M, Taketo MM. 1999. 

Intestinal polyposis in mice with a dominant stable mutation of the beta-catenin 

gene. The EMBO journal 18:5931-5942. 

Hayata T, Tanaka Y, Miyakawa I. 1994. Endometrial cancer associated with 

adenomyosis. Int J Gynaecol Obstet 44:76-77. 

He B, Kim TH, Kommagani R, Feng Q, Lanz RB, Jeong JW, DeMayo FJ, 

Katzenellenbogen BS, Lydon JP, O'Malley BW. 2011. Estrogen-regulated 

prohibitin is required for mouse uterine development and adult function. 

Endocrinology 152:1047-1056. 

He X. 2004. WNT signaling went derailed again: a new track via the LIN-18 

receptor? Cell 118:668-670. 

Hirotsune S, Fleck MW, Gambello MJ, Bix GJ, Chen A, Clark GD, Ledbetter DH, 

McBain CJ, Wynshaw-Boris A. 1998. Graded reduction of Pafah1b1 (Lis1) activity 

results in neuronal migration defects and early embryonic lethality. Nat Genet 

19:333-339. 

Huber O, Korn R, McLaughlin J, Ohsugi M, Herrmann BG, Kemler R. 1996. 

Nuclear localization of beta-catenin by interaction with transcription factor LEF-1. 

Mech Dev 59:3-10. 

Huncharek M, Muscat J, Geschwind JF. 1999. K-ras oncogene mutation as a 

prognostic marker in non-small cell lung cancer: a combined analysis of 881 cases. 

Carcinogenesis 20:1507-1510. 

Ikeda T, Yoshinaga K, Semba S, Kondo E, Ohmori H, Horii A. 2000. Mutational 

analysis of the CTNNB1 (beta-catenin) gene in human endometrial cancer: 

frequent mutations at codon 34 that cause nuclear accumulation. Oncol Rep 7:323-

326. 



 

 

 

 
 

 

145 

Indra AK, Warot X, Brocard J, Bornert JM, Xiao JH, Chambon P, Metzger D. 1999. 

Temporally-controlled site-specific mutagenesis in the basal layer of the epidermis: 

comparison of the recombinase activity of the tamoxifen-inducible Cre-ER(T) and 

Cre-ER(T2) recombinases. Nucleic Acids Res 27:4324-4327. 

Ishikawa T, Tamai Y, Zorn AM, Yoshida H, Seldin MF, Nishikawa S, Taketo MM. 

2001. Mouse WNT receptor gene Fzd5 is essential for yolk sac and placental 

angiogenesis. Development 128:25-33. 

Ismail PM, Li J, DeMayo FJ, O'Malley BW, Lydon JP. 2002. A novel LacZ reporter 

mouse reveals complex regulation of the progesterone receptor promoter during 

mammary gland development. Mol Endocrinol 16:2475-2489. 

Itasaki N, Jones CM, Mercurio S, Rowe A, Domingos PM, Smith JC, Krumlauf R. 

2003. Wise, a context-dependent activator and inhibitor of WNT signalling. 

Development 130:4295-4305. 

Jedryka M, Chrobak A, Chelmonska-Soyta A, Gawron D, Halbersztadt A, Wojnar 

A, Kornafel J. 2012. Matrix metalloproteinase (MMP)-2 and MMP-9 expression in 

tumor infiltrating CD3 lymphocytes from women with endometrial cancer. Int J 

Gynecol Cancer 22:1303-1309. 

Jeong JW, Lee HS, Franco HL, Broaddus RR, Taketo MM, Tsai SY, Lydon JP, 

DeMayo FJ. 2009. beta-catenin mediates glandular formation and dysregulation of 

beta-catenin induces hyperplasia formation in the murine uterus. Oncogene 28:31-

40. 

Jones CJ, Nardo LG, Litta P, Fazleabas AT. 2009. Ultrastructure of ectopic 

peritoneal regions from women with endometriosis, including observations on the 

contribution of coelomic mesothelium. Reprod Sci 16:43-55. 

Jope RS, Johnson GV. 2004. The glamour and gloom of glycogen synthase kinase-



 

 

 

 
 

 

146 

3. Trends Biochem Sci 29:95-102. 

Kao LC, Tulac S, Lobo S, Imani B, Yang JP, Germeyer A, Osteen K, Taylor RN, 

Lessey BA, Giudice LC. 2002. Global gene profiling in human endometrium 

during the window of implantation. Endocrinology 143:2119-2138. 

Kazandi M, Zeybek B, Terek MC, Zekioglu O, Ozdemir N, Oztekin K. 2010. 

Grade 2 endometrioid adenocarcinoma arising from adenomyosis of the uterus: 

report of a case. Eur J Gynaecol Oncol 31:719-721. 

Kesse-Adu R, Shousha S. 2004. Myoepithelial markers are expressed in at least 29% 

of oestrogen receptor negative invasive breast carcinoma. Mod Pathol 17:646-652. 

Khanh do T, Mekata E, Mukaisho K, Sugihara H, Shimizu T, Shiomi H, Murata S, 

Naka S, Yamamoto H, Endo Y, Tani T. 2011. Prognostic role of CD10(+) myeloid 

cells in association with tumor budding at the invasion front of colorectal cancer. 

Cancer Sci 102:1724-1733. 

Kildal W, Risberg B, Abeler VM, Kristensen GB, Sudbo J, Nesland JM, Danielsen 

HE. 2005. beta-catenin expression, DNA ploidy and clinicopathological features in 

ovarian cancer: a study in 253 patients. Eur J Cancer 41:1127-1134. 

Kim JJ, Taylor HS, Lu Z, Ladhani O, Hastings JM, Jackson KS, Wu Y, Guo SW, 

Fazleabas AT. 2007. Altered expression of HOXA10 in endometriosis: potential 

role in decidualization. Mol Hum Reprod 13:323-332. 

Kim TH, Wang J, Lee KY, Franco HL, Broaddus RR, Lydon JP, Jeong JW, Demayo 

FJ. 2010. The Synergistic Effect of Conditional Pten Loss and Oncogenic K-ras 

Mutation on Endometrial Cancer Development Occurs via Decreased Progesterone 

Receptor Action. Journal of oncology 2010:139087. 

Kim YB, Holschneider CH, Ghosh K, Nieberg RK, Montz FJ. 1997. Progestin 



 

 

 

 
 

 

147 

alone as primary treatment of endometrial carcinoma in premenopausal women. 

Report of seven cases and review of the literature. Cancer 79:320-327. 

Klymkowsky MW, Savagner P. 2009. Epithelial-mesenchymal transition: a cancer 

researcher's conceptual friend and foe. Am J Pathol 174:1588-1593. 

Kobayashi A, Shawlot W, Kania A, Behringer RR. 2004. Requirement of Lim1 for 

female reproductive tract development. Development 131:539-549. 

Kobayashi K, Sagae S, Nishioka Y, Tokino T, Kudo R. 1999. Mutations of the beta-

catenin gene in endometrial carcinomas. Jpn J Cancer Res 90:55-59. 

Koike N, Tsunemi T, Uekuri C, Akasaka J, Ito F, Shigemitsu A, Kobayashi H. 2012. 

Pathogenesis and malignant transformation of adenomyosis (Review). Oncol Rep. 

Kukla P, Dudek D, Rakowski T, Dziewierz A, Mielecki W, Szczuka K, Dubiel JS. 

2006. Inferior wall myocardial infarction with or without right ventricular 

involvement--treatment and in-hospital course. Kardiologia polska 64:583-588; 

discussion 589-590. 

Kunz G, Beil D, Huppert P, Noe M, Kissler S, Leyendecker G. 2005. Adenomyosis 

in endometriosis--prevalence and impact on fertility. Evidence from magnetic 

resonance imaging. Hum Reprod 20:2309-2316. 

Kuokkanen S, Chen B, Ojalvo L, Benard L, Santoro N, Pollard JW. 2010. Genomic 

profiling of microRNAs and messenger RNAs reveals hormonal regulation in 

microRNA expression in human endometrium. Biol Reprod 82:791-801. 

Kurihara I, Lee DK, Petit FG, Jeong J, Lee K, Lydon JP, DeMayo FJ, Tsai MJ, Tsai 

SY. 2007. COUP-TFII mediates progesterone regulation of uterine implantation by 

controlling ER activity. PLoS Genet 3:e102. 



 

 

 

 
 

 

148 

Lacroix M, Toillon RA, Leclercq G. 2004. Stable 'portrait' of breast tumors during 

progression: data from biology, pathology and genetics. Endocrine-related cancer 

11:497-522. 

Le Y, Sauer B. 2000. Conditional gene knockout using cre recombinase. Methods 

Mol Biol 136:477-485. 

Lee DK, Kurihara I, Jeong JW, Lydon JP, DeMayo FJ, Tsai MJ, Tsai SY. 2010. 

Suppression of ERalpha activity by COUP-TFII is essential for successful 

implantation and decidualization. Mol Endocrinol 24:930-940. 

Lee KY, Jeong JW, Wang J, Ma L, Martin JF, Tsai SY, Lydon JP, DeMayo FJ. 2007. 

Bmp2 is critical for the murine uterine decidual response. Molecular and cellular 

biology 27:5468-5478. 

Lethaby A, Augood C, Duckitt K, Farquhar C. 2007. Nonsteroidal anti-

inflammatory drugs for heavy menstrual bleeding. Cochrane database of systematic 

reviews:CD000400. 

Levgur M. 2007. Therapeutic options for adenomyosis: a review. Archives of 

gynecology and obstetrics 276:1-15. 

Levgur M, Abadi MA, Tucker A. 2000. Adenomyosis: symptoms, histology, and 

pregnancy terminations. Obstet Gynecol 95:688-691. 

Li J, Zhang JV, Cao YJ, Zhou JX, Liu WM, Fan XJ, Duan EK. 2005a. Inhibition of 

the beta-catenin signaling pathway in blastocyst and uterus during the window of 

implantation in mice. Biol Reprod 72:700-706. 

Li Q, Kannan A, Wang W, Demayo FJ, Taylor RN, Bagchi MK, Bagchi IC. 2007. 

Bone morphogenetic protein 2 functions via a conserved signaling pathway 

involving WNT4 to regulate uterine decidualization in the mouse and the human. 



 

 

 

 
 

 

149 

The Journal of biological chemistry 282:31725-31732. 

Li X, Zhang Y, Kang H, Liu W, Liu P, Zhang J, Harris SE, Wu D. 2005b. Sclerostin 

binds to LRP5/6 and antagonizes canonical WNT signaling. The Journal of 

biological chemistry 280:19883-19887. 

Lipschutz A, Iglesias R, Panasevich VI, Salinas S. 1967. Pathological changes 

induced in the uterus of mice with the prolonged administration of progesterone 

and 19-nor-contraceptives. Br J Cancer 21:160-165. 

Logan CY, Miller JR, Ferkowicz MJ, McClay DR. 1999. Nuclear beta-catenin is 

required to specify vegetal cell fates in the sea urchin embryo. Development 

126:345-357. 

Logan CY, Nusse R. 2004. The WNT signaling pathway in development and 

disease. Annual review of cell and developmental biology 20:781-810. 

Louis LS, Saso S, Chatterjee J, Barsoum E, Al-Samarrai M. 2012. Adenomyosis 

and infertility. Reprod Biomed Online. 

Mansour SL, Thomas KR, Capecchi MR. 1988. Disruption of the proto-oncogene 

int-2 in mouse embryo-derived stem cells: a general strategy for targeting 

mutations to non-selectable genes. Nature 336:348-352. 

Mariadason JM, Bordonaro M, Aslam F, Shi L, Kuraguchi M, Velcich A, 

Augenlicht LH. 2001. Down-regulation of beta-catenin TCF signaling is linked to 

colonic epithelial cell differentiation. Cancer research 61:3465-3471. 

Matalliotakis IM, Katsikis IK, Panidis DK. 2005. Adenomyosis: what is the impact 

on fertility? Curr Opin Obstet Gynecol 17:261-264. 

Matsuda M, Sasabe H, Adachi Y, Suzuki T, Mori T. 2001. Increased invasion 



 

 

 

 
 

 

150 

activity of endometrial stromal cells and elevated expression of matrix 

metalloproteinase messenger RNA in the uterine tissues of mice with 

experimentally induced adenomyosis. American journal of obstetrics and 

gynecology 185:1374-1380. 

Meissner WA, Sommers SC, Sherman G. 1957. Endometrial hyperplasia, 

endometrial carcinoma, and endometriosis produced experimentally by estrogen. 

Cancer 10:500-509. 

Mericskay M, Kitajewski J, Sassoon D. 2004. WNT5a is required for proper 

epithelial-mesenchymal interactions in the uterus. Development 131:2061-2072. 

Meuwissen R, Linn SC, van der Valk M, Mooi WJ, Berns A. 2001. Mouse model 

for lung tumorigenesis through Cre/lox controlled sporadic activation of the K-Ras 

oncogene. Oncogene 20:6551-6558. 

Miele L, Miao H, Nickoloff BJ. 2006a. NOTCH signaling as a novel cancer 

therapeutic target. Current cancer drug targets 6:313-323. 

Miele L, Osborne B. 1999. Arbiter of differentiation and death: Notch signaling 

meets apoptosis. Journal of cellular physiology 181:393-409. 

Miele V, Andreoli C, Grassi R. 2006b. The management of emergency radiology: 

key facts. European journal of radiology 59:311-314. 

Miettinen PJ, Ebner R, Lopez AR, Derynck R. 1994. TGF-beta induced 

transdifferentiation of mammary epithelial cells to mesenchymal cells: involvement 

of type I receptors. The Journal of cell biology 127:2021-2036. 

Miller C, Pavlova A, Sassoon DA. 1998. Differential expression patterns of WNT 

genes in the murine female reproductive tract during development and the estrous 

cycle. Mechanisms of development 76:91-99. 



 

 

 

 
 

 

151 

Miller C, Sassoon DA. 1998. WNT-7a maintains appropriate uterine patterning 

during the development of the mouse female reproductive tract. Development 

125:3201-3211. 

Mills NE, Fishman CL, Scholes J, Anderson SE, Rom WN, Jacobson DR. 1995. 

Detection of K-ras oncogene mutations in bronchoalveolar lavage fluid for lung 

cancer diagnosis. J Natl Cancer Inst 87:1056-1060. 

Modarresi R, Lafond T, Roman-Blas JA, Danielson KG, Tuan RS, Seghatoleslami 

MR. 2005. N-cadherin mediated distribution of beta-catenin alters MAP kinase and 

BMP-2 signaling on chondrogenesis-related gene expression. Journal of cellular 

biochemistry 95:53-63. 

Mohamed OA, Jonnaert M, Labelle-Dumais C, Kuroda K, Clarke HJ, Dufort D. 

2005. Uterine WNT/beta-catenin signaling is required for implantation. 

Proceedings of the National Academy of Sciences of the United States of America 

102:8579-8584. 

Molenaar M, van de Wetering M, Oosterwegel M, Peterson-Maduro J, Godsave S, 

Korinek V, Roose J, Destree O, Clevers H. 1996. XTcf-3 transcription factor 

mediates beta-catenin-induced axis formation in Xenopus embryos. Cell 86:391-

399. 

Monkley SJ, Delaney SJ, Pennisi DJ, Christiansen JH, Wainwright BJ. 1996. 

Targeted disruption of the WNT2 gene results in placentation defects. Development 

122:3343-3353. 

Morali OG, Delmas V, Moore R, Jeanney C, Thiery JP, Larue L. 2001. IGF-II 

induces rapid beta-catenin relocation to the nucleus during epithelium to 

mesenchyme transition. Oncogene 20:4942-4950. 

Moreno-Bueno G, Hardisson D, Sanchez C, Sarrio D, Cassia R, Garcia-Rostan G, 



 

 

 

 
 

 

152 

Prat J, Guo M, Herman JG, Matias-Guiu X, Esteller M, Palacios J. 2002. 

Abnormalities of the APC/beta-catenin pathway in endometrial cancer. Oncogene 

21:7981-7990. 

Morgan SE, Kastan MB. 1997. p53 and ATM: cell cycle, cell death, and cancer. 

Adv Cancer Res 71:1-25. 

Mori T, Kyokuwa M, Nagasawa H. 1998. Animal model of uterine adenomyosis: 

induction of the region in rats by ectopic pituitary isografting. Lab Anim Sci 48:64-

68. 

Mori T, Nagasawa H. 1983. Mechanisms of development of prolactin-induced 

adenomyosis in mice. Acta Anat (Basel) 116:46-54. 

Mori T, Singtripop T, Kawashima S. 1991. Animal model of uterine adenomyosis: 

is prolactin a potent inducer of adenomyosis in mice? Am J Obstet Gynecol 

165:232-234. 

Nagy A. 2000. Cre recombinase: the universal reagent for genome tailoring. 

Genesis 26:99-109. 

Naishiro Y, Yamada T, Takaoka AS, Hayashi R, Hasegawa F, Imai K, Hirohashi S. 

2001. Restoration of epithelial cell polarity in a colorectal cancer cell line by 

suppression of beta-catenin/T-cell factor 4-mediated gene transactivation. Cancer 

research 61:2751-2758. 

Navab R, Gonzalez-Santos JM, Johnston MR, Liu J, Brodt P, Tsao MS, Hu J. 2004. 

Expression of chicken ovalbumin upstream promoter-transcription factor II 

enhances invasiveness of human lung carcinoma cells. Cancer research 64:5097-

5105. 

Nei H, Saito T, Yamasaki H, Mizumoto H, Ito E, Kudo R. 1999. Nuclear 



 

 

 

 
 

 

153 

localization of beta-catenin in normal and carcinogenic endometrium. Mol 

Carcinog 25:207-218. 

Nelson BH. 2008. The impact of T-cell immunity on ovarian cancer outcomes. 

Immunol Rev 222:101-116. 

Niessen K, Fu Y, Chang L, Hoodless PA, McFadden D, Karsan A. 2008. Slug is a 

direct Notch target required for initiation of cardiac cushion cellularization. The 

Journal of cell biology 182:315-325. 

Noyes RW, Hertig AT, Rock J. 1975. Dating the endometrial biopsy. Am J Obstet 

Gynecol 122:262-263. 

Ogawa H, Iwaya K, Izumi M, Kuroda M, Serizawa H, Koyanagi Y, Mukai K. 2002. 

Expression of CD10 by stromal cells during colorectal tumor development. Hum 

Pathol 33:806-811. 

Ostrander PL, Mills KT, Bern HA. 1985. Long-term responses of the mouse uterus 

to neonatal diethylstilbestrol treatment and to later sex hormone exposure. J Natl 

Cancer Inst 74:121-135. 

Palacios J, Gamallo C. 1998. Mutations in the beta-catenin gene (CTNNB1) in 

endometrioid ovarian carcinomas. Cancer research 58:1344-1347. 

Parazzini F, Vercellini P, Panazza S, Chatenoud L, Oldani S, Crosignani PG. 1997. 

Risk factors for adenomyosis. Hum Reprod 12:1275-1279. 

Parr BA, McMahon AP. 1998. Sexually dimorphic development of the mammalian 

reproductive tract requires WNT-7a. Nature 395:707-710. 

Parrott E, Butterworth M, Green A, White IN, Greaves P. 2001. Adenomyosis--a 

result of disordered stromal differentiation. Am J Pathol 159:623-630. 



 

 

 

 
 

 

154 

Philipp CS. 2011. Antifibrinolytics in women with menorrhagia. Thrombosis 

research 127 Suppl 3:S113-115. 

Pijnenborg JM, Kisters N, van Engeland M, Dunselman GA, de Haan J, de Goeij 

AF, Groothuis PG. 2004. APC, beta-catenin, and E-cadherin and the development 

of recurrent endometrial carcinoma. Int J Gynecol Cancer 14:947-956. 

Pollheimer J, Loregger T, Sonderegger S, Saleh L, Bauer S, Bilban M, Czerwenka 

K, Husslein P, Knofler M. 2006. Activation of the canonical wingless/T-cell factor 

signaling pathway promotes invasive differentiation of human trophoblast. The 

American journal of pathology 168:1134-1147. 

Polyak K, Weinberg RA. 2009. Transitions between epithelial and mesenchymal 

states: acquisition of malignant and stem cell traits. Nat Rev Cancer 9:265-273. 

Qin J, Chen X, Yu-Lee LY, Tsai MJ, Tsai SY. 2010. Nuclear receptor COUP-TFII 

controls pancreatic islet tumor angiogenesis by regulating vascular endothelial 

growth factor/vascular endothelial growth factor receptor-2 signaling. Cancer Res 

70:8812-8821. 

Rider V, Isuzugawa K, Twarog M, Jones S, Cameron B, Imakawa K, Fang J. 2006. 

Progesterone initiates WNT-beta-catenin signaling but estradiol is required for 

nuclear activation and synchronous proliferation of rat uterine stromal cells. The 

Journal of endocrinology 191:537-548. 

Rodenhuis S, Slebos RJ, Boot AJ, Evers SG, Mooi WJ, Wagenaar SS, van 

Bodegom PC, Bos JL. 1988. Incidence and possible clinical significance of K-ras 

oncogene activation in adenocarcinoma of the human lung. Cancer Res 48:5738-

5741. 

Rubinfeld B, Souza B, Albert I, Muller O, Chamberlain SH, Masiarz FR, 

Munemitsu S, Polakis P. 1993. Association of the APC gene product with beta-



 

 

 

 
 

 

155 

catenin. Science 262:1731-1734. 

Saegusa M, Hashimura M, Kuwata T, Okayasu I. 2009. Requirement of the 

Akt/beta-catenin pathway for uterine carcinosarcoma genesis, modulating E-

cadherin expression through the transactivation of slug. The American journal of 

pathology 174:2107-2115. 

Saegusa M, Hashimura M, Yoshida T, Okayasu I. 2001. beta- Catenin mutations 

and aberrant nuclear expression during endometrial tumorigenesis. Br J Cancer 

84:209-217. 

Saegusa M, Okayasu I. 2001. Frequent nuclear beta-catenin accumulation and 

associated mutations in endometrioid-type endometrial and ovarian carcinomas 

with squamous differentiation. J Pathol 194:59-67. 

Sahlgren C, Gustafsson MV, Jin S, Poellinger L, Lendahl U. 2008. Notch signaling 

mediates hypoxia-induced tumor cell migration and invasion. Proceedings of the 

National Academy of Sciences of the United States of America 105:6392-6397. 

Salim R, Riris S, Saab W, Abramov B, Khadum I, Serhal P. 2012. Adenomyosis 

reduces pregnancy rates in infertile women undergoing IVF. Reprod Biomed 

Online 25:273-277. 

Sammour A, Pirwany I, Usubutun A, Arseneau J, Tulandi T. 2002. Correlations 

between extent and spread of adenomyosis and clinical symptoms. Gynecol Obstet 

Invest 54:213-216. 

Sanchez-Tillo E, Siles L, de Barrios O, Cuatrecasas M, Vaquero EC, Castells A, 

Postigo A. Expanding roles of ZEB factors in tumorigenesis and tumor progression. 

Am J Cancer Res 1:897-912. 

Schindler AE. 2009. Progestogen deficiency and endometrial cancer risk. Maturitas 



 

 

 

 
 

 

156 

62:334-337. 

Schindler AE. 2010. Hormonal contraceptives and endometriosis/adenomyosis. 

Gynecol Endocrinol 26:851-854. 

Schlosshauer PW, Pirog EC, Levine RL, Ellenson LH. 2000. Mutational analysis of 

the CTNNB1 and APC genes in uterine endometrioid carcinoma. Mod Pathol 

13:1066-1071. 

Schmalhofer O, Brabletz S, Brabletz T. 2009. E-cadherin, beta-catenin, and ZEB1 

in malignant progression of cancer. Cancer Metastasis Rev 28:151-166. 

Semenov M, Tamai K, He X. 2005. SOST is a ligand for LRP5/LRP6 and a WNT 

signaling inhibitor. The Journal of biological chemistry 280:26770-26775. 

Sonderegger S, Haslinger P, Sabri A, Leisser C, Otten JV, Fiala C, Knofler M. 2010. 

Wingless (WNT)-3A induces trophoblast migration and matrix metalloproteinase-2 

secretion through canonical WNT signaling and protein kinase B/AKT activation. 

Endocrinology 151:211-220. 

Soyal SM, Mukherjee A, Lee KY, Li J, Li H, DeMayo FJ, Lydon JP. 2005. Cre-

mediated recombination in cell lineages that express the progesterone receptor. 

Genesis 41:58-66. 

Spoelstra NS, Manning NG, Higashi Y, Darling D, Singh M, Shroyer KR, 

Broaddus RR, Horwitz KB, Richer JK. 2006. The transcription factor ZEB1 is 

aberrantly expressed in aggressive uterine cancers. Cancer research 66:3893-3902. 

Stark K, Vainio S, Vassileva G, McMahon AP. 1994. Epithelial transformation of 

metanephric mesenchyme in the developing kidney regulated by WNT-4. Nature 

372:679-683. 



 

 

 

 
 

 

157 

Sternberg N, Sauer B, Hoess R, Abremski K. 1986. Bacteriophage P1 cre gene and 

its regulatory region. Evidence for multiple promoters and for regulation by DNA 

methylation. J Mol Biol 187:197-212. 

Tahinci E, Thorne CA, Franklin JL, Salic A, Christian KM, Lee LA, Coffey RJ, 

Lee E. 2007. Lrp6 is required for convergent extension during Xenopus 

gastrulation. Development 134:4095-4106. 

Takahara M, Chen S, Kido M, Takeuchi S, Uchi H, Tu Y, Moroi Y, Furue M. 2009. 

Stromal CD10 expression, as well as increased dermal macrophages and decreased 

Langerhans cells, are associated with malignant transformation of keratinocytes. J 

Cutan Pathol 36:668-674. 

Takano M, Lu Z, Goto T, Fusi L, Higham J, Francis J, Withey A, Hardt J, Cloke B, 

Stavropoulou AV, Ishihara O, Lam EW, Unterman TG, Brosens JJ, Kim JJ. 2007. 

Transcriptional cross talk between the forkhead transcription factor forkhead box 

O1A and the progesterone receptor coordinates cell cycle regulation and 

differentiation in human endometrial stromal cells. Mol Endocrinol 21:2334-2349. 

Taki M, Kamata N, Yokoyama K, Fujimoto R, Tsutsumi S, Nagayama M. 2003. 

Down-regulation of WNT-4 and up-regulation of WNT-5a expression by epithelial-

mesenchymal transition in human squamous carcinoma cells. Cancer Sci 94:593-

597. 

Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT, Dosiou C, Le Shay N, 

Nezhat CN, Kempson R, Lessey BA, Nayak NR, Giudice LC. 2006. Molecular 

phenotyping of human endometrium distinguishes menstrual cycle phases and 

underlying biological processes in normo-ovulatory women. Endocrinology 

147:1097-1121. 

Tamai K, Togashi K, Ito T, Morisawa N, Fujiwara T, Koyama T. 2005. MR imaging 



 

 

 

 
 

 

158 

findings of adenomyosis: correlation with histopathologic features and diagnostic 

pitfalls. Radiographics 25:21-40. 

Tanwar PS, Lee HJ, Zhang L, Zukerberg LR, Taketo MM, Rueda BR, Teixeira JM. 

2009. Constitutive activation of Beta-catenin in uterine stroma and smooth muscle 

leads to the development of mesenchymal tumors in mice. Biol Reprod 81:545-552. 

Tanwar PS, Zhang L, Roberts DJ, Teixeira JM. 2011. Stromal deletion of the APC 

tumor suppressor in mice triggers development of endometrial cancer. Cancer 

research 71:1584-1596. 

Taylor HS, Bagot C, Kardana A, Olive D, Arici A. 1999. HOX gene expression is 

altered in the endometrium of women with endometriosis. Hum Reprod 14:1328-

1331. 

Tetsu O, McCormick F. 1999. Beta-catenin regulates expression of cyclin D1 in 

colon carcinoma cells. Nature 398:422-426. 

Thiery JP. 2002. Epithelial-mesenchymal transitions in tumour progression. Nat 

Rev Cancer 2:442-454. 

Thigpen JT, Brady MF, Alvarez RD, Adelson MD, Homesley HD, Manetta A, 

Soper JT, Given FT. 1999. Oral medroxyprogesterone acetate in the treatment of 

advanced or recurrent endometrial carcinoma: a dose-response study by the 

Gynecologic Oncology Group. J Clin Oncol 17:1736-1744. 

Tian M, Neil JR, Schiemann WP. 2011. Transforming growth factor-beta and the 

hallmarks of cancer. Cellular signalling 23:951-962. 

Tsai MJ, O'Malley BW. 1994. Molecular mechanisms of action of steroid/thyroid 

receptor superfamily members. Annu Rev Biochem 63:451-486. 



 

 

 

 
 

 

159 

Tulac S, Nayak NR, Kao LC, Van Waes M, Huang J, Lobo S, Germeyer A, Lessey 

BA, Taylor RN, Suchanek E, Giudice LC. 2003. Identification, characterization, 

and regulation of the canonical WNT signaling pathway in human endometrium. J 

Clin Endocrinol Metab 88:3860-3866. 

Tulac S, Overgaard MT, Hamilton AE, Jumbe NL, Suchanek E, Giudice LC. 2006. 

Dickkopf-1, an inhibitor of WNT signaling, is regulated by progesterone in human 

endometrial stromal cells. J Clin Endocrinol Metab 91:1453-1461. 

Uduwela AS, Perera MA, Aiqing L, Fraser IS. 2000. Endometrial-myometrial 

interface: relationship to adenomyosis and changes in pregnancy. Obstet Gynecol 

Surv 55:390-400. 

Upton MP, Hirohashi S, Tome Y, Miyazawa N, Suemasu K, Shimosato Y. 1986. 

Expression of vimentin in surgically resected adenocarcinomas and large cell 

carcinomas of lung. Am J Surg Pathol 10:560-567. 

Vainio S, Heikkila M, Kispert A, Chin N, McMahon AP. 1999. Female 

development in mammals is regulated by WNT-4 signalling. Nature 397:405-409. 

van Amerongen R, Mikels A, Nusse R. 2008. Alternative WNT signaling is 

initiated by distinct receptors. Science signaling 1:re9. 

van de Wetering M, Sancho E, Verweij C, de Lau W, Oving I, Hurlstone A, van der 

Horn K, Batlle E, Coudreuse D, Haramis AP, Tjon-Pon-Fong M, Moerer P, van den 

Born M, Soete G, Pals S, Eilers M, Medema R, Clevers H. 2002. The beta-

catenin/TCF-4 complex imposes a crypt progenitor phenotype on colorectal cancer 

cells. Cell 111:241-250. 

van der Horst PH, Wang Y, van der Zee M, Burger CW, Blok LJ. 2012. Interaction 

between sex hormones and WNT/beta-catenin signal transduction in endometrial 

physiology and disease. Mol Cell Endocrinol 358:176-184. 



 

 

 

 
 

 

160 

Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lintault L, 

Newman J, Reczek EE, Weissleder R, Jacks T. 2007. Restoration of p53 function 

leads to tumour regression in vivo. Nature 445:661-665. 

Vercellini P, Vigano P, Somigliana E, Daguati R, Abbiati A, Fedele L. 2006. 

Adenomyosis: epidemiological factors. Best Pract Res Clin Obstet Gynaecol 

20:465-477. 

Vlad A, Rohrs S, Klein-Hitpass L, Muller O. 2008. The first five years of the WNT 

targetome. Cellular signalling 20:795-802. 

Wang PH, Su WH, Sheu BC, Liu WM. 2009a. Adenomyosis and its variance: 

adenomyoma and female fertility. Taiwan J Obstet Gynecol 48:232-238. 

Wang Y, Hanifi-Moghaddam P, Hanekamp EE, Kloosterboer HJ, Franken P, 

Veldscholte J, van Doorn HC, Ewing PC, Kim JJ, Grootegoed JA, Burger CW, 

Fodde R, Blok LJ. 2009b. Progesterone inhibition of WNT/beta-catenin signaling 

in normal endometrium and endometrial cancer. Clin Cancer Res 15:5784-5793. 

Wang Y, Jia Y, Franken P, Smits R, Ewing PC, Lydon JP, DeMayo FJ, Burger CW, 

Anton Grootegoed J, Fodde R, Blok LJ. 2011. Loss of APC function in 

mesenchymal cells surrounding the Mullerian duct leads to myometrial defects in 

adult mice. Molecular and cellular endocrinology 341:48-54. 

Wang Z, Li Y, Kong D, Banerjee S, Ahmad A, Azmi AS, Ali S, Abbruzzese JL, 

Gallick GE, Sarkar FH. 2009c. Acquisition of epithelial-mesenchymal transition 

phenotype of gemcitabine-resistant pancreatic cancer cells is linked with activation 

of the notch signaling pathway. Cancer research 69:2400-2407. 

Ward EC, Hoekstra AV, Blok LJ, Hanifi-Moghaddam P, Lurain JR, Singh DK, 

Buttin BM, Schink JC, Kim JJ. 2008. The regulation and function of the forkhead 

transcription factor, Forkhead box O1, is dependent on the progesterone receptor in 



 

 

 

 
 

 

161 

endometrial carcinoma. Endocrinology 149:1942-1950. 

Weerkamp F, van Dongen JJ, Staal FJ. 2006. Notch and WNT signaling in T-

lymphocyte development and acute lymphoblastic leukemia. Leukemia 20:1197-

1205. 

Weinstein M, Yang X, Deng C. 2000. Functions of mammalian Smad genes as 

revealed by targeted gene disruption in mice. Cytokine Growth Factor Rev 11:49-

58. 

Wendt MK, Tian M, Schiemann WP. 2012. Deconstructing the mechanisms and 

consequences of TGF-beta-induced EMT during cancer progression. Cell and 

tissue research 347:85-101. 

Williams VA, Watson TJ, Gellersen O, Feuerlein S, Molena D, Sillin LF, Jones C, 

Peters JH. 2007. Gastrectomy as a remedial operation for failed fundoplication. 

Journal of gastrointestinal surgery : official journal of the Society for Surgery of 

the Alimentary Tract 11:29-35. 

Williams VA, Watson TJ, Zhovtis S, Gellersen O, Raymond D, Jones C, Peters JH. 

2008. Endoscopic and symptomatic assessment of anastomotic strictures following 

esophagectomy and cervical esophagogastrostomy. Surgical endoscopy 22:1470-

1476. 

Winterhager E, Grummer R, Mavrogianis PA, Jones CJ, Hastings JM, Fazleabas AT. 

2009. Connexin expression pattern in the endometrium of baboons is influenced by 

hormonal changes and the presence of endometriotic regions. Mol Hum Reprod 

15:645-652. 

Winuthayanon W, Hewitt SC, Orvis GD, Behringer RR, Korach KS. Uterine 

epithelial estrogen receptor alpha is dispensable for proliferation but essential for 

complete biological and biochemical responses. Proc Natl Acad Sci U S A 



 

 

 

 
 

 

162 

107:19272-19277. 

Xie H, Tranguch S, Jia X, Zhang H, Das SK, Dey SK, Kuo CJ, Wang H. 2008. 

Inactivation of nuclear WNT-beta-catenin signaling limits blastocyst competency 

for implantation. Development 135:717-727. 

Xu J, Lamouille S, Derynck R. 2009. TGF-beta-induced epithelial to mesenchymal 

transition. Cell research 19:156-172. 

Xu X, Li C, Garrett-Beal L, Larson D, Wynshaw-Boris A, Deng CX. 2001. Direct 

removal in the mouse of a floxed neo gene from a three-loxP conditional knockout 

allele by two novel approaches. Genesis 30:1-6. 

Yahata T, Fujita K, Aoki Y, Tanaka K. 2006. Long-term conservative therapy for 

endometrial adenocarcinoma in young women. Hum Reprod 21:1070-1075. 

Yamagami W, Susumu N, Tanaka H, Hirasawa A, Banno K, Suzuki N, Tsuda H, 

Tsukazaki K, Aoki D. 2011. Immunofluorescence-detected infiltration of 

CD4+FOXP3+ regulatory T cells is relevant to the prognosis of patients with 

endometrial cancer. Int J Gynecol Cancer 21:1628-1634. 

Yamashita M, Matsuda M, Mori T. 1999. In situ detection of prolactin receptor 

mRNA and apoptotic cell death in mouse uterine tissues with adenomyosis. In Vivo 

13:57-60. 

Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA, Come C, Savagner P, 

Gitelman I, Richardson A, Weinberg RA. 2004. Twist, a master regulator of 

morphogenesis, plays an essential role in tumor metastasis. Cell 117:927-939. 

Yook JI, Li XY, Ota I, Fearon ER, Weiss SJ. 2005. WNT-dependent regulation of 

the E-cadherin repressor snail. The Journal of biological chemistry 280:11740-

11748. 



 

 

 

 
 

 

163 

Zeitvogel A, Baumann R, Starzinski-Powitz A. 2001. Identification of an invasive, 

N-cadherin-expressing epithelial cell type in endometriosis using a new cell culture 

model. Am J Pathol 159:1839-1852. 

Zhang P, Li MZ, Elledge SJ. 2002. Towards genetic genome projects: genomic 

library screening and gene-targeting vector construction in a single step. Nat Genet 

30:31-39. 

Zhao Y, Yan Q, Long X, Chen X, Wang Y. 2008. Vimentin affects the mobility and 

invasiveness of prostate cancer cells. Cell Biochem Funct 26:571-577. 

Zhou S, Yi T, Liu R, Bian C, Qi X, He X, Wang K, Li J, Zhao X, Huang C, Wei Y. 

2012. Proteomics identification of annexin A2 as a key mediator in the metastasis 

and proangiogenesis of endometrial cells in human adenomyosis. Mol Cell 

Proteomics. 

Zhou YF, Mori T, Nagasawa H, Nakayama T, Kubota T, Sakamoto S. 2004. 

Probucol, a hypocholesterolemic agent, prevents the development of uterine 

adenomyosis induced by pituitary grafting in mice. Anticancer Res 24:2209-2212. 

Zhuang Z, Lininger RA, Man YG, Albuquerque A, Merino MJ, Tavassoli FA. 1997. 

Identical clonality of both components of mammary carcinosarcoma with 

differential loss of heterozygosity. Modern pathology : an official journal of the 

United States and Canadian Academy of Pathology, Inc 10:354-362. 

 



 

 

 

 
 

 

164 

SUMMARY IN KOREAN 

 

배경 및 목적: 자궁 선근증 (Adenomyosis)은 자궁 근층 (Myometirum) 

내 자궁내막선 (endometrial gland)과 기질의 존재에 의해 정의된 부인과 

질환이다. 발병률이 높음에도 불구하고, 정확한 병리학적 요인과 기전을 

밝혀내지 못 하였다. 최근, 비정상적인 WNT/β-catenin 신호 전달이 

중요한 부인과 질환에 관련되어 있음에 주목 받고 있다. 특히, 

CTNNB1의 돌연변이에 의한 β-catenin의 신호가 비정상적인 활성화 

된다면, 자궁 내막 암의 원인이 될 수 있다는 보고가 있다. 따라서, 본 

연구에서는 자궁 선근증 발생과정에 WNT/β-catenin 신호 전달의 역할 및 

발병 메커니즘을 규명하고자 한다. 

 

방법: 우선, 정상적인 인간의 자궁 조직과 자궁 선근증을 가진 조직에서 

β-catenin 발현을 면역 조직 화학 분석에 의해 조사 하였다. 이 실험에서 

자궁 선근증 조직에서 핵 및 세포질 β-catenin의 발현이 비정상적으로 

활성화 되는 것을 관찰하였다. 이 실험결과를 토대로, 자궁 특이적 β-

catenin이 활성화된 마우스를 생산하여 자궁 선근증의 발달에 관한 

메카니즘을 확인하고자 하였다. 우선, Ctnnb1f(ex3)/+ 마우스와 Progesteron 

receptor (PR) - Cre 마우스간 교배를 하여 형질 전환 마우스를 생산하였다. 

그리고, 면역 조직 화학 분석법을 통하여 형질 전환 마우스의 조직학적 

문제점 및 자궁 선근증 발달의 상피-중간엽 이행 (EMT) 관련성을 

확인하였다. 



 

 

 

 
 

 

165 

결과: 2개월령 PRcre/+ Ctnnb1f(ex3)/+  형질 전환 마우스는 불규칙한 근층 

구조를 가지고 있으며, 증식 세포가 정상 마우스에 비해 자궁 근층에 

많이 존재함을 확인하였다. 그리고 4개월, 6개월령 PRcre/+ Ctnnb1f(ex3)/+  

형질 전환 마우스의 자궁 조직내에서 자궁 선긍증을 확인하였다. 또한, 

흥미롭게도 면역 조직 화학 분석에서 E-cadherin의 발현이 정상 마우스에 

비해 PRcre/+ Ctnnb1f(ex3)/+ 형질 전환 마우스에서 억제 되어 있음을 

확인하였다. 이 결과를 바탕으로 상피-중간엽 이행의 관련성을 

확인하기 위하여, E-cadherin 발현 감소를 유도하는 Snail, ZEB1 및 중간엽 

세포 마커로 알려진 Vimentin와 COUP-TFII 발현을 면역 조직 화학 

분석법으로 확인하였다. PRcre/+ Ctnnb1f(ex3)/+  형질 전환 마우스 자궁의 

일부 상피 세포에서 비정상적으로 Snail, ZEB1, Vimentin, 그리고 COUP-

TFII 발현을 관찰하였다. 또한, 인간의 자궁 선근증 조직내에서도 상피-

중간엽 이행이 이루어 지는지 확인하기 위해, E-cadherin, COUP-TFII 

그리고 CD10 발현을 확인하였다. 마우스 실험결과와 동일하게 인간의 

자궁 선근증에도 E-cadherin의 발현은 감소하였고, COUP-TFII 및 CD10이 

비정상적으로 자궁 내막의 상피 세포에서 발현하였다. 위 결과들을 

바탕으로, β-catenin의 비정상적인 활성화가 상피-중간엽 이행 (EMT)을  

유도하여 자궁 선근증의 발전에 기여함을 확인하였다. 이 연구는 자궁 

선근증 발달 현상을 이해함으로써, 자궁 선근증 진단법 및 치료제 

개발에 응용 가능할 것으로 전망된다. 

 

주요어 : β-catenin, 자궁선근증 (Adenomyosis), 상피-중간엽 이행 

(Epithelial-mesenchymal transition), 자궁 (Uterus) 
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