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Abstract

Adenomyosis is defined by the presence of endometrial glands and stroma within the

myometrium. Despite its frequent occurrence, the precise aetiology and physiopathology of

adenomyosis is still unknown. WNT/β-catenin signalling molecules are important and should be

tightly regulated for uterine function. To investigate the role of β-catenin signalling in

adenomyosis, the expression of β-catenin was examined. Nuclear and cytoplasmic β-catenin

expression was significantly higher in epithelial cells of human adenomyosis compared to control

endometrium. To determine whether constitutive activation of β-catenin in the murine uterus leads

to development of adenomyosis, mice that expressed a dominant stabilized β-catenin in the uterus

were used by crossing PR-Cre mice with Ctnnb1f(ex3)/+ mice. Uteri of PRcre/+ Ctnnb1f(ex3)/+ mice

displayed 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 was observed in some epithelial cells of the uterus in PRcre/+ Ctnnb1f(ex3)/+ mice but

not in control mice. Vimentin and COUP-TFII, mesenchymal cell markers, were 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, an

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

results suggest that abnormal activation of β-catenin contributes to adenomyosis development

through the induction of EMT.
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Introduction

Adenomyosis is a common, benign, gynaecological disorder and is defined by the presence

of endometrial glands and stroma deep within the myometrium, associated with adjacent

myometrial hypertrophy and hyperplasia [1–3]. Adenomyosis occurs when the normal

boundary between the endometrial basal layer and the myometrium is disrupted [4–7].

Invasion of the basal endometrium leads to dysfunctional myometrial hyperperistalsis,

increased intrauterine pressure and impairment of proper uterine function [8]. This condition

can interfere with normal implantation and can cause subfertility [9–13]. Adenomyosis is

frequently diagnosed in infertility patients [9,14], with a prevalence of 10–66% [5].

Symptoms include menorrhagia, dyspareunia, dyschezia, dysmenorrhoea and chronic pelvic

pain [15]. The spread of adenomyosis also correlates significantly with pelvic pain [16].

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;

severely symptomatic women who do not respond to pharmacological therapy require

invasive surgical intervention, which involves a hysterectomy. Despite its prevalence, the

precise aetiology and pathophysiology of adenomyosis is poorly understood.
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Endometrial hyperplasia is observed more frequently among cases with adenomyosis [17].

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

High concentrations of oestrogen without appropriate protection from progesterone have

been linked to endometrial cancer, endometrial hyperplasia and adenomyosis [18]. 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 [19–25]. Interestingly, β-catenin signalling was activated in endometrial

cancer and induced by high levels of oestrogen [18,26].

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

signalling 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 (GSK-3β) and adenomatous polyposis coli

(APC). GSK-3β phosphorylates β-catenin, which marks ubiquitin-dependent degradation by

the proteasome, thereby maintaining low levels of free cytoplasmic β-catenin [27]. However,

mutations in exon 3 of β-catenin result in protein stabilization, cytoplasmic and nuclear

accumulation and participation in signal transcriptional activation through DNA binding

[28]. 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 suggests that

oestrogen-dependent proliferation depends on activated Wnt signalling, since it was shown

to induce Wnt pathway components in the endometrium of oestrogen-treated women.

Additionally, up to 30% of oestrogen-associated cancers exhibit nuclear β-catenin

expression, the hallmark of canonical Wnt signalling [29,30]. Mutations of the Wnt/β-

catenin pathway members result in aberrant activation of the target genes, including those

encoding for activators of epithelial–mesenchymal transition (EMT) [31].

EMT is a programmed development of biological cells, characterized by loss of cell

adhesion, repression of E-cadherin expression and an increase in cell mobility [32]. EMT

endows cells with migratory and invasive properties and can be induced by oestrogen. One

of the signals initiating an EMT is the canonical Wnt pathway, whose stimulation triggers

the translocation of β-catenin to the nucleus [33]. A key initial step of EMT is the down-

regulation of E-cadherin, which is repressed by several factors, namely ZEB1, ZEB2,

SNAI1, SNAI2, Twist1, Twist2 and E12/E47 [32]. In inducing EMT, these factors not only

transcriptionally repress epithelial markers such as E-cadherin but also activate

mesenchymal genes [34]. Nonetheless, these phenomena are poorly understood in

reproductive biology.

Previously we have generated a dominant stabilized β-catenin in the murine uterus (PRcre/+

Ctnnb1f(ex3)/+), which results in infertility, hormone insensitivity and endometrial glandular

hyperplasia [35]. These analyses demonstrated that β-catenin has important roles in normal

uterine function as well as in tumourigenesis. Here, we utilized the conditionally stabilized

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

important molecule in the aetiology and pathology of adenomyosis.
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Materials and methods

Human adenomyosis samples

Tissue samples of adenomyosis with their corresponding eutopic endometrium were

collected from surgical hysterectomy specimens from 19 women. Controls comprised 24

regularly cycling premenopausal women undergoing an endometrial hysterectomy for

benign conditions with no history or evidence of adenomyosis, who were documented not to

be pregnant and who had not been on hormonal therapies for at least 3 months before tissue

sampling. These samples were obtained by the 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. Histological samples were examined by an

independent pathologist, and phases were assigned according to the Noyes criteria [36].

Animals and tissue collection

Mice were cared for and used in the designated animal care facility according to Michigan

State University institutional guidelines. All animal procedures were approved by the

Institutional Animal Care and Use Committee of Michigan State University (12/10-198-00).

Control (PRcre/+ and Ctnnb1f(ex3)/+) and mutant (PRcre/+ Ctnnb1f(ex3)/+) mice were

sacrificed at 2, 4 and 6 months of age to examine adenomyosis development. For the study

of ovarian steroid hormone dependency of the adenomyosis phenotype, control and mutant

mice were ovariectomized at 6 weeks. The mice were sacrificed to examine adenomyosis

development at 6 months of age (n = 5).

Immunohistochemistry and immunofluorescence

Immunohistochemistry and immunofluorescence were performed as previously described

[35,37]. The antibodies used are listed in Table S1 (see supplementary material). Images

were captured with a confocal microscope (510 NLO confocal microscope with a META

detector; Carl Zeiss, Thornwood, NY, USA) or fluorescent microscope (Nikon Instruments,

Melville, NY, USA). Analysis of β-catenin expression was undertaken by light microscopy

and scored according to the intensity of staining on a scale of zero (no staining) to five

(strong staining).

Statistical methods

Statistical analyses were performed using one-way ANOVA analysis, followed by Tukey’s

post hoc multiple range test or Student’s t-test, using the Instat package from GraphPad (San

Diego, CA, USA). p < 0.05 was considered statistically significant.

Results

Activation of β-catenin signalling in human adenomyosis

To determine whether β-catenin signalling is dysregulated in adenomyosis, its expression

was examined by immunohistochemistry in endometrium from patients with and without

adenomyosis (Figure 1A, B). The protein level of nuclear β-catenin was significantly higher
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in epithelial cells of eutopic endometrium (n = 6) and adenomyosis lesions (n = 8) compared

to control endometrium without adenomyosis (n = 13) in proliferative phase samples (Figure

1Aa). In secretory phase samples, the level of nuclear β-catenin was also significantly higher

in epithelial nuclei of eutopic endometrium compared with control endometrium (Figure

1B). A higher level of nuclear β-catenin was observed in adenomyosis lesions at the

secretory phase, although there was no significant difference. The expression of cytoplasmic

β-catenin was weak in control endometrium (n = 13), but the level of cytoplasmic β-catenin

in eutopic (n = 6) and adenomyosis lesions (n = 8) was significantly higher compared to

control endometrium in the proliferative phase (Figure 1Ab). In the epithelial cells of

eutopic (n = 7) and adenomyosis (n = 11) lesions at secretory phase, cytoplasmic β-catenin

intensity was also significantly higher than in control endometrium (n = 11) (Figure 1B).

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 (see supplementary material, Figure S1).

To better understand the integration of β-catenin in adenomyosis, we examined full-

thickness endometrium of patients with and without adenomyosis (Figure 1C). Weak

expression of membranous β-catenin was observed in full-thickness endometrium of control

patients. However, myometrium of the control did not have any β-catenin staining (Figure

1Ca). The endometrial expression of β-catenin was gradually increased at the basal layer and

adenomyosis lesions of the myometrium compared with the zona functionalis layer in

adenomyosis (Figure 1Cb). These results suggest that activation of β-catenin may play an

important role in the pathogenesis of adenomyosis.

Myometrial defects in mice with uterine specific stabilization of β-catenin

To determine whether abnormal activation of β-catenin in the murine uterus results in

adenomyosis, Ctnnb1f(ex3)/+ mice were crossed with PRcre mice (PRcre/+ Ctnnbf(ex3)/+) [35].

Our previous data showed that mutant mice (PRcre/+ Ctnnb1f(ex3)/+) are infertile, hormone-

insensitive and have endometrial glandular hyperplasia [35]. In addition, 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/+ and Ctnnbf(ex3)/+) (Figure 2).

Histological assessment of uteri from 2 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 (Figure 3Aa); however, mutant

mice exhibited an abnormal, irregular structure which exhibited an interwoven pattern and

scattering of α-SMA-positive cells in the myometrium (Figure 3Ab). The thickness of the

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) (Figure 3Ac). In order to determine

the extent of cell proliferation in the myometrium of mutant mice, we performed

immunohistochemical staining for phosphohistone H3, a mitotic marker, in control and

mutant mice at 2 months of age. Immunohistochemical staining of phospho-histone H3

demonstrated that 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) (Figure 3B).
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These results suggest that activation of β-catenin in the uterus exhibited abnormal irregular

structure and increased cell proliferation at the myometrium.

Development of adenomyosis in mice with uterine-specific stabilization of β-catenin

In addition to the abnormal myometrial structure, mutant mice showed glands and stromal

cells in the myometrium (Figure 4). To identify the progression of adenomyosis in mutant

mice, we sacrificed control and mutant mice at 2, 4 and 6 months of age (n = 20/age/

genotype) and investigated their histology. In 4 month-old mutant mice the incidence of

adenomyosis was 40%, and endometrial glandular hyperplasia was observed in all mutant

mice (Figure 4A, C). At 6 months of age, 80% of mutant mice had adenomyosis in the

myometrium (Figure 4A, D). In our previous study, uterus weight of the mutant mice at 4

weeks of age was significantly decreased compared to controls, and this persisted until 8

weeks of age [35]. Interestingly, the uterus weight of mutant mice was similar to control

mice at 4 months (3.95 + 0.83% and 3.15 + 0.23%, respectively) and 6 months (5.14 +

0.87% and 3.47 + 0.28%, respectively) of age (Figure 4B). The uterine diameter was larger

in mutant mice than in control mice, while the uterine length in mutant mice was smaller

than in control mice (Figure 4C, D). The thickness of the myometrium area was significantly

increased in mutant mice compared with control mice. In adenomyosis, the human uterus is

larger than the normal uterus [13]. Therefore, these results suggest that highly active

proliferation in the myometrium of mutant mice may cause the enlarged uterus of

adenomyosis.

Epithelial–mesenchymal transition in adenomyosis development

In order to determine whether adenomyosis lesions have endometrial epithelial cells in

mutant mice, we performed immunohistochemistry for E-cadherin, an epithelial cell marker

[38,39]. We detected E-cadherinpositive epithelial cells in the adenomyosis lesions of

mutant mice but not in the myometrium of control mice at 4 months (Figure 5A).

Interestingly, the expression of E-cadherin was lower in epithelial cells of eutopic (Figure

5Ad) and adenomyosis lesions (Figure 5Ae) of mutant mice compared to control mice (Fig

5Aa, c), consistent with EMT. EMT plays an important role in embryogenesis, fibrosis and

tumour metastasis [40]. EMT is initiated by a number of transcription factors, including

Snail, Slug, Twist, ZEB1 and SIP1, via the repression of E-cadherin expression [41]. Due to

the invasive behaviour and cytoskeletal rearrangement of endometrial epithelial cells during

ectopic implantation, we reasoned that EMT might be involved in the adenomyosis

development observed in mutant mice. In order to determine whether adenomyosis

development is related to EMT in mutant mice, we evaluated the levels of EMT markers in

control and mutant mice. Snail, a member of the Snail family of zinc finger transcription

factors, is a mediator of EMT and induces EMT by directly repressing epithelial markers

such as E-cadherin and by up-regulating mesenchymal markers [42]. We performed

immunohistochemistry to examine the expression of Snail between control and mutant mice

(Figure 5B). Snail-positive cells were not detected in control uteri (Figure 5Ba, c). However,

Snail was expressed in some epithelial cells of mutant uteri but not stromal cells (Figure

5Bb, d, e). ZEB1 is also an important repressor of E-cadherin, contributing to EMT.
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We examined the expression of ZEB1 and E-cadherin in control and mutant mice using

double immunofluorescence staining. Interestingly, although the number of ZEB1-positive

epithelial cells was sparse, the nuclear expression of ZEB1 was observed in some epithelial

cells of the uterus in mutant mice (Figure 6E, G). In control mice, positive ZEB1 expression

was limited in the majority of the stroma and myometrium (Figure 6A, C). These results

support that abnormal activation of β-catenin in PR-positive cells induces expression of

Snail and ZEB1 in some epithelial cells.

The expression of mesenchymal markers is observed after EMT [43]. Vimentin is used

widely as a marker of EMT, which takes place during embryogenesis and metastasis

[44,45]. The expression of vimentin was limited in stromal cells of control mice. However,

vimentin was expressed in stromal cells as well as some epithelial cells of mutant mice

(Figure 7). Chicken ovalbumin upstream promoter transcription factor II (COUP-TFII) is

highly expressed in mesenchymal cells and plays critical roles during mouse development

[39]. In the female uterus, COUP-TFII is expressed in uterine stromal cells and the

myometrium but not in epithelial cells [38]. The expression of COUP-TFII was observed in

29.50 + 2.24% of eutopic epithelial cells and 13.36 + 4.95% of adenomyotic epithelial cells

of mutant mice (n = 7), while its expression was limited in endometrial stromal cells and the

myometrium of control mice (0.50 + 0.26%, n = 9) (Figure 8). These results suggest that

abnormal activation of β-catenin contributes to adenomyosis development through induction

of EMT.

Ovarian steroid hormone dependency of adenomyosis development

It has been suggested that adenomyosis is an oestrogen-dependent disorder in which

oestrogen causes growth and progression of adenomyosis [46]. 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, oestrogen

(E2), oestrogen plus progesterone (E2 + P4) or P4 for 3 months and sacrificed at 6 months

of age. Ovariectomized mutant mice did not develop adenomyosis, as observed in intact

mutant mice (Figure 9A). This demonstrates that the adenomyosis phenotype of mutant mice

is dependent on ovarian hormone stimulation. Although control mice showed endometrial

hyperplasia as expected from chronic E2 treatment, they did not show the adenomyosis

phenotype. All of the mutant mice treated with E2 developed adenomyosis (Figure 9B). This

result supports that adenomyosis is an oestrogen-dependent disease. Ovariectomized mutant

mice treated with E2 + P4 for 3 months developed adenomyosis, as did intact mutant mice

(Figure 9C). However, ovariectomized mutant mice treated with P4 for 3 months did not

develop adenomyosis (Figure 9D). Therefore, these results demonstrate that β-catenin

activation and oestrogen is important to the aetiology of adenomyosis.

Epithelial–mesenchymal transition in human adenomyosis

To elucidate the impact of EMT in human adenomyosis, immunohistochemistry for E-

cadherin 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 lesion (proliferative phase, n = 8; secretory phase, n = 11)

from patients with adenomyosis (Figure 10). As shown in the mutant mice, eutopic
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endometrium and adenomyosis lesion from patients with adenomyosis showed decreased E-

cadherin level in epithelial cells compared to control endometrium (Figure 10A). The

expression of CD10 was observed in some epithelial cells of eutopic endometrium and

adenomyosis lesions, while its expression was limited in endometrial stromal cells in control

endometrium (Figure 10B). To confirm that 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 [47,48] and CD4 is expressed on T helper lymphocytes [49,50]. CD10-positive

epithelial cells were neither CD3- nor CD4-positive in human endometrium with

adenomyosis (see supplementary material, Figures S2 and S3). CD11b was found on

monocytes, macrophages, granulocytes, some B cells, dendritic cells and natural killer cells

[51]. CD10-positive epithelial cells were also CD11b-negative cells (see supplementary

material, Figure S4). 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. Therefore, these results support that EMT contributes to

adenomyosis development in humans.

Discussion

Adenomyosis is a common benign gynaecological disorder. The majority of symptomatic

women who are non-responsive to pharmacological therapy require surgical intervention [5].

With the aid of transvaginal ultrasonography and MRI, this disease is now frequently

diagnosed in infertility patients, where it can interfere with implantation and cause

subfertility and miscarriage [9–11]. 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 health care and

may not be an option for those women wishing to maintain future fertility. The aetiology

and pathophysiology of adenomyosis is still unknown. Our results suggest that activation of

β-catenin plays an important role in the pathogenesis of adenomyosis (Figure 1).

Adenomyosis has been studied in many different animal models, including mice, rats,

rabbits, dogs, cats and non-human primates [52]. To address the mechanism of disease

development, several studies in the mouse model or hormonal treatment have shown an

increased incidence of adenomyosis [53–56]. However, the development of appropriate

animal models is still required to understand the molecular mechanism of adenomyosis. In

order to study the pathophysiological role of β-catenin activation in adenomyosis, we used

mice in which β-catenin was stabilized in the reproductive tract, using previously generated

mice with modified β-catenin alleles and the PRcre mouse [35,57,58]. In these animals the

uterus exhibited an abnormal irregular structure in the myometrium (Figure 3A), and

proliferation was significantly increased in the myometrium of mutant mice compared to

control mice (Figure 3B). We have provided evidence that mice with conditional uterine

activation of β-catenin develop adenomyosis (Figure 4) 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, develops mesenchymal tumours and

causes occasional adenomyosis [59]. WNT–β-catenin signalling molecules are important
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and should be tightly regulated for uterine function [35,60–63]. These findings suggest that

tight regulation of β-catenin in uterine mesenchymal cells and epithelial cells is important in

physiological uterine function and that dysregulation of β-catenin causes several

pathological conditions, including endometrial hyperplasia, uterine tumours and

adenomyosis.

β-catenin interacts with E-cadherin in cell–cell adherens junctions. EMT of tumour cells is

associated with nuclear accumulation of β-catenin. β-Catenin was shown to induce EMT

during gastrulation in the sea urchin [64] and also in human cell culture systems [65,66].

Moreover, increased activity of β-catenin leads directly to a loss of epithelial cell

differentiation [67,68]. E-cadherin is reduced in the uterine epithelial cells of women with

endometriosis compared with endometriosis-free controls [69]. The most important hallmark

of EMT is loss of E-cadherin. Its loss is a requirement for detachment, invasion, distribution

and metastasis, which are linked directly to activated β-catenin signalling. We observed that

E-cadherin expression was decreased in the uterus of mutant mice as well as in human

adenomyosis (Figures 5A, 10A). EMT is initiated by a number of transcription factors,

including Snail, Slug, Twist, ZEB1 and SIP1, via repression of E-cadherin expression [41].

Snail and ZEB1 expression has been associated with tumour cell migration, invasion and

metastasis [41]. We observed induction of Snail and ZEB1 and repression of E-cadherin in

some epithelial cells of the uterus in mutant mice (Figures 5, 6). Our results suggest that loss

of E-cadherin and aberrant expression of Snail and ZEB1 are associated with EMT and

induce the metastatic potential.

The expression of mesenchymal markers is observed after EMT in epithelial cells of mutant

mice. We observed limited expression of vimentin in stromal cells of control mice.

However, vimentin was expressed in stromal cells as well as some epithelial cells of mutant

mice (Figure 7). COUP-TFII-positive cells are observed in some epithelial cells of mutant

mice (Figure 8). COUP-TFII is strongly expressed in the stromal compartment and plays

critical roles in development and tumour formation [39,70]. COUP-TFII induced the

extracellular matrix-degrading proteinases matrix metalloproteinase 2 (MMP2) and

urokinase-type plasminogen activator (uPA), which are known to play critical roles in

angiogenesis and metastasis [71]. CD10 is also a useful molecule in tumour invasion. CD10

is a cell-surface, zinc-dependent metalloproteinase and CD10 expression has been detected

within the invasive area of various cancers, such as prostate, breast, colorectal and skin

carcinomas [72–75]. In our results, CD10 was expressed in some epithelial cells of human

adenomyosis, whereas the control epithelial cells were negative (Figure 10B). These results

suggest that EMT is essential for adenomyosis development.

In the development of adenomyosis, two theories are now generally accepted. One is

endomyometrial invagination of the endometrium, and the other is the de novo development

of adenomyosis from Müllerian rests [2]. It has been proposed that adenomyosis is an

ovarian steroid hormone-dependent disorder, resulting from high oestrogen levels. It

correlates positively with endometrial hyperplasia, endometrial cancer and endometriosis,

which are also associated with unopposed oestrogen [17,76]. Chen et al. have suggested that

oestrogen-induced epithelial–mesenchymal transition of endometrial epithelial cells

contributes to the development of adenomyosis [77]. Changes of EMT markers, including E-
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cadherin and vimentin, were linked to oestrogen levels. Mutant mice treated with E2 and E2

+ P4 still develop adenomyosis. However, mutant mice treated with vehicle or P4 showed

abnormal luminal epithelial structure but did not develop adenomyosis (Figure 9). These

results suggest that β-catenin is a critical factor associated with unopposed oestrogen for

adenomyosis development.

In conclusion, our results demonstrate a role of β-catenin activation in adenomyosis

development, using the PRcre/+ Ctnnbf(ex3)/+ mouse model and human adenomyosis. We

identified that β-catenin activation caused induction of Snail and ZEB1 expression and

repression of E-cadherin expression and mesenchymal cell marker expression in some

epithelial cells during the pathogenesis of adenomyosis. These findings provide great

insights into our understanding of the aetiological and pathophysiological role of β-catenin

signalling and into the development of new therapeutic approaches in adenomyosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Activation of β-catenin in endometrial tissue from women with adenomyosis. (A) Nuclear

and cytoplasmic β-catenin was scored by measuring expression intensity of endometrial

epithelial cells from control women (n = 24), eutopic endometrium (n = 13) and

adenomyosis lesion (n = 19). (B) Photomicrographs represent immunostaining for β-catenin

in human endometrium, with and without adenomyosis. β-Catenin was confined to the cell

cytoplasm. Nuclear accumulation of β-catenin was prominent in eutopic endometrium (Bb,

Bc). (C) The expression of β-catenin was observed in full-thickness endometrium, without
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(a) and with adenomyosis (b). ***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 2.
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, C) but nuclear

accumulation of β-catenin in the epithelium and myometrium of mutant mouse uteri (B, D);

(C, D) high-magnification pictures of the boxed areas in (A, B)
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Figure 3.
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 were significantly increased (c) and revealed abnormal

irregular structure. (B) Phospho-histone H3 was used for identification of proliferation in

control (a) and mutant mice (b). Proliferative ability was increased in the myometrium of

mutant mice compared with control mice (c); arrowheads, positive phospho-histone H3

cells; dashed lines, inner circular layer of myometrium. ***p < 0.001; one-way analysis of

variance (ANOVA) followed by Tukey’s post hoc multiple range test
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Figure 4.
Development of adenomyosis in mice with uterine-specific stabilization of β-catenin. (A)

Incidence of adenomyosis development was scored in control and mutant mice; control and

mutant mice at 2, 4 and 6 months of age were sacrificed. (B) Uterine weight was determined

for control and mutant mice at 4 and 6 months of age. The uterine weight was not different

between control and mutant mice. (C, D) Gross anatomy and histology of control and

mutant mice uteri at 4 (C) and 6 (D) months of age. Uterine length of mutant mice was

smaller than control mice, but the same thickness as in control mice. In histology analysis,

adenomyosis phenotype was observed in mutant mice
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Figure 5.
Expression of E-cadherin and Snail in the uterus of control and mutant mice. (A)

Immunohistochemical analysis of E-cadherin demonstrated suppression of E-cadherin in

mutant mouse epithelial cells (b, d, e) compared with control mice (a, c) at 4 months. (B)

Immunohistochemical analysis of Snail demonstrated induction of Snail in epithelial cells in

mutant (b, d, e) but not in control (a, c) mice at 4 months
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Figure 6.
The expression of ZEB1 in uterus of control and mutant mice. Immunofluorescence analysis

of E-cadherin (red; B, F) and ZEB1 (green; C, G) was performed in control (A–D) and

mutant (E–H) mice. The expression of ZEB1 was observed in epithelial cells of the uterus in

mutant but not control mice. Merged images (A, E) and DAPI images (D, F); arrowheads,

ZEB1-positive cells
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Figure 7.
The expression of vimentin in uteri of control and mutant mice. Immunofluorescence

analysis of cytokeratin 18 (red; B, F) and vimentin (green; C, G) was performed in control

(A–D) and mutant (E–H) mice. The expression of vimentin was observed in epithelial cells

of the uterus in mutant but not control mice; white dotted lines, vimentin-positive epithelial

cells
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Figure 8.
The expression of COUP-TFII in uteri of control and mutant mice. Immunofluorescence

analysis of COUP-TFII (green) and cytokeratin 18 (red) was performed in uteri of control

(A, D) and mutant (B, C, E, F) mice. COUP-TFII was observed in epithelial cells of mutant

mice (B, C, E, F), while its expression was limited to endometrial stromal cells and the

myometrium of control mice (A, D). (D–F) High-magnification pictures of the boxed areas

in (A–C); arrowheads, COUP-TFII-positive cells. (G) 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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Figure 9.
Ovarian steroid hormone dependent development of adenomyosis in mutant mice. (A) Uteri

of 6 month-old ovariectomized control and mutant mice treated with vehicle. Histological

analysis showed that mutant mice did not develop the 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 developed the 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 treated with P4; histological analysis showed that mutant mice did not develop

the adenomyosis phenotype
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Figure 10.
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 a eutopic endometrium (b) and an adenomyosis

lesion (c) compared to normal endometrium (a). (B) The expression of CD10 was detected

in some epithelial cells of eutopic endometrium (b, e) and adenomyosis lesion (c, f) but not

control endometrium (a, d)
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