
Acceptée sur proposition du jury

pour l’obtention du grade de Docteur ès Sciences

par

Estrogen receptor signaling in the human breast 
epithelium

Céline Berthe CONSTANTIN

Thèse n° 9027

2022

Présentée le 9 février 2022

Prof. J. Lingner, président du jury
Prof. C. Brisken, directrice de thèse
Prof. E. Anderson, rapporteuse
Prof. M. dM Vivanco, rapporteuse
Prof. K. Schoonjans, rapporteuse

Faculté des sciences de la vie
Unité du Prof. Brisken
Programme doctoral en approches moléculaires du vivant 



 

i 

Acknowledgements 
First and foremost, I would like to warmly thank Prof. Cathrin Brisken for her mentorship and guidance, for 

the amazing opportunities, for putting her trust in me and for challenging me throughout my journey. I am 

honored to have been part of her laboratory.  

I am very grateful to Profs. Elizabeth Anderson, Maria del Mar Vivanco, Kristina Schoonjans and Joachim 

Lingner for agreeing on being on my thesis committee. 

I would like to express my gratitude to all people who contributed to this work. Our collaborators at the 

CHUV, Steve Bruce and Pierre-Alain Binz, for their collaboration. Csaba Lazlo, for designing the steroid 

measurement methods and teaching me how to perform them. Laura Battista, for collecting the patient 

samples and her help and support. Carlos Ronchi and Giovanna Ambrosini, for the bioinformatic and 

statistical analysis. The staff from the BIOP core facility for the support in image acquisition and analysis and 

in particular Olivier Burri, for writing the scripts for the image processing. Jessica Dessimoz, Gianni Mancini, 

Nathalie Müller and Agnès Hautier from the histology core facility for technical support. Maryse Fiche, for 

the histopathological assessment. Isabelle Desbaillets, for the help with license-writing. The managers and 

caretakers of the animal facility for the assistance with the mouse work. This work would not have been 

possible without them. 

I would like to thank the former and current members of the Brisken lab for creating fond memories and the 

great working atmosphere. Patrick Aouad, Fabio De Martino, Yueyun Zhang for being wonderful companions 

on this PhD journey and the exciting discussions. George Sflomos and Ayyakkannu Ayyanan, for always being 

available and their help. Valentina Scabia, Marie Shamseddin, Dalya Ataca and Rachel Marcone, for inspiring 

me to strive for the best. Daria Matvienko and Andrea Agnoletto, for the nice moments while performing 

experiments. Magali Frainer, for her help with all the administrative stuff. Hazel Quinn, for the tips and 

suggestions. I would also like to thank my colleague from another lab Frédérica Schyrr for the delightful tea 

breaks. 

A special thank you to my partner, my family, and my friends whose love and support have been invaluable. 

  



 

ii 

Abstract 
Breast cancer is the most diagnosed malignancy in women worldwide, making effective prevention strategies 

crucial. Hormonal contraceptives, consisting of a synthetic progesterone receptor agonist alone or in 

combination with an estrogen, are used by millions of women worldwide and have been linked to increased 

breast cancer risk. To date, their mechanisms of action on human breast epithelial cells (HBECs) remain 

elusive. We have previously shown that the mouse intraductal model in which HBECs are grafted to the milk 

ducts of immunocompromised mice preserves hormone receptor expression. We exploited this model to 

assess if 17α-ethinyl estradiol (EE2), the predominant estrogenic component of combined oral contraceptives 

(OCs), has a distinct activity profile from that of the natural estrogen 17β-estradiol (E2) in HBECs and 

characterized methods for stable and long-term estrogen delivery. 

We show that both E2 and EE2 increased the in vivo growth of HBECS, with the former estrogen being slightly 

more potent. E2 and EE2-treated glands showed similar proliferation indices 21 days after treatment and 

displayed similar transcriptomic profiles with robust gene signatures.  

Our data suggest that the increased risk of breast cancer associated with the use of OCs is not attributed to 

EE2, but rather to the progestin used in combination. We recently showed that progestins with androgenic 

properties promote HBEC proliferation but progestins with anti-androgenic properties do not.  

Keywords 

Estrogen receptor, Normal human breast epithelial cells, Hormone administration, Patient derived 

xenografts, Breast cancer, 17β-estradiol, 17α-ethinyl estradiol, Synthetic estrogen, Natural estrogen, 

Intraductal injection, oral contraceptives. 

 

 

 



 

iii 

Résumé 
Le cancer du sein est la tumeur maligne la plus fréquemment diagnostiquée chez les femmes dans le monde, 

ce qui rend les stratégies de prévention efficaces cruciales. Les contraceptifs hormonaux, constitués d'un 

agoniste synthétique des récepteurs de la progestérone seul ou combiné avec un œstrogène, sont utilisés 

par des millions de femmes dans le monde et ont été associés à un risque accru de cancer du sein. À ce jour, 

leurs mécanismes d'action dans les cellules épithéliales mammaires humaines (CEMHs) restent peu connus. 

Nous avons précédemment montré que le modèle intracanalaire murin dans lequel des CEMHs sont greffés 

dans les canaux galactophores de souris immunodéprimées préserve l'expression des récepteurs hormonaux. 

Nous avons exploité ce modèle pour évaluer si le 17α-éthinylestradiol (EE2), le composant œstrogénique 

prédominant des contraceptifs oraux (COs) combinés, a un profil d'activité distinct de celui de l'œstrogène 

naturel 17β-estradiol (E2) dans les CEMHs et nous avons caractérisé des méthodes d'administration 

d'œstrogènes stables et à long terme. 

Nous montrons que E2 et EE2 augmentaient la croissance in vivo des CEMHs, le premier œstrogène étant 

légèrement plus puissant. Les glandes traitées avec E2 et EE2 ont montré des indices de prolifération 

similaires 21 jours après le traitement et ont affiché des profils transcriptomiques similaires avec des 

signatures géniques robustes. 

Nos données suggèrent que le risque accru de cancer du sein associé à l'utilisation de COs n'est pas attribué 

à l'EE2, mais plutôt au progestatif. Nous avons récemment montré que les progestatifs aux propriétés 

androgéniques favorisent la prolifération des CEMHs mais pas les progestatifs aux propriétés anti-

androgéniques. 

Mots-clés 

Récepteur des œstrogènes, Cellules épithéliales mammaires humaines normales, Administration 

d'hormones, Xénogreffes dérivées du patient, Cancer du sein, 17β-œstradiol, 17α-éthinylestradiol, 

œstrogène synthétique, œstrogène naturel, Injection intraductale, contraceptifs oraux. 
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 General introduction 
1.1 Hormone-sensitive cancers 

Hormone-sensitive cancers, including cancers of the breast, ovary and endometrium, contribute to one third 

of cancer incidences in women worldwide (Sung et al., 2021). Despite the available treatments and the efforts 

to detect these cancers early, when the chances of successful treatment are the highest, breast, endometrial 

and ovarian cancer were together the cause of 10.7% of cancer-related deaths in women in 2020 (Sung et 

al., 2021). Female hormone-sensitive cancers are highly heterogeneous diseases with distinct histological 

features and genetic mutations (Amant et al., 2005; Jayson et al., 2014; Polyak, 2011). Epidemiological and 

laboratory data have shown that hormonal and reproductive factors play a major role in the etiology of 

breast, ovarian and endometrial cancers (Brown and Hankinson, 2015; Henderson et al., 1982; World Health 

Organization, 2014).  

1.2 Reproductive physiology 

Several risk factors for hormone-sensitive cancers are linked to the female reproductive physiology. They 

share a unique mechanism of carcinogenesis whereby hormones increase the number of cell divisions and 

thus the risk of random genetic errors by driving proliferation (Caldon, 2014; Henderson and Feigelson, 2000; 

Ho, 2003; Yue et al., 2013).  

The female reproductive function is controlled by the hypothalamus-pituitary-ovarian (HPO) axis. The 

hypothalamus is the master regulator of this axis and secretes gonadotropin-releasing hormone (GnRH) to 

stimulate the secretion of the two peptide hormones luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) by the anterior pituitary gland. LH and FSH control ovarian function and their levels fluctuate 

throughout the menstrual cycle from menarche to menopause. The menstrual cycle can be divided into two 

phases: the follicular phase, that is characterized by a high 17β-estradiol (E2) peak, and the luteal phase, 

which is characterized by a progesterone (P4) peak and a smaller peak in E2 (Figure 1.1).   
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Figure 1.1: Cyclic changes in hormone levels and breast proliferation during the menstrual cycle from (Brisken, 2013) 

In the follicular phase, the secretion of GnRH by the hypothalamus stimulates the anterior pituitary gland to 

secrete LH and FSH, which in turn stimulates the maturation of follicles in the ovaries. E2 is secreted by the 

follicles, inhibits LH secretion at low levels, and stimulates the proliferation of the endometrium. E2 levels 

keep increasing and reach a critical concentration after around 10 days that stimulates the secretion of LH 

and GnRH, causing a surge in LH that triggers the ovulation of the most mature follicle that thereby releases 

an oocyte and morphs into the corpus luteum. Ovulation marks the end of the follicular phase 

(Boundless.com, 2021; Rosner et al., 2020). 

During the luteal phase, the corpus luteum secretes lower levels of E2, as well as P4 and inhibin. It is in the 

luteal phase that proliferation occurs in the breast (Anderson et al., 1982). Inhibin inhibits FSH release to 

prevent the maturation of new follicles. P4 and E2 levels increase to support the endometrium in preparation 

of the possible implantation of a fertilized egg and inhibit GnRH secretion. In the absence of the implantation 

of a fertilized egg, the corpus luteum degenerates, causing E2, P4 and inhibin levels to decrease, which results 
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in endometrial shedding and a renewed increase in GnRH that starts a new cycle (Boundless.com, 2021; 

Critchley et al., 2020; Rosner et al., 2020). 

If a fertilized egg implants in the endometrium, the corpus luteum is preserved by the secretion of human 

chorionic gonadotropin by trophoblasts, the cells that provide nutrients to the embryo. The corpus luteum 

continues to produce E2 and P4 for 8 to 12 weeks. Then, E2 and P4 are produced by the placenta until right 

before delivery (Boundless.com, 2021; Rosner et al., 2020).  

Although endometrial, breast and ovarian cancers share a sensitivity to endocrine signals, their causal 

mechanisms of carcinogenesis differ.  Most risk factors for endometrial cancer, including the use of estrogen 

replacement therapy and obesity, can be explained by the unopposed estrogen hypothesis (Akhmedkhanov 

et al., 2001; Key and Pike, 1988). Exposure to estrogens that is unopposed by a progestogen increases the 

proliferation of endometrial cells and number of replication errors (Akhmedkhanov et al., 2001; Key and Pike, 

1988). Similarly, the prolonged exposure to ovarian hormones and their synthetic derivatives has been 

associated with an increased risk for breast cancer (Colditz et al., 2004). Several risk factors identified for 

ovarian cancers can be explained by the “incessant ovulation” hypothesis. According to this hypothesis, 

factors that reduce the number of ovulations, such as pregnancies and oral contraceptives (Collaborative 

Group on Epidemiological Studies of Ovarian, 2008), confer a protective effect against ovarian cancer (Ho, 

2003). 

A deeper understanding of hormone action in the regulation of cellular processes and drug response can aid 

the development of effective prevention and treatment strategies. Research models are critical to 

disentangle the contributions of different risk factors to carcinogenesis and to target the specific cancer 

subtypes that arise from them. 

1.3 Preclinical models 

Experimental models are central to biomedical research and their applications range from broadening the 

biologic understanding of diseases to the development of new therapeutics (Hidalgo et al., 2014). In 

particular, clinical translation in oncology has had a poor success rate, partly because inadequate models are 

used in drug testing (Hait, 2010; Johnson et al., 2001). The poor predictive power of the models is indicative 

of an inadequate recapitulation of the human disease. 

1.3.1 Human cell lines 

Human tumor-derived cell lines have furthered our understanding of the molecular mechanisms of tumor 

cell biology (Burdall et al., 2003) and the discovery and development of new anticancer drugs (Sharma et al., 

2010). The NCI-60 cancer cell line panel is the most characterized and widely used group of cancer models 

for the in vitro screening of compounds with anticancer activity (Abaan et al., 2013; Shoemaker, 2006). These 
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cells were derived from nine tumor types and adapted to grow indefinitely in vitro. They are still being used 

for high throughput drug discovery and for deciphering the molecular mechanism of various compounds 

(Sharma et al., 2010). Although cell lines are useful tools, they also have important limitations for preclinical 

studies. Their predictive power with respect to the activity of drugs in certain tumor types in clinical trials is 

poor and has been attributed to a number of reasons (Johnson et al., 2001). In vitro culture allows the 

expansion of the least differentiated cells, resulting in the loss of important biologic features (Daniel et al., 

2009). Transcriptomic analyses of common established cell lines and clinical samples have shown that cell 

lines were more similar to each other than to clinical specimen of the same type (Gillet et al., 2011). Similarly, 

cell lines only partially recapitulate the genetic features of the tumors they model (Domcke et al., 2013; Kao 

et al., 2009; Neve et al., 2006). Genomic analyses of human cancer samples such as TCGA and METABRIC 

have revealed a considerable heterogeneity across tumors believed to be of the same subtype (Curtis et al., 

2012) and shown additional molecular subtypes with different survival rates (Bell et al., 2011; Choi et al., 

2011; Koboldt et al., 2012; Levine, 2013). In addition to inter-tumor heterogeneity (between different 

tumors), the majority of human tumors show substantial heterogeneity for various traits including gene 

expression and proliferative potential (Marusyk and Polyak, 2010; Polyak, 2011). 

1.3.2 Genetically engineered mouse models 

Genetically engineered mouse models (GEMMs) are generated through genetic knock-down or knock-in. 

GEMMs allow the study of tumor development and progression with a competent immune system as well as 

the role of specific genes in carcinogenesis (Borowsky, 2011). GEMMs have also led to numerous discoveries 

about normal organ development and have thus furthered the understanding of human disease (Brisken and 

Ataca, 2015; Kersten et al., 2017). Human and mice share 99% of their genes as well as most physiological 

features (Rosenthal and Brown, 2007). However, tumor development in mice relies on the expression of one 

or few genes and murine tumors may not reflect the genetic alterations that occur in the longer evolution of 

human tumors (DeRose et al., 2013; Rangarajan and Weinberg, 2003).  

1.3.3 Patient-derived xenografts 

To increase the predictive power of preclinical testing, patient-derived xenografts (PDXs) are increasingly 

used because they recapitulate the intra- and inter-tumor heterogeneity of the human disease better than 

cell lines or GEMMs (Hidalgo et al., 2014; Whittle et al., 2015; Yada et al., 2017). PDXs are generated by the 

implantation or injection of fresh human tissue or cells into immunocompromised mice. The xenografted 

material may be derived from healthy specimen, primary tumors, solid or liquid metastases. PDX models can 

be orthotopic or heterotopic, depending on the site of sample implantation. Orthotopic models involve the 

implantation of cells or tissue in the same organ as the original tumor, such as the mammary fat pad, the 

ovary or the uterus. Orthotopic models are generally preferred, as the site of transplantation offers a more 
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relevant microenvironment and hormonal milieu, although they can be more technically challenging and may 

not allow direct growth measurement by caliper (Dobrolecki et al., 2016). A common site of heterotopic 

implantation is the dorsal region of the mouse (subcutaneous implantation) and allows for tumor growth 

monitoring by caliper measurement (Day et al., 2015; Hidalgo et al., 2014). Of note, caliper measurements 

can be avoided if the human cells are reporter-labelled prior implantation. A drawback of PDX models is that 

selective pressure may be applied on the implanted cells (Kim et al., 2009) and certain cancer subtypes show 

low engraftment rates (DeRose et al., 2013; Dobrolecki et al., 2016; Scott et al., 2014). Furthermore, 

successful engraftment requires the suppression of the immune system, although it plays an important role 

in tumorigenesis (de Visser et al., 2006). 

1.3.4 Intraductal patient-derived xenografts 

The mouse intraductal model (MIND) was initially developed to study ductal carcinoma in situ (DCIS) (Behbod 

et al., 2009; Valdez et al., 2011). DCIS cell lines and primary breast cancer cells were grafted into the milk 

ducts of immunocompromised mice and established without additional E2 supplementation (Behbod et al., 

2009; Valdez et al., 2011). Estrogen supplementation is a requirement to support the growth of estrogen-

dependent breast cancer cells that are implanted subcutaneously or into the mammary fat pad (Zhang et al., 

2013). E2 supplementation results in plasma E2 levels that resemble those of pre-menopausal women, 

although most estrogen-dependent breast cancers develop in postmenopausal women with significantly 

lower E2 levels (Sflomos et al., 2016). In addition, estrogen receptor α-positive tumors, which represent more 

than 70% of all breast cancer cases, engraft with a take rate of 90% when injected intraductally (Sflomos et 

al., 2016). In contrast, an engraftment rate of 2.5% was reported for the widely used fat pad model for this 

tumor type (Cottu et al., 2012). These findings suggest that the epithelial microenvironment of the mouse 

milk ducts is critical for the growth of estrogen-sensitive breast cancer cells. The MIND model may provide a 

microenvironment that is permissive of the growth of malignant and non-malignant cells of epithelial origin.  
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 Estrogen receptor signaling in the 
normal human breast epithelium 

2.1 Introduction 

2.1.1 Breast cancer 

Breast cancer is the most diagnosed cancer in women worldwide, with over 2 million new cases in 2020 (Sung 

et al., 2021). More than 70% of breast tumors express the estrogen receptor (ER) α and/or the progesterone 

receptor (PR) (Colditz et al., 2004) and their presence in tumors is associated with good prognosis (Horwitz 

et al., 1976; Jensen and Jordan, 2003). Estrogen receptor signaling is targeted in the prevention and 

treatment of estrogen receptor α positive breast cancers, either by preventing the production of estrogens 

from androgens with aromatase inhibitors, or by blocking the interaction of estrogens with ERα by selective 

estrogen receptor modulators (SERMs) or selective estrogen receptor down regulators (SERDs) (Cuzick et al., 

2013, 2020; Early Breast Cancer Trialists’ Collaborative and Group, 2005; Howell, 2008; Jensen and Jordan, 

2003). Despite the clinical benefits of endocrine therapy, breast cancer was the leading cause of cancer-

related death in women in 2020 (Sung et al., 2021) and breast cancer recurrence remains a major clinical 

challenge (Pan et al., 2017). Thus, effective breast cancer prevention strategies are crucial for reducing breast 

cancer incidence.  

2.1.2 The human breast 

2.1.2.1 Anatomy of the human breast 

The breast is an exocrine gland that produces milk for the survival of young offspring. The breast is made of 

tree-like glandular structures which consist of 10-25 primary ducts that emanate from the nipple and are 

connected to terminal ductal lobular units (TDLU) through dichotomous branching. The TDLUs are the 

functional units of the breast and consist of a collection of acini arising from a terminal duct (Howard and 

Gusterson, 2000). The ductal system of the breast is composed of an inner layer of milk-producing luminal 

epithelial cells surrounded by myoepithelial cells, which can contract for milk let-down. The two layers of 

epithelial cells are separated from the stroma by the basement membrane (Figure 2.1).  
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Figure 2.1: Histology of the normal breast. ERα immunohistochemistry (IHC) on histological section of normal breast tissue. 

2.1.2.2 Development and physiology of the breast 

The development and the physiology of the mammary gland is controlled by the hypothalamic–pituitary–

ovarian axis. The mammary glands grow isometrically with the rest of the body until puberty. At the onset of 

puberty, the ovaries start secreting first E2 and later P4 and the rudimentary ductal system extends from the 

nipple area until the edge of the mammary fat pad through dichotomous branching (Howard and Gusterson, 

2000).  

At sexual maturity, ovulatory menstrual cycles are established. The menstrual cycle is on average 25 to 30 

days long (Bull et al., 2019) and is typically divided into two phases, the follicular phase and the luteal phase. 

The follicular phase is characterized by a peak in E2 levels, and the luteal phase is characterized by a peak in 

P4 and a less pronounced peak in E2 (Figure 1.1). Various groups have reported that the mitotic activity in 

the normal breast is highest during the luteal phase (Anderson et al., 1982; Pardo et al., 2014; Pike et al., 

1993; Potten et al., 1988). This observation is of particular interest, because proliferation occurs in the TDLUs, 

which is the site breast cancer originates from (Brisken, 2013; Wellings, 1980), and increased cell division has 

been linked to breast cancer development (Preston-Martin et al., 1993).   

If an egg is fertilized and implants in the endometrium, the functional surface of the breast epithelium 

increases through increased branching and alveologenesis with concomitant loss of fat (Howard and 

Gusterson, 2000). Luminal breast epithelial cells differentiate into milk-secreting cells for the production of 

copious amounts of milk during lactation. The breast involutes at weaning, when the suckling stimulus stops, 

and the secretory cells are removed by phagocytosis.  
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2.1.3 Estrogen receptor signaling 

2.1.3.1 Estrogen receptor signaling in the mammary epithelium  

The mechanisms of hormone action are difficult to disentangle because several hormones act on multiple 

molecular, cellular and tissue targets. Rodent models have been instrumental to investigate the role of 

hormone receptor signaling in mammary gland development and physiology (Figure 2.2). As the mammary 

gland is the only organ that develops mostly after birth, it is readily accessible for experimental 

manipulation).  

 

Figure 2.2: Mammary gland development. Adapted from (Brisken, 2013) 

Hormone ablation and replacement 

To study the effect of individual hormones, endogenous E2 and P4 can be depleted by ovariectomy and as a 

result, the cells of the mammary epithelium cease to proliferate. The administration of E2 to pubertal 

ovariectomized mice is sufficient to restore cell proliferation in the mammary gland (Daniel et al., 1987). In 

adult mice that are ovariectomized, E2 alone has little effect (Beleut et al., 2010), but the combination of E2 

and P4 induces cell proliferation (Wang et al., 1990). P4 alone had little effect on proliferation, partly because 

E2 is required for PR expression (Wang et al., 1990) hence PR levels are low in ovariectomized mice (Haslam 

and Shyamala, 1979). These data suggest that the effects of E2 and P4 are stage-specific. 
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Genetic approaches 

Estrogen action in target tissues is exerted via estrogen receptor α and estrogen receptor β signaling. GEMMs 

have been useful in the dissection of their biological functions.  ERα- and ERβ-deficient mice are viable, but 

present complex endocrine abnormalities and are infertile (Antal et al., 2008; Dupont et al., 2000).  

The mammary glands of ERα-deficient mice are comparable to those of wild-type (WT) littermates until 

puberty, but do not develop any further thereafter (Bocchinfuso and Korach, 1997; Mallepell et al., 2006). To 

distinguish the effects of the lack of epithelial ERα signaling from systemic effects caused by endocrine 

abnormalities, mutant or WT mammary stroma or epithelium can be grafted into syngeneic endocrine-

competent mice (Brisken et al., 1998). Such tissue recombination experiments revealed that epithelial ERα 

signaling is required for pubertal ductal elongation and, directly or indirectly, for side branching and 

alveologenesis during pregnancy (Mallepell et al., 2006).  

ERβ-deficient females show delayed side-branching, which may be a consequence of decreased P4 secretion 

by mutant ovaries in these mutants (Antal et al., 2008). Analysis of ERβ-deficient transplanted mammary 

epithelia revealed no phenotype at any stage of development as assessed by wholemount stereo microscopy 

(Mallepell, unpublished observations), in contrast to a lactational phenotype that has been previously 

reported (Förster et al., 2002). The physiological role of ERβ in the mammary gland remains unclear. 

2.1.3.2 Cellular mechanisms of estrogen action: cell intrinsic and paracrine proliferation  

15-50% or so of luminal cells express ERα and most cells which express ERα co-express PR, consistent with 

PR being an ERα target gene (Clarke et al., 1997a; Horwitz and McGuire, 1978; Shamseddin, unpublished 

observation). However, in humans and in mice, hormone receptor (HR) expression is dissociated from 

proliferation (Clarke et al., 1997a; Seagroves et al., 2000). It was initially thought that this was due to the HR 

protein being downregulated after stimulation, as shown for the ERα upon ligand binding and activation (Reid 

et al., 2003). Our group demonstrated genetically in mice that PR (Brisken et al., 1998) and ERα (Mallepell et 

al., 2006) can elicit cell proliferation by paracrine mechanisms, and coined the terms sensor cells for the 

hormone receptor positive (HR+) cells and signal to “responder” hormone receptor negative (HR-) cells 

through paracrine factors thereby translating the systemic hormone levels into local signaling events (Brisken 

and Duss, 2007). The development of more sensitive immunohistochemical techniques, notably antigen 

retrieval, revealed that there are different levels of HR expression. More recently, this dichotomy was further 

challenged by the finding that a subset of cells in the murine mammary epithelium that appear ERα- by 

immunohistochemistry express detectable levels of Esr1 transcript (Cagnet et al., 2018). These cells appeared 

critical for ductal elongation in puberty through the AF2 function of ERα, which also controlled the transcripts 

of cell motility, cell adhesion and epithelial mesenchymal transition-related genes, suggesting that ERα may 

play an important role in cell plasticity (Cagnet et al., 2018; Fu et al., 2020). In contrast, the proportion of 

proliferating cells that express ERα is increased in early precursor lesions (Lee et al., 2005; Shoker et al., 1999). 
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Furthermore, ERα expression across the epithelium evolves throughout the development from benign lesions 

to HR+ breast cancer (Shoker et al., 1999). In the normal epithelium, a fraction of luminal cells expresses ERα 

and at various levels. In very early lesions such as usual ductal hyperplasia, luminal cells express low levels of 

ERα and high levels of high molecular weight cytokeratins (e.g. cytokeratin 5 and cytokeratin 14) as assessed 

by IHC. This trend is reversed in later lesions such as atypical ductal hyperplasia, which typically show high 

and diffuse ERα positivity and low high molecular weight cytokeratins. These lesions can further develop into 

HR+ breast tumors, which show high ERα staining and positivity (Martinez et al., 2016) (Figure 2.3). 

 

Figure 2.3: ERα staining pattern in human breast lesions. Histological sections of A) usual ductal hyperplasia and B) ductal carcinoma 
in situ adapted from (Quintana and Collins, 2018).  

Dysregulations in ERα expression and proliferation are not sufficient for the development of an invasive 

tumor. Danish pathologist Maja Nielsen sectioned breasts from women who had died from other causes than 

cancer, and she found that 39% of women in their forties had DCIS or similar precursor lesions (Nielsen et al., 

1987), while the number of women who are diagnosed with breast cancer is considerably lower (12,5%). This 

finding indicates that only a fraction of precursor lesions would develop into invasive breast cancer. 

Intriguingly, topographic single cell sequencing and fluorescence in situ hybridization showed that most 

mutations and copy number aberrations are already present in DCIS (Casasent et al., 2018; Murphy et al., 

1995). Taken together, these data suggest that additional factors are required for the development of an 

invasive carcinoma.  

2.1.3.3 Nuclear mechanism of estrogen action 

ER belong to the nuclear receptor family of ligand-inducible transcription factors (Heldring et al., 2007) whose 

members are composed of 6 modular domains A to F (Heldring et al., 2007): a DNA-binding domain C 

composed of two zinc fingers, a ligand-binding domain E (LBD) and two activation functions that control gene 

expression, activation function 1 (AF-1) and activation function 2 (AF-2), which map to the A/B domain and 

to the E domain, respectively (McKenna and O’Malley, 2001; Tora et al., 1989) (Figure 2.4A). The LBD consists 
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of 12 α-helices connected mainly by loop regions (Wurtz et al., 1996). The unliganded LBD is inactive and 

bound by heat shock proteins, most likely as a monomer (Smith and Toft, 2008). ERα and ERβ share 97% 

sequence homology in their DBD and 58% in their LBD, which affects their affinity for ligands (Mosselman et 

al., 1996). 

The ERα is the main receptor mediating the physiological effects of estrogens in the breast. In the classical 

model of estrogen action, ligand binding causes extensive conformational remodeling that results in the 

shedding of the heat shock proteins, dimerization, nuclear translocation and the repositioning of helix 12 

over the ligand binding domain, thereby creating a hydrophobic binding cleft for the binding of 

transcriptional coregulators (Needham et al., 2000) (Figure 2.4B). In the nucleus, ERα binds either directly to 

the DNA through estrogen response elements (ERE) sequences in target genes or indirectly via other 

transcription factors such as SP-1 or AP1 (Kushner et al., 2000; Safe, 2001) (Figure 2.4C). ERα regulates gene 

expression or repression through the recruitment of transcriptional coregulators (O’Lone et al., 2004; Smith 

and O’Malley, 2004). Coregulators possess diverse enzymatic activities that target histone modifications or 

reorganize nucleosomes to modulate the activity of the ERα (Arnal et al., 2017). More than 400 coregulators 

have been identified and include coactivators and corepressors as well as docking platforms that allow for 

components of the transcriptional machinery or other coregulators to bind (Dasgupta et al., 2014). 

Furthermore, the transcriptional activity of both AF-1 and AF-2 domains varies with ligand, promoter and cell 

type (Berry et al., 1990; Mérot et al., 2004; Tora et al., 1989; Tzukerman et al., 1994). Cell-type specific actions 

of ERα have been attributed to the expression levels of transcriptional coregulators, epigenetic modifications 

and chromatin accessibility (Gertz et al., 2013; Krum et al., 2008; Smith et al., 1997). In addition to the classical 

genomic actions, ERα also mediates membrane-initiated steroid signaling enabling rapid actions of estrogen 

(Arnal et al., 2017; Wu et al., 2011).   

 

Figure 2.4: Structure and action of the ER. A) Structure of ERα and ERβ. B) Scheme of unliganded and agonist bound ERα. C) Model 
of the mechanisms of ER signaling. Adapted from (Arnal et al., 2017). 
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Estrogen receptor ligands 

Structure-reactivity studies have mostly been focused on selective estrogen receptor modulators (SERMs) 

and selective estrogen receptor degraders (SERDs) to develop new drugs for the treatment of breast cancer. 

SERMs have tissue-specific and cell-specific activities; they are agonists to the ERα in some tissues and 

antagonists in other tissues. For instance, tamoxifen is a SERM used in the treatment and prevention of breast 

cancer and blocks the proliferative effects of E2 mediated by the ERα in the breast, but has estrogenic effects 

in the bone and the uterus (Frolik et al., 1996; Jordan, 2003). While ERα ligands are generally viewed as acting 

as either agonists or antagonists in a specific setting, they can display a vast range of graded responses 

(Srinivasan et al., 2013) and their potency is not merely dictated by their affinity for the ERα subtypes 

(Jeyakumar et al., 2011).  A recent study revealed that E2 and estrone (E1) have opposing effects on 

inflammation in diet-induced obesity (Qureshi et al., 2020). Although E1 is viewed as a weak estrogen 

because of its lower binding affinity for the ERα compared to E2 (Sasson and Notides, 1983), E1 mediated 

inflammatory NF-κB pathway activation in MCF7 ER+ breast cancer cells in vitro and in vivo, while E2 did not 

(Qureshi et al., 2020). These findings suggest that estrogens can have opposing effects on the activation of 

signaling pathways.  

2.1.4 Reproductive hormones and breast cancer risk 

The ovarian hormones P4 and E2 are essential in normal breast development but are also implicated in 

carcinogenesis. Breast cancer is a hormone sensitive disease since oophorectomy was shown to benefit 

patients (Beatson, 1896). A link between breast cancer and reproductive history was first proposed by 

Bernardino Ramazzini in 1713, when he reported increased breast cancer rates in nuns compared to married 

women (Lukong, 2017). These early observations were investigated in the context of epidemiological studies, 

which revealed that early full-term pregnancy, a period that is associated with high levels of E2 and P4,  

results in a long term risk reduction for developing breast cancer (MacMahon et al., 1970), after a transient 

increase in risk (Lambe et al., 1994). Furthermore, a prolonged exposure to endogenous hormones through 

early menarche and late menopause increase the risk of developing breast cancer (Colditz et al., 2004; 

Collaborative Group on Hormonal Factors in Breast Cancer, 2012; Pike et al., 1983). 

2.1.4.1 Exogenous hormones and breast cancer risk 

Women can also be exposed to exogenous hormones, both natural and synthetic, through usage of 

contraceptives and hormone replacement therapy (HRT). The reasoning behind estrogen and progestogen 

usage differs in these settings. In hormonal contraceptives, synthetic progesterone agonists, progestins, 

inhibit ovulation to prevent conception. They also induce changes in the cervical mucus to prevent sperm 

penetration (Sitruk-Ware and Nath, 2010). In this setting, an estrogen is often combined with a progestin for 
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better cycle control (Sitruk-Ware and Nath, 2010) and increases the suppressive effect of the progestin on 

the HPO axis (Stanczyk et al., 2013).  

The menopause marks the time when menstrual cycling stops. The natural cessation of ovarian function 

results in a marked decrease in E2, inducing menopausal symptoms such as hot flushes, and a decrease in 

bone mineral density (Rymer et al., 2003). Exogenous estrogen alleviates these symptoms, but also 

stimulates endometrial proliferation in women with an intact uterus and increases the risk of endometrial 

hyperplasia (Furness et al., 2012; Rymer et al., 2003). The estrogen-induced proliferative effect on the 

endometrium can be blocked by the co-administration of a progestin (Furness et al., 2012). Thus, hormonal 

contraceptives block a physiological mechanism and HRT aims to maintain or restore it (Kuhl, 1990). 

However, both have been associated with an increased risk of breast cancer  (Sung et al., 2021). Intriguingly, 

the increased breast cancer risk associated with contraceptive or HRT use decreases after cessation 

(Collaborative Group on Hormonal Factors in Breast Cancer, 1996; Million Women Study Collaborators, 2003; 

Mørch et al., 2017), suggesting that the hormones in these preparations promote the progression of pre-

existing lesions, which is concordant with Nielsen’s findings (Nielsen et al., 1987). 

2.1.4.2 Hormone replacement therapy 

It is estimated that about 12 million women use HRT (Collaborative Group on Hormonal Factors in Breast 

Cancer, 2019). Natural estrogens, such as conjugated equine estrogens and E2 are most prescribed for HRT, 

because they are less likely to cause cardiovascular problems (de Lignières and Silberstein, 2000). The positive 

association between HRT and breast cancer risk has been investigated in numerous studies (Collaborative 

Group on Hormonal Factors in Breast Cancer, 1997; Million Women Study Collaborators, 2003) and resulted 

in halving the number of users in the early 2000s (Collaborative Group on Hormonal Factors in Breast Cancer, 

2019). A recent meta-analysis by the Collaborative Group on Hormonal Factors in Breast Cancer showed that 

estrogen-only and estrogen-progestogen bestow a relative risk of breast cancer of 1.17 and 1.6, respectively, 

during the 4 first years of use (Collaborative Group on Hormonal Factors in Breast Cancer, 2019). 

2.1.4.3 Oral contraceptives 

Oral contraceptives (OC) were shown to confer a relative risk of 1.24 of breast cancer to current users 

(Collaborative Group on Hormonal Factors in Breast Cancer, 1996). In 2019, 151 million women were using 

the pill as contraceptive method (United Nations, 2019). OCs contain a progestin either alone or in 

combination with an estrogen. This is usually 17α-ethinyl estradiol (EE2), a synthetic derivative of the natural 

estrogen E2 (Africander et al., 2011). The ethinyl group of EE2 prevents the oxidation of the 17β-hydroxy 

group by 17β-hydroxysteroid dehydrogenase and increases its bioavailability (Kuhl, 2005) (Figure 2.5). 

Because of the difficulty of obtaining precise information about OC use, which may also change frequently, 

few studies have examined the association of specific formulations with breast cancer risk. In a study using 
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an electronic pharmacy database, high-dose estrogen OCs were associated with elevations in breast cancer 

risk (50 µg EE2 or 80 µg mestranol, 2.7 odds ratio), whereas low-dose estrogen oral contraceptives were not 

(20 µg EE2, 1.0 odds ratio) (Beaber et al., 2014). Conversely, in a nationwide Danish study, the risk estimated 

for OCs containing 50 µg EE2 were similar to formulations with the same progestin and 20 or 40 µg EE2 

(Mørch et al., 2017). This study also showed that excess risk for breast cancer was comparable in women 

taking combined oral contraceptives containing EE2 and levonorgestrel, and women with a levonorgestrel-

releasing intrauterine device (Mørch et al., 2017). Because of the widespread use of EE2 in OCs, it is critical 

to characterize how it impinges on normal breast biology and to assess whether EE2 is more potent than the 

natural estrogen E2 to stimulate proliferation and gene expression in normal breast epithelial cells. 

 

Figure 2.5: Molecular structures of A) 17β-estradiol (E2) and B) 17α-ethinyl estradiol 

2.1.4.4 Differences between E2 and EE2  

E2 and EE2 are rapidly absorbed following oral administration of therapeutic doses (Stanczyk et al., 2013). 

EE2 is not as extensively metabolized in the liver as E2. The bioavailability of EE2 is in the range of 20 to 65%, 

with an absolute of 45% (Orme et al., 1989), while less than 5% of orally administered E2 is bioavailable 

(Stanczyk et al., 2013). Consequently, lower doses of EE2 are required to reach similar plasma levels as with 

E2. After a single oral dose of 2 mg E2, maximum plasma levels of 110 to 180 pM were measured after 6 to 

10 hours (Stanczyk et al., 2013). However, peak plasma levels of 300 to 440 pM were observed within 1 to 2 

hours after ingestion of 30 μg EE2 (Stanczyk et al., 2013).  

EE2 differs from E2 in various regards, apart from more interesting pharmacokinetic properties, which make 

it more favorable for use in birth control pills (Kuhl, 2005; Stanczyk et al., 2013). The binding affinity of EE2 

for estrogen receptor α and estrogen receptor β is 1.94- and 1.51-fold higher than that of E2 by radiometric 

competitive binding assays, respectively (Jeyakumar et al., 2011). EE2 is also 1.9-fold more potent than E2 by 

MCF7 breast cancer cell proliferation assay (E-screen) (Folmar et al., 2002). EE2 has a 50-fold lower affinity 

for sex hormone binding globulin (SHBG) than E2 as assessed by a competitive binding assay using [3H]E2 as 

labeled ligand (Hammond et al., 2008). Thus, EE2 appears to be a more potent estrogen than E2, regardless 

of its more favorable pharmacokinetic properties. 



Estrogen receptor signaling in the normal human breast epithelium 

23 

2.1.5 Models to study estrogen receptor signaling in the normal breast 

To better understand what could increase breast cancer risk in current OC users and to design better drugs, 

it is critical to characterize how synthetic hormones affect the normal breast epithelium. The mechanisms 

through which hormones act in the normal human breast have been difficult to investigate because human 

breast epithelial cells loose hormone receptor expression in most culture models, and most of our current 

knowledge on ERα regulation and action comes from few breast carcinoma cell lines (Petersen and Polyak, 

2010; Qu et al., 2015). The nude mouse model, introduced by McManus and Welsh and revisited by the group 

of Elizabeth Anderson, offered for the first time the possibility of studying the effect of single hormones in 

normal breast cells in vivo (Clarke et al., 1997b; Laidlaw et al., 1995; McManus and Welsch, 1984). Pieces of 

intact breast tissue were implanted into nude mice, which were subsequently treated with slow-release 

hormone pellets. In this model, E2, but not P4, increased proliferation of the implanted breast tissue (Clarke 

et al., 1997b; Laidlaw et al., 1995). These data suggest that proliferation in adult human and mouse mammary 

glands may dependent on different hormones, since E2 on its own has little effect on the proliferation of 

mammary epithelial cells in adult mice (Beleut et al., 2010).  Primary human breast epithelial cells (HBECs) or 

human breast microstructures can be derived from reduction mammoplasty specimens and used for short-

term ex vivo assays (Simões et al., 2011; Tanos et al., 2013). However, establishing a normal breast cell line 

has been unsuccessful, so far. The most widely used “normal” cell line, MCF10A, was derived from human 

fibrocystic mammary tissue and lacks ERα expression (Soule et al., 1990). Webster and colleagues tried to 

overcome this hurdle by transfecting ERα into immortal nontumorigenic HBECs. However, the proliferation 

of these cells was inhibited by E2 and the cell line was therefore deemed unsuitable (Zajchowski et al., 1993). 

Inhibition of TGFβ signaling released mammoplasty-derived HBECs from growth restraint and growth was 

increased further in presence of E2 (Fridriksdottir et al., 2015), but to our knowledge, ERα action has not 

been probed further using this culture protocol. The proportion of epithelial cells in the human breast was 

estimated to be 8.4% (Sun et al., 2014), thereby making their isolation challenging. Using a fluorescence 

activated cell sorting (FACS) protocol using EpCAM and CD49f to enrich for mature luminal epithelial cells  

derived from reduction mammoplasty specimens, the group of Myles Brown recently characterized the 

estrogen-driven transcriptome and ERα cistrome in HBECs (Chi et al., 2019). However, estrogen receptor 

target genes were weakly induced, probably owing to the enrichment technique that was used (Chi et al., 

2019).  Indeed, steroid hormone signaling relies on paracrine factors and thus the absence of multiple cell 

types and intercellular contacts may affect the induction of target genes (Tanos et al., 2013).  

The mouse intraductal model (MIND) was initially developed to study DCIS (Behbod et al., 2009; Valdez et 

al., 2011) and was later expanded to different subtypes of breast cancer and normal breast epithelial cells 

(Richard et al., 2016; Sflomos et al., 2016; Verbeke et al., 2014). Xenografted normal breast epithelial cells 

maintain hormone receptor expression for at least 5 months and remain hormone responsive (Shamseddin 



Estrogen receptor signaling in the normal human breast epithelium 

24 

et al., 2021). Thus, the MIND model offers the opportunity to assess the effect of prolonged exposure to 

hormones on the normal breast epithelium in vivo.  

2.1.6 Hormone delivery to lab animals 

Mouse models are central in the study of the biological effects of hormones. However, no consensus has 

been reached about the best means to attain desired hormone plasma levels (Gérard et al., 2017; Ingberg et 

al., 2012). The difficulty stems from the low plasma concentrations that need to be reached (in the picomolar 

range for estrogens) and maintained over long periods of time. Furthermore, hormone supplementation can 

induce adverse effects, such as urinary retention in the case of E2 (Pearse et al., 2009). Selecting an 

appropriate administration method for a specific biological readout can be critical, since hormones have been 

shown to have opposing effects depending on the dose (Lippert et al., 2003; Lippman et al., 1976; Strom et 

al., 2011). Hormones are usually administered orally in humans. Various oral administration methods to lab 

animals have been developed, including by oral gavage (Mercado-Feliciano and Bigsby, 2008) and drinking 

water (Gordon et al., 1986; Levin-Allerhand et al., 2003). Although these methods mimic the 

pharmacokinetics of contraceptives and HRT, they have several drawbacks. Oral gavage is stressful for the 

animals and individual water intake is impossible to control. An attractive method for long-term 

administration of hormones is the use of slow-release pellets. This method is particularly pertinent in the 

comparison of estrogens with different pharmacokinetic properties, as the hormones are released from a 

subcutaneously implanted pellet, thus minimizing the effect of high liver and gut metabolism experienced 

with a parenteral route (Kuhl, 2005). Matrix pellets can be handmade (Sahores et al., 2013) or commercial 

(Gérard et al., 2017). In these devices, the drug is dispersed in a matrix and elutes out of the pellet through 

erosion or dissolution. Since the diffusion distance of the drug increases with time, drug release decreases 

with time (Gérard et al., 2017). Most studies measure hormone concentrations at end point, but a single 

measurement is not sufficient to estimate the variation of hormone release over time. Therefore, the 

characterization of slow-release hormone pellets requires the measurement of plasma hormone levels at 

several time points. 

2.2 Aims 

Estrogens are essential in normal breast development but are also implicated in carcinogenesis. EE2 is a 

synthetic derivative of the natural estrogen E2 and is the predominant estrogenic component  of combined 

hormonal contraceptives (Stanczyk et al., 2013), which are taken by millions of women worldwide and 

transiently increase breast cancer risk (Collaborative Group on Hormonal Factors in Breast Cancer, 1996; 

Mørch et al., 2017; United Nations, 2019). To better understand what could increase breast cancer risk in 

current OC users, it is critical to characterize the effects of synthetic hormones and if they differ from natural 

hormones. The aim of this study was to assess if EE2 shows a distinct activity prolife from that of E2 in normal 
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breast epithelial cells. To this aim, we optimized and characterized modes of estrogen delivery for in vivo 

experiments. 

Specific aims: 

1. Characterize and optimize stable and long-term estrogen delivery for xenografts 

2. Characterize and compare the effects of E2 to its synthetic derivative ethinyl estradiol EE2 on 

proliferation and gene expression of normal breast epithelial cells 
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2.3 Results  

2.3.1 Human breast epithelial cells grow in mouse milk ducts  

To study hormone action in the human breast epithelium, we made use of the intraductal xenografting 

approach previously established for patient derived breast cancer cells (Fiche et al., 2019; Sflomos et al., 

2016; Valdez et al., 2011). Briefly, fresh reduction mammoplasty specimens were mechanically and 

enzymatically dissociated to obtain single cell suspensions. Cells were infected with luciferase2-GFP 

expressing lentivirus for in vivo and ex vivo tracking (Figure 2.6A) and injected into the milk ducts of 8 to 14 

weeks old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice.  Radiance increased 18-fold on average over 

150 days (Figure 2.6B). Stereoscopic analysis at sacrifice revealed that the injected cells spread widely 

through the mouse milk ducts and that some ducts were distended (Figure 2.6C). H&E stained sections 

showed that human cells were slightly larger than mouse cells and revealed that the injected human cells 

had replaced the mouse epithelium (Figure 2.6D) (Shamseddin et al., 2021). 

 

Figure 2.6: The Mouse IntraDuctal Model (MIND) to study hormone action in the human breast epithelium.  A) Scheme of the 
experimental setup. B) Spaghetti plot showing fold change radiance over time by PDX, n=18-80 xenografted glands. C) Whole-mount 
stereo micrographs and fluorescence stereomicroscopy of an inguinal mammary gland injected with cells derived from mammoplasty 
373, arrows point to human cells. Scale bar, 1 mm. D) H&E-stained sections of a humanized duct derived from mammoplasty 348 and 
a mouse. Scale bars, 50 μm. 
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2.3.2 Intraductally xenografted human breast epithelial cells express hormone receptors 

To test whether intraductally injected HBECs retain hormone receptors, we co-stained sections of 

xenografted glands with antibodies specific for human E-Cadherin (ECad) and the steroid hormone receptors. 

The model recapitulated the heterogeneous ERα, PR and androgen receptor expression of the donor tissue 

in terms of intensity levels and scattered groups of HR+ cells (Figure 2.7A). As in the donor tissue, ERα-positive 

cells also expressed the PR, which is a target gene of the ERα, suggesting that the hormone response is intact 

(Figure 2.7B).  

 

Figure 2.7: Human breast epithelial cells express hormone receptors when grafted in the mouse milk ducts. A) co-IF micrographs of 
a cross-sectioned “humanized” mouse milk duct 5 months after intraductal injection for ERα, PR and AR in red, and human ECad in 
green. Scale bar, 10 µm. B) co-immunofluorescence (IF) micrographs of a section of normal breast tissue and derived xenograft 4 
months after intraductal injection for ERα in green, PR in red, DAPI in blue. Scale bar, 100 μm. 

2.3.3 Human breast epithelial cells respond to mouse pregnancy hormones 

To assess if human cells respond to hormonal stimulation, mice with humanized mammary glands were 

impregnated and sacrificed at end of pregnancy or day 3 of lactation. Human epithelial cells were detected 

in histological sections with antibodies specific for human Cytokeratin 7 (CK7). Human ducts had widened 

lumen, which could suggest secretory activity (Figure 2.8A). Lipid droplets were observed inside the human 

epithelium at lactation (Figure 2.8A). 

At weaning, milk accumulates in the mammary epithelium and initiate involution because of the end of the 

suckling stimulus (Macias and Hinck, 2012). Intraductal injection involves the cleavage of the nipple and may 
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therefore cause premature involution of the glands. We compared H&E-stained sections of a gland that was 

injected and a gland that was not injected and noticed fewer secretory cells in the injected gland, suggesting 

that involution had begun in the gland. (Figure 2.8B). 

To test further if intraductally injected HBECs respond to mouse pregnancy hormones, mice injected with 

mammoplasty-derived cells from 2 donors were impregnated and sacrificed at day 17 of pregnancy. Semi 

quantitative RT-qPCR analyses using human specific primers showed transcript levels of the housekeeping 

genes GAPDH and HPRT were comparable in virgin and pregnant mice (Figure 2.8C,D).  While the transcripts 

were below detection limit (≥ 40 threshold cycle) in virgin hosts, in the pregnant females the human milk 

genes alpha-lactalbumin, kappa-casein and alpha-S1-casein were readily detected (Figure 2.8C,D). Thus, 

normal HBECs grow in mouse mammary ducts, preserve hormone receptor expression, and can express milk 

protein genes in response to mouse pregnancy hormones. 
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Figure 2.8: Human breast epithelial cells respond to mouse pregnancy hormones. (A) human CK7 IHC of HBEC-MIND in virgin female 
mouse, at day 20 of pregnancy and at day 3 of lactation. Arrow heads point to lipid droplets within human cells. Scale bars, 100 µm. 
(B) H&E staining of injected and non-injected mammary glands at end of pregnancy and day 3 of lactation. Scale bars, 100 µm. (C-D) 
Bar graphs showing the threshold cycles of semi quantitative RT-PCR with human-specific primers for (C) housekeeping genes or (D) 
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milk genes on RNA from virgin and pregnant mice xenografted with human cells. M373, n=4; M393, n=7. unpaired Student’s t-test, 
*** P< 0.001, **** P< 0.0001, ns not significant. 

2.3.4 Characterization of the effects of in vivo 17β-estradiol delivery by slow-release pellets 

Next, we sought to assess the effect of E2 on HBEC growth in vivo. To this aim, we implanted 60-day-slow-

release silicon-based pellets subcutaneously and monitored proliferation by bioluminescence imaging. To 

ensure that the engrafted human cells were exposed to physiologically relevant E2 levels, plasma E2 

concentrations achieved by subcutaneous pellets containing 0.15 mg E2, which result in luteal E2 levels 

(Scabia et al., in preparation), were evaluated by liquid chromatography–mass spectrometry (LC–MS) (Figure 

2.9A). E2 plasma levels fluctuated between 0 and 163 pM in control animals, with an average of 56 ± 22 pM. 

E2 pellets caused E2 plasma concentrations of 2880 ± 1011 pM at day 13. E2 concentrations decreased 

progressively throughout the treatment, although this decrease became less steep after 44 days at 978 pM 

± 54 pM and ended at 501 ± 139 pM (Figure 2.9B).   

To assess the effect of E2 stimulation on the growth of HBECs, bioluminescence of xenografted cells was 

measured weekly over 65 days. We determined whether the growth curves of control and estrogen-treated 

glands differed significantly using log-transformed raw radiance values. Moreover, we calculated the fold-

change in radiance of control-treated versus estrogen-treated glands at endpoint. The E2 pellets enhanced 

proliferation of the engrafted HBECs (P<0.0001) and radiance was increased 5-fold at endpoint over control 

(P<0.0001) (Figure 2.9C). Immunofluorescence (IF) on histological sections from humanized mammary glands 

collected at end point showed that the percentage of cells that express the ERα target gene PR (Horwitz and 

McGuire, 1978) increased from 11% to 51% (P<0.0005) and that the percentage of cells that express ERα 

decreased from 55% to 15% (P<0.0005) (Figure 2.9D). A decrease in ERα and increase in PR staining intensities 

were observed in the epithelium of E2-treated animals (Figure 2.9E). Thus, ER signaling is functional in this 

model and E2 pellets efficiently increase it.  
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Figure 2.9: Effect of E2 pellets on the growth of human breast epithelial cells.  A) Experimental scheme for hormonal treatment: 12 
weeks after injection of HBECs, mice were implanted with 0.15 mg E2 pellets or nothing. B) Line chart showing plasma 17β-estradiol 
concentrations measured over 65 days in the plasma of mice, n=5. C) Line chart showing cell growth of HBEC-MIND as assessed by 
bioluminescence as mean ± SD, CTRL n=19, E2 pellet n=17. Statistical significance was assessed by applying a mixed-effects linear 
spline model was applied to the log-transformed radiance values, **** P< 0.0001 D) Bar plot showing percentage of human cells 
scoring positive by IF for ERα, PR and Ki67. Each point represents a different mouse, n=5. Unpaired Student’s t-test, *** P< 0.0005, 
ns not significant. E) Representative co-IF micrographs for PR (red) and ERα (green) of xenografted milk ducts after 65 days treatment 
with vehicle or E2. Scale bar, 100 μm. 

IF quantification showed that Ki67 indices after the 65-day treatment were comparable (Figure 2.9D). Indeed, 

analysis of the in vivo radiance curves showed that the steepest increase in proliferation occurred within the 
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first 20-30 days of treatment. Therefore, we tested if 21-day-treatments could allow the detection of 

increased Ki67 levels. This treatment length has the further advantage that it mimics the exposure of the 

human breast both in the context of menstrual cycles and of hormonal contraception, as the standard way 

of taking OC pills is to take one pill every day for 21 days followed by a break of 7 days (Wright and Johnson, 

2008) and the median menstrual cycle length is 25-30 days (Bull et al., 2019) with low hormone levels during 

the first 10 or so days (Stricker et al., 2006). To reach similar E2 concentrations at end point as with 0.15 mg 

E2 pellets after 65 days, we implanted mice bearing MIND PDXs for 21 days with smaller E2 pellets (0.018 mg 

E2) and collected the glands thereafter (Figure 2.10A).  IF quantification showed that E2 increased the 

percentage of Ki67-expressing cells from 5.7% to 15.7% (P<0.005) (Figure 2.10B). Thus, at the earlier 

timepoint, when the slope of the growth curve is steeper, significant differences in Ki67 levels are detected. 

Plasma E2 concentrations were of 501 pM ± 139 pM and 422 pM ± 43 pM at the end of the 65- and 21-day 

stimulations, respectively (P<0.0001) (Figure 2.10C). These levels are comparable to those observed in 

women during the luteal phase (Kratz et al., 2004). Our observation that E2 levels in both settings are 

comparable indicates that proliferation is not merely a reflection of the concentration of E2 at end point. The 

treatment length of 21 days was kept for all following experiments. 

 

Figure 2.10: Effect of the treatment length on Ki67 levels in human breast epithelial cells. A) Experimental scheme for hormonal 
treatments: mice were implanted with 0.15 mg E2 pellets for 65 days or 0.018 mg E2 pellets for 21 days. B) Bar plot showing the 
percentage of human cells scoring positive by IF for Ki67. Each point represents a different mouse. n=4-5. Unpaired Student’s t-test, 
** P< 0.005, ns not significant. C) Dot plot showing 17β-estradiol plasma concentrations at endpoint 65 or 21 days after pellet 
implantation, n=4-5. Unpaired Student’s t-test, **** P< 0.0001. 
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Slow-release E2 pellets induce a burst in hormone release, which decreases with time (Figure 2.9B). To test 

if the undetectable difference in Ki67 levels after 65 days of E2 treatment was a consequence of the burst in 

hormone release, we compared the effect of E2 pellets on HBEC-MIND proliferation to a peroral method in 

which the hormone was administered via the drinking water of the mice. Plasma E2 decreased 5.7-fold 

between day 13 and 65 after treatment start levels in mice with E2 implants but remained stable in the mice 

that received the peroral treatment (Figure 2.11A). Both treatment methods increased radiance of the 

engrafted HBECs by 7-fold (P<0.0001) (Figure 2.11B) and neither method increased Ki67 levels after 65 days 

of stimulation (P<0.0001) (Figure 2.11C). Because the oral method does not induce a burst in E2 release, the 

undetectable difference in Ki67 indices after 65 days of treatment are not caused by the burst in hormone 

release, but likely due to the prolonged exposure to E2. 

 

Figure 2.11: Comparison of two administration modes on the proliferation of human breast epithelial cells at endpoint after 65 days 
of treatment.  A) Plasma 17β-estradiol concentrations measured 13 and 65 days after treatment start in mice that received E2 through 
slow-release pellets or orally, n=5. B) Bar plot showing fold change radiance at endpoint, after 65 days of treatment, by xenografted 
gland, CTRL n=17, E2 pellet n=17, E2 water n=16. One-way ANOVA, E2_pellet vs CTRL: **** P < 0.0001, E2_water vs CTRL: **** P< 
0.0001, E2_pellet vs E2_water: ns not significant.  C) Bar plot showing the percentage of human cells scoring positive by IF for Ki67 
after 65 days of treatment, n=5. One-way ANOVA, ns not significant.  

2.3.5 Effect of physiological doses of 17β-estradiol on human breast epithelial cells 

Since luteal E2 levels (322-652 pM) stimulated cell proliferation and PR expression in HBECs, we next sought 

to assess the effects of different concentrations that occur in different physiological settings. We first 

selected slow-release implants that mimicked different physiological E2 levels. We used the dose that was 

stimulatory for proliferation in the previous experiment as low dose (E2-LD). Pregnancy levels would serve 

as a high E2 condition (E2-HD), and follicular levels as a medium dose (E2-MD). 

Plasma E2 levels in animals implanted with control pellets were 37 ± 77 pM, which corresponds to 

prepubertal levels in humans (Bidlingmaier et al., 1973; Frederiksen et al., 2019). We selected pellets with 

different E2 doses that mimic pubertal as well as luteal (0.018 mg E2; 539 ± 189 pM), late follicular (0.08 mg 
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E2; 1837 ± 349 pM) and pregnancy (0.4 mg E2; 4742 ± 705 pM) E2 levels at 21 days (Abbassi-Ghanavati et al., 

2009; Elmlinger et al., 2002; Frederiksen et al., 2019; Kratz et al., 2004; Schock et al., 2016; Skiba et al., 2019; 

Stricker et al., 2006; Verdonk et al., 2019)(Figure 2.12A, B). These treatments provoked no weight loss, 

indicating that they were well tolerated (Figure 2.12C). 

Next, we asked if different E2 doses differently affect endogenous hormone levels in mice. In control animals, 

progesterone levels showed cycle-related variations, with an average of 8.59 nM. This variation was 

suppressed by any of the E2 doses. Testosterone levels were slightly decreased by all E2 doses. Treatments 

increased plasma estrone (E1) levels in a dose-dependent manner because a fraction of the administered E2 

is converted to E1 (Figure 2.12D,E). 
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Figure 2.12: Plasma sex steroid concentrations in mice implanted with E2 pellets. A) Bar plot showing physiologic ranges for E2. B) 
Dot plot showing plasma E2 concentrations measured 21 days after implantation with low, medium and high dose E2 pellets, n=6-8. 
One-way ANOVA. C) Bar plot showing relative change in body weight at endpoint, n=6-8. One-way ANOVA. D) Scatter plot showing 
the correlation of E1 and E2 levels. E) Dot plot showing plasma progesterone, estrone and testosterone concentrations measured 21 
days after pellet implantation, n=6-8. One-way ANOVA. *** P<0.001, **** P< 0.0001, ns not significant. Dotted line indicates lower 
limit of detection.  
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Next, we analyzed the growth of HBEC xenografts derived from 4 donors simulated with low, medium and 

high E2 levels. All E2 doses increased HBEC proliferation in all 4 PDXs as assessed by bioluminescence imaging 

and Ki67 mRNA expression (Figure 2.13A-D).  We validated these findings further by quantifying the 

percentage of Ki67+ cells for each condition. Ki67 proliferation indices were increased 2.04- (P=0.00038), 

2.09- (P=0.000046) and 2.36-fold (P=0.00058) by low, medium and high E2 doses, respectively (Figure 2.13C). 

The fact that we did not observe significant differences in the induction of proliferation with the different E2 

concentrations prompted us to investigate their effect on ERα target gene expression. RT-qPCR analyses 

using human specific primers showed that ERα regulated genes PGR, AREG and GREB1 in MCF7 cells (Horwitz 

and McGuire, 1978; Jakowlew et al., 1984; Vendrell et al., 2004; Vienonen et al., 2002) and mouse mammary 

glands (Ciarloni et al., 2007; Wang et al., 1990) were consistently upregulated by all E2 doses in normal breast 

epithelial cells (Figure 2.13E). Thus, low, medium and high E2 doses increased cell proliferation and the 

expression of canonical ERα genes to similar extents. We did observe, though, that maximal induction of 

proliferation and PGR expression was not achieved with the highest estradiol concentration, but with late 

follicular E2 levels (1837 ± 349 pM) in xenografts derived from donor 364, who was the only donor under 18 

years old. However, whether age affects the response of the breast to high dose estrogens is beyond the 

scope of this work. Additionally, we note that a dose of 539 pM E2 is sufficient to increase cell growth and 

the expression of ERα target genes. 
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Figure 2.13:   E2 dose response analysis of human breast epithelial cells. A) Line chart showing in vivo growth of HBECs from 4 donors 
as measured by radiance after treatment with low, medium, and high dose E2 pellets. Points show means of fold-change in radiance 
in individual glands ± SEM; n=7-17 per treatment. A mixed-effects linear spline model was applied to test for interactions between 
growth curves (on log-transformed Radiance values), * P< 0.01, *** P < 0.0001. B) Table showing the results when a Wilcoxon rank-
sum test was applied on log-transformed values, * P< 0.01, *** P < 0.0001. C) Violin plot showing the percentage of KI67 and ECAD 
double+ cells of total ECAD+ cells, dots represent individual ducts counted in different glands, median (dotted line), CTRL (n = 298), 
E2-LD (n = 408), E2-MD (n = 665), E2-HD (n = 426 Statistical significance of difference was tested by multilevel negative binomial 
regression. *** p <0.0001. ns not significant. D-E) Heatmap showing fold change increase in expression of D) MKI67 and E) ERα target 
genes compared to control mice as measured by RT-PCR. 

2.3.6 Characterization of pellets for E2 and EE2 

Having ascertained that physiological E2 doses have similar effects on cell growth and the expression of 

canonical ERα target genes, we next sought to optimize a way to administer EE2 to xenografts. Mice 

implanted with 0.15 mg slow-release silicon-based EE2 pellets lost up to 25% of their body weight within the 

first week, most likely because of the early burst in hormone release described earlier (Figure 2.9B). 

Furthermore, plasma EE2 concentrations at endpoint were highly variable and on average 20 times lower 

than E2 with the same dosage. We hypothesized that pellets with a more controlled release should be used 
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for EE2. Thus, we opted for pellets manufactured by Preclinapps, a company that specializes in sustained 

drug release products. Their MedRod® implants are polymer-based substance delivery systems that allow 

stable hormone release for weeks because the implants are covered with a release rate-controlling 

membrane (Figure 2.14).  

 

Figure 2.14: MedRod® implants. A) Appearance of MedRod® implants. B) Schematic structure of membrane-covered and matrix 
pellets. Adapted from the MedRod®-E2, 0.5 µg/d datasheet; Preclinapps: Raisio, Finland, May 6, 2020.  

Mice were implanted with 0.5 µg/day implants (control, E2 or EE2) for 21 days and blood was collected at 

sacrifice. E2 pellets yielded E2 levels of 894 ± 252 pM, which is in the range of E2 levels observed in humans 

during luteal and follicular phases (Kratz et al., 2004).  Plasma levels in mice implanted with EE2 pellets were 

436 ± 96 pM, which falls into the range of reported Cmax for pills containing 30 or 35 µg EE2 (U. S. Food and 

Drug Administration, 2017) (Figure 2.15A,B). Most currently prescribed OC contain between 20 and 35 ug 

EE2 (Beaber et al., 2014). All treatments were well tolerated by the animals and caused a weight loss of 5.7% 

for EE2 implants and of 2.44% for E2 implants (Figure 2.15C), suggesting that the additional coating of 

MedRod® implants does indeed lessen the initial burst in hormone release.  

To characterize the in vivo release kinetics of E2 and EE2 MedRod® implants, blood was collected from the 

tail vein 7 or 15 days after implantation, and by heart puncture at end point. With MedRod® pellets, plasma 

E2 levels decreased 1.4-fold between day 7 and 21 of treatment (Figure 2.15D) and plasma EE2 levels 

decreased 1.1-fold between day 7 and 21 of treatment (Figure 2.15E). E1 levels followed the same trend as 

E2 in animals implanted with E2 pellets, as a part of the administered E2 is converted to E1. EE2 blocked the 

cycle-related variation of both E2 and E1 (Figure 2.15F). The cycle-related variation of progesterone was 

suppressed by both E2 and EE2. It appears that the suppressive effect was incomplete after 7 days (mean P4 

at day 7 in CTRL: 95.13 ± 39-05, E2: 2.66 ± 0.89, EE2: 1.35 ± 0.92 nM), but complete after 15 days (mean P4 

at day 21 in CTRL: 13.30 ± 22.91, E2: 0.73 ± 0.44, EE2: 0.78 ± 0.47 nM) (Figure 2.15G). Testosterone was below 

quantitation limit in all except 2 control samples (Figure 2.15H). 

Thus, estrogen implants affect endogenous progesterone, estradiol and estrone plasma levels. Additionally, 

implants with an additional coating are a judicious choice for the stable release of drugs with toxic effects. 
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Figure 2.15: Characterization of membrane-covered implants for E2 and EE2. A) Dot plot showing plasma levels of E2 in mice 
implanted with 0.5 ug/day implants for E2 or control (n=17-18) at sacrifice as measured by LC-MS ± SD, compared to physiologic E2 
ranges (Kratz et al., 2004; Stricker et al., 2006). B) Dot plot showing plasma levels of EE2 in mice implanted with 0.5 ug/day implants 
for EE2 or control (n=16-17) at sacrifice as measured by LC-MS ± SD, compared to values reported in the literature (Cmax). C) Bar plot 
showing relative change in body weight of mice 3 weeks after CTRL, E2 or EE2 pellet implantation (n=22-24). One-way ANOVA, ** 
P<0.001, ns not significant. Plasma D) E2 E) EE2 F) E1 G) P4 H) T levels in mice over 3 weeks following the implantation of MedRod® 
pellets. Dotted line indicates lower limit of detection. 

2.3.7 Effect of E2 and EE2 on the proliferation of human breast epithelial cells 

Next, we analyzed the in vivo growth of xenografted HBECs from 9 donors stimulated with E2 or EE2. To this 

aim, mice bearing humanized mammary glands were implanted with E2, EE2 or vehicle MedRod® implants 

for 3 weeks. Cell growth was followed by bioluminescence imaging biweekly. We elected to analyze the effect 

of E2 and EE2 on in vivo growth of HBECs derived from women under 30 and women over 40. Women under 

30 are more likely to use oral contraceptives (Firman et al., 2018), whereas women over 40 are more likely 

to bear precancerous lesions in their breasts (Nielsen et al., 1987).  

Normal breast epithelial cells showed a 1.48-fold change in radiance over 21 days. E2 increased radiance by 

3.94-fold on average and 2.69-fold over control. E2 increased the growth rate in 8 out of 8 PDXs; at endpoint, 

radiance was increased over control in 8 out of 8 tissues. EE2 increased radiance by 2.33-fold on average and 



Estrogen receptor signaling in the normal human breast epithelium 

40 

1.59-fold over control. EE2 increased the growth rate in 6 out of 8 PDXs; at endpoint, radiance was increased 

over control in 5 out of 8 tissues. E2-induced proliferation was significantly higher than EE2 in 7 out of 8 

tissues. Furthermore, radiance was increased by E2 over EE2 in 6 out of 8 tissues; increase in radiance was 

comparable in the remaining 2 tissues (Figure 2.16A, B). The proliferative effect of E2 and EE2 was confirmed 

by carmine alum whole mounts, which revealed more focally dilated ducts in E2 and EE2-treated glands, 

indicating they contain a higher number of HBECs than control-treated glands (Figure 2.16C). Thus, E2 and 

EE2 increased the proliferation of HBECs, and E2 had a stronger growth-stimulatory effect than EE2, 

regardless of the age of the donor.   
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Figure 2.16: Effects of E2 and EE2 on human breast epithelial cell growth. A) Line chart showing in vivo growth of HBECs from 8 donors 
as measured by radiance after treatment with control, E2 or EE2 pellets. Points show means of fold-change in radiance in individual 
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glands ± SEM; n=6-20 per treatment. A mixed-effects linear spline model was applied to test for interactions between growth curves 
(on log-transformed Radiance values), * p < 0.05, ** p < 0.001, *** p < 0.0001, ns not significant. B) Table showing the results when 
a Wilcoxon rank-sum test was applied on log-transformed values at end point. C) Stereo micrographs of xenografted mammary glands 
21 days after implantation of CTRL, E2 or EE2 pellets. Scale bar, 1 mm.  

Xenografted glands collected at sacrifice were sectioned and cell proliferation was quantified using co-IF with 

Ki67 and human-specific E-Cadherin antibodies. Only xenografts derived from the younger patients were 

included because they contained sufficient numbers of human cells for quantification. Nevertheless, the data 

obtained from the growth analyses of xenografts derived from the older patients were kept, because their 

radiance levels were at least 10 times above background levels. Estrogen treatments increased Ki67 levels 

and broadened its distribution in 6 out of 6 mammoplasties (Figure 2.17A-C).  The percentage of Ki67+ cells 

increased from 6.16% to 14.15% with E2 (P= 8.18e-06) and 16.63% with EE2 (P = 1.1e-05) (Figure 2.17C). 

Although E2 showed a stronger effect on proliferation as assessed by bioluminescence imaging, Ki67 levels 

were increased to similar extents with E2 or EE2 (P =0.945), and EE2 showed a slightly stronger effect. The 

expression of the reporter, luciferase2-GFP, was increased to similar extents by both treatments (E2, 1.41-

fold increased, adj. P-value<0.05; EE2, 1.46-fold increased, adj. P-value<0.05), suggesting that the difference 

in bioluminescence signal is not attributable to a higher induction of the reporter gene by E2. The comparable 

Ki67 indices with E2 and EE2 after 21 days may be due to a lower mitotic activity occurring in the 3rd week of 

treatment, since the steepest increase in growth happened within the first week after the implantation of 

MedRod® implants (Figure 2.16A,D). 

 

Figure 2.17: Effect of E2 and EE2 on the percentage of Ki67+ HBECs. A) Histograms showing Bayesian estimates for the percentage of Ki67+ 
HBECs from 6 different patients upon 21 days of CTRL (n=1183), E2 (n=1230), EE2 (n=1110) treatment or B) plotted by individual 
mammoplasty. C) Violin plot showing the percentage of Ki67+ cells per duct of HBECs, median (red). Statistical significance of 
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difference at endpoint was tested by multilevel negative binomial regression using a Bayesian approach. *** p <0.0001. ns not 
significant.  

Next, we sought to evaluate the effect of E2 and EE2 on ERα expression. The 6 mammoplasties showed 

different levels of ERα expression, ranging from an average of 16.56% (M309) to 63.82% (M307) (Figure 

2.18A,B). Despite the heterogeneity in the percentage of cells that express ERα, E2 and EE2 decreased the 

proportion of ERα-expressing cells in 6 out of 6 mammoplasties from 43.75% to 20.74% with E2 (p= 0.00083) 

and 21.31% with EE2 (p= 5.42e-06), which reflects a negative feedback following the stimulation of the ERα 

pathway (Figure 2.18A,C). Estrogen-induced decreases in the proportion of ERα expressing cells were 

comparable with both estrogens (p= 0.711) (Figure 2.18A-C). Furthermore, we observed a narrower 

distribution of %ERα+ in E2- and EE2-treated glands compared to CTRL-treated glands (Figure 2.18A-C). 

 

Figure 2.18: Effect of E2 and EE2 on the percentage of ER+ HBECs. A) Histograms showing Bayesian estimates for the percentage of 
ERα+ HBECs from 6 different patients upon 21 days of CTRL (n=1183), E2 (n=1230), EE2 (n=1110) treatment or B) plotted by individual 
mammoplasty. C) Violin plot showing the percentage of ERα+ cells per duct of HBECs, median (red). Statistical significance of 
difference at endpoint was tested by multilevel negative binomial regression using a Bayesian approach. *** p <0.0001. ns not 
significant. 

Estrogen treatments decreased ERα nuclear intensity levels consistently (Figure 2.19A,B). Nuclear ERα 

intensity was decreased 2.11-fold by E2 (p= 0.00044) and 2.06-fold by EE2 (p= 1.4e-05). ERα intensity levels 

were comparable with E2 and EE2 (p= 1)(Figure 2.19A-C).  
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Figure 2.19: Effect of E2 and EE2 on the median ERα nuclear intensity of HBECs. A) Histograms showing Bayesian estimates for median 
ERα nuclear intensities per duct of HBECs from 6 different patients upon 21 days of CTRL (n=1183), E2 (n=1230), EE2 (n=1110) 
treatment or B) plotted by individual mammoplasty. C) Violin plot showing the median ERα nuclear intensity of HBECs, median (red). 
Statistical significance of difference at endpoint was tested by multilevel negative binomial regression using a Bayesian approach. 
*** p <0.0001. ns not significant. 

The proportion of proliferating cells that express ERα increases from benign to malignant lesions (Shoker et 

al., 1999). To test if 21-day E2 and EE2 treatments could differentially affect the proportion of proliferating 

cells that are ERα positive, we performed co-IF for Ki67, ERα and human-specific E-Cadherin antibodies. The 

percentage of ERα and Ki67 double-positive cells in control glands was 3.30% and was not significantly 

different in E2- or EE2- stimulated glands (Figure 2.20A,B).  

 

Figure 2.20: Effect of E2 and EE2 on the percentage of ERα+Ki67+ HBECs. A) Representative micrographs showing co-IF with anti-Ki67 
(yellow), ERα (pink) and anti-ECad (green) of xenografted normal breast epithelial cells after 21 days of treatment with vehicle, E2 or 
EE2. Scale bar, 50 μm. B) Violin plot showing the percentage of ERα+KI67+ HBECs, median (red). Statistical significance of difference 
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at endpoint was tested by multilevel negative binomial regression using a Bayesian approach, CTRL (n=1183), E2 (n=1230), EE2 
(n=1110).  *** p <0.0001. ns not significant. 

Altogether, these results suggest that EE2 has a slightly lower initial potency to increase the growth rate of 

HBECs compared to E2, but their effects on Ki67 and ERα levels after 21 days of stimulation is comparable.  

2.3.8 Transcriptomic analysis of E2 and EE2 treated normal breast epithelial cells 

To test the hypothesis that E2 and EE2 have distinct transcriptomic profiles, we performed RNA-sequencing 

(RNA-seq) of HBEC xenografts from 6 donors treated with either vehicle, E2 or EE2 for 21 days. Estrogen-

responsive genes were identified using a 10% cutoff for false positives, that is adjusted p values lower than 

0.1. E2 affecting the expression levels of 5757 genes whereas EE2 affected the expression levels of 7971 

genes (adj. P-value<0.1). E2 upregulated 1941 genes and downregulated 3816 compared to control (adj. P-

value<0.1) (Figure 2.21A). EE2 upregulated 3435 genes and downregulated 4536 compared to control (adj. 

P-value<0.1) (Figure 2.21B). Consistent with breast cancer cell lines, the majority (66%) of differentially 

expressed genes by E2 were downregulated (Frasor et al., 2003). 57% of genes that were affected by EE2 

treatment were downregulated.  

Principal component analysis showed that estrogen-treated samples clustered together (Figure 2.21C). 

Unsupervised hierarchical clustering on the top 50 differentially expressed genes revealed that control-

treated samples clustered together, and estrogen-treated samples clustered together, consistent with a 

strong effect by estrogen treatments (Figure 2.21D). However, estrogen-treated samples clustered by 

patient, indicating patient-specific features (Figure 2.21D). Among the most differentially regulated gene 

were canonical ERα target gene PGR, GREB1 and TFF1. To assess patient variability in the induction of ERα 

target genes, we plotted the log-scaled normalized values (VSD, i.e. variant stabilized gene expression values) 

for GREB1, PGR and TFF1 revealed increased expression of these 3 canonical ERα target genes by E2 and EE2 

in 6 out of 6 mammoplasties to comparable extents (Figure 2.21E-G).  

The most strongly downregulated gene, CLCA2, was decreased 21.74-fold by E2 and 31.25-fold by EE2 (adj P-

value<0.0001) (Figure 2.21H).  CLCA2 encodes for a calcium-activated chloride channel and is a candidate 

tumor suppressor gene and has been reported to be frequently inactivated in breast cancer by promoter 

hypermethylation (Gruber and Pauli, 1999; Li et al., 2004). Furthermore, CLCA2 was shown to be a negative 

regulator of proliferation in breast cancer cells (Walia et al., 2009; Yu et al., 2013). CPB1, another strongly 

downregulated gene by estrogens (adj. P-value<0.0001), was decreased 9.43-fold by E2 and 13.08-fold by 

EE2 (Figure 2.21I). This gene encodes for a carboxypeptidase and has been recently proposed as a biomarker 

to differentiate ductal carcinoma DCIS from atypical ductal hyperplasia lesions (Kothari et al., 2021). 

Untreated DCIS are more likely to progress into invasive ductal carcinoma and showed increased expression 

of CPB1 (Kothari et al., 2021; Martinez et al., 2016).  
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Correlation analysis demonstrated that genes affected by both E2 and EE2 correlated in extent of induction. 

EE2 induced higher-fold changes as indicated by the estimated slope of the curve being <1 (P<0.0001) (Figure 

2.21J). Correlation analysis of genes differentially regulated by at least one estrogen also showed a slightly 

higher induction by EE2 (P<0.0001) (Figure 2.21K). Only three genes that were differentially expressed by one 

estrogen deviated in the opposite direction with the other estrogen (Figure 2.21K). Thus, E2 and EE2 induce 

highly similar transcriptomic profiles in HBECs. 
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Figure 2.21: Transcriptional response of normal breast epithelial cells to E2 and EE2. Venn diagrams of differentially expressed genes 
respective to control. A) upregulated and B) downregulated genes adjusted p-value<0.1. C) PCA plot of global gene expression 
profiles. D) Unsupervised hierarchical clustering of the 50 most variable genes across samples. Normalized expression levels were 
scaled to Z-scores for each gene. (E-G) Bar plot showing log-scaled variant stabilized gene expression values for E) GREB1 F) PGR and 
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G) TFF1 H) CPB1 and I) CLCA2 in xenografted normal breast epithelial cells, n=22-25. Shown are the non-corrected P-values estimated 
by DESEQ2. * P< 0.05, ** P< 0.01, *** P< 0.001, **** P< 0.0001, ns not significant. (J-K) Scatter plots showing a linear relationship 
between the log2FC of J) shared and K) all differentially expressed genes by E2 and EE2 relative to CTRL samples. Coefficients, P-value 
on the estimated coefficient, and adjusted R squares were calculated by linear regression model. 

 

Figure 2.22: Pathways regulated by E2 and EE2. A) Bar plot of significantly associated pathways using gene set association analysis 
(GSEA) A) E2 B) EE2 treated normal breast epithelial cells, color indicate p-values. C-H) GSEA showing enrichment of pathways 
differentially regulated humanized mammary glands upon E2 or EE2 stimulation, total number of genes = 30,000. The red dashed 
line indicates NES: Normalized Enrichment Score indicate the enrichment score; black rectangles indicate p-value. I-J) Bar plots 
showing log-scaled variant stabilized gene expression values for I) SNAI2 and F) CDH2 in xenografted normal breast epithelial cells, 
n=22-25. Shown are the non-corrected P-values estimated by DESEQ2. * P< 0.05, ** P< 0.01, *** P< 0.001, **** P< 0.0001, ns not 
significant. 

Gene Set Enrichment Analysis (GSEA) found 33 enriched pathways in E2-treated samples and 34 in EE2-

treated samples in the Hallmarks collection (Figure 2.22A,B).  Estrogen response early and late were the most 

enriched pathways (adj. P-value<0.0001), suggesting that ER gene lists established with cell lines are 

applicable to normal breast epithelial cells, at least to some extent. Proliferation-related pathways were also 

enriched (Figure 2.22A,B,E,F), in line with our bioluminescence and IF data (Figure 2.16 & Figure 2.17). 

Contrary to reports using breast cancer cells (Frasor et al., 2003; Gompel et al., 2000), we did not observe 
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changes in apoptosis genes. MYC targets and oxidative phosphorylation were positively enriched (Figure 

2.22A,B), while IL2 STAT5 signaling and mitotic spindle genes were negatively enriched (Figure 2.22A,B). KRAS 

signaling down showed a trend of positive enrichment (E2, adj P-value 0.052; EE2, adj P-value <0.01) and 

KRAS signaling up showed a trend of negative enrichment (E2, adj P-value 0.013; EE2, adj P-value 0.036) 

(Figure 2.22A,B), suggesting that KRAS and ER signaling might be interconnected in normal breast epithelial 

cells. Epithelial to mesenchymal (EMT) related genes showed a trend of downregulation with E2 (adj P-value 

0.011) and were downregulated by EE2 (adj P-value 0.0034) (Figure 2.22A,B,G). Among them, the EMT-

activating transcription factor and effector of transforming growth factor β (TGFβ)/SMAD3 signaling effector 

SNAI2 (SLUG) (Xue et al., 2014) was decreased 3.48-fold by E2 and 3.76-fold by EE2 (adj P-value<0.0001) 

(Figure 2.22I), and the TGFβ-mediated EMT marker CDH2 (N-Cadherin) was decreased 4.96-fold by E2 and 

7.84-fold by EE2 (adj P-value<0.0001) (Figure 2.22J). Estrogen has previously been shown to inhibit TGFβ 

signaling in breast cancer cells through Smad3 (Cherlet and Murphy, 2007; Ito et al., 2010; Malek et al., 2006). 

Of note, ectopic expression of SLUG abrogated intraductal growth of MCF7 breast cancer cells (Sflomos et 

al., 2016). TGFβ signaling showed a trend of negative enrichment with E2 (adj P-value 0.106) (Figure 2.22A,H). 

These results support that E2 and EE2 have robust and highly similar gene signatures. Their potency to induce 

ER signaling in HBECs is comparable.  
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2.4 Discussion 

2.4.1 The mouse intraductal model allows the study of estrogen receptor signaling in normal 
breast epithelial cells 

Exogenous hormones are taken by millions of women, both in the context of contraception and hormone 

replacement therapy. It remains unclear how these hormones affect the breast epithelium. We developed 

and validated intraductal xenograft models and used them, to investigate and compare the proliferative 

activity of E2 and EE2 and their transcriptomes in normal breast epithelial cells. Our finding that E2 increases 

cell proliferation of xenografted human breast epithelial cells compared to control-treated glands is in line 

with other studies (Eigėlienė et al., 2012; Fridriksdottir et al., 2015; Laidlaw et al., 1995; McManus and 

Welsch, 1984). PR was induced by E2 treatments, suggesting that ER is transcriptionally active in intraductal 

xenografts (Fridriksdottir et al., 2017; Graham et al., 2009; Laidlaw et al., 1995; Simões et al., 2011; Tanos et 

al., 2013).  We also find that ERα is decreased by E2 treatment, concordant with studies using breast cancer 

and pituitary lactotrope cells (Alarid et al., 1999; Lonard et al., 2000) and an ex vivo model of normal breast 

tissue (Eigėlienė et al., 2006). To further test the hormone responsiveness of intraductally injected HBECs, 

we examined if the human cells responded to mouse pregnancy hormones. We observed an induction of 

milk protein genes and lipid droplets inside the human epithelium at lactation, indicating that the cells had 

undergone secretory differentiation. Thus, intraductally injected HBECs remain hormone-responsive and 

preserve signaling context, despite their dissociation before engraftment (Tanos et al., 2013).  

2.4.2 The response to E2 stimulation depends on the duration of the stimulation 

Ki67 indices were comparable in E2- and CTRL-treated glands after 65 days of treatment with either slow-

release pellets or by peroral administration. However, the number of Ki67-positive cells was increased in E2-

treated glands after 21 days. Plasma E2 levels at endpoint were comparable in the three experiments, which 

suggests that the proliferative effect of E2 decreases during a chronic stimulation. We observed the same 

trend with progestins (Shamseddin et al., 2021), suggesting that this effect is not specific to estrogens. A 

similar observation was made with women taking oral contraceptives, the proliferative indexes were highest 

during the first week of the contraception cycle and gradually decreased every week (Narvaiza et al., 2008). 

These findings suggest that exogenous E2 may induce normal epithelial breast cells to proliferate just as 

breast cancer cells, but while breast cancer cells keep proliferating, normal cells may stop after a limited 

number of cells cycles (Soto and Sonnenschein, 1987).  

The time-dependent decrease in proliferation we observed may also be a consequence to sustained and 

chronic hormone stimulations. Narvaiza and colleagues observed cyclic proliferative index changes in the 

breasts of women with a natural menstrual cycle, with slightly higher proliferative indexes in weeks 2 and 4, 

when ovarian hormone levels are higher (Narvaiza et al., 2008). However, the observation that mitotic 



Estrogen receptor signaling in the normal human breast epithelium 

51 

indexes are higher in the breasts of women who have been pregnant for over 5 weeks, and thus subjected 

to elevated E2 and P4, compared to non-pregnant women suggests that other factors may sustain 

proliferation in these breasts (Suzuki et al., 2000; Taylor et al., 2009). When intraductally injected HBECs were 

subjected to exogenous estrogens or endogenous mouse pregnancy hormones for 3 weeks, the expression 

of expected genes was affected, e.g. ERα target genes and milk protein genes in estrogen-treated and 

pregnant glands, respectively. A small increase in GFP-positive foci was observed in pregnant humanized 

mammary glands compared to control by fluorescence stereomicroscopy (data not shown). However, 

because a pregnancy only lasts 3 weeks in mice, it is not possible to assess if the proliferation of intraductally 

injected HBECs decreases after several weeks of high and sustained levels of endogenous hormones.  

2.4.3 E2 and EE2 stimulate HBEC proliferation  

Similar to E2, EE2 stimulated the proliferation of human breast epithelial cells in vivo. Despite the higher 

binding affinity of EE2 for the ERα (Andersen et al., 1999; Escande et al., 2006; Jeyakumar et al., 2011), EE2 

was less potent than E2 to increase the proliferation of human breast epithelial cells, as assessed by 

bioluminescence imaging. Although the growth rate of EE2-treated HBECs was 60% that of E2 (1.70-fold 

lower), this effect was reproducibly observed in 7 out of 8 mammoplasties. E2 pellets showed a steeper 

decrease in hormone release in estrogen release compared to EE2 pellets. Hence, the exposure to higher 

levels of E2 within the first week of treatment (1262 ± 215 pM) may have affected the growth of E2-treated 

glands. We investigated the effect of physiological E2 doses on proliferation by implanting mice with 

xenografted epithelium with pellets containing different amounts of E2. A higher increase in growth with the 

medium E2 dose (MD-E2, 1837 ± 349 pM) was only observed with the xenografts derived from women under 

20; the two other E2 doses (LD-E2, 539 ± 189 pM; HD-E2, 4742 ± 705 pM) had comparable effects in the three 

other mammoplasties. Conversely, the stronger impact of E2 compared to EE2 on proliferation was observed 

in all except one mammoplasty, regardless of the age of the donor. Although we did not use the same type 

of implants in the dose-response study and the comparison of E2 and EE2 on growth, the administration of 

E2 via silicon-based pellets and the drinking water of the mice had similar effects on proliferation, which 

suggests that higher initial E2 levels may not affect the growth rate of HBECs.  

Ki67 indices were comparable in E2- and EE2-treated glands, despite a consistent higher induction of 

proliferation by E2, as measured by radiance. The reporter, luciferase2-GFP, was similarly induced by E2 and 

EE2, which suggests that the higher radiance measured from E2-treated glands was not due to a higher 

expression of the reporter, but to a higher number of cells. The steepest increase in growth happens in the 

first week after the implantation of MedRod® implants for E2 and EE2. Thus, Ki67 indices are likely to be 

higher in E2-treated glands after a week of stimulation. To evaluate the impact of the initial difference in 

growth induction, xenografted HEBCs could be exposed to multiple cycles of estrogen stimulation with 7-day 
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breaks in between cycles. Because of the technical difficulty in removing pellets, a first experiment may 

consist of a peroral administration of E2 for 21 days, followed by a 7-day break, and a second stimulation 

with E2 for 21 days. If the second treatment cycle increases the proliferation of xenografted HBECs, it would 

be worth investigating if the growth curves of E2- and EE2-stimulated glands become more dissimilar with 

increasing numbers of treatment cycles.  

2.4.4 E2 and EE2 decrease ERα protein levels 

The proportion of ERα-expressing cells and ERα nuclear intensity were decreased by E2 and EE2 to similar 

extents. Control-treated glands showed a broad distribution of ERα intensities and proportions of ERα-

positive cells. The distributions became narrower, and their means were decreased with E2 and EE2 

treatments. In addition, E2 stimulation increased the number of PR-expressing cells, and PR+ cells showed a 

more intense PR staining by IF. Thus, estrogen treatments revealed cells expressing HR levels that were just 

below the IF detection limit. These findings support the hypothesis that ERα expression is a gradient (Cagnet 

et al., 2018). 

21-day stimulations of HBECs by E2 and EE2 did not increase the percentage of ERα-expressing cells that 

proliferate. An increase in ERα+Ki67+ cells upon E2 treatment was reported with the nude mouse 

subcutaneous PDX model, although this result may be a consequence of the low HR expression in untreated 

xenografts (Clarke et al., 1997b). Breast cancer risk increases with age, and so does the excess number of 

breast cancer cases associated with the use of hormonal contraceptives (Hunter, 2017; Mørch et al., 2017). 

The increase in breast cancer risk associated with HRT and OC use is transient and decreases after cessation, 

suggesting that these medications promote the growth of pre-existing lesions rather than induce breast 

tumorigenesis (Collaborative Group on Hormonal Factors in Breast Cancer, 1996; Million Women Study 

Collaborators, 2003; Mørch et al., 2017). Our results are thus in line with epidemiological data. Similarly, Maja 

Nielsen observed that 39% of women in their 40ies have precancerous lesions while only 12.5% will be 

diagnosed with breast cancer (Nielsen et al., 1987). However, it is important to note that the mechanisms 

that are responsible for the switch from paracrine to autocrine signaling remain unknown and this alteration 

has not been proven to be causative of carcinogenesis (Grimm et al., 2016).    

2.4.5 E2 and EE2 have similar transcriptomic profiles 

EE2 induced a transcriptomic profile similar to E2 in HBECs. Only 3 genes induced by either estrogen deviated 

in the opposite direction with the other estrogen. BBOX1 (P=0.00019) and C4BPA (P=0.0015) were 

downregulated by EE2 and showed a trend of upregulation with E2. These genes encode for a dioxygenase 

and a protein complex involved in the complement system, respectively. CHI3L1 was upregulated by E2 

(P=0.0009) and showed a trend of downregulation with EE2.  CHI3L1 encodes for a secreted glycoprotein. 
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EE2 showed a slightly stronger effect on gene expression, since EE2 induced higher-fold changes than E2. 

Studies on differential effects of estrogens are starting to emerge. Estrone and estetrol, a fetal estrogen that 

is under investigation for use in hormonal contraception and hormone replacement therapy (Apter et al., 

2016, 2017; Kluft et al., 2017), bind ERα with less affinity than E2 and are therefore considered weak 

estrogens (Abot et al., 2014; Holinka and Gurpide, 1979; Sasson and Notides, 1983). Estrone was shown to 

activate inflammatory NF-κB signaling in MCF7 breast cancer cells, although E2 inhibits it (Qureshi et al., 

2020). Estetrol had very little transcriptional impact in MCF7 cells when used at therapeutic doses for HRT 

(0.1 nM), but induced a transcriptomic profile that was 97% similar to E2 when used at a supraclinical dose 

(100 nM) (Gallez et al., 2021). E4 recruited a similar subset of coregulators to E2, albeit with lower potency 

(Gallez et al., 2021). These findings suggest that the binding affinity of certain estrogens for ERα may be 

predictive of their potency, while other estrogens exhibit unique abilities to induce specific signaling 

pathways.  

Of note, DNA repair and p53 signaling showed a trend of positive enrichment with EE2 only (p53 pathway, 

adj P-value 0.11; DNA repair, adj P-value 0.07), and p53 target genes BAX (adj P-value 0.019) and AEN (adj P-

value 0.0048) were increased with EE2. These genes were slightly upregulated with E2, but not significantly. 

2.4.6 EE2 and breast cancer risk 

We show that EE2 has a weaker effect on the in vivo growth of HBECs than E2, and both estrogens have 

similar transcriptomic profiles. Hence, the usage of EE2 in hormonal contraceptives is unlikely to be the cause 

of the increased risk of developing breast cancer in current OC users. Ethinyl estradiol is always combined 

with a progestin in OC as it is the progestin that prevents ovulation and thus conception. We have recently 

shown that progestins with androgenic properties promote HBEC proliferation but progestins with anti-

androgenic properties do not (Shamseddin et al., 2021). These findings are in line with emerging 

epidemiological data reporting an elevated risk for breast cancer in women taking the androgenic progestin 

levonorgestrel (Hunter et al., 2010; Soini et al., 2016). ERα and PR interact in breast cancer cells (Giulianelli 

et al., 2012; Mohammed et al., 2015; Singhal et al., 2016) and may also interact in HBECs. Hence, it is 

important to investigate whether different progestins have distinct abilities to affect ERα/PR crosstalk in 

presence of ethinyl estradiol. PR redirects ERα chromatin binding in breast cancer cells (Mohammed et al., 

2015; Singhal et al., 2016). As E2 and EE2 have similar gene signatures, ERα·EE2 and ERα·E2 are likely to have 

similar cistromes. Thus, progestin-bound PR may redirect ERα to different sites than progesterone-bound PR. 

Alternatively, ERα activation by ethinyl estradiol may only be permissive for the proliferative effects of 

progestins because it increases the expression of PR, similar to E2 in the adult mammary gland (Beleut et al., 

2010). 
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2.4.7 Limitations 

Our study presents several limitations. First, ethinyl estradiol levels undergo cyclic fluctuations that follow 

daily contraceptive intake (DiLiberti et al., 2011). Similarly, estradiol exhibits endogenous circadian rhythm 

regulation (Rahman et al., 2019). Instead, the hormone pellets we implanted in mice administer chronic and 

stable doses of estrogen. This issue could be circumvented in the future with controlled drug-release devices, 

which would mimic the cyclic changes in hormone release. Second, treatments with E2 are accompanied by 

a rise in E1, whereas cyclic changes in E2 and E1 are suppressed with EE2. Estrogens have a suppressive effect 

on the HPO axis and thus P4 and E2 levels fall below detection limit in E2- and EE2-treated mice. However, a 

part of the administered E2 is converted to E1, and EE2 can’t be converted to E1. Since E2 and EE2 have 

similar transcriptomic profiles, the presence of estrone is unlikely to have a significant impact, although it 

might explain the narrower distribution of ER and Ki67 levels with EE2. Third, the population of breast cells 

that engrafts has not been evaluated in this work. The majority of the HBECs that engraft in mouse milk ducts 

are luminal cells, and myoepithelial cells represent a minor fraction (De Martino, unpublished observation). 

The cell-type enriched transcription factors FOXA1/ESR1, ELF5/EHF and TP63/NFIB, which control gene 

expression in mature luminal, luminal progenitor and basal/stem cells, respectively (Pellacani et al., 2016) 

were expressed in HBEC-MIND, suggesting that the 3 cell populations are present. Fourth, breast cancer risk 

increases with longer duration of use, and a treatment with hormones for 3 weeks is likely too short to have 

an impact on risk (Mørch et al., 2017). 

2.4.8 Conclusions 

We have exploited the mouse intraductal model to investigate the proliferative activity and transcriptomic 

profiles of E2 and EE2 in human breast epithelial cells. The xenografted cells remain hormone-responsive and 

grow in the mouse milk ducts. Injected cells are left to grow for several weeks before treatment start, 

allowing to obviate the effects of sex steroids present in the blood of the tissue donors at surgery. We 

optimized treatment length and estrogen administration to mimic hormonal exposure in women and to allow 

the detection of changes in Ki67 levels. Proliferation was followed in real time by bioluminescence imaging 

and assessed at sacrifice by immunofluorescence staining and automatic cell detection-based quantification 

of Ki67 levels and RNA sequencing. Using this platform, we obtained robust gene signatures and reproducible 

cell growth data for E2 and EE2. Despite patient-specific expression levels of target genes, proliferation, and 

levels of ERα expression, a response to E2 and EE2 was consistently observed. We show that E2 and EE2 have 

similar transcriptomic profiles after 21 days of stimulation. Although E2 was more potent in increasing the in 

vivo growth of HBECS, mitotic indices were comparable after 21 days of stimulation. The MIND model may 

serve to test the effects of estrogenic compounds in the normal breast and may be utilized as a preclinical 

model for the development of new oral contraceptives and hormone replacement therapies. Additionally, 
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the E2 gene signature we generated herein may further our understanding of normal- and tumor-specific ER 

signaling patterns, which could in turn translate into more targeted therapies. 
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 Establishment of intraductal 
xenograft models of gynecologic tumors for 
preclinical studies and personalized 
medicines 

3.1 Introduction 

Gynecological cancers are among the most common cancers in women (Figure 3.1). In 2020, endometrial and 

ovarian cancer affected over 400’000 and 300’000 women and caused over 95’000 and 200’000 deaths 

worldwide, respectively (Sung et al., 2021). When diagnosed early, these cancers have good prognosis, which 

gets poorer with later detection. Ovarian cancer, notably, is most often detected in later stages because it is 

difficult to diagnose. At that point, the disease has become metastatic within the abdomen and will recur in 

most women within the next 18 months (Jayson et al., 2014). Despite substantial advances in the 

understanding of cancer biology in the past four decades, long-term survival for many cancers has not 

significantly increased (Hait, 2010). Traditionally, the choice of therapy depends on the organ of origin and 

the stage and grade of the disease. In personalized medicine, the treatment for a patients' disease is tailored 

specifically according to their individual characteristics (Mathur and Sutton, 2017). Tumor molecular 

sequencing is a key tool, as it enables the identification of genomic mutations in a patients' tumor. The 

oncologist then selects a treatment that targets specifically mutations detected in the patients' tumor 

(Gingras et al., 2016; Narod, 2018).  

This novel approach is currently being developed in Switzerland, notably in the university hospital of 

Lausanne. However, it presents some challenges, such as uncertainties concerning the biological relevance 

of each mutation and detection of germline mutations of uncertain significance (Gingras et al., 2016). 

Therefore, oncologists need an additional tool to customize therapy for each patient. This can be done with 

mouse avatars, in which the patient tumor is implanted into immunocompromised mice (Garralda et al., 

2014). Several treatments can be tested in parallel on these mice and it allows the selection of the most 

suitable drug (combination). Unfortunately, patient-derived xenografts are difficult to establish from 

gynecological malignancies with typically very low take rates (Cottu et al., 2012; Hidalgo et al., 2014). Our lab 

has recently improved take rates for breast cancer xenografts by adopting an approach in which cells are 

injected into the mouse milk duct system via the teat, termed the mouse intra ductal model or MIND (Sflomos 

et al., 2016; Valdez et al., 2011). The MIND model not only presents high take rates (>90%) but it preserves 

characteristic features of the clinical counterparts in terms of histopathology, proliferation index and 
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molecular markers such as ERα, PR and Her2 and enable in vivo growth in a clinically relevant endocrine 

milieu. Furthermore, the new xenograft models respond to therapy just as in the clinics (Sflomos et al., 2016).  

 

 

Figure 3.1: Pie chart showing the incidence and mortality rates of the top 10 most common cancers in women in 2020 from Sung et 
al. 2021. 

3.1.1 Ovarian cancer 

Ovarian cancer is the 8th most lethal cancer in women worldwide (Sung et al., 2021) (Figure 3.1). The poor 

prognosis related to ovarian cancer is explained by the advanced stage at diagnosis (Paik et al., 2015). Ovarian 

carcinoma is a heterogeneous disease and classification is based on histopathology and genetic alterations 

(Prat, 2012). The different subtypes are associated with different molecular and clinical features (Köbel et al., 

2010). High-grade serous carcinomas (HGSC) constitute the most frequent subtype (70%) and originate from 

the fallopian tubes (Piek et al., 2001). HGSC are highly sensitive to chemotherapy, in particular platinum salts. 

However, most patients will experience recurrence after remission (Jayson et al., 2014). Targeted therapies 

including poly (ADP-ribose) polymerase (PARP) inhibitors and anti-angiogenic agents have been recently 

approved for treatment after recurrence (Gadducci et al., 2019). However, the selection of the right 

treatment at the right phase of the disease remains a challenge (Jayson et al., 2014). 
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3.1.2 Endometrial cancer 

Endometrial cancer is the sixth most commonly diagnosed malignancy in women worldwide (Sung et al., 

2021) (Figure 3.1). The classification of endometrial tumors is traditionally based on endocrine and clinical 

features (Type I and Type II), but can also be based on histopathological features (e.g. endometrioid, serous 

and clear-cell adenocarcinoma) (Murali et al., 2014). Type 1 endometrial carcinomas are usually hormone 

sensitive and have good prognosis, while Type 2 endometrial cancers are high grade and tend to recur (Amant 

et al., 2005; Bokhman, 1983). However, these classifications fail to capture the heterogeneity of the disease 

and are therefore limited in predicting response to therapy (Murali et al., 2014). To overcome this hurdle, a 

genomic classification has been proposed (Dedes et al., 2011; Levine, 2013; Talhouk et al., 2015). Efforts are 

currently being focused on improving the characterization of specific molecular alterations for targeted 

therapy (Yen et al., 2020). 

3.2 Current models for gynecologic cancers and aims 

PDX models for gynecologic tumors include orthotopic and subcutaneous implantations of tumor fragments, 

as well as implantations into the mammary fat pad and renal capsule (Boone et al., 2015). Other common 

methods involve intraperitoneal injection of ascites or minced tumors (Scott et al., 2014). Non-orthotopic 

models are more commonly used because they tend to have higher engraftment rates and their implantation 

is technically simpler, while appearing equivalent to orthotopic models in terms of phenotypic and genotypic 

characteristics (Heo et al., 2017; Siolas and Hannon, 2013; Topp et al., 2014; Weroha et al., 2014). However, 

the tumor microenvironment in such models resembles less than that of the original tumor (Boone et al., 

2015).  

We hypothesized that the ability of the epithelial microenvironment of the mouse mammary milk duct to 

enable tumor growth may extend to adenocarcinomas of other tissues, more specifically of the female 

reproductive system.  

 

 

 

 

 

 

 

 

 



Establishment of intraductal xenograft models of gynecologic tumors for preclinical studies and personalized medicines 

59 

3.3 Results 

3.3.1 Establishment of gynecological tumor mouse intraducal xenografts 

To test if gynecologic tumors grow intraductally, we obtained tumor tissue from 4 patients with gynecologic 

malignancies, 3 ovarian cancers and one endometrial cancer (Table 1), who had previously given their 

consent. This study was approved by the commission cantonale (VD) d’éthique de la recherche sur l’être 

humain (2017-02238,) and the Service de la Consommation et des Affaires Vétérinaires of Canton de Vaud, 

Switzerland (VD3376) (authorizations are in Appendix).  

Table 1: Summary of the characteristics of patient tumors 

Single-cell suspensions were prepared from tumor tissue and infected with RFP and luciferase-carrying 

lentivirus for subsequent tracking (Figure 3.2A). PDX 1 and 4 did not grow after their initial engraftment. Cells 

derived from the primary tumor, lymph node and omentum metastasis of patient 2 were injected, but only 

the cells derived from the omentum of patient 2 grew, with an average increase of 8.01-fold over 340 days. 

PDX 3 grew 6-fold over 312 days (Figure 3.2B). Ex vivo analysis was performed on relevant organs at sacrifice. 

No metastatic cells were detected by bioluminescence imaging in the reproductive tracts, peritonea, 

gastrointestinal tracts, brains, lungs, livers and kidneys collected post mortem.  

Patient PDX model Type Source Age
glands 

injected
glands 

engrafted
mice

engraftment 
rate (%)

1 Gyn 1 HGSC Ovaries - 16 7 4 44

2 Gyn2 HGSC Ovaries - 6 6 3 100

2 Gyn2 HGSC Omentum metastasis - 20 19 5 95

2 Gyn2 HGSC Lymph node metastasis - 4 3 2 75

3 G001 HGSC Fallopian tubes 65 30 25 6 83

4 G002
Endometrial 

cancer
Endometrium 72 20 17 5 85
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Figure 3.2: Growth of Gynecological PDXs. (A) Experimental Scheme. (B) Graphs showing the radiance of gynecologic PDXs in 

individual glands (black) and mean thereof ± SEM (red).  

Xenografted human cells were found in the sections of PDX 2 (omentum metsastasis xenografts only), PDX 3 

and PDX 4. The cells of PDX 2 displayed papillary and micropapillary architectures, which are typical of tubo-

ovarian high grade serous carcinomas (Figure 3.3A-C). Tumors cells were contained within the mouse milk 

ducts and showed highly pleiomorphic nuclei (Figure 3.3D-F). The surrounding mouse stroma showed a 

desmoplastic reaction (Figure 3.3E). One intraductal proliferation exhibited a necrotic center (Figure 3.3G). 

In addition, tumor tissue demonstrated CK7, PAX8, WT1, p53, focal PR and low ERα expression, consistent 

with a HGSC (Figure 3.3B,C,H-K).  
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Figure 3.3: Histology of intraductal ovarian carcinoma PDX 2 by hematoxylin/eosin staining and IHC. A) Human ovarian tumor cells 
display papillary and micropapillary architectures and express B) CK7 and C) low ERα. D) Ovarian tumor cells are contained within 
murine milk ducts and have large nuclei. Arrow points to intraductal ovarian tumor cells, star highlights murine ducts. E) The 
surrounding mouse stroma exhibits a desmoplastic reaction. F) Intraductal proliferations show atypical mitoses (arrow), apoptotic 
cells (star) and G) necrotic centers. Xenografted cells express H) PAX8, I) WT1, J) p53 and K) PR. Scale bars, 50 µm. 

PDX 3 did not have a papillary architecture, but the cell shape and positivity for CK7 suggested an earlier 

stage of ovarian carcinoma (Figure 3.4A,B). 

 

Figure 3.4: Histology of PDX 3 derived from an ovarian carcinoma. A) H&E and B) CK7-stained sections of PDX3 show intraductal 
ovarian carcinoma. Scale bar, 50 µm. 

Using human-specific ERα and CK7 antibodies, we identified a focus of CK7- and ERα-positive human cells in 

PDX 4 that grew inside a mouse milk duct in PDX 4. The cells showed a poorly differentiated histology, but 

the expression of CK7 and ERα resembled that of a dedifferentiated carcinoma (Figure 3.5). 
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Figure 3.5: Histology of PDX4 derived from an endometrial carcinoma. Micrographs of histological sections stained for A) H&E, B) 
CK7 and C) ERα. Scale bars, 50 mm. 

3.3.2 Retransplantation of gynecologic PDXs 

Passaging of the tumors cells is critical in establishing a xenograft, because it allows to amplify the material. 

In serial passaging of biological samples, genomic stability is an issue and is typically related to the speed of 

replication. Current models allow the successful passaging of cells for more than 10 generations with high 

genetic fidelity (Scott et al., 2014). We tested if MIND-injected gynecologic tumor cells could be passaged 

and analyzed the tumors from each generation by immunohistochemistry to evaluate their molecular and 

histologic fidelity.  

PDXs 2 and 3 were retransplanted, because these tumors grew in the mouse milk ducts and showed 

promising histologic features. Cells from PDX 2 were successfully retransplanted twice and grew 41.65-fold 

over 160 days in generation 2, and 8.47-fold over 141 days in generation 3. In generation 1, PDX2 showed an 

increase in proliferation after a lag phase of around 200 days, possibly because the patient was treated with 

platinum salts before the surgery. In the following generations, a decrease in radiance was observed over the 

first few weeks after injection before a steady increase until end point (Figure 3.6). The animals were 

sacrificed when the tumors became palpable.  

Figure 3.6: PDX 2 is retransplantable. Graphs showing the radiance of Gyn2 in individual glands (black) and mean thereof ± SEM 

(red)  
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The histopathology of the 3 generations of PDX 2 were evaluated to assess their fidelity over several passages. 

All 3 generations show similar micropapillary architectures, suggesting that histologic features are retained 

over multiple passages (Figure 3.7A). Psammoma bodies and invasive patterns were observed in the second 

generation of PDX 2 (Figure 3.7B,C), suggesting a more aggressive behavior. Indeed, tumor growth was 

highest in generation 2 (Figure 3.6). Generation 3 of PDX 2 exhibited cysts (Figure 3.7D). Thus, PDX 2 

recapitulated the histopathological patterns of HGSCs over 3 generations. The bioluminescence signal from 

PDX 3 G2 glands were close to background levels and did not increase over several months. Thus, gynecologic 

tumors can grow in the mouse milk ducts and can be retransplanted. Additionally, MIND xenografts can 

accurately recapitulate the features of HGSCs with high fidelity.  
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Figure 3.7: The histology of PDX 2 is preserved across 3 passages. A) Micrographs of histological sections stained for CK7 and H&E 
show similar papillary and micropapillary architectures. PDX2 G2 exhibited B) psammoma bodies (arrows) and C) clusters of 
invasive cells. D) Cysts were observed in the third generation of PDX 2. Scale bar, 50 mm. 
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3.4 Conclusions and future plans 

In this pilot study, we tested the applicability of the MIND model in establishing gynecologic patient-derived 

xenografts. The mouse milk duct system supported the growth of tumor cells derived from 2 out of 4 cases. 

The xenografts that grew showed histopathological features that recapitulate a tubo-ovarian high-grade 

serous carcinoma (PDX 2) and an early-stage ovarian carcinoma (PDX3). PDX 2 could be retransplanted over 

3 generations and reflected typical histopathological patterns of HGSCs, notably papillary and micropapillary 

architectures, necrotic centers, highly pleiomorphic nuclei as well as the expression of WT1, PAX8, CK7 and 

aberrant p53 (Kurman et al., 2014). Although these results are encouraging, more tissue samples are required 

to ascertain which tumor types can be studied with the MIND mode 

A lag phase was observed after the engraftment of PDX 2, regardless of the generation (Figure 3.6). This may 

be a consequence of the new microenvironment the tumor cells are exposed to. Cell suspensions were not 

enriched for epithelial cells prior to injection, and thus tumor cells were injected alongside stromal cells. 

However, previous attempts to engraft cancer-associated fibroblasts in the mouse milk ducts were 

unsuccessful (Scabia, unpublished observation). These observations may suggest that the recruitment of 

murine stromal cells to the niche of engrafted tumor cells precedes intraductal tumor growth. Murine 

stromal cells progressively replace human stromal cells in PDXs where intact tissue fragments are implanted 

into mice, thus suggesting that transplanted tumor cells maintain their ability to recruit fibroblasts to their 

niche (Yoshida, 2020).  

The models contribute to 3Rs principles (Replace, Reduce, Refine) because tumor cell injection through the 

nipple is less invasive than other models, such as implantations of tumor fragments via the subrenal capsule 

or ovarian bursa, and multiple glands can be injected in each mouse reducing the number of animals needed 

(Boone et al., 2015; Scott et al., 2014). The MIND model involves the injection of single cell suspension, thus 

potentially allowing the engraftment of ascites. The cells are infected with luciferase expressing lentivirus for 

sensitive real-time imaging, foregoing the need for palpable tumor for caliper measurements. However, the 

absence of detectable metastasis in the PDXs we established could represent a drawback, as early diagnosis, 

when the tumors are confined, is the most important prognostic factor (Doubeni et al., 2016). The fact that 

1 out of 3 HGSC grew in the intraductal environment and could be passaged may be attributable to the fact 

that these tumors typically receive neoadjuvant chemotherapy before debulking surgery, which is when we 

receive the tissue (Elies et al., 2018). However, a diagnosis of HGSCs is required for neoadjuvant therapy and 

more than a third of patients present with ascites at the time of diagnosis (Ahmed and Stenvers, 2013; 

Ayantunde and Parsons, 2007; Bansal et al., 2020; Ford et al., 2020). Recent studies have highlighted the 

potential of  ascites as an additional tool for diagnosis and tracking tumor progression  (Ford et al., 2020; 

Zhang et al., 2018). We suggest the inclusion of naive ascites from HGSC patients in our study. In vivo response 
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to platinum salts could subsequently be tested on mouse avatars and may help clinicians in choosing the best 

treatment for patients.  

To test the clinical relevance of gynecological MIND xenografts, commonly used drugs for the treatment of 

the diseases, notably platinum salts and PARP inhibitors should be included (Mirza et al., 2020). If MIND 

xenografts respond to therapy just as in the clinics, novel treatments could be tested with this model. 

Epidemiological studies suggest an important role for hormones in ovarian tumorigenesis, as oral 

contraceptives confer a protective effect against epithelial ovarian cancers (Hankinson et al., 1992). 

Furthermore, 60% of HGSC express high levels of estrogen receptor (Sieh et al., 2013). Clinical trials testing 

endocrine therapy showed modest success rates, mostly because of poor study design (Modugno et al., 

2012). Therefore, we aim to include endocrine therapies in future experiments.  

Our long-term aim is to develop the model for any type of solid tumor to assist the oncologists in the 

treatment of their patients, as any prospective drug (combination) can be tested beforehand. Importantly, 

tissue can be analyzed after sacrifice of the mice to analyze in more detail the effect of each treatment and 

to study why a particular therapy was successful or failed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Materials and Methods 

68 

 Materials and Methods 
4.1.1 Animal experiments 

Animal experiments were performed in accordance with the Swiss guidelines for animal safety with a 12-h-

light-12-h-dark cycle, controlled temperature and food and water ad libitum. Experiments were performed 

under protocols 1865.3-5 and 3376, which were approved by the Service de la Consommation et des Affaires 

vétérinaires, Canton de Vaud, Switzerland. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG) were purchased from 

Jackson Laboratories.  

4.1.2 Patient sample processing 

The studies were approved by the Commission Cantonale d’éthique de la recherche sur l’être humain (2017-

02238 and 183/10) and informed consent was obtained from all subjects. Experiments conformed to the 

principles set out in the World Medical Association Declaration of Helsinki and the Department of Health and 

Human Services Belmont Report.  

Breast tissue was obtained from women undergoing reduction mammoplasties without any previous history 

of breast cancer. Tissue samples were examined by a pathologist to be free of malignancy. Tissue samples 

were mechanically dissociated to pieces of 1-2 mm diameter and digested overnight at 37°C with 1.5% 

collagenase A (11088793001, Roche) in Dulbecco’s modified Eagle’s medium (DMEM)/F12 (11039-021, 

Gibco) supplemented with 1% penicillin-streptomycin (15070-063, Thermo Fisher Scientific) in continuous 

agitation (40 rpm). The next day, the tissue was centrifuged at 2500 rpm for 4 min at 4°C. The pellet 

containing the digested tissue sample was washed with phosphate-buffered saline (PBS) and erythrocytes 

were lysed with Red Blood Cell Lysis Buffer (R7757; Sigma). Samples were dissociated to single cells with 

0.25% Trypsin-EDTA (15400-054; Thermo Fisher) for 2 min. Trypsin was inactivated with 2% calf serum in 

PBS. The cells were filtered through a 40-μm pore size filter (352340, BD Falcon) and counted. Single cell 

suspensions were transduced using Lenti-ONE CMV-GFP(2A)Luc2 WPRE (GEGTECH) at a multiplicity of 

infection of 1 by spin infection for 2.5 h at 2500 rpm. Cells were resuspended in serum-free media to a final 

concentration of 500’000 to 1’000’000 viable cells per 10 µl. 

Tumor tissue samples were mechanically and enzymatically dissociated, single cells were counted and spin 

infected using Lenti-ONE CMV-RFP(2A)Luc2 WPRE at a multiplicity of infection of 1 by spin infection for 2.5 h 

at 2500 rpm in serum-free. Cells were resuspended in serum-free media to a final concentration of 100’000 

to 700’000 viable cells per 10 µl. 
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4.1.3 Intraductal injections and retransplantation 

Eight- to 14-week-old female mice were anesthetized by intraperitoneal injection with xylazine 10 mg/kg and 

ketamine 90 mg/kg (Graeub AG) and injected intraductally with 10 µl cell suspension per gland as previously 

described (Sflomos et al., 2016).  

For retransplantation, mammary glands were mechanically dissociated and enzymatically digested using the 

tumor dissociation kit (130-095-929, Miltenyi Biotec Inc.) to obtain single cells. Cells were counted and 88’000 

to 500’000 cells were injected intraductally.  

4.1.4 Bioluminescence imaging 

Bioluminescence imaging was performed with Xenogen IVIS Imaging System 200 (Caliper Life Sciences) in 

accordance with the manufacturer’s protocol and used to monitor cell growth. 13 minutes after 

intraperitoneal administration of 150 mg/kg luciferin (Biosynth AG; L-8220), images were acquired and 

analyzed with Living Image software (Caliper Life Sciences, Inc.).  

For metastasis detection, mice were injected with 300 µl luciferin 7 min before sacrifice. Organs were 

collected within 15 minutes and bioluminescence signal was measured by Xenogen IVIS Imaging System 200. 

4.1.5 Hormone pellets 

Pellets were prepared by mixing part A (MP3745/E81949) and B (MP3744/E8195) of the low viscosity silicon 

elastomer (MED-4011) with hormone powder as indicated below (Table 2). The mix was incubated overnight 

at 37°C and was fully cured the following day. The mix was cut into pieces as described (Duss et al., 2007). 

0.5 µg/day E2, 0.5 µg/day EE2 and placebo MedRod® pellets were purchased from Preclinapps (Raiso, 

Finland). Animals were assigned to treatment groups for pellet implantation when the bioluminescence 

signal from individual glands reached 107 total flux (p/s/cm2/sr) and hormone pellets were implanted 

subcutaneously 

Pellet 

name 
Hormone 

Catalog 

number 

Hormone 

dose/pellet (mg) 

Silicon part A 

(mg) 

Silicon part B 

(µl) 

Hormone 

powder (mg) 

Pellet 

weight 

(mg) 

LD-E2 E2 E2758 0.018 4700 500 42 3.3 

MD-E2 E2 E2758 0.08 4700 500 42 11.4 

HD-E2 E2 E2758 0.4 4700 500 250 10.4 

0.15 mg 

E2 
E2 E2758 0.15 4700 500 250 3.9 

CTRL - - - 4700 500 - 4.4 

Table 2: Composition of handmade hormone pellets 
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4.1.6 Hormone measurements 

17β-Estradiol, 17α-ethinyl estradiol, estrone, progesterone and testosterone plasma levels were measured 

by high resolution LC-MS (Q-Exactive Orbitrap, ThermoFisher Scientific) using a targeted-SIM acquisition. 

Liquid chromatography was performed with an Accela 1250 (Thermo-Fisher, Waltham, MA, USA) connected 

to a Thermo PAL autosampler (Thermo-Fisher, Waltham, MA, USA). 100 µl of plasma samples were mixed 

with 100 µl of internal standard mix in 5% (w/v) phosphoric acid. Acidified sample mixes were applied to a 

solid phase extraction plate (Oasis MCX 96-well plate, Waters) and washed with 5% (w/v) NH4OH and 20% 

(v/v) methanol. Eluates were evaporated under N2 on a TurboVap 96 (Biotage, Uppsala, Sweden) and 

reconstituted in 100 µl 40% MeCN, corresponding to initial LC mobile phase. For the detection of 

progesterone and testosterone, 20 µL of sample were injected onto a Zorbax Eclipse Plus C18 (2.1 × 50 mm 

1.8 µ m) column (AgilentTechnologies, Santa Clara, California, United States) at a flow of 0,2 mL/min using a 

gradient of purified H2O and MeCN, both containing 0,1% (v/v) formic acid. The solvent gradient started at 

40% MeCN and held for 2 min, then linearly increased to 70% MeCN over 6 min, further increased to 100% 

MeCN over 0,5 min, held at 100% MeCN for 1 min, decreased to 40% MeCN over 0,5 min and finally held at 

40% MeCN for re-equilibration until the end of the 12 min run. Sample leftovers were then evaporated under 

nitrogen and reconstituted in 50 µL sodium bicarbonate buffer (NaHCO3, 100 mM, pH adjusted to 10 with 

NaOH). 50 µL dansyl chloride (2.0 mg/ml in acetone) was added to each sample. The plate was placed in a 

60°C heater for 15 min, then cooled to 4°C and transferred to the LC autosampler for the detection of 

estradiol and estrone. 25 µL of sample were injected onto the LC column at a flow rate of 0,2 mL/min using 

a gradient of purified H2O and MeCN, both containing 0,1% (v/v) formic acid.  The solvent gradient started at 

70% MeCN and held for 2 min, then linearly increased to 85% MeCN over 6 min, further increased to 100% 

MeCN over 2 min, held at 100% MeCN for 1 min, decreased to 70% MeCN over 1 min and finally held at 70% 

MeCN for re-equilibration until the end of the 15 min run. Acquired raw data was processed with Thermo 

Xcalibur.  

Lower limits of quantitation (LLOQ) were determined on triplicate samples serially diluted 1:2,5 over 8 

dilutions. Quantification limit was set as < 20% RSD and < 20% bias (Table 3). 
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Analyte LLOQ (pg/ml) % RSD % BIAS calibration range 

Estradiol 4.1 9.64 -1.70 1.64-1000 pg/ml 

Ethinyl estradiol 25.6 0.98 -11.02 1.64-1000 pg/ml 

Estrone 10.24 8.15 -3.11 1.64-1000 pg/ml 

Progesterone 160 11.75 -1.23 0.16-100 ng/ml 

Testosterone 50 4.04 -0.38 0.02-12 ng/ml 

Table 3: Lower limits of quantification (LLOQ), %RSD, % Bias at LLOQ and calibration ranges. 

4.1.7 Mammary gland whole mounts 

Mammary whole mounts were performed as described (Ayyanan et al., 2011). Stereomicrograph images 

were acquired with a LEICA MZ FLIII stereomicroscope with a Leica MC170 HD camera. Fluorescence images 

were acquired with a LEICA M205FA with a Leica DFC 340FX camera. 

4.1.8 Immunohistochemistry 

Tissues were fixed overnight at 4°C in 4% paraformaldehyde and embedded in paraffin.  4 µm thick sections 

were cut, dewaxed, rehydrated and subjected to antigen retrieval with 10 mM trisodium citrate buffer, pH 

6, for 20 min at 95°C. Blocking with 1% BSA for 1 h was followed by incubation with primary and secondary 

antibodies. Primary antibodies were rabbit anti-ERα (clone Sp1, Zytomed, RTU), mouse anti-ERα (clone F-10, 

Santa Cruz, diluted 1:200), rabbit anti-PR (clone 1E2, Ventana, RTU), rabbit anti-AR (clone SP107, Thermo 

Fisher, diluted 1:200), rabbit anti-CK7 (clone Sp52, Abcam, diluted 1:500), rabbit anti-Ki67 (clone Sp6, Thermo 

Fisher, dilution 1:200), mouse anti-ECad (clone G-10, Santa Cruz, dilution 1:200), mouse anti-p53 (clone DO-

7, Dako, RTU), mouse anti-WT1 (clone WT49, Bond, RTU), mouse anti-PAX8 (clone MRQ-50, Cell Marque, 

RTU). Secondary antibodies were: Alexa-fluor 488 goat anti-mouse (A-11029, Thermo Fisher Scientific, 

1:200), Alexa-fluor 568 donkey anti-rabbit (A-10042, Thermo Fisher Scientific, 1:200), donkey anti-mouse 

HRP (715-035-150, Jackson ImmunoResearch, 1:200), donkey anti-rabbit HRP (711-035-152, Jackson 

ImmunoResearch, 1:200). For IHC, sections were counterstained with Mayer’s hematoxylin. For IF, nuclei 

were counterstained with DAPI (Sigma). IHC images were acquired on Leica DM 2000 with a Leica DFC450 C 

camera. IF images were acquired on confocal Zeiss LSM700 or on Leica DM5500.  
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4.1.9 Multiplex immunofluorescence staining for ERα, Ki67, ECad and DAPI 

IF was performed on a Ventana Discovery ULTRA (Roche Diagnostics, Rotkreuz, Switzerland), using Ventana 

reagents. Sections were deparaffinized and pretreated with CC1 solution for 40 min at 95°C.  Primary 

antibodies were: anti-rabbit ERα (clone Sp1, Zytomed, RTU), rat anti-Ki67 (clone OTI5D7, OriGene, dilution 

1:600), mouse anti-ECad (clone G-10, Santa Cruz, dilution 1:100). Secondary antibodies were: rabbit 

ImmPress HRP (MP-7401, Vector laboratories, RTU), rat ImmPress HRP (MP-7444, Vector laboratories, RTU), 

mouse ImmPress HRP (MP-7402, Vector laboratories, RTU). Slides were scanned using a Olympus VS120-

L100 slide scanner with 20×/0.75 objective and Olympus XM10 B/W camera. 

4.1.10 Image processing of ERα, Ki67, ECad and DAPI multiplex immunofluorescence staining 

An automated cell classifier was developed to increase the speed and the reproducibility of image analysis. 

48 regions on IF scans of sections of normal breast tissue and xenografted HBECs were annotated (Figure 

4.1). The pretraining was performed using the Default StarDist Model and manually curated. Detections were 

converted to annotations for manual curation using the script "Convert Cell Nuclei to Annotations.groovy" 

(Appendix A. 1). 

 

Figure 4.1: Annotations for StarDist training. A) IF image of HBEC xenografts stained with DAPI. Scale bar, 20µm. B) IF micrograph of 
normal breast tissue stained with DAPI. Scale bar, 10µm. 

40 images were used for training, 8 for validation. The model was augmented using Albumentations and 

trained from scratch. DSB 2018 Challenge data was appended to user data for training (2018 Data Science 

Bowl, 2018).  

In script 1 “1. Run StarDist on entire image and add cluster features.groovy", the Stardist Model was applied 

to the entire image, followed by an Object Classifier in QuPath (Bankhead et al., 2017). Delaunay Cluster 

Features were added to the image for subsequent classification (Appendix A. 2). 

A cell classifier was created on all measurements except for the fluorescent channels of interest (Ki67 and 

ER). Cells were classified as “Human”, “Mouse” or “ECM”. The training was done on multiple experiments 

with xenografts derived from multiple tissues acquired over different days and different stainings rounds to 
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account for variability. Human-specific E-cadherin identified the grafted human cells (“human”) from murine 

ductal cells (“mouse”) (Figure 4.2). Cells outside ducts were called “ECM” (extracellular matrix) cells. 

Annotations were made in regions where the 3 cell types are close to each other for a better classification. 

 

Figure 4.2: Training for cell classifier. Ecad IF of xenografted milk ducts showing human cells identified by human Ecad (arrow), 
mouse ductal cells (arrow head), extracellular matrix cells (star). Scale bar, 100 µm. 

Measurement Classifiers for the remaining channels (Ki67 and ERα) were based on Simple Thresholds. 

Different thresholds were tested to find a compromise between false positives and false negatives for all 

experiments Figure 4.3). Cells finally classified as Human, Mouse or ECM followed by either being Ki67+ or 

ERα+ or both. This step was run in the script "2. Classify cells.groovy"(Appendix A. 3). 

 

Figure 4.3: Thresholding for cell classification. 4plex IF for ERα, Ki67, Ecad and DAPI on xenografted human cells. Scale bars, 50 µm. 

To identify the ducts, a simple threshold-based approach was used on down sampled DAPI to find regions of 

high nuclei density, which were then segmented and labeled. The maximal intensity of the labeled image 

inside each cell was added as a measurement called "Duct ID". This step was run in script "3. Identify 

ducts.groovy" (Appendix A. 4). 

For each cell, except cells classified as “ECM”, its composite classification, nucleus area, nucleus area, 

nucleus/cell area ratio, ERα and Ki67 mean intensities are exported as a CSV. Due to the number of cells, 

each entry in the QuPath project is exported as a single file for downstream analysis. This step was run in 

script "4. Export cell results to CSV.groovy" (Appendix A. 5). 
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4.1.11 Image processing of Ki67, ECad and DAPI co-IF staining 

A Thresholder Called "Naive Duct Finder" was created on the Nuclei channel on a pixel size of 5.19 um/pixel 

(16x downsample) with a Gaussian sigma of 1.5um and a Threshold of 400. "Naive Duct Finder" was applied 

to find structures larger than 4000 µm2. Intensity Features were added to the detected ducts in order to 

distinguish ducts with a high ECad signal. Ducts with an average ECad signal lower than 200 were removed 

from the image. This step is run in script "1. Segment Ducts based on ECad.groovy" (Appendix B. 1). Detected 

ducts were manually curated based on the ECad staining, ducts with specific cytoplasmic signal were kept 

(Figure 4.4).  

 

Figure 4.4: Manual curation of Human ducts. Co-IF of HBECs for Ki67 and ECad shows mouse duct (star) and human duct (arrow). 
Scale bar, 50 µm. 

Stardist Model was applied to the entire image, followed by an Object Classifier in QuPath. Delaunay Cluster 

Features were added to the image for subsequent classification. This step is run in script "2. Run StarDist on 

Ducts add cluster features.groovy" (Appendix B. 2). 

A classifier was created on all measurements except for the fluorescent channel of interest, Ki67. Each duct 

was assigned a unique ID. Cells were classified as “Human Ducts”, “Mouse Ducts” or “ECM”. Human-specific 

ECad identified the human cells (“human duct”) from the mouse cells (“mouse duct”) within a duct (Figure 

4.2). Cells outside ducts were called “ECM” (extracellular matrix) cells (Figure 4.5). Annotations were made 

in regions where the 3 cell types are close to each other for a better classification. The training was done on 

multiple experiments with xenografts derived from multiple tissues acquired over different days and 

different stainings rounds to account for variability. A Simple Threshold based classifier for Ki67 was applied, 

and "Ki67" was appended to the class of Ki67-positive cells. This step is run in script "3. ID Ducts and classify 

cells" (Appendix B. 3).  
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Figure 4.5: Training for cell classifier. Ecad IF of xenografted milk ducts showing human cells identified by human Ecad (arrow), 
mouse ductal cells (arrow head), extracellular matrix cells (star). Scale bar, 50 µm. 

For each cell (except the ECM cells), its composite classification, nucleus area, nucleus/cell area ratio and 

Ki67 mean intensities are exported as a CSV. Due to the number of cells, each entry in the QuPath project is 

exported as a single file for downstream analysis. This step is run in script "4. Export cell results to CSV.groovy" 

(Appendix B. 4). 

4.1.12 Analysis of ERα- and Ki67-positive cells 

For the analysis of ERα+ and Ki67+ cells percentage, multilevel negative binomial regression was used on the 

counts with the total number of cells in the duct as offset, the package lme4 (Bates et al., 2015) was used to 

fit the models and the function lrtest from the package lmtest (Zeileis and Hothorn) was used to perform 

likelihood ratio tests between the models, from where the p-values were derived. The plots for global and 

population (mammoplasties) parameters were derived using bayesian multilevel negative binomial 

regression for the percentages and bayesian multilevel regression with a skewed normal for the median ERα 

nuclear intensities of the ducts. The package brms (Bürkner, 2017) was used for calculating the bayesian 

estimates with default priors and tidybayes (Kay, 2020), ggplot2 (Wickham, 2016) were used for plotting.  

4.1.13 RT-qPCR 

Mammary glands were homogenized in Trizol (Invitrogen). RNA-containing aqueous phase was extracted 

with chloroform and isolated with with miRNeasy Mini Kit (Qiagen). cDNA was synthesized with random 

p(dN)6 primers (Roche) and MMLV reverse transcriptase (Invitrogen). Real-time qPCR analysis was 

performed in triplicates with SYBR Green FastMix (Quanta). Primers are listed below (Table 4). 
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Gene  Forward primer  Reverse primer 
HPRT GAC CAG TCA ACA GGG GAC AT  CCT GAC CAA GGA AAG CAA AG 
GAPDH CCC CAC TTG ATT TTG GAG GGA AGG GCT GCT TTT AAC TCT GGT 
CSN3 AAC AAC CAG CAT GCC ATG AG TGC TAT AGC TGG TCT ACG TTG G 
CSN1S1 GAG GCT TCT CAT TCT CAC CTG TC ACT GCT CTC TGA TGG ATT CTG AAG 
LALBA AGG TCC CTC AGT CAA GGA ACA GGC TTT ATG GGC CAA CCA GT 
PGR GTC AGT GGG CAG ATG CTG TA  CGT AGC CCT TCC AAA GGA AT 
GREB1 GCG ACC ATC GGC TTT AGG TA CCT GCG CTC TCA TAC TTA GC 
AREG ACC TAC TCT GGG AAG CGT GA AGC CAG GTA TTT GTG GTT CG 

Table 4: List of primers 

4.1.14 RNAseq experiment 

RNA libraries were formed by rRNA removal, produced paired-end reads of 150 bp and were sequenced on 

Illumina Hiseq 2500 instrument. Differential expression analysis was performed using the package DESeq2 

(Zhu et al., 2019), with log fold changes shrinked using the option apeglm in DESeq2 (Zhu et al., 2019). Gene 

set enrichment analysis was performed using clusterProfiler (Yu et al., 2012) with pvalueCutoff set to 0.2 and 

default parameters. The package pheatmap (Kolde, 2019) was used for plotting the hierarchical clustering 

and heatmap. PCATools (Blighe, 2021) was used for PCA biplots. R (R Core Team, 2020) v4.0.3 and v4.0.4 

were used for all statistical analysis.  
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 Appendix 
6.1 Appendix A: Scripts for the detection of ER- and Ki67-positive HBECs  

Appendix A. 1: “Convert cell nuclei to annotations.groovy” 

def cells = getCellObjects() 
 
def annots = cells.collect{ cell -> 
    return PathObjects.createAnnotationObject( cell.getNucleusROI() ) 
    } 
clearDetections() 
 
addObjects(annots) 
 

Appendix A. 2: “1. Run StarDist on entire image and add cluster features.groovy” 

/* 
Run StarDist and add Cluster Features 
 
This script will segment the entire image using the provided model 
After this, each cell with too low a DAPI signal will be removed  
(in case of StarDist dreamaing up cells in empty areas) 
 
After this, Delaunay Cluster Features are added for the subsequent classification steps 
 
Author: Olivier Burri, EPFL - SV - PTECH - BIOP 
For Céline Constantin, EPFL - SV - UPBRI 
Last modified: 2021.05.17 
*/ 
 
// Specify the StarDist model name. Should be in the same directory as the project under 'models' 
def model = 'brisken-ducts_update_r32_p128_g1_e400_se100_b16_aug_challenge' 
 
// Specify channel name for StarDist segmentation  
def nucleiCh = "Nuclei" 
 
// Specify threshold below which cells will be removed 
def nucleiThr = 100 
 
 
// START OF SCRIPT //  
 
def pathModel = new File( getProjectBaseDirectory(), "models/"+model ).getAbsolutePath() 
 
def stardist = StarDist2D.builder(pathModel) 
        .threshold(0.6)                  // Probability (detection) threshold 
        .channels(nucleiCh)            // Select detection channel 
        .normalizePercentiles(1, 99.8) // Percentile normalization 
        .pixelSize(0.3244)              // Resolution for detection 
//        .tileSize(1024)              // Specify width & height of the tile used for prediction 
        .cellExpansion(2.0)          // Approximate cells based upon nucleus expansion 
        .measureShape()              // Add shape measurements 
        .measureIntensity()          // Add cell measurements (in all compartments) 
        .includeProbability(true)    // Add probability as a measurement (enables later filtering) 
        .simplify(1)                 // Control how polygons are 'simplified' to remove unnecessary vertices 
        .doLog()                     // Use this to log a bit more information while running the script 
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        .build() 
         
 
// Detect for whole image 
clearAllObjects() 
createSelectAllObject(true) 
 
def imageData = getCurrentImageData() 
def pathObjects = getAnnotationObjects() 
 
stardist.detectObjects( imageData, pathObjects ) 
 
println 'Cell Detection using StarDist Done!' 
 
// Cleanup and Classification 
// --------------------------- 
def cells = getCellObjects() 
println 'Detected a total of '+cells.size()+' cells' 
 
// Clean cells with weak DAPI 
// --------------------------- 
// If the StarDist Tiles are too small, they could end up being fully empty and StarDist will "dream up" cells 
// to avoid it, we can clean out the cells that have a too low DAPI signal. 
 
def cellsToRemove = getCellObjects().findAll{ measurement( it, nucleiCh+": Nucleus: Mean" ) < nucleiThr } 
 
println 'Removing '+cellsToRemove.size()+' cells due to DAPI intensity lower than '+nucleiThr 
 
removeObjects( cellsToRemove, false ) 
 
fireHierarchyUpdate() 
 
// Add Delaunay Cluster Features for the classifier 
// ------------------------------------------------ 
 
println 'Adding Delaunay Features to assist for cell classification' 
 
// Select the whole image 
selectObjectsByClass( qupath.lib.objects.PathRootObject ) 
 
// Run clustering of cells for extra statistics 
runPlugin('qupath.opencv.features.DelaunayClusteringPlugin', '{"distanceThresholdMicrons": 50.0,  "limitByClass": 
false,  "addClusterMeasurements": true}') 
 
println 'Script Finished...' 
fireHierarchyUpdate() 
 
// Required imports 
import qupath.tensorflow.stardist.StarDist2D 
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Appendix A. 3: “2. Classify cells.groovy” 

/* 
Cell Classification based on trained object classifier 
 
This script assumes that you have run a QuPath StarDist detection and have cell objects in your currently open image 
Moreover, is assumes you have already created an object classifier 
 
Author: Olivier Burri, EPFL - SV - PTECH - BIOP 
For Céline Constantin, EPFL - SV - UPBRI 
Last modified: 2021.05.17 
*/ 
 
// Classifier for the ducts (With Human, Mouse and ECM Classes, for example) 
def ductClassifier = 'Human_Mouse_HBEC_MIND' 
 
// Create single measurement classifiers for all your fluorescent channels 
def multimeasurements = [ new SingleMeasurement( measurement: "Ki67: Nucleus: Mean", 
                                                 pathClassAbove: "Ki67", 
                                                 threshold: 200 
                                               ), 
                          new SingleMeasurement( measurement: "ER: Nucleus: Mean", 
                                                 pathClassAbove: "ER", 
                                                 threshold: 100 
                                                ) 
                        ] 
                         
 
// START OF SCRIPT //  
 
// Classify the cell origin 
// ------------------ 
println 'Classifying cells based on '+ductClassifier 
runObjectClassifier( ductClassifier ) 
 
 
// Classify the cells from the fluorescent channels 
// ------------------ 
// Here the classifier assumes that objects of exactly the same value as the threshold are to be classified as the class you 
set as 'pathClassAbove' 
def classifiers = multimeasurements.collect { 
    return new ObjectClassifiers.ClassifyByMeasurementBuilder( it.measurement ) 
     .threshold(it.threshold) 
     .aboveEquals( it.pathClassAbove ) 
     .below( it.pathClassBelow ) 
     .build() 
} 
 
// Build a composite classifier out of this 
def composite = ObjectClassifiers.createCompositeClassifier(classifiers) 
 
// Get the image data we need to run the classification 
def cells = getCellObjects() 
def imageData = getCurrentImageData() 
 
// Here the magic happens, run the classification 
composite.classifyObjects( imageData, cells, false ) 
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// Update the view 
fireHierarchyUpdate() 
 
println("Done") 
 
 
// Class to help create the single measurement classifiers. 
// the idea is that this is easy to read by the user 
class SingleMeasurement { 
 
    def measurement = "" 
    def pathClassAbove = PathClassFactory.getPathClassUnclassified() 
    def pathClassBelow = PathClassFactory.getPathClassUnclassified() 
    def threshold = 0.0 
} 
 
import qupath.lib.classifiers.object.* 
 

Appendix A. 4: “3. Identify ducts.groovy” 

/* 
ID Ducts based on low resolution DAPI Image 
This script will send a DAPI channel to ImageJ which will run Analyze Particles to get a labeled image 
 
Then the max "intensity" of each cell will be measured on the label image and assigned as a measurement 
Author: Olivier Burri, EPFL - SV - PTECH - BIOP 
For Céline Constantin, EPFL - SV - UPBRI 
Last modified: 2021.05.17 
*/ 
 
// Settings for detection of DAPI 
def dapiChannel = 1  // Index (1-based) for DAPI channel 
def downsample = 4   // Downsample factor. Anything lower than 4 is probably not useful 
def blur = 4.0       // Blur before threshold.  
def minArea = 2000.0 // in um2. Change in case you need to keep smaller or only larger ducts 
 
 
//========Start of Script=========\\ 
 
def imageData = getCurrentImageData() 
def server = imageData.getServer() 
 
def request = RegionRequest.createInstance(server, downsample) 
pathImage = IJExtension.extractROIWithOverlay(server, null, null, request, false, null) 
def image = pathImage.getImage() 
 
 
// Duplicate DAPI 
def dapi = new Duplicator().run(image, dapiChannel, dapiChannel, 1, 1, 1, 1) 
IJ.run(dapi, "Gaussian Blur...", "sigma=${blur}") 
 
// Set a threshold for the DAPI 
IJ.setAutoThreshold(dapi, "Huang dark") 
 
// Run particle analysis and request a "roi Mask" which is what the UI calls a Count Mask 
def pa = new ParticleAnalyzer(ParticleAnalyzer.SHOW_ROI_MASKS, 0, null, minArea, Double.MAX_VALUE) 
pa.analyze(dapi) 
 
def labels = pa.getOutputImage() 
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labels.hide() // Hide the image so it doesn't popup on the GUI 
 
// Assign a label to each cell 
// Get each cell and check the max value of the nucleus 
def cells = getDetectionObjects() 
 
cells.each{ cell -> 
    // Get the IJ Roi 
    def roi = IJTools.convertToIJRoi(cell.getROI(), pathImage) 
    roi.setImage(labels) 
    roiLabel = roi.getStatistics().max 
    cell.getMeasurementList().putMeasurement("Duct ID", roiLabel) 
} 
 
// Housekeeping 
labels.close() 
dapi.close() 
 
 
// Necessary imports 
import qupath.imagej.gui.IJExtension 
import qupath.imagej.tools.IJTools 
import ij.plugin.filter.ParticleAnalyzer 
import ij.plugin.Duplicator 
import ij.IJ 
 

Appendix A. 5: “4. Export cell results to CSV.groovy” 

/* 
Export per cell results for each image as a separate file 
 
NOTE: This script requires the BIOP tools extension:  
https://github.com/BIOP/qupath-biop-extensions 
 
Author: Olivier Burri, EPFL - SV - PTECH - BIOP 
For Céline Constantin, EPFL - SV - UPBRI 
Last modified: 2021.05.17 
*/ 
import ch.epfl.biop.qupath.utils.* 
 
def um = Utils.um 
 
def cells = getCellObjects().findAll{ ! it.getPathClass().toString().contains("ECM") } 
def measurementsCells = ["Class",  
                    "Nucleus: Area "+um+"^2",  
                    "Cell: Area "+um+"^2", 
                    "Nucleus/Cell area ratio", 
                    "ER: Nucleus: Mean",  
                    "Ki67: Nucleus: Mean"   
                     ] 
  
  
def resultsFolder = buildFilePath(PROJECT_BASE_DIR, "results") 
mkdirs( resultsFolder ) 
 
def imageName = getCurrentServer().getMetadata().getName() 
def resultsFileCells = new File(resultsFolder, imageName+"_cells.txt") 
def globalResultsFileCells = new File(resultsFolder, "cells.txt") 
 
Utils.sendResultsToFile( measurementsCells, cells, resultsFileCells) 
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Utils.sendResultsToFile( measurementsCells, cells, globalResultsFileCells) 
 
println("Completed") 
 
 

6.2 Appendix B: Scripts for the detection of Ki67-positive HBECs  

Appendix B. 1: “1. Segment Ducts based on ECad.groovy” 

/* 
Segment Ducts based on ECad 
 
This script will segment the entire image to find ducts in the DAPI ("Nuclei") channel. 
Using a simple thresholder (Nuclei low resolution, Gaussian blur sigma 1.5um and threshold > 400 called "Naive Duct 
Finder" 
 
The ECad signal is then measured for all the ducts and only ducts with an ECad signal above 200 are kept. 
 
Author: Olivier Burri, EPFL - SV - PTECH - BIOP 
For Céline Constantin, EPFL - SV - UPBRI 
Last modified: 2021.05.20 
*/ 
 
setImageType('FLUORESCENCE') 
//clearAllObjects() 
getSelectedObjects().each{it.clearPathObjects()} 
def thr_ECad = 200 
 
  
createAnnotationsFromPixelClassifier("Naive Duct Finder", 4000.0, 100.0, "SPLIT") 
selectAnnotations() 
runPlugin('qupath.lib.algorithms.IntensityFeaturesPlugin', '{"pixelSizeMicrons": 2.0,  "region": "ROI",  
"tileSizeMicrons": 25.0,  "channel1": false,  "channel2": true,  "channel3": false,  "doMean": true,  "doStdDev": true,  
"doMinMax": true,  "doMedian": true,  "doHaralick": false,  "haralickMin": 1.0,  "haralickMax": 10.0,  
"haralickDistance": 1,  "haralickBins": 32}'); 
 
// Remove Others 
def others = getAnnotationObjects().findAll{ it.getPathClass().equals( getPathClass( "Other" ) ) } 
removeObjects( others, false ) 
 
annot = getAnnotationObjects().findAll{ it.getPathClass().equals( getPathClass( "Duct" ) ) } 
def um = GeneralTools.micrometerSymbol() 
 
annot_other = annot.findAll{ measurement(it, "ROI: 2.00 "+um+" per pixel: ECad: Std.dev.") < thr_ECad }.sort{ 
measurement(it, "ROI: 2.00 "+um+" per pixel: ECad: Mean") } 
 
removeObjects(annot_other, false) 
resetSelection() 
 
selectAnnotations() 
def old = getSelectedObjects() 
runPlugin('qupath.lib.plugins.objects.DilateAnnotationPlugin', '{"radiusMicrons": 30.0,  "lineCap": "Round",  
"removeInterior": false,  "constrainToParent": false}'); 
 
removeObjects(old, false) 
deselectAll() 
 
resolveHierarchy() 
fireHierarchyUpdate() 
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Appendix B. 2“2. Run StarDist on Ducts add cluster features.groovy” 

/* 
Run StarDist and add Cluster Features 
 
This script will segment the entire image using the provided model 
After this, each cell with too low a DAPI signal will be removed  
(in case of StarDist dreamaing up cells in empty areas) 
 
After this, Delaunay Cluster Features are added for the subsequent classification steps 
 
Author: Olivier Burri, EPFL - SV - PTECH - BIOP 
For Céline Constantin, EPFL - SV - UPBRI 
Last modified: 2021.05.17 
*/ 
 
// Specify the StarDist model name. Should be in the same directory as the project under 'models' 
def model = 'brisken-ducts_update_r32_p128_g1_e400_se100_b16_aug_challenge' 
 
// Specify channel name for StarDist segmentation  
def nucleiCh = "Nuclei" 
 
// Specify threshold below which cells will be removed 
def nucleiThr = 100 
 
 
// START OF SCRIPT //  
 
def pathModel = new File( getProjectBaseDirectory(), "models/"+model ).getAbsolutePath() 
 
def stardist = StarDist2D.builder(pathModel) 
        .threshold(0.6)                  // Probability (detection) threshold 
        .channels(nucleiCh)            // Select detection channel 
        .normalizePercentiles(1, 99.8) // Percentile normalization 
        .pixelSize(0.3244)              // Resolution for detection 
//        .tileSize(1024)              // Specify width & height of the tile used for prediction 
        .cellExpansion(2.0)          // Approximate cells based upon nucleus expansion 
        .measureShape()              // Add shape measurements 
        .measureIntensity()          // Add cell measurements (in all compartments) 
        .includeProbability(true)    // Add probability as a measurement (enables later filtering) 
        .simplify(1)                 // Control how polygons are 'simplified' to remove unnecessary vertices 
        .doLog()                     // Use this to log a bit more information while running the script 
        .build() 
         
 
// Detect for whole image 
 
 
 
def imageData = getCurrentImageData() 
def pathObjects = getAnnotationObjects().findAll{ it.getPathClass().equals( getPathClass( "Duct" ) ) }  
 
stardist.detectObjects( imageData, pathObjects ) 
 
println 'Cell Detection using StarDist Done!' 
 
// Cleanup and Classification 
// --------------------------- 
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def cells = getCellObjects() 
println 'Detected a total of '+cells.size()+' cells' 
 
// Clean cells with weak DAPI 
// --------------------------- 
// If the StarDist Tiles are too small, they could end up being fully empty and StarDist will "dream up" cells 
// to avoid it, we can clean out the cells that have a too low DAPI signal. 
 
def cellsToRemove = getCellObjects().findAll{ measurement( it, nucleiCh+": Nucleus: Mean" ) < nucleiThr } 
 
println 'Removing '+cellsToRemove.size()+' cells due to DAPI intensity lower than '+nucleiThr 
 
removeObjects( cellsToRemove, false ) 
 
fireHierarchyUpdate() 
 
// Add Delaunay Cluster Features for the classifier 
// ------------------------------------------------ 
 
println 'Adding Delaunay Features to assist for cell classification' 
 
// Select the whole image 
selectObjectsByClass( qupath.lib.objects.PathRootObject ) 
 
// Run clustering of cells for extra statistics 
runPlugin('qupath.opencv.features.DelaunayClusteringPlugin', '{"distanceThresholdMicrons": 50.0,  "limitByClass": 
false,  "addClusterMeasurements": true}') 
 
println 'Script Finished...' 
fireHierarchyUpdate() 
 
// Required imports 
import qupath.tensorflow.stardist.StarDist2D 

 
 

Appendix B. 3“3. ID Ducts and classify cells.groovy” 

/* 
Cell Classification based on trained object classifier 
 
This script assumes that you have run a QuPath StarDist detection and have cell objects in your currently open image 
Moreover, is assumes you have already created an object classifier 
 
Author: Olivier Burri, EPFL - SV - PTECH - BIOP 
For Céline Constantin, EPFL - SV - UPBRI 
Last modified: 2021.05.17 
*/ 
 
// ID all ducts and cells 
getAnnotationObjects().findAll{ it.getPathClass().equals( getPathClass( "Duct" ) ) }.eachWithIndex{ duct, i -> 
    duct.getMeasurementList().putMeasurement("Duct ID", i+1) 
    duct.getChildObjects().each{ it.getMeasurementList().putMeasurement("Duct ID", i+1) } 
} 
 
resetDetectionClassifications() 
// Classifier for the ducts (With Human, Mouse and ECM Classes, for example) 
def ductClassifier = '2021.06.18_MIND-IF-Mammo_classifier' 
 
// Create single measurement classifiers for all your fluorescent channels 
def multimeasurements = [ new SingleMeasurement( measurement: "Ki67: Nucleus: Mean", 
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                                                 pathClassAbove: "Ki67", 
                                                 threshold: 250 
                                               ) 
                        ] 
 
 
// START OF SCRIPT //  
 
// Classify the cell origin 
// ------------------ 
println 'Classifying cells based on '+ductClassifier 
runObjectClassifier( ductClassifier ) 
 
 
// Classify the cells from the fluorescent channels 
// ------------------ 
// Here the classifier assumes that objects of exactly the same value as the threshold are to be classified as the class you 
set as 'pathClassAbove' 
def classifiers = multimeasurements.collect { 
    return new ObjectClassifiers.ClassifyByMeasurementBuilder( it.measurement ) 
     .threshold(it.threshold) 
     .aboveEquals( it.pathClassAbove ) 
     .below( it.pathClassBelow ) 
     .build() 
} 
 
// Build a composite classifier out of this 
def composite = ObjectClassifiers.createCompositeClassifier(classifiers) 
 
// Get the image data we need to run the classification 
def cells = getCellObjects() 
def imageData = getCurrentImageData() 
 
// Here the magic happens, run the classification 
composite.classifyObjects( imageData, cells, false ) 
 
// Update the view 
fireHierarchyUpdate() 
 
println("Done") 
 
 
// Class to help create the single measurement classifiers. 
// the idea is that this is easy to read by the user 
class SingleMeasurement { 
 
    def measurement = "" 
    def pathClassAbove = PathClassFactory.getPathClassUnclassified() 
    def pathClassBelow = PathClassFactory.getPathClassUnclassified() 
    def threshold = 0.0 
} 
 
import qupath.lib.classifiers.object.* 

 

Appendix B. 4“4. Export cell results to CSV.groovy” 

/* 
Export per cell results for each image as a separate file 
 
NOTE: This script requires the BIOP tools extension:  
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https://github.com/BIOP/qupath-biop-extensions 
 
Author: Olivier Burri, EPFL - SV - PTECH - BIOP 
For Céline Constantin, EPFL - SV - UPBRI 
Last modified: 2021.05.17 
*/ 
import ch.epfl.biop.qupath.utils.* 
 
def um = Utils.um 
 
def cells = getCellObjects().findAll{ ! it.getPathClass().toString().contains("ECM") } 
def measurementsCells = ["Class",  
                    "Nucleus: Area "+um+"^2",  
                    "Cell: Area "+um+"^2", 
                    "Nucleus/Cell area ratio", 
                    "Ki67: Nucleus: Mean", 
                    "Duct ID"   
                     ] 
  
  
def resultsFolder = buildFilePath(PROJECT_BASE_DIR, "results") 
mkdirs( resultsFolder ) 
 
def imageName = getCurrentServer().getMetadata().getName() 
def resultsFileCells = new File(resultsFolder, imageName+"_cells.txt") 
def globalResultsFileCells = new File(resultsFolder, "cells.txt") 
 
Utils.sendResultsToFile( measurementsCells, cells, resultsFileCells) 
Utils.sendResultsToFile( measurementsCells, cells, globalResultsFileCells) 
 
println("Completed") 
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6.3 Appendix C: Reduction mammoplasty collection 
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6.4 Authorization letter from the ethics committee 
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6.5  Authorization for the animal licence 
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Estrogens and progesterone control breast development and carcinogenesis via their cognate

receptors expressed in a subset of luminal cells in the mammary epithelium. How they

control the extracellular matrix, important to breast physiology and tumorigenesis, remains

unclear. Here we report that both hormones induce the secreted protease Adamts18 in

myoepithelial cells by controlling Wnt4 expression with consequent paracrine canonical Wnt

signaling activation. Adamts18 is required for stem cell activation, has multiple binding

partners in the basement membrane and interacts genetically with the basal membrane-

specific proteoglycan, Col18a1, pointing to the basement membrane as part of the stem cell

niche. In vitro, ADAMTS18 cleaves fibronectin; in vivo, Adamts18 deletion causes increased

collagen deposition during puberty, which results in impaired Hippo signaling and reduced

Fgfr2 expression both of which control stem cell function. Thus, Adamts18 links luminal

hormone receptor signaling to basement membrane remodeling and stem cell activation.
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The breast is the only organ to develop mostly after birth.
Milk ducts arborize from the nipple and grow into a spe-
cialized subcutaneous stroma called the mammary fat pad

in mice. The ductal wall comprises a bi-layered epithelium with
the inner luminal cells and outer myoepithelial cells. The epi-
thelium is separated from the stroma by specialized extracellular
matrix (ECM), the basement membrane (BM). The ovarian
hormones, estrogens and progesterone, are key drivers of mam-
mary gland development and also influence breast carcinogen-
esis1. Both estrogen receptor α (ER) and progesterone receptor
(PR) are members of the nuclear receptor family and are readily
detected by immunohistochemistry (IHC) in a subset of luminal
cells1. Activation of hormone receptor signaling in cells with high
hormone receptor expression, termed sensor cells2, triggers the
expression of paracrine factors such as amphiregulin and Rankl,
which are required for mammary epithelial cell proliferation3,4 as
well as Wnt4 and Cxcl12, which activate stem/progenitor cells5,6.
Mammary stem and progenitor cells have been identified and
characterized based on cell surface markers and functional
assays7. However, the precise cellular and biochemical compo-
nents of the stem cell niche and its endocrine regulation remain
poorly defined.

Evidence has been provided that mammary ECM can repro-
gram non-mammary cells to form mammary glands8,9, suggest-
ing that it contains critical cues for epithelial development.
Hedgehog signaling acts via Gli2 downstream of growth hormone
receptor signaling in fibroblasts to trigger changes in paracrine
signaling and ECM proteins that affect stem cell function10. This
suggests that stromal fibroblasts are part of the niche under direct
endocrine control by growth hormone. Stromal changes accom-
pany different morphogenic processes induced by epithelial
hormone signaling and are a hallmark of breast carcinogenesis.
Indeed, high radiographic density, which reflects an increase in
fibrillar collagen content in the breast stroma, is the single most
important risk factor for breast cancer and correlates with pro-
gesterone exposure11,12. How ECM and stroma are controlled by
the major endocrine drivers of breast development and carcino-
genesis, epithelial ER and PR signaling, remains elusive.

ADAMTS18 is an orphan member of the A Disintegrin-like
And Metalloproteinase domain with ThromboSpondin type 1
Motifs (ADAMTS) family of secreted Zn-dependent metallopro-
teinases13 that comprises 19 members14,15. Like other zinc metal-
loproteinases, ADAMTS catalytic activity depends on zinc ion
binding within the active site; unique to ADAMTSs is an ancillary
domain containing thrombospondin type 1 repeats16. ADAMTS
proteases are synthesized as precursors with an N-terminal pro-
peptide, which is excised by pro-protein convertases such as
furin14. Some ADAMTSs process ECM components such as
fibrillar collagens, while others are implicated in turnover of the
chondroitin sulfate proteoglycans aggrecan and versican14, and
ADAMTS13 uniquely cleaves von-Willebrand factor to maturity17.
We have previously reported that Adamts18 is required for eye,
lung and female reproductive tract and kidney development in the
mouse18. It is highly homologous to Adamts16, which has a role in
renal development and fertility19,20 and can cleave fibronectin21.
Here, we show that Adamts18 provides a mechanistic link between
epithelial steroid hormone receptor signaling and changes in the
ECM, in particular the BM, that regulate mammary epithelial
stemness.

Results
Adamts18 expression is driven by the PR/Wnt4 axis. To eluci-
date the mechanisms, by which PR signaling in luminal mam-
mary epithelial cells may elicit ECM changes, we sought genes
induced in vivo by progesterone treatment22,23 that fulfilled two

criteria: (1) They encoded secretory proteins and (2) They
showed delayed induction by progesterone as expected of any
indirect PR target which is expressed by myoepithelial cells and
can hence directly interact with the BM. Adamts18 induction was
detected at 16 hours (h) and 78 h but not at 4 h22 and at 24 h but
not 8 h following progesterone stimulation23. RT-PCR analysis of
fluorescence activated cell sorting (FACS)-sorted cells from adult
mammary glands showed a 7-fold enrichment of Adamts18
mRNA in myoepithelial (Lin− CD24+ CD49f+) over luminal
(Lin− CD24+ CD49f−) cells (Fig. 1a), in line with recent single
cell RNA sequencing data24,25, confirming expression in myoe-
pithelial cells.

Analysis of Adamts18 transcript levels at different stages of
mammary gland development revealed low prepubertal expres-
sion that increased 2.7, 7- and 8.6-fold in 4-, 6- and 8-week-old
females, respectively; expression rose further during pregnancy
with a peak at mid-pregnancy day10.5/12.5 (Fig. 1b). RNAscope
in situ hybridization for Adamts18 transcripts combined with
immunofluorescence (IF) for the myoepithelial marker α-smooth
muscle actin (Sma) confirmed myoepithelium-specific expression
of Adamts18 in pubertal and adult mammary ducts (Fig. 1c, d).
The increased Adamts18 expression during pregnancy was not
attributable to generalized but rather to myoepithelium-specific
upregulation of expression (Fig. 1e). Thus, Adamts18 expression
in the mammary epithelium is developmentally regulated, and its
mRNA is enriched in myoepithelial cells, making it an attractive
candidate to mediate ECM changes downstream of epithelial
hormone action.

Next, we tested whether endocrine factors contribute to
developmental Adamts18 expression. First, we mimicked pubertal
estrogen stimulation by injecting ovariectomized 21-day-old mice
with 17-β-estradiol. Within 18 h of injection, Adamts18 transcript
levels in extracts from total mammary glands increased 1.76-fold
(Fig. 1f). Second, we asked whether changes in progesterone levels
as they occur during estrous cycles affect Adamts18 transcript
levels and obtained mammary gland extracts from mice in estrus
and diestrus. Progesterone plasma levels determined by liquid
chromatography-mass spectrometry were on average 2.8-fold
higher in diestrus than in estrus (Fig. 1g); Adamts18 transcript
levels in the mammary glands were 1.6-fold higher in diestrous
over estrous (Fig. 1h). Thus, physiological Adamts18 expression
correlates with plasma progesterone levels, suggesting that it is
progesterone-responsive. The subtle increases in transcript levels
are consistent with myoepithelial cells representing a minor
fraction of the mammary cell types and hence of the total RNA in
the whole tissue extracts we analyzed.

To determine whether epithelium-intrinsic PR signaling is
required for Adamts18 mRNA expression, mammary epithelia
from WT.EGFP+ and PR−/−.EGFP+ mice were grafted to
contralateral fat pads of WT recipients surgically cleared of the
endogenous epithelium and allowed to grow out for six weeks. At
sacrifice, reconstitution was validated by fluorescence stereo-
microscopy of the engrafted glands. Adamts18 transcript levels in
the mammary glands successfully reconstituted with PR−/−

epithelium were on average 27% of those in the contralateral
controls (Fig. 1i). Thus, epithelial PR expression is required for
Adamts18 mRNA expression.

Wnt4 is a plausible candidate to induce Adamts18 expression
in myoepithelial cells because it is a PR target26 transcribed
exclusively in PR+ luminal cells6 and activates canonical Wnt
signaling in the myoepithelial cells6, which express Adamts18. We
analyzed expression of various Wnt signaling components
expressed in the mammary epithelium by RT-PCR in contral-
ateral glands engrafted with WT.EGFP+ and PR−/−.EGFP+

mammary epithelia. Among the Wnt genes, only Wnt4 transcript
levels were significantly lower in the mutant grafts, furthermore
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the transcript levels of the stem cell marker Lgr5 and the Wnt co-
receptor Lpr6 were decreased (Fig. 1j). Consistent with canonical
Wnt signaling activation downstream of PR/Wnt4 controlling
Adamts18 expression, TCF4 binding sites were reported in the
Adamts18 promoter by ChIP-seq analysis27. To assess whether
canonical Wnt signaling controls Adamts18 expression in vivo,
we analyzed Adamts18 expression in mammary glands with
hyperactive canonical Wnt signaling in the myoepithelium6

due to the presence of an MMTV-Wnt1 transgene28. Ectopic

Wnt1 expression was readily detected in transgenic glands and
expression of the canonical Wnt signaling target, Axin2,
was increased 5-fold over the non-transgenic control while
Adamts18 mRNA levels were increased 7-fold (Fig. 1k).
RNAscope for Adamts18 transcripts combined with IF for
Sma showed the increased expression specifically in myoe-
pithelial cells (Fig. 1l).

To test whether Wnt4 was furthermore required for Adamts18
expression, we engrafted contralateral cleared fat pads with WT.
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Fig. 1 Adamts18 expression in the mouse mammary gland. a Dot plot showing Adamts18 mRNA expression normalized to Hprt in FACS-sorted CD24+
CD49f− (luminal), CD24+ CD49f+ (myoepithelial) and CD24− CD49f− (stromal) cells. Data represent mean ± SD from n= 3 independent experiments.
Student t-test, two-tailed. b Bar plot showing Adamts18 mRNA levels normalized to Hprt in mammary glands at different developmental stages. Each bar
represents pool of 3 mice, mean ± SD for technical replicates. c–e Representative micrographs showing Adamts18 mRNA localization in mouse mammary
gland during puberty (c), adulthood (d) and pregnancy day 12.5 (e). Red dots represent Adamts18 in situ hybridization signal, green: α-Sma, blue: DAPI,
arrows show myoepithelial cells; scale bar, 50 μm. f Relative Adamts18 transcript levels normalized to Krt5 in mammary glands from 6 control and 5 E2-
treated mice. Data represent mean ± SD, unpaired Student t-test, two-tailed. g Dot plot showing plasma progesterone levels determined by LC/MS during
diestrus (n= 10) or estrus (n= 9). Data represent mean ± SD, Student t-test, two-tailed. h Dot plot showing Adamts18 mRNA levels normalized to Krt5 in
mammary glands from mice shown in g. Data represent mean ± SD, Student t-test, two-tailed. i Dot plot showing Adamts18 mRNA normalized to Hprt in 6
contralateral mammary glands transplanted withWT.EGFP+ or PR−/−.EGFP+ epithelium. j Bar graph showing relative transcript expression of different Wnt
signaling components normalized to Hprt in contralateral glands of 8 mice transplanted with WT.EGFP+ and PR−/−.EGFP+ epithelia. Each data point
represents one gland, mean ± SD, paired Student t-test, two-tailed. k Dot plots showing relative transcript levels ofWnt1, Axin2 and Adamts18 normalized to
Hprt in mammary glands from 5 WT and 3 MMTV-Wnt1 virgin mice. Data represent mean ± SD, Student t-test, two-tailed. l Representative micrographs of
Adamts18 mRNA localization, (red) dots, in mammary glands from 3 WT and 3 MMTV-Wnt1 females, α-Sma (green) and DAPI (blue); arrows show
myoepithelial cells. Scale bar, 50 μm. m Dot plots showing mRNA levels of Wnt4 and Adamts18 normalized to Hprt in contralateral glands of 3 mice
transplanted with WT.EGFP+ and Wnt4−/−.EGFP+ epithelia harvested at 8.5-day of pregnancy. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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EGFP+ and Wnt4−/−.EGFP+ mammary epithelia and harvested
the transplanted glands on day 8.5 of pregnancy when Wnt4-
dependent canonical Wnt signaling activity peaks6. Levels of
Wnt4 expression in the mutant grafts were 1% of WT levels and
Adamts18 expression was reduced to 35% of WT levels
(Fig. 1m). Thus, increased canonical Wnt signaling induces
Adamts18 expression and both PR and Wnt4 are required
for Adamts18 mRNA expression. This indicates that myoe-
pithelial Adamts18 expression is downstream of the luminal
PR/Wnt4 axis.

Potentially, our conclusion could be confounded by lineage
differentiation and cell specification defects resulting from PR
and Wnt4 deletions. In light of the finding that both PR−/− and
Wnt4−/− epithelial cells can differentiate into milk secreting
alveolar cells29,30, major cell specification defects are improbable.
Nevertheless, we examined the possibility of a lineage differentia-
tion defect by determining the ratio of luminal and myoepithelial
cells in the two mutants. FACS analysis of lineage-depleted WT
and PR−/− mammary cells showed no significant difference in the
two cell lineages (Supplementary Fig. 1a). As the Wnt4−/− mice
die on embryonic day 13, we resorted to transplantingWT.EGFP+

and Wnt4−/−.EGFP+ mammary epithelia derived for embryonic
mammary buds6 to contralateral fat pads and quantified the
percentage of Sma+ epithelial cells by IF. The percentage
of myoepithelial cells was decreased from 34% in the WT to
26% in theWnt4−/− epithelium (Supplementary Fig. 1b). To gain
more insights into the lineage deregulation, we went on to
compare FACS-sorted GFP+ luminal and myoepithelial cells
from conditionally Wnt4-deleted (MMTV::Cre+.Wnt4fl/fl.mT/
mG) and control (MMTV::Cre+.Wnt4wt/wt.mT/mG) epithelia by
Affymetrix microarray analysis. The number of genes differen-
tially expressed between the two genotypes was almost twice as
high in the myoepithelial than in the luminal cell populations
(Supplementary Fig. 1c–e). Hence, despite a lineage defect, there
are major gene expression changes in the myoepithelium. Gene
set enrichment analysis (GSEA) of the differentially expressed
genes revealed that signatures reflecting the activity of the
canonical Wnt signaling target, Myc, and the expression of its
target genes were decreased in theWnt4−/− myoepithelial but not
luminal cells (Supplementary Fig. 1f). Together these findings are
consistent with the model that Wnt4 secreted by luminal cells
activates canonical Wnt signaling in the myoepithelial cells6.
Wnt4 was the most significantly down-modulated gene in the
luminal compartment (Supplementary Fig. 1d). While expression
of Cytokeratin 5 (Krt5) a gene typically enriched in myoepithelial
cells, was increased in the Wnt4−/− luminal cells no cell type-
related gene signatures were identified (Supplementary Fig. 1d).
In the myoepithelial cell population, the secreted Wnt signaling
inhibitor, Wif1, was the most significantly down-modulated
gene suggesting the existence of a negative feedback loop in
intraepithelial homeostasis (Supplementary Fig. 1e). The stem
and progenitor cell markers, Sox9 and Lgr5, were decreased
(Supplementary Fig. 1e). Adamts18 was also among the down
modulated genes but failed to reach statistical significance
(Supplementary Fig. 1e). GSEA revealed furthermore a decreased
stem cell signature and an increase in Tgf-β targets in the
Wnt4−/− myoepithelial cells (Supplementary Fig. 1g). Reactome
pathway analysis revealed a protein interactome centered around
cell-cell junction and cell junction organization as well as cell-cell
communication (Supplementary Fig. 1h). Taken together, while
the deletion of Wnt4 results in a stem cell defect with some
consequent cell lineage defect, the gene is expressed in the
luminal compartment and its deletion affects transcription
mostly in the myoepithelial compartment where Adamts18 is
expressed.

Mammary gland development in Adamts18−/− mice. To assess
the functional importance of Adamts18 in mammary gland
development, we generated mice homozygous for an allele lacking
exons 8 and 9, which encode the Zn-binding catalytic site31 and
analyzed their inguinal mammary glands at critical developmental
stages by whole mount stereomicroscopy. In prepubertal, 14-day-
old WT and Adamts18−/− littermates, the ductal system was
rudimentary and of similar size in both genotypes (Fig. 2a).
Consistently, extent of fat pad filling (Fig. 2b) and the number of
branching points were comparable in prepubertal, 14-day-old,WT
and Adamts18−/− littermates (Fig. 2c). In pubertal, 4–6-week-old,
WT females, milk ducts grew by characteristic dichotomous
branching, extended beyond the subiliac lymph node, and had
enlarged tips, terminal end buds (TEBs) characteristic of this stage
(Fig. 2d). In the Adamts18−/− littermates, ducts barely reached the
lymph node (Fig. 2d). The extent of fat pad filling was reduced by
50% (Fig. 2e), the number of branching points by 60% (Fig. 2f)
and the number of TEBs by 40% compared to the WT counter-
parts (Fig. 2g). In adult, 14-week-old, females, the milk ducts
reached the edges of fat pads in both genotypes. In WT females,
ductal complexity was increased through side branching whereas
ducts of the Adamts18−/− littermates were simple (Fig. 2h) and
the number of branching points was 58% of WT (Fig. 2i). Thus,
Adamts18 is required for ductal development both during puberty
and adulthood.

Histological examination of mammary glands from 6-week-old
mice revealed structurally normal ducts with intact luminal and
myoepithelial layers in both genotypes (Fig. 2j). To address
whether the observed delay in ductal elongation was due to
increased cell death and/or decreased cell proliferation, we stained
sections from pubertal glands for cleaved-caspase 3 and
phosphorylated histone H3 (pHH3). The proportion of cleaved
caspase3+ cells did not differ significantly (Fig. 2k) but the
pHH3-index in Adamts18−/− mammary epithelia was reduced to
64% ofWT levels (Fig. 2l, m). Thus, the delayed ductal elongation
is due to decreased cell proliferation.

Adamts18 function in the mammary epithelium. Adamts18−/−

pups show a transient growth delay18, which may indirectly affect
mammary gland development. In addition, subfertility associated
with abnormalities in the female reproductive tract, such as dor-
soventral vagina or imperforate vagina of Adamts18−/− females18

precluded analysis of mammary gland development during preg-
nancy. To discern the epithelial-intrinsic role of Adamts18 in
ductal growth at later developmental stages, we grafted mammary
epithelium from WT.EGFP+ and Adamts18−/−.EGFP+ females to
contralateral inguinal glands of 3-week-old WT female mice sur-
gically divested of their endogenous epithelium. To unequivocally
distinguish the engrafted epithelium from host epithelium that
could have been inadvertently left behind during surgery, the
donor cells constitutively expressed an enhanced green fluorescent
protein (EGFP) under control of a chicken β-actin promoter32. Six
weeks after engraftment, outgrowths derived from WT donors
filled the host fat pads whereas the contralateral Adamts18−/−

epithelia failed to do so (Fig. 3a) and the branching points were
decreased by 33% (Fig. 3b). Twelve weeks after engraftment, both
WT.EGFP+ and Adamts18−/−.EGFP+ outgrowths filled the host
fat pads but side branching was decreased in Adamts18−/−.EGFP+

epithelial grafts (Fig. 3c). Flow cytometry of dissociated glands
showed a 30% reduction in EGFP+ cells (Fig. 3d) consistent with
decreased cell proliferation resulting in lower epithelial cell
numbers and delayed branching. Thus, the mammary branching
phenotype in Adamts18−/− females is intrinsic to the mammary
epithelium.
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At 14.5 days of pregnancy, epithelia of both genotypes showed
widespread alveoli both by fluorescence stereomicroscopy and
histology (Fig. 3e). At day 1 of lactation, alveoli were fully distended
(Fig. 3f) suggesting normal lactogenic function. However, at both
time points, spaces between EGFP+ epithelial structures were larger
in Adamts18−/−.EGFP+ grafts than in the WT counterparts
consistent with reduced side branching at earlier stages (Fig. 3e–g).
In line with the morphologic analysis and the decreased number of
MECs, transcript levels of lactogenic differentiation markers such as
Lalba, Wap, and CsnA were lower in mutant glands compared to

WT controls but failed to reach statistical significance when
normalized to the epithelial marker Krt18 (Fig. 3h). Thus, while
epithelial cell numbers are decreased in the absence of Adamts18,
the protease is not required for cytodifferentiation.

Adamts18 expression has been reported in the stromal
compartment and was confirmed by semi quantitative RT-PCR
analysis of WT fat pads engrafted with Adamts18−/− epithelium
showing 25% of the Adamts18 transcript levels detected in WT
recombinants (Supplementary Fig. 2a). To determine the func-
tional importance of this stromal expression, WT.EGFP+
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Fig. 2 Mammary gland development in Adamts18−/− mice. a Representative fluorescent stereo-micrographs of inguinal glands from 14-day-old
prepubertal WT.EGFP+ and Adamts18−/−.EGFP females; n= 5 and n= 3. Scale bar, 500 μm. b, c Dot plots indicating the percentage of fat pad filling and
fold change of branching points on day 14 mammary glands from 5 WT.EGFP+ and 3 Adamts18−/−.EGFP vs mice. Data represent mean ± SD unpaired
Student t-test, two-tailed. d Representative fluorescent stereo-micrographs of inguinal glands from 4-week-old pubertalWT.EGFP+ and Adamts18−/−.EGFP
mice; n= 13 for each genotype. LN: subiliac lymph node. Arrows indicate TEBs; scale bar, 500 μm. e–g Dot plots indicating percentage of fat pad filling,
relative number of branching points and TEBs quantified at 4–6 weeks of age. Data represent mean ± SD from 13 WT.EGFP+ and 13 Adamts18−/−.EGFP
mice. Unpaired Student t-test, two-tailed. h Representative stereo micrographs of whole mounted inguinal glands from 7 WT and 7 Adamts18−/− 14-week-
old virgin mice. Arrows point to side branches; scale bars, 500 μm. i Dot plot showing relative number of branching points. Data represent mean ± SD from
7 WT and 7 Adamts18−/− 14-week-old virgin mice. Unpaired Student t-test, two-tailed. j Representative micrographs of H&E-stained histological
sections of mammary glands from 5-week-oldWT and Adamts18−/− littermates, n= 4; scale bar, 50 μm. k Dot plot showing percentage of cleaved caspase
3+ cells in TEBs of WT and Adamts18−/− females. Data represent mean ± SD from 3 WT and 3 Adamts18−/− mice. Unpaired Student t-test, two-tailed.
l Representative pHH3 (brown) IHC on mammary glands from 6-week-old WT and Adamts18−/− females; hematoxylin counterstain; scale bar, 50 μm.
m Dot plot showing the percentage of pHH3+ positive cells in TEBs of 3 WT and 3 Adamts18−/− females. Data represent mean ± SD, unpaired Student
t-test, two-tailed. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, n.s. not significant.
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mammary epithelium was transplanted into cleared inguinal
mammary fat pads of 3-week-old Adamts18−/− and WT mice.
The recombined tissues were contralaterally transplanted unto the
abdominal muscles of adult WT females. Fluorescence stereo-
microscopy 6 weeks later showed that WT donor epithelium filled
both WT and Adamts18−/− fat pads to comparable extent
(Supplementary Fig. 2b, c). Twelve weeks after surgery, in both

WT and Adamts18−/− fat pads the implanted epithelia had
developed side branches to comparable extent (Supplementary
Fig. 2d). Thus, stromal Adamts18 expression is not required for
ductal branching.

As epithelial ER and PR signaling drive pubertal dichotomous
branching and estrous cycle-induced side branching, respec-
tively29,33, we asked whether receptor expression was affected by
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Fig. 3 Mammary epithelial-intrinsic role of Adamts18. a Fluorescence stereo-micrographs of contralateral glands 6 weeks after engraftment with WT.EGFP+

or Adamts18−/−.EGFP+ epithelia; scale bar, 500 μm. b Dot plot showing relative number of branching points in 14 contralateral WT.EGFP+ and Adamts18−/−.
EGFP+ epithelial outgrowths; 4 different donors were used. c Representative fluorescence stereo micrographs of contralateral glands engrafted withWT.EGFP+ or
Adamts18−/−.EGFP+ epithelium 12 weeks earlier. Scale bars, 500 μm (left), 150 μm (right). d Dot plot showing percentage of GFP+ cells obtained from WT.
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0.0001, n.s. not significant.
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Adamts18 inactivation. IHC of sections from contralateral glands
engrafted with WT.EGFP+ and Adamts18−/−.EGFP+ epithelia
revealed comparable proportions of ER+ (Fig. 3i) and PR+ cells
(Fig. 3j) indicating that Adamts18 is not required for ER or PR
protein expression.

The role of Adamts18 in mammary epithelial self-renewal.
Delayed pubertal ductal outgrowth and reduced side branching
together with normal alveologenesis and cytodifferentiation were
previously observed in Wnt4−/− epithelia26 and shown to result
from a stem cell defect6. To test whether Adamts18 deletion also
affects mammary stem cells (MaSCs), we analyzed cells from
dissociated WT and Adamts18−/− mammary glands by FACS34

using CD24 and CD49f detection after depletion for lineage
positive cells (Fig. 4a). The number of lineage-depleted cells
obtained from mammary glands of 14-week-old females was one
third less in Adamts18−/− compared to WT (Fig. 4b). The per-
centage of both luminal (Lin− CD24+ CD49f−) and myoe-
pithelial (Lin− CD24low CD49flow) cells was not significantly
altered in Adamts18−/− glands but the stromal cell fraction (Lin−

CD24− CD49f−) increased by 19% in the mutant glands (Fig. 4c).
Mammary progenitors, which give rise to colonies and are called
colony forming cells (CFCs) represented <1% of the lineage
negative cells in both genotypes whereas the number of MaSCs
(Lin−CD24medCD49fhigh) also defined as mammary repopulating
units (MRUs) was decreased by 43% in Adamts18−/− glands
(Fig. 4a, d).

To functionally evaluate stem cell frequency in WT and
Adamts18−/− mammary epithelia, we injected serially diluted
single cells from WT.EGFP+ and Adamts18−/−.EGFP+ mammary
glands to contralateral cleared fat pads of 3-week-old WT.EGFP−

female mice. After 8 weeks, we determined frequency and extent
of outgrowth by fluorescence stereomicroscopy combined with
image analysis. The repopulating cell frequency35 of Adamts18−/−

cells was 10% of the WT cells with 1/20,000 vs. 1/2000 (Fig. 4e).
The single cell-based in vivo reconstitution assay can be

confounded by cell adhesion and/or cell migration defects as well
as by increased susceptibility to apoptosis. All these factors
impact on any cell’s ability, whether stem cell or not, to establish
itself after injection in the fat pad, which is, of course, a
prerequisite for the generation of any progeny. A complex assay
that overcomes these limitations is the serial transplantation of
pieces of intact epithelium. WT epithelium that is serially grafted
can fill cleared fat pads for up to 7 generations36. Indeed, WT.
EGFP+ epithelium filled host fat pads efficiently over 5 transplant
generations, however, the reconstitution ability of the contral-
aterally grafted Adamts18−/−.EGFP+ epithelium decreased pro-
gressively to cease completely upon the 5th transplant (Fig. 4f, h,
i). Histological analysis of the 4th generation transplants by H&E
revealed no obvious difference (Fig. 4g). Thus, Adamts18 is
required for the regeneration capacity of the mammary
epithelium, albeit to a lesser extent than PR and Wnt4, whose
deletion blocks reconstitution at the 4th and 3rd generation,
respectively, by the same assay6.

The basement membrane is part of the stem cell niche. To
address the mechanisms by which Adamts18 affects stem cell
activity, we searched for its binding partners. In light of the
myoepithelial cell-specific expression of the protease, we chose
the human breast epithelial cell line, MCF10A, which has
myoepithelial/basal characteristics37, as a model. We ectopically
expressed V5-tagged ADAMTS18 in these cells, immune pre-
cipitated it from the conditioned medium, and analyzed co-
immunoprecipitated proteins by mass spectrometry. We dis-
covered 238 proteins cumulatively in 3 independent experiments

(Supplementary Data 1), of which 31 were identified in ≥2
experiments (Fig. 5a). Transforming Growth Factor Beta-Induced
(TGFBI), a secreted molecule that contains RGD domains similar
to fibronectin and laminin and inhibits cellular adhesion to the
ECM, was among the 12 proteins identified in all 3 experi-
ments38. Bioinformatic analysis with MetaCore showed that top
enriched MetaCore processes related to ECM organization and
hemidesmosome assembly (Fig. 5b, Supplementary Table 1). The
top localizations of the putative ADAMTS18 interactors were
ECM, laminin-5 complex, and BM (Fig. 5c, Supplementary
Table 2). Together, these findings support the hypothesis that
Adamts18 function relates to the ECM and, more specifically, to
the connection between epithelium and BM. This implies that the
BM may be part of the stem cell niche.

To seek in vivo evidence for a role of the BM as part of the stem
cell niche we turned to mice deficient for Col18a1 because this
heparin-sulfate proteoglycan is specifically localized to BMs39.
Whole mount stereo-microscopy and morphometric analysis
showed that Col18a1−/− females like their Adamts18−/− counter-
parts had delayed ductal elongation and fewer TEBs compared to
their WT littermates (Fig. 5d). Adamts18 and Col18a1 double-
deficient (DKO) mice showed a further decrease in TEB numbers,
fat pad filling, and branching points at 6 weeks compared to single
knockouts (Fig. 5e) indicating that Adamts18 and Col18a1 have
additive roles in ductal elongation. To assess whether this genetic
interaction affects stem cell function, we serially transplanted the
DKO epithelium. While the contralateral WT epithelium recon-
stituted glands over 5 transplant cycles, the DKO epithelium failed
to reconstitute by the 3rd generation (Fig. 5f–h). Thus, Adamts18
and Col18a1 cooperate in mammary stem cell control, providing
in vivo evidence for a role of the BM in stem cell function, likely as
part of the stem cell niche.

Adamts18 modulates the ECM. To probe for structural altera-
tions in the ECM related to Adamts18 deletion, we used picrosirius
red to stain Adamts18−/− and WT pubertal mammary glands.
Fibrillar collagen was increased around the ducts and TEBs in
Adamts18−/− relative to WT (Fig. 6a). Immunoblotting of protein
lysates from pubertal WT and Adamts18−/− glands and quantifi-
cation showed that levels of the important BM components,
laminin and collagen IV increased 1.7- and 3.9-fold, respectively, in
Adamts18−/− glands (Fig. 6b, c). Levels of the major fibrillar col-
lagen, collagen I, were increased 6.2-fold (Fig. 6b, c). Assembly of
nascent collagen I, laminin and collagen IV matrices rely on initial
assembly of fibrils composed of the primordial ECM glycoprotein
fibronectin, the first ECM protein to be expressed during tissue
development and wound healing40,41. Fibronectin levels were 3.2-
fold higher in the mutants than in WT (Fig. 6b, c). IF showed
increased staining intensity for all these proteins around ducts and
TEBs in Adamts18−/− relative to WT pubertal glands (Fig. 6d).
The staining was restricted to the BM for laminin and collagen IV
but extended to the interstitial ECM for collagen I and fibronectin.
Thus, in the absence of Adamts18, major ECM/BM components
accumulate in the pubertal mammary gland in line with an
important role for Adamts18 in ECM/BM remodeling.

Interestingly, analysis of mammary glands from 14-week-old
WT and Adamts18−/− littermates showed that protein levels of
laminin, collagens I and IV as well as fibronectin did not differ
significantly between the two genotypes (Fig. 6e, f). This shows that
Adamts18 is critical for ECM/BM modulation during pubertal
ductal elongation and suggest that this specific developmental
window determines mammary stem cell function.

Adamts18 cleaves fibronectin. In contrast with the increased
fibronectin protein levels, its mRNA levels were unaltered in the
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pubertal Adamts18−/− mammary glands (Fig. 6g) suggesting that
the observed increased staining could result from translational or
posttranslational changes attributable to lack of Adamts18. As
fibronectin is the prime component of nascent ECM fibers and a
substrate of the Adamts18 homolog Adamts16, we tested whether
it is equally an Adamts18 substrate. We purified the secreted
active form of ADAMTS18 from HEK-293T cells and incubated
it with N-terminal 70 kDa fibronectin. The exogenous fibronectin
fragment migrated slightly faster when co-incubated with EDTA

and was undetectable in the presence of ADAMTS18 after 24 h.
When the digest was supplemented with EDTA, which chelates
the bivalent metal ions required for ADAMTS activity, no change
in fibronectin abundance was seen (Fig. 6h). Additionally, HEK-
293T cells expressing ADAMTS18 or a control vector were
incubated without or with the 70 kDa recombinant fibronectin.
By western blot, the medium of cells expressing ADAMTS18, but
not the control vector, showed a readily detectable 30 kDa
fibronectin fragment (Fig. 6i) similar to that detected after
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cleavage by Adamts1621. The amount of cleaved fibronectin
increased 16-fold in the presence of ADAMTS18 (Fig. 6j). Thus,
the presence of ADAMTS18 leads to fibronectin proteolysis,
which may influence abundance of other ECM proteins and
indirectly regulate growth factor availability and signaling.

Stem cell signaling in Adamts18−/− glands. Our findings
pointed to the observed stem cell defect being secondary to
changes in the ECM/BM. To elucidate the mechanisms by which

altered ECM affected stem cell signaling, we transcriptionally
profiled 3 pairs of contralateral glands engrafted with either WT.
EGFP+ or Adamts18−/−.EGFP+ epithelia using RNA-seq. PCA
analysis was used to identify and visualize possible batch effects
due to sources of variation in the mice used (Supplementary
Fig. 3a). After removing these effects by applying 2-way ANOVA
correction, samples clustered by biological subgroups (Supple-
mentary Fig. 3b). Expression of Adamts18, Fgfr2, and Ctgf was
tested and found reduced in all 3 Adamts18−/− samples after read
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count normalization (Supplementary Fig. 3c). Overall, in
Adamts18−/− transplanted glands, expression of 313 genes
decreased (FC < 0.8, p < 0.05) and that of 273 genes increased (FC
> 1.25, p < 0.05) (Fig. 7a). Analysis of the differentially expressed
genes by pathway enrichment analysis using both ReactomePA42

and ClusterProfiler43 showed that cell junctions and ECM were
affected, in particular various collagens and laminins (Supple-
mentary Fig. 3d–g). More specifically, out of 40 significant GO
terms, 11 were related to the ECM and 10 to Fgfr signaling, a
pathway critical for stem cells44,45 (Supplementary Table 3). Two
of the 40 terms related to Hippo-Yap/Taz signaling another
pathway critical for stem cell differentiation, which is upstream of
Fgfr246. When we specifically interrogated the genes whose

expression decreased, Reactome pathway analysis revealed Yap/
Taz-mediated gene expression (Fig. 7b) and a protein interactome
centered around cell-cell communication and cell-cell junctions
as well as ECM, laminin and collagen complexes and assembly
(Fig. 7c) that partly overlap with the Wnt4 specific interactome
(Supplementary Fig. 1h).

In light of the increased ECM deposition, the differential
expression of various ECM-related genes as well as the
involvement of the Yap/Taz signaling pathway, we evaluated
integrin expression in the Adamts18−/− glands. We extracted 27
Integrin genes, α and β Integrin subunits, from the RNAseq
analysis and generated a heatmap (Supplementary Fig. 3h). No
integrin-related gene was significantly altered by adjusted p-value,
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but Itga3, Itgb4, and Itgb7 were significantly altered by p-value.
Analysis of their expression levels by qRT-PCR at puberty in
mammary glands from WT and Adamts18−/− mice showed Itga3
and Itgb4, two integrins previously implicated in mammary
stem cell function47,48 and part of laminin 5 receptors, to be
significantly down modulated in the mutants (Fig. 7d).

Together these findings suggest that Adamts18 is required for
activation of the Hippo pathway, which in turn induces Fgfr2
expression, activation of which is critical for stem cell function.
Consistent with this scenario, the 3 Hippo target genes, Ctgf,
Fgfr2, and Gata346,49 were reduced to 73%, 68% or 78% of WT
levels, respectively, in additional transplants in the absence of
Adamts18 (Fig. 7e). Double-IF for Yap and the myoepithelial
marker α-smooth muscle actin (Sma) showed expected nuclear
localization of Yap in WT myoepithelial cells (Fig. 7f)50. In the
contralateral Adamts18−/−.EGFP+ epithelia the signal intensity
of Yap was decreased in myoepithelial cells (Fig. 7f). Quantitative
image analysis revealed that the mean nuclear intensity of the Yap
staining in the mutant epithelium was 58% of the contralateral
WT.EGFP+ transplanted glands (Fig. 7g).

To further support our claim that BM modulation by Adamts18
involves the Yap/Taz signaling pathway, we assessed the expression
levels of downstream targets, Cited-1, Ctgf, Fgfr2, Gata3 in pubertal
WT, Col18a1−/−, Adamts18−/−, and DKO mice. Additionally, we
assessed the expression levels of Itga3 and Itgb4 altered in
Adamts18−/− mice. In line with our previous findings (Fig. 7h),
we found the Yap/Taz targets to be significantly down modulated
in pubertal Adamts18−/− and the DKO. Col18a1−/− glands
displayed downmodulation in Adamts18, Cited-1, and Ctgf. This
suggests that modulation of the BM composition by Adamts18
leads to activation of Yap/Taz signaling with increased Fgfr2
expression and signaling which results in stem cell activation.

ADAMTS18 in the human breast. Our data indicate that
Adamts18 translates the hormonal stimuli received by luminal
cells into activation of stem cells via changes to the BM in the
mouse mammary gland. To assess whether this signaling axis may
also operate in the human breast, we generated a polyclonal
antibody to ADAMTS18 and validated it on MCF10A over-
expressing V5 tagged human ADAMTS18 with or without a short
hairpin RNA (shRNA) to knock down overexpressed
ADAMTS18 (Supplementary Fig. 4). IHC of reduction mam-
moplasty sections showed ADAMTS18 expression was not
detected in the CK7+ luminal compartment, but in myoepithelial
cells identified by p63 immunostaining (Fig. 8a) as observed for
the transcripts in the mouse.

To test whether expression of ADAMTS18 transcripts in human
breast epithelial cells is similarly controlled by PR signaling, we
humanized mouse mammary glands51. Human breast epithelial

cells isolated from 4 different reduction mammoplasty specimens
were infected with lentiviruses expressing luciferase-GFP and
injected into the milk ducts of immune-compromised NOD scid
gamma females51 (Fig. 8b). Once photon flux reached 107 per
gland, the mice received subcutaneous pellets containing either
vehicle, 20, or 50mg progesterone (Fig. 8c, d). The hormone-
containing pellets resulted in 7.2- and 19.7-fold increased plasma
progesterone levels, respectively (Fig. 8c); Adamts18 transcript
levels were 1.8- and 2.3-fold higher than in noninjected mammary
glands from the progesterone-treated mice, respectively, indicating
that prolonged progesterone exposure results in increased
Adamts18 transcript levels in the mouse mammary glands
(Fig. 8d). Next, we dissociated the xenografted glands to single
cells and enriched for the human cells by depleting mouse cells
with immunomagnetic beads. The xenografted cells from 4
different patients exposed to progesterone showed increased
expression of ADAMTS18 compared to control cells with an
average 3-fold increase (Fig. 8e). Thus, the progesterone/
ADAMTS18 axis is conserved between mice and humans.

Discussion
Here, we have addressed the longstanding puzzle of how epithelial
ER and PR signaling connect to ECM changes that accompany
both normal breast development and breast carcinogenesis. We
show that the gene encoding Adamts18 is expressed in the
myoepithelium downstream of Wnt4 secretion induced by ER/PR
signaling luminal sensor cells (Fig. 9). The myoepithelial cells
respond by canonical Wnt signaling activation and link luminal
hormone receptor signaling to stromal changes with functional
consequences. Our finding that altered BM composition affects
MaSCs shows that the BM is a central part of the stem cell niche
and a critical determinant of stem cell function.

The precise nature of the BM and interstitial ECM changes that
alter signaling remain to be determined. Numerous factors, such
as tissue stiffness and growth factor availability, directly or
indirectly controlled by Adamts18 may be critical. The observed
changes in the abundance of collagen I, collagen IV, laminin,
fibronectin, and glycoproteins, like collagen XVIII, may be sec-
ondary to the reduced fibronectin clearance but Adamts18 may
also be directly involved in their processing; other family mem-
bers have glycoprotein substrates14.

Increased laminin expression was also observed in Adamts18−/−

adipose tissue52 and embryonic brains53 with effects on early adi-
pocyte differentiation and spine and synapse formation. A detailed
analysis of kidney and lung development in WT and Adamts18−/−

mice revealed that expression of the enzyme by branching tips is
important for branching and organ size18.

We identified enhanced Yap/Taz nuclear localization and
increased Fgfr2 signaling as potential mechanisms underlying

Fig. 6 Biochemical changes and Fibronectin cleavage elicited by Adamts18. a Representative picrosirius red staining for fibrillar collagen (red) on 4th
mammary gland sections from 5-week-old, pubertal WT and Adamts18−/− littermates; n= 5. Scale bar, 100 μm. b Representative western blot analysis on
3rd mammary glands of 5-week-old, pubertal WT and Adamts18−/− littermates; n= 4. β-actin loading control, MW marker in red. c Dot plots showing
relative protein levels of laminin, collagen I, collagen IV, and fibronectin normalized to actin in 4 pubertal WT and Adamts18−/− littermates. Paired Student
t-test, two-tailed; **p < 0.01. d, Fluorescent micrographs showing IF on 4th mammary gland sections from 5-week-old, pubertal WT and Adamts18−/−

littermates for laminin, collagens I and IV as well as fibronectin (green) and DAPI nuclear stain (blue), n= 3. Arrows point to ECM density around TEBs or
ducts; scale bar, 100 μm. e Representative western blot analysis on 3rd mammary glands of 14-week-old WT and Adamts18−/− littermates; n= 3. β-actin
loading control, MW marker in red. f Dot plots showing relative protein levels of laminin, collagen I, collagen IV, and fibronectin normalized to actin in 3
adult WT and Adamts18−/− littermates. Paired Student t-test, two-tailed; n.s. not significant. g Dot plot showing relative transcript levels of Fn1 normalized
to Hprt in 3rd mammary glands from 6 pairs of 5-week-old WT and Adamts18−/− littermates. Paired Student t-test, two-tailed, n.s. not significant.
h Representative Western blot analysis of 3 independent experiments in which fibronectin (FN)−70K was incubated with purified active Adamts18 in the
presence or absence of EDTA and/or protease inhibitor (PI). Anti-FN antibody specific to the N-terminal heparin-binding domain. i Western blot analysis
of FN1-70K incubated with ADAMTS18 overexpressing HEK-293T cells in the presence or absence of EDTA. j Bar graph showing levels of cleaved FN in
supernatants from control transfected and Adamts18 overexpressing HEK-293T cells in 2 independent experiments.
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stem cell activation downstream of Adamts18 activity (Fig. 9).
Whether Yap/Taz activation is central to increased Fgfr2 signaling
and/or whether biochemical changes in the BM result in increased
ligand availability was not addressed in our study. Yap/Taz sig-
naling is typically activated by extracellular cues such as increased
stiffness. Our gene expression analysis did not provide direct
indications for this; whether the increased expression of muscle-
related genes may also impinge on Yap/Taz or whether another
stiffness independent mechanism54 is important, remains to be
explored. We speculate that Adamts18-induced modifications of

the ECM affect integrin-mediated, F-actin dependent cell-ECM
adhesion and contraction, which promote cellular mechanical
tension and Yap/Taz activation55. As such, the progesterone/
Wnt4/Adamts18 axis provides an entry point for further studies of
epithelial-BM interactions.

The regulatory axis we identified genetically in the mouse
mammary gland likely operates in the human breast with
implication for breast cancer prevention and treatment. Exposure
to progesterone as it occurs recurrently during menstrual cycles
has been shown to induceWNT4 expression56,57 and can increase
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ADAMTS18 expression, as we show here. The resulting BM/ECM
remodeling may contribute to the increased breast cancer risk
associated with recurrent menstrual cycles. Furthermore, the
increased risk of postmenopausal women exposed to combined
hormone replacement therapy with ethinyl estradiol and pro-
gestins may, at least in part, be attributable to increased stem cell
divisions and stromal alterations58,59 elicited by ADAMTS18.

Premenopausal patients with in situ carcinoma or early stage
invasive disease, as well as women with high risk for breast
cancer, may benefit from a preventive treatment that interferes
with PR signaling or its downstream effectors. Blocking proges-
terone action, while possibly protective for the breast, will have
many side effects as its actions are complex and affect many
organs. Similarly, targeting downstream Wnt signaling has
potential side effects because this signaling pathway is physiolo-
gically important for stem cells in many tissues. Based on the
mouse model, ADAMTS18 is important for development of
specific organs but it does not appear to have an essential

function in adult mice31. Furthermore, in its extracellular location
ADAMTS18 makes it an excellent target for antibody-mediated
therapy. As such, targeting ADAMTS18 appears as a feasible
strategy for primary and secondary prevention unlikely to elicit
major side effects.

Methods
Mice. All mice were maintained and handled according to Swiss guidelines for
animal safety and experiments were performed in accordance with protocols
approved by the Service de la Consommation et des Affaires Vétérinaires of Canton
de Vaud, Switzerland, with a 12-h-light-12-h-dark cycle, controlled temperature
and food and water ad libitum. 129SV/C57BL6, mT/mG60, and NOD.Cg-Prkdcscid
Il2rgtm1Wjl/SzJ (NSG) mice were purchased from Jackson Laboratories and
C57BL/6JOlaHsd mice from Harlan Laboratories. Adamts18−/− 31, Col18a1+/− 61,
MMTV::Cre (lineA)62, Wnt4+/− 63, Wnt4fl/fl 64, and Tg(Act-EGFP)32 mice were
maintained in C57BL/6JOlaHsd background.

Patient sample processing. The cantonal ethics committee approved the study
(183/10). Breast tissue was obtained from women undergoing reduction mam-
moplasties with no previous history of breast cancer. All human subjects provided

Fig. 7 Adamts18 impinges on transcription and regulates cell signaling. a Volcano plot showing genes, which are differentially expressed between
contralateral glands transplanted with Adamts18−/− and WT epithelia; n= 3, Kolmogorov–Smirnov test, all highlighted genes have p-values < 0.05. Genes
with log2(FC) >0.5 in red and log2FC <0.5 in blue. Names of selected genes are indicated. b Enrichment map plot of Reactome pathway analysis
(ReactomePA) on genes downregulated in 3 pairs of contralateral glands engrafted withWT and Adamts18−/− epithelia in 3 independent experiments with
3 different donors. c CNE plot of ReactomePA of genes down regulated in contralateral glands transplanted with WT and Adamts18−/− epithelia. d Bar
graphs showing relative transcript levels of Adamts18, Itga3, Itgb4, and Itgbt, normalized to Hprt in 5 pubertal host mice bearing contralateral transplants of
WT and Adamts18−/− epithelia. Data represent mean ± SD. Unpaired Student t-test, two-tailed. e Bar graphs showing relative transcript levels of Fgfr2, Ctgf,
and Gata3 normalized to Hprt in contralateral glands transplanted with WT and Adamts18−/− epithelia, n= 6. f Representative IF for Sma (green) and YAP
(red) counterstained with DAPI (blue) of 4th mammary gland sections from 5-week-old WT and Adamts18−/− littermates; n= 3. Arrows indicate YAP
positive nuclei of myoepithelial cells. g Dot plot showing quantification of relative mean intensity of nuclear YAP detected in myoepithelial cells of 5-week-
old WT and Adamts18−/− littermates; n= 3. Each point represents an individual TEB. h Bar graphs showing relative transcript levels of Adamts18, Col18a1,
Cited-1, Ctgf, Fgfr2, Gata-3, Itga3, and Itgb4, normalized to Hprt in pubertal WT, Col18a1−/−, Adamts18−/−, and DKO; n= 9, 8, 4, and 4, respectively. Data
represent mean ± SD, one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, n.s. not significant.
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Fig. 8 ADAMTS18 expression and distribution in the human breast epithelium. a Representative micrographs of normal human breast tissue from 5
different women stained with luminal cell marker CK7, myoepithelial cell marker P63 and anti-ADAMTS18, counterstained with hematoxylin. Scale bar,
100 μm. b Experimental scheme: dissociated human breast epithelial cells from reduction mammoplasties were injected via the teat into the milk duct
system of NSG female mice and establish themselves there. c LC/MS measured serum progesterone levels in mice 60 days after implantation with pellets
containing vehicle, 20 or 50mg progesterone. Data represent mean ± SD from n= 10 (vehicle), n= 7 (20mg), and n= 4 (50mg); one-way ANOVA. d Dot
plot showing Adamts18 transcript levels as measured by semi qRT-PCR normalized to the geometric mean of Hprt and Gapdh in mammary glands from mice
that were subcutaneously engrafted with pellets containing either vehicle (0) or 20 or 50mg progesterone for 60 days. Data represent mean ± SD from
n= 10 (vehicle), n= 7 (20mg), and n= 4 (50mg); one-way ANOVA. e Dot plot showing relative ADAMTS18 transcript levels normalized to GAPDH in
glands xenografted with human breast epithelial cells from 4 mammoplasty specimens. Recipient mice were either implanted with vehicle- or 20mg
progesterone-containing pellets. Paired t-test, two-tailed. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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informed consent for use of tissue samples in research. Samples were examined by
the pathologist to be free of malignancy.

Histology. Inguinal mammary glands were fixed in 4% PFA in phosphate-buffered
saline (PBS, pH 7.2) overnight at 4 °C, embedded in paraffin and cut into 4 μm
sections. Hematoxylin and eosin or sirius red staining were performed according to
standard protocols. For immunostaining, sections were de-waxed, rehydrated and
subjected to antigen retrieval with 10 mM citrate buffer, pH 6.0 for 20 min at 95 °C.
Sections were counterstained with Mayer’s hematoxylin. For fluorescence micro-
scopy, nuclei were counterstained with DAPI (Sigma). IF images were acquired on
Leica DM 4000 B LED with Leica DFC 7000T camera and on Zeiss LSM700
confocal microscope for colocalizations. Primary antibodies A rabbit anti-
ADAMTS18 antibody was raised against the peptide GQYKYPDKLPGQIYDA
corresponding to ADAMTS18 sequence 502-516 aa (Eurogentec) an epitope that is
conserved between human and mouse proteins, absent from other proteins and
selected for high antigenic potential. The percentage of ER+ and PR+ cells were
quantified using ImageJ, the percentage of SMA+ cells with QuPath software.
Antibody list can be found in Supplementary Table 4.

RNA in situ Hybridization. Adamts18 ISH was performed using RNAScope
(Advanced Cell Diagnostics, Newark, CA) following the manufacturer’s protocol.
Briefly, 4 µm sections were deparaffinized and hybridized to a mouse Adamts18
probe set (452251; Advanced Cell Diagnostics) using a HybEZ oven (Advanced
Cell Diagnostics) and the RNAScope 2.5 HD Detection Reagent Kit (322360;
Advanced Cell Diagnostics) and stained with anti-SMA after the RNAScope
procedure.

Transplantation. Fat pads were transplanted onto the abdominal muscle wall of
adult WT females29. Single cell suspensions of mammary epithelial cells in 20%
matrigel were injected and 1 mm3 of epithelial fragments were transplanted to
cleared fat pads. Intraductal injection of human breast epithelial cells was per-
formed via cleaved teat.

Mammary gland wholemounts. Mammary gland whole-mounts were performed
as described65, and stereomicrographs were acquired with a LEICA MZ FLIII
stereomicroscope and Leica MC170 HD. Fluorescence stereomicrographs were
acquired on a LEICA M205FA with a Leica DFC 340FX camera. Fat pad filling and
branching points were determined using ImageJ software.

Single cell preparation. Reduction mammoplasty microstructures were incubated
with 1% collagenase A (Roche, final concentration of 1.0 mg/ml) in (DMEM)/F12
Dulbecco’s modified Eagle’s medium containing 1% penicillin/streptomycin (cat.
15070-063; Thermo Fisher Scientific) and 1% fungizone (cat. 15290-018; Thermo
Fisher), overnight at 37 °C. Cells were dissociated to single cells with 0.25% trypsin-
EDTA (Gibco, 15400), resuspended with red cell blood lysis buffer, and passed
through 40 μm cell strainer. To isolate human cells from humanized mammary
glands, single cells were incubated with mouse cell depletion cocktail (Miltenyi
Biotec, 130-104-694) and passed through LS columns (130-042-401) on MACS
separator according to manufacturer’s protocol (Miltenyi Biotec).

Hormone measurements. Progesterone hormone levels in the plasma were
measured using LC-MS (Q-Exactive, ThermoFisher Scientific)66.

Fluorescence activated cell sorting. Single cell suspensions of mammary glands
from 15- to 25-week-old virgin females were processed as described34 and sorted
on a FACSAria (Becton Dickinson).

Hormone treatments. Low consistency silicon elastomer (MED-4011) two parts
(part A, MP3745/E81949 and part B, MP3744/E81950) were mixed with hormone
powder, incubated at 37 °C overnight as described67, and implanted sub-
cutaneously. Three-week-old mice were ovariectomized and injected sub-
cutaneously 10 days later with 17-β-estradiol 5 ng/g of body weight
(Sigma–Aldrich, St. Louis, MO) using 5 mg/ml in 100% ethanol stock or vehicle.
Mammary glands were harvested 18 h after injection.
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RT-PCR. Mammary glands were homogenized with TRIzol reagent (Invitrogen),
total RNA was isolated with miRNeasy Mini Kit (Qiagen), cDNA was synthesized
with random p(dN)6 primers (Roche) and MMLV reverse transcriptase (Invitro-
gen). Real-time PCR analysis in triplicates was performed with SYBR Green Fas-
tMix (Quanta) reaction mix. Primers used for RT-PCR, see Supplementary Table 5.

Protein extraction and western blot. Total proteins from the 3rd mammary glands
of 5- and 14-week-old WT and Adamts18−/− littermate mice were extracted in
Nonidet P-40 (NP-40) lysis buffer (2% NP-40, 80mM NaCl, 100mM Tris–HCl and
0.1% SDS) with a tissue disruptor on ice. 500 µl of buffer was used for 100mg tissue
and debris was removed by centrifugation. Transfected MCF-7 and MCF-10A were
lysed with RIPA lysis buffer supplemented with protease inhibitors and protein
concentration measured with a BCA kit (Pierce). Equal amounts of protein samples
were subjected to SDS–PAGE on an 8% gel and electroblotted to PVDF membranes.
Membranes were probed with fibronectin (Abcam ab2413), collagen IV (Abcam
ab6586), collagen I (Abcam ab34710), laminin (Abcam ab30320), Lamin B1 (Abcam
AB16048), ADAMTS18 (Eurogetech) and β-actin (Sigma mab1501) antibodies.
IRDye conjugated secondary antibodies were detected with Odyssey CLx membrane
scanner with Li-COR and band intensities quantified by ImageJ.

AP-MS analysis for ADAMTS18 binding proteins. MCF-10A cells were spin-
infected with an ADAMTS18 lentivirus containing a V5 tag or LacZ control virus.
Cells were cultured to confluence in 10 cm dishes. Proteins were extracted with
RIPA lysis buffer supplemented with protease inhibitors and protein concentration
measured with a BCA kit (Pierce). ADAMTS18 was immunoprecipitated from
1mg of protein using anti-V5 antibody conjugated agarose beads (Sigma A7345).
The immune precipitates were subjected to SDS-PAGE, the gel was stained with
colloidal Coomasie blue (Biorad), bands were excised and subjected to reduction/
alkylation followed by tryptic digestion and LC-MS/MS proteomic analysis.
Detected peptides were mapped against the human protein database, label-free
protein quantification was performed and affinity lists were constructed in Scaffold
4 Proteomics Software using a minimum of 2 peptides to identify the proteins with
a peptide false discovery rate (FDR) of 0.1% and protein FDR of 0.3%.

Cloning. ΔCT-Adamts18-867aa cDNAs were amplified from cDNA library pre-
pared from eyes and fused to FLAG-tag and His6-tag at N-terminus by PCR and
cloned into NheI and HindIII restriction sites of pcDNA3.1/Hygromycin expres-
sion vector (Invitrogen). Plasmids were purified with HighPure midiprep kit
(Invitrogen).

Fibronectin cleavage. 500 ng purified 70 K fibronectin (Sigma) were mixed with
50 ng of purified ΔCt-ADAMTS18 in digestion buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 10 mM CaCl2, 5 µM ZnCl2), incubated 24 h at 37 °C in presence or
absence of EDTA (25 mM) and PI (Pierce), and analyzed by WB with ABC
antibody. 24 h after ΔCt-ADAMTS18 transfected 293 T cells were supplemented
with 2 µg/ml purified 70 K fibronectin (Sigma) and heparin (100 µg/ml).

Bioinformatic analysis: For details of RNA-seq and microarray analyses
see Supplementary Methods.

Statistics. Prism 6 software (GraphPad) used for statistical analyses and the sta-
tistical tests with their reported p-values are indicated in each figure.

Reporting Summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study are available within
the article and its Supplementary Information files or from the corresponding author
upon reasonable request. The datasets generated and analyzed during the current study
have been deposited in the GEO database under the accession code: GSE145717, for
microarray data and GSE145680 for RNA sequencing.
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Abstract

Hormonal contraception exposes women to synthetic progesterone
receptor (PR) agonists, progestins, and transiently increases breast
cancer risk. How progesterone and progestins affect the breast
epithelium is poorly understood because we lack adequate models
to study this. We hypothesized that individual progestins differen-
tially affect breast epithelial cell proliferation and hence breast
cancer risk. Using mouse mammary tissue ex vivo, we show that
testosterone-related progestins induce the PR target and mediator
of PR signaling-induced cell proliferation receptor activator of NF-
κB ligand (Rankl), whereas progestins with anti-androgenic proper-
ties in reporter assays do not. We develop intraductal xenografts
of human breast epithelial cells from 36 women, show they remain
hormone-responsive and that progesterone and the androgenic
progestins, desogestrel, gestodene, and levonorgestrel, promote
proliferation but the anti-androgenic, chlormadinone, and cypro-
terone acetate, do not. Prolonged exposure to androgenic proges-
tins elicits hyperproliferation with cytologic changes. Androgen
receptor inhibition interferes with PR agonist- and levonorgestrel-
induced RANKL expression and reduces levonorgestrel-driven cell
proliferation. Thus, different progestins have distinct biological
activities in the breast epithelium to be considered for more
informed choices in hormonal contraception.

Keywords androgen receptor signaling; breast cancer; hormonal contracep-

tion; progestins; xenografts
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Introduction

Breast cancer is the most common cause of cancer-related death

among women worldwide, disease incidence continues to increase

(https://www.iarc.who.int/wp-content/uploads/2018/07/pr223_E.pdf),

and it became the most commonly diagnosed cancer in 2020 (Sung

et al, 2021). Hence, it is important to better understand its causes

and to improve its prevention. Epidemiologic studies show that

early menarche, late menopause, and shorter menstrual cycles are

associated with increased breast cancer risk (MacMahon et al,

1970; Pike et al, 1983; Colditz et al, 2004). Early menarche and

late menopause increase overall lifetime exposure of the breast

epithelium to ovarian hormones. The length of the menstrual cycle

is determined by the duration of the follicular phase, which varies

between women (7–21 days), whereas the luteal phase always

lasts 14 days. Hence, the higher breast cancer risk associated with

shorter menstrual cycles may relate either to the number of cycli-

cal changes and/or to increased lifetime exposure to specifically

luteal phase hormones. During the follicular phase, estrogen levels

peak while progesterone levels are very low; the luteal phase is

characterized by high progesterone levels in the presence of a

smaller peak of estrogen levels. In addition, women are widely

exposed to exogenous hormones, both natural and synthetic, in

the context of contraception and hormone replacement therapy

(HRT), and these exposures have been linked to increased breast

cancer risk.

Hormonal contraceptives consist of different progestogens, either

on their own as in the minipill and intrauterine devices, or in

conjunction with ethinyl estradiol (EE), an estrogen receptor α (ER)

agonist, in combined oral contraceptives (OC). They are used by

millions of women worldwide and were shown to bestow a 1.24
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relative risk (RR) of breast cancer on current users (Collaborative

Group on Hormonal Factors in Breast Cancer, 1996). Hormonal

contraceptives differ in progestogens, dose, and administration

scheme. Progestins can be structurally related to progesterone,

testosterone, or spironolactone and interact to different extent with

the androgen receptor (AR), the mineralocorticoid receptor (MR),

and the glucocorticoid receptor (GR; Schindler et al, 2003). They also

vary in bioavailability, efficacy, and have different binding affinities

for the sex hormone-binding globulin (SHBG) and corticosteroid-

binding globulin (CBG) bound to which these hydrophobic

substances travel in the bloodstream (Stanczyk, 2002, 2003).

Hormonal contraception evolved mainly driven by the need to

reduce the cardiovascular complications associated with earlier

generations of progestins, in particular thrombosis, and new proges-

tins were developed, doses adjusted, and regimens modified (Dhont,

2010). Yet, our understanding of the biological effects of proges-

terone and different progestins on the breast epithelium is limited. It

was proposed that high EE doses of earlier preparations were

responsible for the increased RR for breast cancer but a recent study

on 1.8 million Danish women showed that current low EE level

preparations are also associated with a RR of 1.2 (Mørch et al,

2017), suggesting an important role for the progestin component.

Here, we hypothesize that the RR of 1.2 associated with hormonal

contraception overall may mask a higher risk associated with some

specific progestins, whereas other progestins may be associated

with smaller RRs and/or even be protective.

The large spectrum of products, the delay between contraceptive

use and breast cancer diagnosis, the difficulty to obtain precise

information about contraceptives used from women who frequently

changed hormonal contraceptives have made it difficult for epidemi-

ologists to evaluate the impact of individual progestins on breast

cancer risk. Yet, there are some indications that indeed some

progestins maybe more hazardous than others. Analysis of data

from the National Medical Reimbursement Registry of Finland

revealed that, specifically, levonorgestrel-releasing intrauterine

system (LNG-IUS) despite lower plasma levels was associated with

a RR 1.2 for ductal and RR 1.33 for lobular breast cancer (Soini

et al, 2016). The nurses’ health study with 116,608 female partici-

pants aged between 25 and 42 years showed that triphasic EE

combined with LNG was associated with a RR of 3.05 (Hunter et al,

2010), suggesting that the use of this particular progestin may

increase RR more than others. Based on electronic pharmacy

records, OCs involving high-dose estrogen, ethynodiol diacetate, or

triphasic dosing with norethindrone were associated with more

elevated risks than others (Beaber et al, 2014).

Hence, a better understanding of the biological effects of individ-

ual progestins is key to a more informed approach to hormonal

contraception, in which high-risk progestins are avoided and

progestins that have little effect or are protective are prescribed

instead to reduce risk and to offer effective breast cancer prevention

to a large population of women.

The biological activities of various progestins have been charac-

terized with cell line-based reporter assays in readily transfectable

cell line models. In particular, their differential activities versus the

progesterone receptor (PR), androgen receptor (AR), glucocorticoid,

and mineralocorticoid receptor have been characterized with

reporter assays. A recent side-by-side comparison of various proges-

tins used in OCs revealed cell line- and transfection-related

differences (Enfield et al, 2020) pointing to the limited value of such

in vitro models for making clinical predictions and the need for

better models. Indeed, little is known about the effects of different

progestins on the breast epithelium because we lacked adequate

models to study hormone action (Özdemir et al, 2018; Brisken &

Scabia, 2020). Primary human breast epithelial cells (HBECs) can be

readily isolated from reduction mammoplasty specimens but they

lose hormone receptor (HR) expression when cultured in vitro. Inhi-

bition of TGFβ signaling was shown to release ER+ HBECs from

growth restraint and to enable them to expand in vitro (Fridriksdot-

tir et al, 2015); yet, whether these cells retain PR signaling remains

to be evaluated. In sophisticated 3D matrigel cultures, primary

HBECs maintain HR expression and proliferate in response to

progesterone but expression of functionally important in vivo PR

target genes Rankl/Tnfsf11 (Beleut et al, 2010; Mukherjee et al,

2010) and Wnt4 (Brisken et al, 2000; Rajaram et al, 2015) was not

induced (Graham et al, 2009).

Here, we test the hypothesis that different progestins have

distinct biological effects on the mammary epithelium using a

mouse ex vivo model, fresh mammary organoids, which maintain

intercellular contacts and remain hormone-responsive (Ayyanan

et al, 2011). To assess the effects of prolonged exposure to different

progestins on HBECs, we develop “humanized” mouse mammary

glands by grafting reporter containing patient-derived breast epithe-

lial cells into the milk ducts and monitoring their growth in vivo.

We discern differential effects suggesting that progestins with anti-

androgenic activity may be safer to use with regard to breast cancer

risk than testosterone-related compounds, in particular, the widely

used levonorgestrel.

Results

Transcriptional response to PR signaling activation in mouse
mammary organoids

We hypothesized that different progestins used for hormonal contra-

ception may differentially affect the breast epithelium and, hence,

breast cancer risk. To test this hypothesis, we sought for biological

readouts in physiologically relevant models. First, we recurred to

using an ex vivo assay for the transcriptional response of the mouse

mammary epithelium to hormones. We isolated mammary glands

from several inbred adult female mice, treated them mechanically

and enzymatically to generate epithelial-enriched organoids, which

remain hormone-responsive (Ayyanan et al, 2011), and exposed

them either to vehicle or to the stable progesterone mimic promege-

stone (R5020, 20 nM) for 6 h and performed RNA sequencing (Fig

1A). Three independent experiments were performed, and principal

component analysis (PCA) grouped the samples according to treat-

ment (Fig 1B). Under these experimental settings, R5020 stimulation

resulted in 162 differentially expressed genes, of which 107 were

upregulated and 55 were down modulated (Fig 1C, Appendix Fig

S1A). Importantly, 2 genes previously shown to be important media-

tors of PR signaling in the mammary epithelium, Rankl/Tnfsf11

(19,20) and Wnt4 (Brisken et al, 2000; Rajaram et al, 2015) together

with SAM pointed domain containing Ets transcription factor (Spdef)

and AR interactor and target (Sood et al, 2007; Cui et al, 2016), were

the most significantly induced genes with adjusted P-values < 10E-
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20 (Fig 1D). Rankl transcripts showed the highest induction by

R5020 with 10.07-fold over control samples (Fig 1D), while Wnt4

was induced 3.1-fold, i.e., to a lesser extent, as observed in previous

studies (Tanos et al, 2013; Rajaram et al, 2015). The Pgr transcripts

showed the largest down-modulation with 0.2-fold. Together, these

observations confirm that PR signaling is intact in this ex vivo model

and that the functionally important factors, Rankl and Wnt4, are

robust PR target genes in the mouse mammary epithelium.

Gene Set Enrichment Analysis (GSEA) of the differentially

expressed genes using C2 and hallmarks MSigDB collections (Subra-

manian et al, 2005) demonstrated that R5020-induced genes are

enriched for a stem cell signature, in line with PR’s established role

in stem cell function (Joshi et al, 2010; Axlund & Sartorius, 2012;

Rajaram et al, 2015) and showed a trend of upregulation of Myc

(adj P-value 0.054) (Fig 1E). Estradiol response down was negatively

enriched, and a trend of an increased androgen response was

observed (adj P-value 0.0656) (Fig 1E) suggesting that ER, PR, and

AR function may be closely interconnected in the normal breast

epithelium as observed in ER+ tumor cells. TGF-β signaling and

mitotic spindle were negatively enriched (Appendix Fig S1B), while

oxidative phosphorylation, INFγ response, and DNA repair were

enriched (Appendix Fig S1C).

Effect of progestins on Rankl and Wnt4 transcript levels

Next, we stimulated mouse mammary organoids derived from

several BalbC females with R5020 or different progestins (Fig 1A).

We chose progestins of different generations commonly used in

Switzerland, for the first generation: chlormadinone acetate (CMA),

for the 2nd generation: levonorgestrel (LNG), for the 3rd generation:

3-ketodesogestrel, the active form of desogestrel (DSG),

cyprotherone acetate (CPA), and gestodene (GSN), as well as dros-

pirenone (DSP) for the 4th generation. At 1, 2, or 6 h of stimulation

Rankl and Wnt4 transcript levels were determined by RT-PCR. No

significant change in Rankl and Wnt4 transcript levels was detected

during the first 2 h (Appendix Fig S1D). By 6 h of R5020 stimula-

tion, Rankl and Wnt4 transcript levels increased 22.4 and 5.8-fold

over the vehicle-treated control, respectively. DSG, GSN, and LNG-

induced Rankl transcripts to a similar extent or more with 22.3-,

18.2-, and 27.7-fold, respectively, whereas CMA, CPA, and DSP

failed to affect Rankl transcript levels at all (Appendix Fig S1D).

Wnt4 transcripts were induced to a lesser extent, by DSG, GSN, and

LNG with an 8.5-, 4.9-, and 4.8-fold change, respectively, whereas

CMA, CPA, and DSP did not alter Wnt4 transcript levels

(Appendix Fig S1D).

To assess whether the differential regulation of transcript levels

depended on the genetic background of the mice, we next stimu-

lated mammary tissue from C57Bl/6 mice. Within 6 h, R5020

induced Rankl and Wnt4 transcripts 10.9- and 4.2-fold, respectively.

DSG, GSN, and LNG increased Rankl transcript levels 15.5-, 21.5-,

and 21.6-fold, respectively. Conversely, CMA, CPA, and DSP failed

to increase Rankl transcript levels (Fig 1F). Wnt4 transcripts were

induced to a lesser extent, with a 4.2-, 3.6-, and 4.3-fold change

induced by DSG, GSN, and LNG, respectively while CMA and DSP

did not alter Wnt4 transcript levels (Fig 1F). CPA induced Wnt4 2-

fold (p < 0.05) (Fig 1F). A similar result was obtained in an experi-

ment with mammary tissue from NOD. Cg-Prkdcscid Il2rgtm1Wjl/SzJ

(NSG) mice (Appendix Fig S1E).

The observation that there are two groups of progestins, those

that induce RANKL and WNT4 transcripts and those that do not,

was confirmed at 24 h of stimulation of BalbC-derived mammary

organoids. At this timepoint, Rankl and Wnt4 transcripts were

induced 83- and 26-fold by R5020, respectively. DSG, GSN, and LNG

increased Rankl transcript levels 177.2-, 617.2-, and 253.9-fold and

Wnt4 transcript levels 32.2-, 33.5-, and 36.3-fold, respectively,

whereas CMA, CPA, and DSP had no effect on either transcript (Fig

1G).

Thus, independent of the genetic background of the tissue donor,

GSN, LNG, and DSG like R5020 consistently increase transcript

expression of two important PR target genes, Rankl and Wnt4 in

mammary gland tissue, whereas CMA, CPA, and DSP do not.

AR activity is required for Rankl induction by R5020 and LNG

We noticed that the inducers of Rankl and Wnt4 transcripts, DSG,

GSN, and LNG are 13-ethylgonanes, which are structurally related

to testosterone and have all been reported to show androgenic activ-

ity in various assays, whereas CPA, CMA, and DSP had shown anti-

androgenic activity (Fuhrmann et al, 1995; Muhn et al, 1995;

Bouchard, 2005; Mishell, 2008; Schneider et al, 2009; Africander

et al, 2011; Louw-du Toit et al, 2017). To test whether the anti-

androgenic activity of CPA, CMA, and DSP may be responsible for

the inhibition of Rankl and Wnt4 transcript induction, we treated

mammary organoids ex vivo with R5020 and the nonsteroidal AR

antagonists enzalutamide and bicalutamide. Enzalutamide (100 µM)

abrogated Rankl induction by R5020 (P < 0.05) but had no effect on

Wnt4 induction (Fig 1H). Furthermore, induction of Rankl by the

widely used androgenic progestin, LNG, was significantly reduced

by enzalutamide (100 µM) (P < 0.05), whereas Wnt4 induction

again was not affected (Fig 1I). At 10 µM, a trend was observed but

this failed to reach significance with n = 3, likely due to the hetero-

geneous biological assay and lack of a pretreatment period. Simi-

larly, bicalutamide (100 µM) abrogated Rankl induction by R5020

(P < 0.05) but had no significant effect on Wnt4 induction

(Appendix Fig S1F). Thus, AR activity is required for R5020 and

LNG-induced Rankl mRNA expression.

Transcriptional response of the human breast epithelium to
PR signaling

Having ascertained with mammary tissue from inbred mice that

androgenic and anti-androgenic progestins have different effects on

the expression of important PR target genes, we set out to assess the

transcriptional response to PR signaling in the human breast epithe-

lium. In view of our goal to perform in vivo experiments with the

natural ligand progesterone, we compared the effects of proges-

terone to those of its stable analog R5020 which is commonly used

for in vitro experiments on breast epithelial cells. For this, we used

an ex vivo approach with human breast tissue similar to the mouse

organoid technique used above that maintains hormone responsive-

ness (Tanos et al, 2013; Sflomos et al, 2015). In brief, 3 fresh

mammoplasty tissue from women with follicular phase proges-

terone levels were cut into 1 mm3 pieces and aliquoted for digestion

with collagenase and concomitant exposure to either vehicle,

R5020, or progesterone for 14–18 h. Tissue microstructures that

contain epithelial cells, immune cells, and fibroblasts in varying
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proportions were recovered. To reduce interpatient variation as far

as it relates to different ratios of various cell types, at the end of the

treatment, the tissue microstructures were dissociated to single cells

and enriched for epithelial cells by FACS sorting with antibodies

against the epithelial cell surface marker EpCAM (Fig 2A). The

EpCAM+ cells were processed for RNA sequencing. PCA showed

clustering according to treatment, with progesterone and R5020-

exposed samples grouping together (Fig 2B). Progesterone affected

expression levels of 65 genes, whereas R5020 affected 112 genes,

including RANKL (adj.P < 0.05) (Appendix Fig S2A). More than

90% of the progesterone-induced gene expression changes were

induced by R5020 (Fig 2C). Log-scaled normalized values (VSD, i.e.,

variant stabilized gene expression values) for RANKL and WNT4

revealed increased expression of these 2 PR target genes (P < 0.01)

by both progesterone and R5020 (Fig 2D). Correlation analysis

demonstrated that genes affected by both P4 and R5020 correlated

in extent of induction (Fig 2E). R5020 induced higher-fold changes

as indicated by the estimated slope of the curve being > 1

(P < 0.0001). GSEA revealed an enrichment for MYC targets and

effects on estrogen and androgen responses as observed in the

mouse epithelium in both progesterone and R5020 treated human

breast tissue microstructures (Fig 2F). Thus, natural progesterone

and R5020 share target genes, with R5020 showing more robust

effects on gene expression of EpCAM+ breast cells, as shown previ-

ously for T47D cells (Bray et al, 2005).

To assess the similarity in hormone response between mouse

and human breast cells, we compared the genes differentially

expressed in response to R5020 in mouse organoids and human

EpCAM+ cells. When considering the genes whose adjusted P-value

was < 0.05 in both conditions, RANKL and WNT4 were uniquely

upregulated and WNT5A and FOXA1 were the two only genes that

were down-regulated. (Fig 2G). In situ hybridization analysis of

human breast tissue sections using RNAscope showed that RANKL

and WNT4 transcripts were largely co-expressed in a subset of lumi-

nal cells (Appendix Fig S2B). GSEA of the R5020-induced genes in

mouse and human ex vivo samples revealed that RNA and mRNA

metabolism, as well as translation reactome, are enriched in addi-

tion to MYC targets (Fig 2H). Notably, androgen response-related

genes were also significantly enriched in both species, suggesting

that hormone receptor crosstalk is an evolutionarily conserved

phenomenon (Fig 2H). In both species, HDAC3 targets and genes

down-modulated by E2 were negatively enriched (Fig 2H). Thus,

the PR signaling gene signatures largely overlap between species in

spite of different individual target genes.

Intraductal xenografts of primary HBECs

Next, we sought to assess the response of HBECs to prolonged

exposure to different progestins in vivo. To this aim, we “human-

ized” the mouse mammary glands. Freshly isolated HBECs were

infected with GFP-luciferase2-expressing lentiviruses and injected

into the milk ducts of adult NSG females (Sflomos et al, 2016)

(Fig 3A). In vivo bioluminescence monitoring of the engrafted

mice showed that human cells were able to establish themselves

in mouse mammary ducts and to grow. On average, radiance

increased 12-fold over 100 days (Fig 3B). At sacrifice, fluores-

cence stereomicroscopy revealed GFP signal in multiple ducts of

the injected mammary glands (Fig 3C). Whole mount stereomi-

croscopy of xenografted glands revealed the mouse milk duct

system and showed that some ducts are dilated (Fig 3D, arrow).

H&E stained histological sections revealed ducts lined by HBECs,

which have larger lumina than their murine counterparts (Fig

3E). Immunofluorescence (IF) with a human-specific antibody for

the luminal marker CK19 unequivocally confirmed the presence

of HBECs (Fig 3F). Similarly, immunohistochemistry (IHC) with

an anti-human CK19 antibody revealed that the HBECs are largely

continuous with the mouse mammary epithelium and appear to

replace it (Fig 3G and H).

To assess whether the engrafted HBECs retain HR expression, we

co-stained adjacent sections of xenografted glands with antibodies

specific for human E-Cadherin (hECAD) and the different steroid

receptors. A subset of HBECs were positive for ER, PR, and AR

showing the same cluster pattern of receptor expression as the

human breast epithelium (Fig 3I). To assess whether the human

cells respond to hormones, we impregnated recipients with HBECs

in their mammary glands. Human epithelial cells were readily

detected in histological sections by anti-human CK7 staining, these

revealed that the lumen was more distended suggesting secretory

activity (Fig 3J). Semi-quantitative RT-qPCR analyses using human-

specific primers showed that the human milk genes α-lactalbumin,

ĸ-casein, and α-S1-casein were readily detected in pregnant females

while the transcripts were below detection limit (CT ≥ 40) in virgin

hosts. (Fig 3K). Thus, normal HBECs grow in mouse mammary

ducts, preserve HR expression, and remain hormone-responsive.

◀ Figure 1. Ex vivo stimulation of murine mammary organoids with different PR agonists.

A Experimental scheme showing the preparation of organoids from mouse mammary glands and ex vivo stimulation with different compounds.
B PCA plot of global gene expression profiles from ethanol (CTRL) and R5020-treated murine mammary organoids.
C Unsupervised hierarchical clustering of the 500 most variable genes across samples. Normalized expression levels were scaled to Z-scores for each gene.
D Volcano plot showing differentially expressed genes (adj. P.Val < 0.05) between ethanol- and R5020-treated mouse mammary organoids, n = 3. Genes with

log2(FC) > 2 are highlighted in red, genes with log2FC < −2 in blue. Names of genes with −log10 (adj.P.Val) > 10 and abs(log2(FC)) > 2 are indicated.
E GSEA showing enrichment of pathways differentially regulated in mouse mammary organoids upon R5020 stimulation, total number of genes = 14,244. The red

dashed line indicates NES: Normalized Enrichment Score.
F Bar graphs showing Rankl and Wnt4 transcript levels, relative to 36B4 mRNA expression in mammary organoids derived from C57Bl/6 females 6 h after stimulation

with 20 nM R5020 (n = 12), DSG (n = 6), GSN (n = 6), LNG (n = 6), CMA (n = 6), CPA (n = 6), or DSP (n = 6).
G Bar graphs showing relative Rankl and Wnt4 transcript levels normalized to 36B4 mRNA expression in mammary organoids derived from Balb6/C females 24 hours

after stimulation with different progestins, n = 3 independent experiments.
H, I Bar graphs showing relative Rankl and Wnt4 transcript levels normalized to 36B4 expression in C57Bl6-derived mammary organoids treated for 6 hours with R5020

(H) or LNG (I) and either 10 μM or 100 μM enzalutamide, n = 3 independent experiments.

Data information (F–I): Data are shown as means � SD. P-values were estimated using a random-intercept linear model applied to ΔCt values followed by Dunnett test.
*P < 0.05, **P < 0.01, ***P < 0.001, n.s: not significant.

ª 2021 The Authors EMBO Molecular Medicine e14314 | 2021 5 of 19

Marie Shamseddin et al EMBO Molecular Medicine



FE

G H

FOXA1

RANKL

WNT4

WNT5A

0

20

40

60

0 10 20 30
−log10(Adj.P.Val) Human

−l
og

10
(A

dj
.P

.V
al

) M
ou

se

0 1 2
logFC

HALLMARK_MYC_TARGETS_V1
REACTOME_METABOLISM_OF_RNA

REACTOME_METABOLISM_OF_MRNA
REACTOME_TRANSLATION

HALLMARK_ANDROGEN_RESPONSE
HDAC3_TARGETS_UP

ESTRADIOL_RESPONSE_24HR_DN

-2 -1 0 1 2 3

10-4 10-3 10-2 10-1

Normalized Enrichment Score

P-value

0.0

0.2

0.4

0.6

0 2000 4000 6000

HALLMARK_MYC_TARGETS_V1

0.00

0.25

0.50

HALLMARK_
ANDROGEN_RESPONSE

0.0

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

−0.4

−0.2

0.0

DUTERTRE_ESTRADIOL_
RESPONSE_24HR_DN

−0.4

−0.2

0.0

P4 vs CTRL

R5020 vs CTRL

E
nr

ic
hm

en
t S

co
re

0 2000 4000 6000 0 2000 4000 6000

0 2000 4000 6000

Ranked List of Genes
0 2000 4000 60000 2000 4000 6000

NES = 1.87
P.Val = 0.0007

adj.P.Val = 0.0467

NES = 2.06
P.Val = 0.0002

adj.P.Val = 0.0117

NES = -1.69
P.Val = 0.0003
adj.P.Val = 0.0331

NES = -1.85
P.Val = 0.0001
adj.P.Val = 0.0276

NES = 1.56
P.Val = 0.05

adj.P.Val = 0.184

NES = 1.63
P.Val = 0.02

adj.P.Val = 0.144

A

EtO
H

R50
20

P4

Fat

Mammoplasty
specimen

1. Mechanical
tissue disruption

2. Enzymatic tissue digestion
and progestogen treatment

 Pellets enriched for 
epithelial cells

Tissue 
microstructures

EpCAM+ cells

3. FACS sorting

EtO
H

R50
20

P4

EtO
H

R50
20

P4

B

−4

−2

0

2

−5 0 5
PC1 58%

P
C

2 
20

.1
%

243 CTRL
220 CTRL

229 CTRL
243 R5020

229 R5020

229 P4

243 P4
220 R5020

220 P4

C D

6

59

53

P4 vs CTRL

R5020 vs CTRL

8.0

8.2

8.4

N
or

m
al

iz
ed

 V
al

ue
s

Rankl **
**

7.2
7.3
7.4
7.5
7.6
7.7

N
or

m
al

iz
ed

 V
al

ue
s

Wnt4
**

**

CTRL
P4

R50
20

M220M220
M229 M229
M243 M243

CTRL
P4

R50
20

Figure 2.

6 of 19 EMBO Molecular Medicine e14314 | 2021 ª 2021 The Authors

EMBO Molecular Medicine Marie Shamseddin et al



Progestin pellets and plasma levels

To compare the effects of progesterone and different progestins on

HBECs in vivo, we infected single cell suspensions obtained from

fresh reduction mammoplasty specimens with GFP-luciferase2-

expressing lentiviruses. The infected cell mixture was grafted intra-

ductally to up to 5 glands of as many recipients as possible. The

engraftment and growth of the xenografted cells were monitored

weekly by in vivo imaging. When radiance reached > 10E07 on

average per mammary gland, 60-day-release pellets were implanted

subcutaneously, usually within 3–10 weeks after cell injection. At

sacrifice, blood was collected and plasma levels of the administered

compounds as well as endogenous steroid hormones were deter-

mined by liquid chromatography-mass spectrometry (LC-MS) (Las-

zlo et al, 2019).

In mice engrafted with 20 mg progesterone pellets, plasma

progesterone ranged from 0.9 to 16.9 ng/ml with an average of

9.1 ng/ml. These levels are comparable to those observed in

humans during luteal phase (Kratz et al, 2004) and are 4.9 times

higher than the average progesterone levels in control mice, which

showed estrous cycle-related variation (Fig 4A).

Next, plasma levels of different progestins in mice implanted

with subcutaneous pellets were assessed. GSN treated mice showed

levels similar to those detected in the blood of women in our study

and within the range of reported Cmax for different doses of GSN

containing pills (Stanczyk, 2002) (Fig 4C). LNG plasma levels in

experimental animals were similar to those detected in plasma of

women in our cohort who were using LNG containing OCs, while

women using LNG-IUD had lower LNG plasma levels (Fig 4D); the

reported Cmax for 150 μg and 75 μg containing pills (Stanczyk, 2002)

was in similar range (Fig 4D). Plasma levels of DSG, CMA, CPA,

and DSP in treated mice were also similar to those detected in the

plasma of women in our cohort but tended to be lower than

reported Cmax (Stanczyk, 2002) (Fig 4B and E–G). Thus, plasma

levels of progestins in mice treated with slow release pellets are

comparable to those found in samples from our patient cohort

assessed by the same LC-MS protocol.

Next, we assessed whether progesterone and progestins differen-

tially affected endogenous hormone levels in mice. Plasma 17-β-
estradiol levels were not affected by any of the treatments (Fig 4H).

In control mice, progesterone levels showed estrous cycle-related

variation. Cycles were suppressed by DSG (P < 0.01), GSN

(P < 0.05), and DSP (P < 0.001); LNG and CPA did not affect the

endogenous progesterone levels and CMA-treated mice showed a

tendency toward higher average level of progesterone compared to

untreated mice (Fig 4H). Plasma testosterone levels were not altered

by any treatment with the exception of DSP, which decreased them

(Fig 4H). Thus, prolonged exposures to progestins differentially

affect endogenous progesterone plasma levels and DSP decreases

testosterone plasma levels in host mice.

In vivo effects of progestins on HBEC proliferation

Next, the in vivo growth of HBEC xenografts stimulated with

progesterone or different progestins was analyzed. A total of 36

different mammoplasty samples (Appendix Table S1) were

engrafted to several glands of multiple mice, and up to 7 different

conditions were tested on any one patient’s xenografts

(Appendix Table S2). In establishing this approach, xenograft

growth in individual glands was measured by bioluminescence

over 60 days of treatment to ensure enough data points were

collected to reach statistically significant results with this highly

variable in vivo readout. Using log-transformed raw radiance

values, we first determined whether the course of the control and

treated glands differed significantly. In addition, the fold change

radiance of treated versus untreated samples at endpoint was

calculated (Fig 5A–C). Progesterone increased the growth rate

(P < 0.001); at endpoint, relative radiance was increased 1.3-fold

over control (P < 0.01) (Fig 5A). All 3 testosterone-related proges-

tins, DSG, GSN, and LNG, increased growth (P < 0.001) and rela-

tive radiance at endpoint 2-, 2.2-, and 2.1-fold, respectively

(P < 0.001) (Fig 5B). Neither CMA nor CPA had any effect on the

growth of the engrafted HBECs. DSP treatment failed to affect the

course of the in vivo growth, but at endpoint relative radiance

was increased 1.4-fold (P < 0.05) (Fig 5C).

Using human-specific primers, we determined mRNA levels of

prostate-specific antigen (PSA) or Kallikrein 3 (KLK3), considered a

marker of androgenic activity in prostate and breast cancer cells

(Magklara et al, 2002; Attardi et al, 2004). Consistent with AR and

PR sharing a common hormone response element (Claessens et al,

1996), KLK3 was induced upon progestin stimulation. Expression

was induced more strongly and was more significantly increased by

the androgenic than by the anti-androgenic progestins

(Appendix Fig S3). This is in agreement with previous findings that

◀ Figure 2. Ex vivo stimulation of human breast tissue microstructures with different PR agonists.

A Experimental scheme showing the preparation of human breast tissue microstructures from reduction mammoplasty specimens, the ex vivo stimulation with R5020
and progesterone and epithelial purification by FACS sorting based on EpCAM expression.

B PCA plot showing global gene expression profiles of EpCAM+ cells isolated from ethanol-, P4-, and R5020-treated human breast tissue microstructures, n = 3.
C Venn diagram showing differentially expressed genes (adjusted P-value < 0.05) in response to either P4 or R5020 relative to CTRL samples.
D Boxplot showing log-scaled variant stabilized gene expression values for RANKL and WNT4 in human tissue microstructures, n = 3. Shown are the non-corrected P-

values estimated by DESEQ2. **P < 0.01. Vertical lines outside the box end at maximum and minimum values, upper and lower borders of the box represent lower
and upper quartiles, and line inside the box identifies the median.

E Scatter plot showing a linear relationship between the log2FC of shared differentially expressed genes between R5020 and P4 relative to CTRL samples shown in
(B). Coefficients, P-value on the estimated coefficient, and adjusted R squares were calculated by linear regression model (lm function in R). The dashed red line
shows the diagonal.

F GSEA of differentially expressed genes between P4 (red) and R5020 (yellow) relative to CTRL samples. The red dashed lines indicate NESs.
G Scatter plot showing the genes which are commonly altered upon R5020 stimulation (adj. P-value < 0.05) in both mouse and human organoids relative to their CTRL

samples. Color scale as a function of the averaged human and mouse logFC values. The red dashed lines represent an adj. P-value threshold of 0.001.
H Bar graph showing GSEA of genes altered in both mouse and human EpCAM+ cells upon R5020 stimulation of tissue microstructures. Bars define the averaged NES

between ex vivo R5020-treated human and mouse tissue, ticks indicate averaged P-values given by GSEA.
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KLK3 expression is under the control of both androgens and proges-

tins in T47D cells (Zarghami et al, 1997).

Next, we sought for a readout of in vivo cell proliferation dif-

ferent from radiance. Analysis of the xenografted glands for Ki67

expression by IHC failed to reveal correlation with the in vivo

growth measurements after the 60-day treatment. As the slope of

the growth curves tends to be higher in the first 3 weeks than

later during the treatment, we analyzed mice engrafted with

HBECs after 3 weeks of treatment with LNG. Radiance measure-

ments confirmed that LNG stimulated cell proliferation (Fig 5D),

and at endpoint, the expression of MKI67 at both protein level as

assessed by IHC (Fig 5E and F) and mRNA level (Fig 5G) was

increased. Moreover, LNG-treated samples also showed increased

KLK3 transcript expression suggesting that AR signaling is active

(Fig 5H). Given that MKI67 expression could replace the luci-

ferase measurements as a readout, we used a modified experi-

mental setup for a second round of experiments. We derived

HBECs from viably frozen mammoplasty samples

(Appendix Table S3) and engrafted them to different mammary

glands of NSG females without viral infection. Four months later,

the 24 recipient females, each engrafted with 5 different mammo-

plasties received pellets containing either vehicle, progesterone, or

1 of 6 progestins for 21 days. At sacrifice, xenografted glands

were histologically sectioned and cell proliferation was quantified

using co-IF with anti-MKI67 and anti-hECAD antibodies. For one

of the mammoplasties, we were able to obtain measurements for

all experimental conditions (Fig 5I). This showed that proges-

terone (P < 0.001), DSG (P < 0.01), GSN (P < 0.001), and LNG

(P < 0.01), significantly increased cell proliferation while CPA

(P < 0.05) decreased it, whereas CMA and DSP had no effect (Fig

5J). For the remaining mammoplasties, between 3 and 8 different

experimental conditions were successfully quantified

(Appendix Table S4). In line with the previous findings, the over-

all analysis showed that progesterone (P < 0.001), DSG

(P < 0.0001), GSN (P < 0.0001), and LNG (P < 0.0001) increased

cell proliferation. CPA (P < 0.0001) decreased proliferation,

whereas CMA and DSP had no effect (Fig 5K). As AR signaling

increases AR protein levels, we performed co-IF for AR and

hECAD as another means to assess AR signaling activity. Proges-

terone (P < 0.001), CPA (P < 0.0001), and DSP (P < 0.01)

decreased the percentage of AR+ cells, whereas DSG (P = 0.12),

GSN (P < 0.0001), and LNG (P < 0.0001) increased the AR index

and CMA had no effect (Fig 5L). Semi-quantitative RT-PCR for

KLK3 showed transcripts levels were increased by the androgenic

progestins, DSG (P < 0.01), and GSN (P < 0.001) (Fig 5 M). Thus,

the testosterone-related progestins, DSG, GSN, and LNG stimulate

cell proliferation in the human breast epithelium in vivo and

induce expression of KLK3, whereas the tested anti-androgenic

progestins do not. Conversely, CPA even showed an antiprolifera-

tive effect in the 21-day treatment experiments.

Long-term stimulation of the human breast epithelium with
different progestins

To test whether the increased cell proliferation observed with andro-

genic progestins may elicit morphologic changes in the breast

epithelium, we subjected 10 mice engrafted with 5 different

mammoplasties to treatment with either vehicle, DSG, GSN, or LNG

for 8 months. All the engrafted glands were processed for histologi-

cal analysis and H&E stained. In control females, the 5

mammoplasty-derived HBECs showed only limited growth of

human cells (Fig 6A, Appendix Fig S4), in 2 of them occasional foci

of cell proliferation (Fig 6B) were detected. In xenografts stimulated

with either DSG, GSN, or LNG, 3 or 4 grafts showed diffuse and in

some cases marked acinar proliferation (Fig 6C, Appendix Fig S4).

In addition, variable ductal dilatations up to cyst formation (Fig 6D)

with apocrine epithelial changes and focally complex apocrine

hyperplasia (Fig 6E and F) were observed. Thus, in a small set of

samples examined, the prolonged treatment with androgenic proges-

tins increased the incidence of morphologic proliferative changes

that are part of early precursor stages to malignancy in the human

breast epithelium.

◀ Figure 3. Human breast epithelial cell xenografts are hormone-responsive.

A Scheme of the mouse intraductal xenograft (MIND) approach. Freshly isolated human breast tissue is dissociated to single cells, which are lentivirally transduced
and injected into the milk ducts via the teat. In vivo growth is monitored by weekly luminescence measurements. At endpoint, xenografted mammary glands and
blood are collected for further analyses.

B Spaghetti plot showing fold change radiance over time, individual xenografted mammary glands (light gray), averaged control samples from individual xenografts
(dark gray), average values of control samples from all xenografts (black, red dots), n = 12–224 xenografted glands per time point.

C Fluorescence stereo micrograph of inguinal mammary gland 10 weeks after injection of GFP labeled HBECs. Dashed lines highlight the perimeter of the mammary
fat pad. Scale bar, 3 mm.

D Stereo micrographs of whole mounted mammary glands 12 weeks after injection of HBECs. Scale bar, 2 mm. Inset, arrows point to mouse ducts distended by the
presence of HBECs. Scale bar, 0.8 mm.

E H&E stained section of xenografted gland 83 days after injection showing HBECs that distend a mouse duct (arrow), small mouse ducts are shown (small arrow
heads). Scale bar, 0.1 mm.

F Fluorescence micrograph of histological section of an intraductally xenografted mammary gland stained with DAPI (top) and immunofluorescence with anti-hCK7
(bottom). Arrows point to mouse ducts devoid of human cells. Scale bar, 0.1 mm.

G, H IHC for hCK19, in brown, of cross-sectioned “humanized” mouse milk duct mammary glands 106 days after injection. Arrows point to mouse ducts colonized by
human cells. Scale bars, 100 μm (G) and 150 μm (H), respectively.

I Representative co-IF micrographs of a cross-sectioned “humanized” mouse milk duct 5 months after intraductal injection for AR, ERα, and PR, in red, and human
E-CAD, in green. Scale bar, 50 μm.

J IHC for hCK7, in brown, of cross-sectioned “humanized” mouse milk duct mammary glands at day 20 of pregnancy. Arrow heads point to mouse alveoli, stars
highlight lumina filled with secretions. Scale bar, 100 μm.

K Bar graphs showing the threshold cycles of semi-quantitative RT-PCR with human-specific primers on RNA from virgin (n = 4) and pregnant (n = 3) mice
xenografted with human cells.

Source data are available online for this figure.

ª 2021 The Authors EMBO Molecular Medicine e14314 | 2021 9 of 19

Marie Shamseddin et al EMBO Molecular Medicine



  c
on

tro
l m

ice
0

5

10

15

20

Bl
oo

d 
le

ve
l (

ng
/m

l)

A

tre
ate

d m
ice

wom
en

 (IU
D)

wom
en

 (O
C)

25
0 µ

g

15
0 µ

g
75

 µg
0

2

4

6

8

LNGD

tre
ate

d m
ice

wom
en

15
0 µ

g
75

 µg
50

 µg
0

2

4

6

8

GSN

OC reported Cmax    t
rea

ted
 m

ice

wom
en

  re
po

rte
d C

max
0
1
2
3
4
5

DSG

Bl
oo

d 
le

ve
l (

ng
/m

l)

 tre
ate

d m
ice

 w
om

en

   
 si

ng
le

 
   m

ult
ipl

e
0.0
0.5
1.0
1.5
2.0
2.5

CMA

reported Cmax

dose tre
ate

d m
ice

wom
en

rep
ort

ed
 C

max
0

5

10

15

20

CPA

tre
ate

d m
ice

wom
en

rep
ort

ed
 C

max
0

10

20

30

40

DSP GFE

CB

OC reported Cmax

H Progesterone 17-β-estradiol Testosterone

****

*****
*

CTRL
P4

DSG
GSN

LN
G

CMA
CPA

DSP
0.01

0.1

1

10

**

CTRL
P4

DSG
GSN

LN
G

CMA
CPA

DSP
0.01

0.1

1

10

100

CTRL
P4

DSG
GSN

LN
G

CMA
CPA

DSP
0.01

0.1

1

10

100

1000

Bl
oo

d 
le

ve
l (

ng
/m

l)

Bl
oo

d 
le

ve
l (

ng
/m

l)

Bl
oo

d 
le

ve
l (

pg
/m

l)

Bl
oo

d 
le

v e
l (

ng
/m

l)

Bl
oo

d 
le

ve
l  (

ng
/m

l)

Bl
oo

d 
le

ve
l (

ng
/m

l)

Bl
oo

d 
le

v e
l (

ng
/m

l)

Bl
oo

d 
le

ve
l (

ng
/m

l)

Progesterone

tre
ate

d m
ice

Figure 4. Validation of progestogen pellets.

A Progesterone plasma levels in control (n = 79) and progesterone-treated (n = 20) mice at sacrifice as measured by LC-MS, shown as means � SD.
B–G Progestin plasma levels in treated mice (n = 10, 14, 18, 7, 6, 10) and in women (n = 20, 11, 3, 4, 6, 8) on hormonal contraceptives measured by LC-MS, shown as

means � SD, as well as values reported in the literature (Cmax). The active form of DSG, 3-ketodesogestrel was measured.
H Violin plots showing plasma levels of 17-β-estradiol, progesterone, and testosterone in individual xenografted NSG females measured by LC-MS; n = 7–106 per

treatment. Dotted line indicates lower limit of detection. Statistical significance was tested by non-parametric Kruskal–Wallis test, followed by Dunn’s test.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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AR signaling is required for LNG-induced proliferation of HBECs

To test whether AR activity is required for HBEC proliferation

induced by androgenic progestins, specifically the widely used LNG,

we treated mice-bearing xenografted mammary glands with LNG

either in presence or absence of the AR antagonist enzalutamide.

LNG exposure increased the proliferation rates in 2 of 3 PDXs. In

both of these, enzalutamide decreased the proliferative effects of

LNG (Fig 7A–C) suggesting that AR is required for LNG-induced

proliferation. The third mammoplasty, which did not show a prolif-

erative response to LNG, came from a patient in whose blood we

detected the progestin nomegestrol acetate (NOMAC) (Fig 7A–C).
To further test the requirement for AR in the context of progestin-

driven proliferation, we took a genetic approach and down modulated

AR expression in freshly isolated HBECs using a GFP-luciferase2-shAR

or GFP-luciferase2-sh scramble expressing lentivirus. In vivo biolumi-

nescence monitoring of the engrafted mice showed that down regula-

tion of AR expression reduced LNG-induced radiance by 22% within

60 days (Fig 7D). Double IF with anti-GFP and anti-AR antibodies and

analysis by image quantification confirmed the down regulation of AR

protein levels in the shAR infected cells identified based on GFP co-

expression (Fig 7E and F). Taken together, these results suggest that

AR may be at least partially required for HBEC proliferation induced

by the androgenic progestin LNG.

Discussion

Different hormonal formulations are taken by millions of women

worldwide, both in the context of contraception and hormone

replacement therapy. Exploiting ex vivo and new intraductal xeno-

graft models to study hormone action, we provide evidence that dif-

ferent progestins elicit different biological effects on the breast

epithelium. This has important clinical and public health implica-

tions as our study suggests that hormone-based drugs may differen-

tially affect breast cancer risk and that a more informed approach to

hormonal contraception may decrease the incidence of breast

cancer. By avoiding hormonal contraceptives containing progestins,

which stimulate cell proliferation of the breast epithelium such as

the androgenic LNG, GSN, and DSG, women may reduce their RR

for breast cancer. It is conceivable that other hormonal contracep-

tives, in particular those containing CPA, or DSP, may have preven-

tative effects.

There are various limitations to our study. Firstly, the hormonal

milieu of HBECs in mice is not identical to that in humans; 17-β-
estradiol and testosterone levels are lower and progesterone levels

are higher. This may attenuate the effects of progesterone in our

model because 17-β-estradiol induces PR expression (Haslam, 1988)

and sensitizes the tissue to progesterone action and higher proges-

terone levels further reduce PR expression. This mimics some

progestins which are administered as depots but lacks the break in

progestins exposure in oral contraception, when women are

exposed to placebo during standard 28 days oral OC cycle.

However, the results of the 21-day experiments, which ostensibly

mimic a cycle of hormonal contraception, are concordant with those

of the 60-day-treatments. Future studies can be adapted to mimic

more closely the different clinical scenarios. Thirdly, when women

take OCs, blood progestins level undergo fluctuations that follow

the dynamics of daily intake. The hormone pellets we implanted in

mice lacked this progestin cyclicity but provided constant

◀ Figure 5. Effects of PR agonists on human and mouse epithelial cells growth.

A-C Line charts showing in vivo growth of HBECs as measured by radiance after implantation of either control or different progestogen-containing pellets. Points show
means of radiance in individual glands � SEM. Statistical significance was tested by fitting a mixed effect linear model with random effects to the log10-
transformed data; n = 87 and 64, respectively, for control and progesterone, n = 34, respectively, for both control and DSG, n = 59 and 39, respectively, for control
and GSN, n = 70 and 79, respectively, for control and LNG, n = 33 and 20, respectively, for control and CMA, n = 28 and 30, respectively, for both control and CPA,
n = 48 and 35, respectively, for control and DSP and shown by asterisks next to legend. To test differences at endpoint, Wilcoxon rank-sum test was applied on log-
transformed fold change values, asterisks at endpoints of graphs.

D Graph showing in vivo growth of HBECs from mammoplasty M354 as measured by radiance upon either control (n = 9) or LNG (n = 8) treatment. Points show
means of radiance in individual glands � SEM. Statistical significance of difference at endpoint was tested by Student’s t-test.

E Representative micrographs showing co-IF with anti-KI67 (red), and anti-hECAD (green) of xenografted milk ducts after 21 days treatment with vehicle or LNG.
Scale bar, 50 μm.

F Violin plot showing the percentage of KI67 and hECAD double+ cells of total hECAD+ cells, dots represent individual sectors counted in 3 different glands, control
(n = 30) or LNG (n = 28), median (red), statistical significance was assessed by non-parametric Mann–Whitney test.

G Bar plot showing relative transcript levels of MKI67 in xenografted glands from control (n = 6) and LNG-treated (n = 3) mice, Student’s t-test.
H Graphs showing threshold cycle number of KLK3 plotted over housekeeping genes, semi-quantitative RT-PCR performed with human-specific primers on RNA

extracted from control (n = 6) and LNG-treated (n = 3) xenografted glands.
I Representative micrographs showing co-IF with anti-KI67 (red) and anti-hECAD (green) of histological sections from glands xenografted with HBECs from

mammoplasty M310 exposed to vehicle or progestins. Scale bar, 50 μm.
J Violin plot showing the percentage of KI67 and hECAD double+ cells of total hECAD+ cells in M310 derived HBECs, dots represent individual sectors counted in

different glands, median (red), CTRL (n = 180), P4 (n = 134), DSG (n = 52), GSN (n = 161), LNG (n = 32), CMA (n = 56), CPA (n = 42), DSP (n = 100). Statistical
significance was assessed by fitting a generalized linear mixed model with gamma distributions using the CTRL group as reference.

K Violin plot showing the percentage of KI67 and hECAD double+ cells of total hECAD+ HBECs derived from 11 different patients upon 21 days of CTRL (n = 360), P4
(n = 180), DSG (n = 147), GSN (n = 298), LNG (n = 284), CMA (n = 115), CPA (n = 156), DSP (n = 123) treatment. Red lines show medians.

L Violin plot showing percentage of AR+ intraductally-engrafted HBECs derived from 11 different patients upon 21 days of CTRL (n = 258), P4 (n = 97), DSG (n = 173),
GSN (n = 159), LNG (n = 168), CMA (n = 68), CPA (n = 76), DSP (n = 135) pellets. Statistical significance was assessed by fitting a generalized linear mixed model
with gamma distributions, with batches and patients as random variables and CTRL as reference, median in red. J–L dashed line shows 0%.

M Violin plot showing cycle threshold (CT) of KLK3 transcripts upon progestin treatment, as assessed by qRT-PCR, in CTRL (n = 13), P4 (n = 10), DSG (n = 7), GSN
(n = 8), LNG (n = 15), CMA (n = 12), CPA (n = 12), DSP (n = 12) conditions. Statistical analysis performed by non-parametric Kruskal–Wallis test followed by Dunn’s
test with CTRL as reference. Red dashed line corresponds to CT40 considered detection limit.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 n.s. not significant.
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stimulation instead. Conceivably, these issues may be overcome by

sophisticated controlled-release devices in the future. Furthermore,

in many oral contraceptives progestins are combined with an estro-

genic compound, mostly ethinyl estradiol. It is well established that

ER and PR interact in breast cancer cells (Giulianelli et al, 2012;

Mohammed et al, 2015; Singhal et al, 2018), and such interactions

may also operate in the normal breast epithelium as indeed

suggested by our finding that an estrogen response was among the

gene expression signatures in both mouse and human mammary

models. It will be important to explore how these interactions are

differentially affected by the different progestins.

Finally, in this study, we mainly assessed the effect of different

progestogens on in vivo cell proliferation, namely by radiance and

Ki67 expression. However, differential effects of the progestins on

stem cells, DNA damage, and other biological functions may further

contribute to differentially increased breast cancer risk.

Major challenges in working with patient samples are attribu-

table to the large variation between them. For this reason, we

started exploring our hypothesis using mammary organoids form

inbred mice. As we searched for factors that may determine dif-

ferential response of different patients’ breast epithelial cells, we

found no association with age, parity, or race, possibly due to the

small size of our cohort. We observed, what remains circumstantial

at this point, that xenografts derived from women exposed to speci-

fic progestins at the time of surgery responded differently to

progestogens, suggesting that individual progestins may induce

long-lasting effects in HBECs that affect their response to hormones.

The androgenic progestins DSG, GSN, and LNG induced Rankl

and Wnt4 transcript levels in mouse ex vivo model, whereas proges-

tins with anti-androgenic properties failed to do so. This finding

together with the observation that pharmacological inhibition of AR

signaling interferes with Rankl induction by R5020 and LNG

suggests that full induction of Rankl requires active AR signaling

and begs the question how the pure PR agonist is able to induce

Rankl. It is important to note that we perform ex vivo experiments

with fresh tissue after short processing. In contrast to well-

controlled hormone-free conditions of in vitro models and reporter

assays, this approach entails carryover of extra- and intracellular

testosterone, which likely activates AR signaling. It is self-

understood that in the in vivo experiments the androgen is always

present albeit at low amounts. Together, this suggests that AR

signaling needs to be active for PR signaling to occur. At which level

(s) the two hormone receptor pathways interact is to be further

explored.

When we tested the effects of prolonged in vivo exposure to dif-

ferent progestins on HBECs, the 3 testosterone-related compounds,

which induced Rankl and Wnt-4 transcripts in the mouse organoids,

also increased in vivo growth of HBECs. The implication of andro-

genic activity in tumor promotion is surprising; it is widely assumed

that AR antagonizes ER function in the normal breast. Yet our

finding may be clinically relevant; the only steroid levels, which

correlate with breast cancer risk in women, are those of testosterone

(Schernhammer et al, 2013). Furthermore, Rankl has been impli-

cated as an important factor early in mammary carcinogensis in

mouse models and BRCA1 patients (Gonzalez-Suarez et al, 2010;

Nolan et al, 2016).

More epidemiological studies on the risk associated with distinct

hormonal formulations are needed. Our findings are in line with

emerging epidemiological evidence pointing to LNG, both in the

frame of OC and HRT, as a risk factor for breast cancer with RR of

3.05 (Hunter et al, 2010). More specifically, when taking LNG-based

medications, ductal breast cancer risk increases to 1.20 and lobular

breast cancer risk to 1.33 (Soini et al, 2016) and 1.45 (Hunter et al,

2010) compared to the general population. Furthermore, our finding

that androgenic progestins are more potent than progesterone in

increasing HBEC proliferation in vivo is in line with epidemiological

A B C

D E F

Figure 6. Effects of long-term stimulation with androgenic progestins on human breast epithelium.

A–F Micrographs of H&E stained tissue sections from mouse mammary glands engrafted with HBECS and exposed to LNG or vehicle for 6 months. In control mice (A, B)
most ducts have a narrow lumen and a thin wall due to limited growth of human cells (A); a few mildly dilated ducts exhibit a cellular proliferation made out of
multiple small acini burgeoning at the external side of their wall (B, arrows). In LNG-treated mice (C–F) the peripheral acinar proliferation is diffuse, marked in
some foci (C), and associated with a variable degree of duct dilatation from mild (C, arrow) up to true cysts formation (D). Proliferating human epithelial cells
showing apocrine changes (e.g., abundant eosinophilic cytoplasm and central round nuclei) partly fill the ductal lumen with a complex architecture of
micropapillae (E) and bridges (F, arrows). Scale bars, 50 μm.
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Figure 7. AR is required for levonorgestrel-driven proliferation of xenografted HBECs.

A–C Graphs showing in vivo growth of HBECs from different donors as measured by radiance after treatment with LNG, ENZ, or LNG and ENZ, means of radiance in
individual glands � SEM, n = 8–10 per treatment, Wilcoxon matched-pairs test. Right: Dot plot showing plasma levels of progesterone (P), testosterone (T) and
LNG in individual xenografted animals.

D Graph showing in vivo growth of HBECs from a 20-year-old patient transduced with either sh scramble or shAR and treated with LNG. Points show means of
radiance in individual glands � SEM; n = 8–10 per treatment. Wilcoxon matched-pairs test.

E Representative micrographs showing co-IF with anti-GFP (red), and anti-AR (green) antibodies on histological sections from glands xenografted with HBECs
transduced either with sh scramble or shAR-expressing lentivirus. Scale bar, 50 μm.

F Violin plot showing the percentage of AR- and GFP-double+ cells of total GFP+ cells in sh scramble (n = 6) and shAR (n = 12) conditions, dots represent individual
sectors counted, median (red). Statistical significance was assessed by fitting a generalized linear mixed model with gamma distributions using CTRL as reference.
Red line shows median.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, n.s: not significant.
Source data are available online for this figure.
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observations in women on HRT. The French E3N cohort study

showed that natural progesterone was not associated with breast

cancer risk (Fournier et al, 2008), while several studies reported

elevated breast cancer risk in women taking androgenic progestins,

like LNG and MPA (Rossouw et al, 2002). Hence, while caution in

extrapolating the experimental findings to the clinics is necessary,

our observations are encouraging as they suggest the ex vivo and

xenograft models presented here are valid and open new opportuni-

ties for preventing breast cancer by taking a more informed

approach to hormonal contraception.

Materials and Methods

Mouse tissue processing and hormone stimulation

Animal experiments were performed in accordance with protocol

approved by the Service de la Consommation et des Affaires

v�et�erinaires of Canton de Vaud (VD 1865.3, VD 1865.4). NOD. Cg-

Prkdcscid Il2rgtm1Wjl/SzJ mice (Charles River), BalbC, and C57Bl6

breeders were purchased from Jackson Laboratories. Mammary glands

were isolated from 18- to 35-week-old mice, lymph nodes removed,

minced with surgical blades, and digested in DMEM/F12, 1% peni-

cillin/streptomycin B with collagenase A 0.25 mg/ml (Roche). Tissue

was concomitantly stimulated with hormones for 1, 2, or 6 h and

centrifuged at 652 g for 5 min. Fat was removed, and pellet containing

organoids washed with phosphate-buffered saline (PBS), resuspended

5 min in 3 ml red cell blood lysis buffer and washed twice with PBS.

Hormones and drug used: LNG, Sigma L0551000-30MG; GSN, Sigma

SML0292, DSG, Sigma SML0356-5MG; DSP, Sigma SML0147-10MG;

CMA, Sigma C5145-1G; CPA, Sigma C3283000-30MG, R5020, Perkin

Elmer NLP004005, bicalutamide, Toronto research laboratory

B382000, enzalutamide, Selleck Chemicals S1250.

Patient sample processing

All experiments conformed to the principles set out in the WMA

Declaration of Helsinki and the Department of Health and Human

Services Belmont Report. The cantonal ethics committee approved

the study (183/10). Breast tissue was obtained from women under-

going reduction mammoplasties with no previous history of breast

cancer, who gave informed consent. Samples were examined by the

pathologist to be free of malignancy and processed as described

(Sflomos et al, 2015). Human tissue samples were mechanically and

enzymatically dissociated, single cells were prepared, counted, and

spin infected using Lenti-ONE CMV-GFP(2A)Luc2 WPRE VSV,

V621004001, or pR980 Luc2GFP (GEGTECH) at a multiplicity of

infection of 1 at 2.500 rpm for 3 h at room temperature in 500 μl of
serum-free medium. Following overnight incubation at 37° C, cells

were resuspended in PBS to final concentration of 4–5 × 105 viable

cells per 10 μl. Hormone stimulations and isolation of EPCAM+

breast cells were performed as described (Tanos et al, 2013).

Intraductal xenografts

Mice were anesthetized by intraperitoneal injection with 10 mg/kg

xylazine and 90 mg/kg ketamine (Graeub) and injected intraductally

with 10 μl cell suspension per gland. Bioluminescence imaging was

performed as described (Sflomos et al, 2016). After 3–10 weeks,

when bioluminescence from individual glands reached 107 total flux

(p/s/cm2/sr), animals were assigned to different treatment groups

and hormone pellets implanted subcutaneously. Enzalutamide (Sel-

leckchem, Catalog No. S1250) dissolved in 15% DMSO in PEG300

was injected intraperitoneally 3 times/week at 30 mg/kg. The long-

term LNG-stimulation was started 4 months after intraductal injection

and conducted over 6 months with 3 subsequent pellet implants.

Hormone pellets

Pellets were prepared by mixing the required amount of part A,

MP3745/E81949 and part B, MP3744/E81950 of low consistency sili-

con elastomer (MED-4011) and hormone powder to homogeneity.

Mix was transferred to a syringe and incubated at 37°C overnight.

The silicon-hormone mass was removed from the syringe and cut to

pieces, as described (Duss et al, 2007). The original protocol was

adapted for different doses as described below.

Hormone
pellet

Catalog
number

Hormone
dose/
pellet
(mg)

Silicon
part A
(mg)

Silicon
part B
(µl)

Hormone
powder
(mg)

Weight
(mg)

LNG 1362602 9 223 23.75 200.92 23.5

GSN Y0001112 4.5 223 23.75 85.47 18.25

DSG Y0000509 9 223 23.75 171 26.10

CMA C343500 0.5 587.5 62.5 157.36 3

CPA C989100 0.6 587.5 62.5 117 4.6

DSP D689500 20 587.5 62.5 587.5 49.50

Progesterone P0130-25G 20 3525 375 3525 49.5

Mammary gland whole mounts

Mammary gland whole mounts were performed as described previ-

ously (Ayyanan et al, 2011); stereomicrographs were acquired on a

LEICA MZ FLIII stereomicroscope with Leica MC170 HD camera.

Fluorescence stereomicrographs were acquired using a LEICA

M205FA with a Leica DFC 340FX camera.

Immunohistochemical staining

Tissues were fixed for 2 h at room temperature in 4% paraformalde-

hyde and paraffin-embedded. Dewaxed and rehydrated paraffin

sections were pretreated in 10 mM Na citrate (pH 6.0) at 95° for

20 min. Blocking was performed with 1% BSA for 60 min. Primary

antibodies used were as follows: Ki67 (rabbit α-Ki67, clone Sp6,

Spring Amsbio, dilution 1:200), ER (rabbit α-ER, clone Sp1,

Zytomed RTU), PR (rabbit α-PR, clone 1E2, Ventana RTU), AR (rab-

bit α-AR, clone SP107, Thermo Fisher, diluted 1:200), CK7 (rabbit α-
CK7, clone Sp52, Abcam, diluted 1:500), CK19 (mouse KS19.2

(Z105.6), American Research Products Inc. (diluted 1:50), and

mouse α-ECAD (clone G-10, sc-8426, diluted 1:100). For IHC, chro-

mogenic revelation was performed with ChromoMap DAB kit

(Roche Diagnostics, Switzerland) and sections were counterstained

with Mayer’s hematoxylin. For fluorescence microscopy, nuclei

were counterstained with DAPI (Sigma). IHC for ER, PR, and AR

was performed on Discovery Ventana ULTRA (44). IHC images were

acquired on Leica DM 2000 with Leica DFC450 C camera. IF images
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were acquired on Zeiss LSM700 confocal microscope. Slides were

scanned with Olympus VS120-L100 slide scanner with 20×/0.75
objective and Pike F505 C Color camera. Images were loaded into

QuPath using the BioFormats extension (Bankhead et al, 2017).

Hormone measurements

Plasma steroid concentrations were measured by LC–MS High Reso-

lution (Q-Executive, Thermo Fisher Scientific) for testosterone,

progesterone, and 17β-estradiol as described in (Cagnet et al, 2018)

and for progestins as described in (Laszlo et al, 2019).

RNA extraction, cDNA preparation, and RT-PCR

Human breast microstructures and mouse organoids were homoge-

nized in Trizol (Invitrogen). Aqueous phase containing RNA was

chloroform extracted and processed with miRNeasy extraction kit

(Qiagen). cDNA was synthesized using random p(dN)6 primers

(Roche) and MMLV reverse transcriptase (Invitrogen). SYBR Green

PCR Core Reagent System (Qiagen) was used for semi-quantitative

real time (RT-PCR) using the following primers.

Gene Forward primer Reverse primer

M 36B4 GTG TGT CTG CAG ATC GGG TA CAG ATG GAT CAG CCA GGA AG

M RANKL CCC ACA ATG TGT TGC AGT TC TGT ACT TTC GAG CGC AGA TG

M WNT4 AGG AGT GCC AAT ACC AGT TCC CAG TTC TCC ACT GCT GCA TG

HPRT GAC CAG TCA ACA GGG GAC AT CCT GAC CAA GGA AAG CAA AG

GAPDH CCC CAC TTG ATT TTG GAG GGA AGG GCT GCT TTT AAC TCT GGT

CSN3 AAC AAC CAG CAT GCC ATG AG AAC AAC CAG CAT GCC ATG AG

CSN1S1 GAG GCT TCT CAT TCT CAC CTG TC ACT GCT CTC TGA TGG ATT CTG AAG

LALBA AGG TCC CTC AGT CAA GGA ACA GGC TTT ATG GGC CAA CCA GT

RNA in situ hybridization

RNAscope assay (Advanced Cell Diagnostics, Cat. No. 323110) was

performed according to manufacturer’s protocol on 4 μm deparaf-

finized sections and with probes for RANKL (ACD, Cat No. 523331-

C2), WNT4 (ACD, Cat No. 429441), Mm-Ppib (ACD, Cat. No. 313911,

positive control), and DapB (ACD, Cat. No. 310043, negative control)

at 40°C for 2 h and revealed with TSA Plus-Cy3 (Perkin Elmer, Cat. No.

NEL744001KT). WNT4 and RANKL were revealed with Opal570 and

Opal650, respectively. Confocal images were acquired using a laser-

scanning confocal invertedmicroscope (LSM700, Carl Zeiss, Inc.).

RNAseq experiment

RNAseq libraries were prepared using Truseq Stranded RNA produc-

ing single-end reads of 100 bp and sequenced on Illumina Hiseq

2500 instrument. RNA was extracted from the epithelial-enriched

mouse organoids using miRNeasy extraction kit (Qiagen) and from

EPCAM+ cells using miRNeasy Mini Kit (Qiagen).

Computational analysis

Sequencing reads were quality controlled using FastQC (v0.11.8)

(Wingett & Andrews, 2018). Mouse raw reads were aligned to the

mouse genome (mm9) and human raw reads to the human genome

(hg19) using TopHat (v2.0.11) (Kim et al, 2013). Gene counts were

generated using FeatureCounts (v1.5.1) (Liao et al, 2014). Normal-

ization for sequencing depth differences and differential expression

analysis was performed using the DESEQ2 (v3.11) package from

Bioconductor (Love et al, 2014). Genes were considered differen-

tially expressed based on adj.P.val < 0.05. GSEA was carried out

using ClusterProfiler. Default parameters were applied (Yu et al,

2012). For GO enrichment analysis, hallmark gene sets and the C2

curated gene set collections from the MSigDB v6.2 were used. Heat-

maps were generated using Complex Heatmap package in R (Gu

et al, 2016), and the normalized counts were illustrated upon

conversion to Z-Score according to row values. Euclidean distance

was used to perform unsupervised hierarchical clustering. For fitting

regression models, the lm function from the stats package in R was

used.

Data availability

Gene Expression Omnibus (GEO) accession number for the transcrip-

tomics data reported in this study is GSE155274 (http://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155274); GEO SubSeries

accession numbers referring to the mouse organoids and human

The paper explained

Problem

Breast cancer is the most commonly diagnosed cancer worldwide.
Hormonal contraception, which is used by a growing number of
women worldwide, increases relative breast cancer risk of current
users by 20-30%. Hormonal contraceptives contain one of several
progestins, compounds with activities of the endogenous hormone
progesterone that are structurally different and may hence differen-
tially affect breast cancer risk. We have lacked models to study which
substances exert protective and which tumor-promoting effects in the
breast epithelium.

Results
We have used a combination of mouse mammary gland tissue ex vivo
assays and developed human breast epithelial implants into mice to
test the ability of 6 widely used progestins to induce expression of
functionally important progesterone receptor target genes and to
stimulate breast epithelial cell proliferation over prolonged periods of
time. We find that progestins routinely included in contraceptives can
be sub-divided in two categories: 1) those with activities overlapping
with testosterone, androgenic progestins, which induce expression of
important mediators of progesterone receptor signaling and consis-
tently elicit proliferation of human breast epithelial cells; 2) those
with activities blocking testosterone, anti-androgenic progestins,
which do not have these effects.

Impact
Our finding that different progestins have distinct biological activities
in the human breast epithelium depending on their androgenic prop-
erties suggests that breast cancer associated with hormonal contra-
ception can be prevented by making more informed choices and
avoiding androgenic compounds. The in vivo xenograft models we
present open unprecedented possibilities to analyze the biological
actions in the breast epithelium of any substance women are exposed
to and help gain insights into how to prevent breast cancer.
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microstructures experiments are GSE155272 (http://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=GSE155272) and GSE155273 (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155273) .

Expanded View for this article is available online.
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