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Abstract 
Compared to estrogen receptor α-negative (ER-) breast cancer (BC), ER+ BC often 

manifests with a latent disease that recurs decades after initial diagnosis. The mecha-

nisms governing dormancy and distant recurrence of ER+ tumors remain elusive due to 

the lack of preclinical models. Here, we compared the tumor progression of ER+ and triple 

negative (TN; ER-, progesterone receptor and human epidermal growth factor receptor 2-

negative) BCs by grafting cell lines- and patient-derived tumor cells into the milk ducts of 

immunocompromised mice. In the intraductal model, both ER+ and TN BC cells dissemi-

nate already during the in situ stage. TN disseminated tumor cells (DTCs) proliferate and 

form macro-metastases, while DTCs from ER+ BC xenografts have low proliferative indi-

ces, are arrested in the G0/G1 phase of the cell cycle, and express the dormancy marker 

p27. Dormant DTCs display mesenchymal and niche-specific characteristics, as revealed 

by three-dimensional single cell resolution imaging, and show molecular features of Epi-

thelial-Mesenchymal Transition (EMT) with decreased CDH1, and increased ZEB1, ZEB2, 

and VIM expression levels. Surprisingly, EMT is neither detected in primary tumor cells, 

nor required for their invasion or dissemination, but is acquired upon their establishment in 

distant sites. In ex vivo cultures, dormant lung and brain DTCs, revert back to a prolifera-

tive state within 3 weeks through a Mesenchymal-Epithelial Transition (MET).  

In vivo, CDH1 restoration in dormant DTCs overcomes dormancy and increases the 

growth and proliferation of lung metastases, while decreasing the expression of EMT-

transcription factors (MET). We conclude that the intraductal model provides exciting new 

experimental opportunities to study ER+ BC metastasis dormancy, and reveals that EMT 

could be exploited therapeutically to promote dormancy and prevent distant recurrence. 
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Résumé 
Comparé au récepteur d'œstrogène α-négatif (ER-) du cancer du sein, le cancer du sein 

ER+ se manifeste souvent par une maladie latente qui récidive des décennies après le 

diagnostic initial. Les mécanismes contrôlant la dormance et la récurrence à distance des 

tumeurs ER+ restent insaisissables en raison du manque de modèles précliniques. Ici, 

nous avons comparé la progression tumorale des cancers du sein ER+ et triple négatifs 

(TN; ER-, récepteur de la progestérone et récepteur 2 du facteur de croissance épider-

mique humain) en greffant des lignées cellulaires et des cellules tumorales dérivées de 

patients dans les canaux lactifères de souris immunodéprimées. Dans le modèle intraca-

nalaire, les cellules ER+ et TN se disséminent dès le stade in situ. Les cellules tumorales 

disséminées (CTDs) provenant des TN prolifèrent et forment des macro-métastases, tan-

dis que les CTDs des xénogreffes ER+ ont un faible indice de prolifération, sont arrêtées 

dans la phase G0/G1 du cycle cellulaire, et expriment le marqueur de dormance p27. Les 

CTDs dormantes présentent des caractéristiques mésenchymateuses et spécifiques de 

niche, comme le révèle l'imagerie tridimensionnelle à résolution unicellulaire, et présentent 

des caractéristiques moléculaires de transition épithélio-mésenchymateuse (TEM) avec 

une diminution de CDH1 et une augmentation des niveaux d'expression de ZEB1, ZEB2, 

et VIM. La TEM n'est ni détectée dans les cellules tumorales primaires, ni requise pour 

leur invasion ou leur dissémination, mais elle est acquise lors de leur établissement dans 

des sites distants. Dans les cultures ex vivo, les CTDs dormantes du poumon et du cer-

veau reviennent à un état de prolifération en 3 semaines par une transition mésenchyma-

teuse-épithéliale (TME).  

In vivo, la restauration de CDH1 dans les CTDs dormantes permet de surmonter la dor-

mance et d'augmenter la croissance et la prolifération des métastases pulmonaires, tout 

en diminuant l'expression des facteurs de transcription de la TEM. Nous concluons que le 

modèle intracanalire fournit de nouvelles opportunités expérimentales intéressantes pour 
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étudier la dormance des métastases du cancer du sein ER+, et révèle que la TEM pourrait 

être exploitée comme thérapie pour promouvoir la dormance et prévenir la récidive à dis-

tance. 

Mots-clés 

Cancer du Sein, Modèle de Souris Intracanalire, Xénogreffes Dérivées du Patient, Métas-

tase, Dissémination Précoce, Dormance, Transition Épithélio-Mésenchymateuse (TEM), 

TEM-Facteurs de Transcription, et E-cadhérine.  
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1 Introduction 
1.1 The human breast 

1.1.1 Overview of the mammary gland  

Located in the breast, the mammary gland is an exocrine gland that produces milk to 

feed young offspring. It is composed of milk-producing units, called terminal ductal 

lobular units, short for TDLUs, which are connected to the nipple through the milk 

ducts (Figure 1).  

 

Figure 1. The human breast anatomy.  

The scheme of the human breast on the left is represented by carmine alum whole 
mount staining on vibratome sections of breast tissues obtained from women under-
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going reduction mammoplasty (elective surgical removal of the breast). The zoom-in 
square is the human milk factory or terminal ductal lobular units where most of the 
milk is produced and drained by milk ducts (canals) to reach the nipple.  
 
The mammary gland is composed of two types of epithelial cells: the milk-producing 

cells, termed the luminal cells, and the myoepithelial cells which can contract and 

expel the milk (Figure 2). The myoepithelial cells are in direct contact with the base-

ment membrane and actively contribute to its synthesis by depositing some its com-

ponents such as laminins, collagens, and fibronectin, and by actively remodeling it 

(Ataca et al., 2020; Brisken and Ataca, 2015; Knight and Peaker, 1982; Macias and 

Hinck, 2012). The dual epithelium is embedded in a fibrous stroma that is made up 

of multiple cell types namely, fibroblasts, adipocytes, immune cells, endothelial cells, 

pericytes, among others. All of these cells play pivotal roles during embryogenesis, 

and have been linked in a way to another to histopathological conditions.  

 
 

Figure 2. The human breast in 3D.  

Depicted here is a three-dimensional (3D) reconstruction of a healthy breast tissue 
stained with smooth muscle actin, a marker for myoepithelial cells. Using antibody 
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labeling and confocal imaging, 350 images were imaged, assembled, and color-
coded according to the position of the cells within the breast.  

1.1.2 Developmental stages of the mammary gland  

The mammary gland undergoes most of its development after birth, however, studies 

have suggested that some of the initial events of carcinogenesis may happen in 

utero i.e. at a very early developmental stage (Soto et al., 2013). Much of our 

knowledge on the mammary gland development stems from studies on inbred mice, 

as it is easy to track the morphological and physiological changes across different 

developmental stages, and to manipulate their genome (Macias and Hinck, 2012). 

Efforts have been made to better characterize the mammary gland in humans. In a 

thorough review, Howard, B. and Gusterson, B. have described the major phases of 

the breast development based on photographs of the mammary gland at different 

developmental stages, including in utero (Howard and Gusterson, 2000). This atlas 

has confirmed that the development of mammary gland is quite similar to that in ro-

dents, with some discrepancies.  

In utero, a rudimentary ductal structure develops and grows isometrically with the 

rest of the body during the first weeks of life. At the onset of puberty, when the ova-

ries start to secrete estrogens, a simple system of branching ducts elongate and bi-

furcate to fill the adipose tissue, commonly referred to as the mammary fat pad. The 

tips of the ducts hold bulb-shaped structures called terminal end buds (TEBs), which 

contain proliferating cells. Through repeated estrous cycles in adulthood, the ductal 

system becomes more complex as side branches appear and alveolar buds start to 

form (Brisken and O’Malley, 2010; Knight and Peaker, 1982; Macias and Hinck, 

2012). During pregnancy, side branching becomes more extensive and alveoli bud 

off the ducts and differentiate to become sites for milk production (Brisken and 
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O’Malley, 2010; Knight and Peaker, 1982; Macias and Hinck, 2012). After pregnan-

cy, the mammary gland undergoes involution, resulting in a massive collapse of the 

alveoli and cell death, and a subsequent remodeling of the epithelium into a simple 

ductal system again (Brisken and O’Malley, 2010; Knight and Peaker, 1982; Macias 

and Hinck, 2012).  

1.2 Breast cancer  

1.2.1 Origin of breast cancer  

Breast cancer (BC) is thought to arise in the TDLUs (Wellings, 1980; Wellings and 

Jensen, 1973). Evidence from the gross analysis of 290 whole human breasts re-

vealed the presence of a total of 16,000 lesions, ranging from epithelial cysts to car-

cinomas in situ, all localized in the TDLUs (Wellings, 1980; Wellings and Jensen, 

1973). Similarly, histopathological analysis of 88 whole breasts from women who 

have died of causes other than cancers revealed that 27% of women had carcinoma 

in situ (ductal or lobular) or closely related precursor lesions (Nielsen et al., 1987). 

The nomenclatures “ductal carcinomas” and “lobular carcinomas” may be misleading 

as they give the impression that the carcinoma is originating from different sites 

(ducts, and lobules, respectively) when in fact both carcinomas originate in the lob-

ules but have distinct histopathological features.  

1.2.2 Statistics  

BC is the most common malignancy in women and the fourth leading cause of can-

cer-related deaths, worldwide (Siegel et al., 2021; Sung et al.). BC is a highly heter-

ogeneous disease characterized by distinct histological features, genomic instabili-

ties, epigenetic alterations, inter- and intra-tumoral heterogeneity, and microenvi-

ronmental changes (Bissell and Hines, 2011; Chin et al., 2004; Dworkin et al., 2009; 
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Makki, 2015; Martelotto et al., 2014). The combination of these factors dictates the 

progression of the disease and the response to therapy. While the five-year survival 

rate for patients with “localized” and “regional” BC is remarkably high (98 and 83%, 

respectively), that of “distant” or metastatic BC remains relatively low (24%) (Siegel 

et al., 2021), urging the development of effective tools to better understand its pro-

gression.  

1.2.3 Classification 

Classification of BC relies on the grade, histology, and molecular profiling by global 

gene expression and PAM50. In the histological classification, 19 different histologic 

subtypes exist, and the most common subtype is the no-specific or special type 

(NST), previously termed invasive ductal carcinoma (IDC) (SR et al.). Immunohisto-

chemistry partitions BC into four distinct molecular subtypes: Luminal A, B, human 

epidermal growth factor receptor 2 (HER2)-enriched, and basal-like/triple negative 

(TN) BC, with more than 70% of all BC cases belonging to the Luminal A or B sub-

type (Perou et al., 2000). These two subtypes known as the hormone receptor-

positive (HR+) subtypes for their expression of the estrogen receptor (ER) and/or 

progesterone receptor (PR), are responsive to endocrine therapy, and present clini-

cal good prognoses (Hortobagyi, 1998; Waks and Winer, 2019). Unlike luminal A, 

luminal B BCs express HER2 or higher Ki67 proliferation index, and are therefore 

more proliferative. HER2-enriched BCs lack ER and PR, and overexpress HER2 

(Hortobagyi, 1998; Waks and Winer, 2019). Monoclonal antibodies targeting HER2 

such as trastuzumab and pertuzumab have been the standard of care (Hortobagyi, 

1998; Waks and Winer, 2019). Unfortunately, not all HER2+ breast tumors respond 

to HER2-targeted antibodies, and may necessitate chemotherapy. Overall, this sub-
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type is associated with poorer prognosis than the luminal BCs, and has a greater risk 

of relapse following treatment. Finally, the last subgroup lacks all three of these re-

ceptors and is thus called TN (Wahba and El-Hadaad, 2015). TN tumors are known 

to be clinically very aggressive and refractory to any targeted therapy (Wahba and 

El-Hadaad, 2015). They are therefore associated with the worst prognosis. Further-

more, TN tumors are most common in young, premenopausal patients while ER+ 

tumors are most common in postmenopausal patients (Dai et al., 2015).  

 
Figure 3. Histological and molecular subtypes of breast cancer.  

Retrieved from http://www.pathophys.org/breast-cancer. 
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1.3 Clinical comparisons between ER+ and ER-/TN BC  

1.3.1 Survival rates  

Compelling clinical evidence has shown that ER-/TN BC patients have worse 5-year 

survival rates compared with ER+ BC patients. While ER-/TN BCs are fast-growing 

and metastasize rapidly, ER+ BCs are usually of lower grade, have lower prolifera-

tive indices, and display better 5-year survival rates. The kinetics differences are 

nicely depicted in the annual hazard rates for BC deaths where ER-/TN peaks be-

tween 1 and 3 years after initial diagnosis then sharply declines thereafter (Figure 4) 

(Jatoi et al., 2011). Generally, women with TN BC who do not relapse within the first 

5 years after diagnosis are considered disease-free. This is not the case for ER+ BC 

patients whose hazard rates peak at 3 years post-diagnosis, cross over with ER-/TN 

at 8 years, and remain higher for 1-2 decades. Consequently, ER+ BCs cause over-

all 3 times more deaths than ER- BCs, 8 years after diagnosis and onwards (Jatoi et 

al., 2011). 
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Figure 4. Annual hazard rate (risk of relapse) for ER-positive and negative 
breast cancer patients over time.  

Adapted from (Jatoi et al., 2011). 
 

1.3.2 Early dissemination irrespectively of the hormone receptor status  

It is current dogma in pathology that ductal/lobular carcinoma cells in situ (DCIS and 

LCIS, respectively) confined within the borders of the milk ducts, do not seed metas-

tases. This creed is in line with the long-held view that tumors progress through 

stepwise acquisition of additional variants that eventually results in tumor cells with 

the ability to metastasize. The latter model of tumor progression termed the ‘linear 

progression model’ posits that the clinical manifestation of metastases occurs when 

tumor cells have acquired enough mutations that confer growth advantages and col-

onization abilities at distant sites (Hutchinson, 2015). However, this model has been 

challenged by pre-clinical and clinical evidence suggesting that pre-malignant lesions 

are also able to seed metastases in a ‘parallel progression’ fashion. Firstly, studies 

quantifying tumor growth have led to the conclusion that metastasis has to begin be-
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fore symptoms appear, even before the primary tumor is diagnosed (Collins et al., 

1956; Friberg and Mattson, 1997). In addition, in genetically-engineered mouse 

models (GEMMs), namely the mouse mammary tumor virus polyomavirus middle T 

antigen (MMTV-PyMT) and MMTV-overexpressing HER2 or its mutated form, Neu 

(MMTV-HER2/Neu), cytokeratin-positive (CK+) disseminated tumor cells (DTCs) 

were detected in the bone marrow and lungs of mice harboring pre-malignant prima-

ry lesions (Hüsemann et al., 2008). Individual cells in precursor lesions were shown 

to break through the basal membrane by transmission electron microscopy (Hüse-

mann et al., 2008) via a Wnt signaling-driven mechanism (Harper et al., 2016; 

Hosseini et al., 2016). Furthermore, intravenous injection of normal mammary epi-

thelial cells from C57BL6/J– or mammary cells bearing doxycycline (DOX)-inducible 

MMTV-PyMT oncogenes (TetO-PyMT:IRES:Luc;MMTV-rtTA) were shown to seed to 

the lungs of Rag1-/- host mice and propagate there before DOX-induced oncogene 

activation (Podsypanina et al., 2008). In line with these pre-clinical findings, DTCs 

were also detected in the bone marrow of patients with an in situ disease irrespective 

of the HR status (Hüsemann et al., 2008; Ignatiadis et al., 2011; Sänger et al., 2011), 

supporting the parallel progression model in BC. In a Swedish case-control study 

involving 96 women diagnosed with ductal carcinoma in situ (DCIS), 15 developed 

distant recurrence with no history of ipsilateral or contralateral invasive cancer 

(Narod and Sopik, 2018; Wadsten et al., 2017). These clinical findings uphold a role 

for parallel progression model in BC and demonstrate that dormancy is a character-

istic of HR+ BCs.  

The two competing models which assume that mutations drive breast carcinogenesis 

may very well co-exist. With regards to breast carcinogenesis, this view is ques-

tioned by observations on autopsy samples. Comprehensive histological analysis of 
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entire breasts from women who died of causes other than cancer revealed that 30% 

of women in their forties had DCIS or closely related precursor lesions (Nielsen et 

al., 1987). The number of women who are actually diagnosed with BC is substantial-

ly lower with 12.5% indicating that only a subset of precursor lesions will progress to 

clinically relevant disease (Nielsen et al., 1987). This is remarkable given that DCIS 

is considered to be a direct precursor of invasive BC and comparative genomic hy-

bridization has revealed the presence of extensive genetic alterations in DCIS that 

are similar to those found in nearby invasive lesions (Buerger et al., 1999). Thus, the 

presence of numerous mutations in breast epithelial cells, and even of a rearranged 

genome, may partly contribute to breast carcinogenesis and additional factors may 

determine whether genetically altered cells progress to the state at which they pro-

voke clinically-manifest disease; likely candidates are hormonal and metabolic fac-

tors as well as inflammation. 

1.3.3 Metastasis dormancy in ER+ breast cancer 

Delayed disease recurrence is attributed to DTCs which leave the primary tumor ear-

ly during tumorigenesis and remain dormant locally (primary tumor dormancy) or at 

distant sites (metastatic dormancy) (Klein, 2011). Of note, dormant DTCs/micro-

metastases and disease-free are clinically indistinguishable. In other terms, as long 

as the patient does not show signs of recurrence/metastasis, he/or she is considered 

as disease-free (Richman and Dowsett, 2019). The time elapsed between surgical 

removal of the tumor/treatment and recurrence is termed latency or dormancy. Alt-

hough not explicitly listed as a hallmark of cancer (Hanahan and Weinberg, 2011), 

dormancy is a clinical phenomenon that is observed in many tumor types such as 

breast, melanoma, and prostate cancer, among others (Aguirre-Ghiso, 2007; 
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Crowley and Seigler, 1990; Strauss and Thomas, 2010; Tsao et al., 1997; 

Weckermann et al., 2001). The notion of dormancy was first described by R.Willis in 

1934 and later by G. Hadfield in 1952, nicely discussed herein (Klein, 2011). The 

existence of dormant DTCs is supported by the clinical observation that cancer 

transmission can occur from organ transplantation from patients with undiagnosed 

BC that resulted in ER+ adenocarcinoma lesions in the recipients (Buell et al., 2004; 

Matser et al., 2018). This phenomenon is also observed in other tumor types such as 

melanoma, and prostate cancer (Crowley and Seigler, 1990; Strauss and Thomas, 

2010; Tsao et al., 1997; Weckermann et al., 2001). Late distant recurrence occurs in 

more than 50% of patients with ER+ BC and is not associated with proliferation 

markers/biomarkers (Zhang et al., 2013). The fact that DTCs can persist growth-

arrested or little-proliferative for a decade or two underpins a long evolutionary pro-

cess that can mediate genetic and epigenetic changes. This has been particularly 

difficult to prove because of our inability in retrieving single DTCs or micro-metastatic 

clusters. However, advances in single cell sequencing technologies will pave the 

way for a better understanding of these rare cell populations (Werner-Klein et al., 

2020). 

1.3.4 Pre-clinical characterization of dormant DTCs  

Terms such as quiescent, senescent, or terminally-differentiated have been pro-

posed to describe dormant DTCs. Senescence by definition is irreversible, and may 

not apply to dormant DTCs since markers of senescence, such as p16 and p53, are 

usually mutated in cancer (Gorgoulis et al., 2019). Additionally, terminal differentia-

tion may not apply in this context since dormant DTCs have been shown to have 

increased stem-cell gene signatures with enhanced tumor-initiating capabilities 
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(Lawson et al., 2015; Sosa et al., 2015). Therefore, dormant DTCs are perhaps best 

described (simplistically) as quiescent cells; they are arrested in the G0/G1 phase of 

the cell cycle but can resume proliferation upon withdrawal of the restrictive factors.  

Dormant DTCs were shown to express inhibitors of the cyclin-dependent kinase 

namely, p14, p16, p21, p27, pluripotency-related genes namely, NR2F1, SOX2, 

SOX9, OCT4, and NANOG (Risson et al., 2020; Sosa et al., 2015), Epithelial-

Mesenchymal Transition (EMT) genes, namely, ZEB2, VIM, SNAI2 (Lawson et al., 

2015; Montagner et al., 2020; Nobre, 2021), ECM-related genes namely, Tnc, 

Col3a1, Postn, and Lum (Montagner et al., 2020), stress-related proteins namely, 

p38 (Harper et al., 2016; Ranganathan et al., 2006), autophagy-related genes, 

namely p130 and others (Correa et al., 2012) described herein (Aguirre-Ghiso, 2007; 

Correa et al., 2012). Many of these signals have been described to be induced by 

the niche (reviewed here (Klein, 2020; Risson et al., 2020). For the ER+ BC subtype, 

findings on metastasis dormancy have been summarized in Section 1.5.4.4.  
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1.4 EMT and E-cadherin in Breast Cancer  

1.4.1 EMT: From development to cancer  

EMT refers to a complex biological process by which polarized epithelial cells inter-

acting with the basement membrane lose their apical-basal polarity and acquire 

spindle-shaped, fibroblast-like morphology. The apical-basal polarity is maintained 

by tight and adherens junctions, the latter of which are formed by the epithelial cad-

herin (E-cadherin, E-cad) (Figure 5). Upon EMT activation, E-cad is repressed, and 

cells acquire mesenchymal features enabling them to become motile, degrade the 

basement membrane, and remodel the ECM, among other pleiotropic roles (Brabletz 

et al., 2018; Craene and Berx, 2013; Puisieux et al., 2014). Conversely, mesenchy-

mal cells can undergo the reverse process, known as the Mesenchymal-Epithelial 

transition (MET). The ability of cells to transition into different stages pinpoints the 

high degree of plasticity exerted by epithelial cells, referred to as Epithelial-

Mesenchymal Plasticity (EMP) (Lu and Kang, 2019).  

 

Figure 5. The basis of EMT.  

Adapted from (Kalluri and Weinberg, 2009) 
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Much like other tumorigenic mechanisms, EMT is a physiological process that may 

be activated in pathophysiological conditions. EMT is classified into three distinct 

types based on the biological context leading to its activation: Physiologically during 

embryonic development (type I) and in response to tissue injury (type II), but patho-

logically during cancer metastasis (type III) (Figure 6). EMT is controlled by a series 

or regulators such as the well-described canonical EMT-activating transcription fac-

tors (EMT-TFs), Zeb1, Zeb2, Snail, Slug, Twist, and Vimentin, microRNAs (miR-200) 

and extracellular factors such as transforming growth factor-β (TGF-β) among oth-

ers. Conversely, epithelial cells are characterized by cell-cell adhesion molecules, 

and cell-ECM adhesion, with the important players being cadherins, catenins, and 

integrins. EMT has been described as a binary switch whether a cell can only exist in 

one of the two states (either epithelial, or mesenchymal). However, pre-clinical evi-

dence has supported different cellular states, therefore, debunking the one cell state 

hypothesis, and supporting EMP. In the next section, I will briefly describe type I and 

II, and focus on type III, which is the most relevant to our study.  

Type I EMT occurs during implantation, embryogenesis, and organ development 

(Kalluri and Weinberg, 2009). It is associated with the implantation of the embryo 

and the initiation of placental formation (E. Davies et al., 2016). Embryonic 

trophoectoderm cells activate EMT to gain the ability to invade the endometrium for 

implantation, and for subsequent nutrient and gas exchange (Aplin et al., 1998). In 

embryogenesis, EMT is required to form the mesoderm and endoderm from the 

primitive streak (Hay, 1995; Thiery and Sleeman, 2006). During embryonic develop-

ment, active EMT in epithelial cells of the neuroectoderm generate migratory neural 

crest cells, which later give rise to melanocytes in different parts of the embryo. Sig-

naling axes mediated by Wnt, TGF-β, BMPs, FGF, and proteins like Sox, Snail, Slug, 



 Introduction   

 

 33 

E-cad, N-cad, and others, all actively participate in type I EMT (Kalluri and Weinberg, 

2009). In this developmental stage, epithelial cells are extremely plastic and can 

transition between Epithelial-Mesenchymal states via EMT and MET.  

EMT type II is associated with inflammation. Epithelial cells gain mesenchymal 

markers like fibroblast-specific protein and promote fibrosis among other mecha-

nisms involved in tissue regeneration and wound repair. Dysregulation of the physio-

logical wound repair mechanisms, like in chronic inflammatory conditions, can lead 

to constant, pathological activation of EMT type II (Kalluri and Weinberg, 2009). Fail-

ure of inflammation to resolve, in conditions like idiopathic pulmonary fibrosis, can 

promote unihibited EMT type II resulting in continuous fibrosis and end-organ dam-

age (Kalluri and Neilson, 2003).  

 

 

Figure 6. Type I, II, and III EMT.  

Adapted from (Kalluri and Weinberg, 2009) 
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EMT type III is the most studied among the three types, and is associated with can-

cer progression, invasion, and metastasis (Brabletz et al., 2018). Cancer cell inva-

sion entails a sequence of events that first starts with the basement membrane deg-

radation, followed by motility-acquired capabilities, stromal invasion, and intravasa-

tion into the bloodstream or lymphatic vessels. One proposed mechanism that ena-

bles cells to become plastic and invasive is EMT (Mani et al., 2008; Singh and 

Settleman, 2010). By 2020, the number of peer-reviewed articles on EMT and can-

cer reached 21,500, and that on EMT and breast cancer 4,200, reflecting the general 

interest in the topic (Figure 7).  

 

 

Figure 7. Annual number publications on EMT and Cancer.  

The numbers were retrieved from Pubmed by searching for EMT and Cancer, and 
EMT and breast cancer.  
 

1.4.2 What have we learned about EMT in BC from pre-clinical mouse models? 

Our understanding of EMT and its role in breast cancer invasion and metastasis 

stems from GEMMs and TN BC xenografts, which do not fully recapitulate the heter-

ogeneity of BC, given that TN BC represents 10-15% of all cases. Most of these find-
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ings agree on the seminal discovery that EMT endows breast tumor cells with a stem 

cell-like state and enables them to metastasize (Guo et al., 2012; Mani et al., 2008). 

Table 1 summarizes the major findings on EMT in different in vivo models of BC.  

The roles of EMT in other cancer types have been thoroughly reviewed here 

(Brabletz et al., 2018; Craene and Berx, 2013; Puisieux et al., 2014; Yang et al., 

2020). 

Snail and Zeb1 were shown to be required for the formation and metastatic potential 

of MMTV-PyMT-induced mammary tumors (Ni et al., 2016; Tran et al., 2014), and 

PyMT-induced mammary carcinoma models (Jiang et al., 2020). However, Vimentin 

and Fsp1-based EMT reporter in the MMTV-PyMT mouse model suggests that EMT 

is dispensable but confers chemoresistance (Fischer et al., 2015a). The findings 

from the latter study have been criticized for the use of Fsp1 and Vim as EMT mark-

ers as they seem to be expressed by a small percentage of tumor cells at the prima-

ry site (Ye et al., 2017), that could be preexisting clones. Additionally, MMTV-

HER2/Neu mammary carcinomas were shown to rely on Wnt signaling-driven stem 

cell/EMT transcriptional profile (Twist-1) for early tumor cell dissemination (Harper et 

al., 2016; Hosseini et al., 2016). The EMT profile is kept in dormant DTCs expressing 

ZEB2, SNAI2, and VIM among other non-canonical/stem-cell-related gene signa-

tures (Nobre, 2021). Tumor-specific knock-out of TWIST-1 in MMTV-induced tumors 

showed no effect of tumor initiation and proliferation, but significantly reduced the 

number of circulating tumor cells and the overall metastatic burden in the lungs (Xu 

et al., 2017a).  

In TN BC xenografts, which are established by grafting the widely-used human TN 

BC cell line, MDA-MB-231, and the mouse TN mammary carcinoma cell line, 4T1, 

and others in immunocompromised mice, Zeb1, Zeb2, Snail, Slug, and Twist-1 are 
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required for the tumorigenicity and metastatic potential in vivo (Eckert et al., 2011; 

Guo et al., 2012; Katsura et al., 2017; Leong et al., 2007; LI et al., 2015; Si et al., 

2015; Yang et al., 2004; Zelenko et al., 2017; Zhang et al., 2019, 2015; Zhou et al., 

2017). In two separate studies involving SUM149 xenografts, expression of Zeb1 

impinges on the growth in vivo (Chu et al., 2013), and was not required for tumor 

initiation and formation (Kröger et al., 2019). Interestingly, Zeb1 induces hypermeth-

ylation of the ER promoter, resulting in endocrine therapy resistance in MCF-7 cells 

in vitro; and KD of Zeb1 in MDA-MB-231 restores ER expression and tamoxifen sen-

sitivity in MDA-MB-231 xenografts (Zhang et al., 2017). Ectopic expression of ER-β 

in MDA-MB-231 and Hs578T decreased Zeb1 expression levels and halted the met-

astatic ability of the cells in vivo (Song et al., 2017). Zeb1 has also been shown to be 

implicated in resistance to genotoxic agents by increasing homologous recombina-

tion-mediated DNA damage repair and clearance of DNA breaks (Zhang et al., 

2018). The pleiotropic roles of Zeb1 have been thoroughly reviewed herein (Caramel 

et al., 2018). 

More recently, the discovery of multiple EMT states with distinct metastatic potential 

in mammary and pancreatic adenocarcinoma has shifted the way we view EMT from 

a binary process to a more complicated phenomenon involving different cellular 

states and multiple markers (Aiello et al., 2018; Pastushenko et al., 2018; Rios et al., 

2019). To which extent these findings apply to clinical samples of BC remains to be 

defined.  

With regards to the ER+ BC subtype, very few studies tackled the role of EMT in in-

vasion and metastasis of this specific subtype. Ectopic expression of Snail promoted 

the growth of MCF-7 in the mammary fat model by activating the mitogen-activated 

protein kinase signaling pathway (Smith et al., 2014). Twist-1 enhances metastasis 



 Introduction   

 

 37 

to the lungs in intravenously-injected MCF-7, although this claim does not seem to 

be well supported by the photographs of the lung nodules (Xu et al., 2017b). Finally, 

in the mammary fat pad model, Slug is induced, and promotes a basal differentiation 

(Sflomos et al., 2016). Ectopic expression of Slug decreased the growth in vivo in 

intraductal xenografts (Sflomos et al., 2016), contrary to findings obtained on MDA-

MB-231 (Guo et al., 2012; LI et al., 2015). 
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EMT-TF Breast Cancer Model Findings Reference 

Zeb1 

SUM149 xenografts Ectopic expression of Zeb1 reduced the growth of SUM149 xen-
ografts (Chu et al., 2013) 

MDA-MB 231, Hs578T, intravenous injec-
tion, BALB/c nude mice 

ERβ1 suppressed invasion and migration of androgen receptor 
positive TNBC cells and results in Zeb1 downregulation (Song et al., 2017) 

MCF7, MDA-MB 231, SUM-159, mamma-
ry fat pad injection, BALB/c nude mice 

Zeb1 induces ERα promoter hypermethylation and confers anti-
estrogen resistance; KD of Zeb1 in MDA-MB-231 restored ER 

expression and sensitivity to Tamoxifen 
(Zhang et al., 2017) 

HCC1954 injected in fat pad, 4T1 subcu-
taneously injected, BALB/c nude mice 

KD of Zeb1 leads to decreased inflammatory cytokines. Zeb1-
regulated secretory proteins enhance BC cell proliferation and 

tumor growth 
(Katsura et al., 2017) 

MDA-MB 231, MCF-7 and SUM-159 in 
vitro. PDX injection in fat pad, BALB/c 

nude mice 

Ectopic expression of Zeb1 impairs BC cell response to genotoxic 
drugs by increasing homologous recombination-mediated DNA 

damage repair and clearance of DNA breaks 
(Zhang et al., 2018) 

MDA-MB 231, SUM-159, Fat pad injec-
tion, BALB/c nude mice 

Ectopic expression of Zeb1 results in the gain of cancer stem cell 
properties, tumor initiation, and tumor progression (Zhou et al., 2017) 

Pten- and Trp53-deficient mammary car-
cinoma 

EMT-expressing clones at the primary site; down-regulation of E-
cad and up-regulation of Zeb1 (Rios et al., 2019) 

HMLER, SUM149 xenografts Zeb1 is required for a full EMT but not for tumor formation  (Kröger et al., 2019) 

PyMT Loss of ZEB1 reduced stemness and metastasis of PyMT-
induced mammary carcinoma cells (Jiang et al., 2020) 

Zeb2 

MDA-MB-231 xenografts in Scid mice Zeb2 represses the expression of G9A and MTA3 and promotes 
metastasis (Si et al., 2015) 

MDA-MB-231 xenografts Stable expression of FOXA2 impairs metastasis through Zeb2 
inhibition and E-cad transcription (Zhang et al., 2015) 

MDA-MB-231 xenografts KD of lncRNA-ZEB2-AS1 down-regulated Zeb2, and reduced the 
growth and metastasis (Zhang et al., 2019) 

Table 1. Major findings on Epithelial-Mesenchymal activating transcription factors (EMT-TFs) in breast cancer in vivo.  
Knock-down (KD), Long non-coding RNA (lncRNA). 
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EMT-TF Breast Cancer Model Findings Reference 

Snail 

MCF7, MDA-MB 231, T47D in vitro and 
MCF7 subcutaneous injection, athymic 

nude mice 

Snail activates ERK2 in breast cancer cells and leads to EMT, and 
proliferation in vivo (Smith et al., 2014) 

MDA-MB 231, MCF-7 and their HER2 
overexpressing syngeneic variants, intra-

venous injection, athymic mice 
HER2 leads to Snail-driven EMT and metastasis (Gupta and Srivastava, 

2014) 

SNAIL1-CBR and MMTV-PyMT Loss of SNAI1 impairs the process of metastasis (Tran et al., 2014) 

MMTV-PyMT Loss of SNAI1 leads to delayed tumor onset, progression and me-
tastasis in p53 WT tumors (Ni et al., 2016) 

Slug 

MCF-10A, MDA-MB 231, T47D, PDX, sub-
cutaneous implant, SCID mice 

Slug is essential for Notch-mediated repression of E-cad resulting 
in anoikis resistance, tumor growth and metastasis. (Leong et al., 2007) 

MDA-MB 231 xenografts Slug and Sox9 cooperatively promote metastasis (Guo et al., 2012) 

MDA-MB-231 xenografts Slug promotes growth and metastasis (LI et al., 2015) 

MCF-7 intraductal xenografts 
Ectopic expression of Slug impinges on the growth of MCF-7 intra-
ductal grafts; KD of Slug promotes the growth of MCF-7 in the fat 

pad model without E2 
(Sflomos et al., 2016) 

Vimentin 

MMTV-PyMT or Neu Vim and Fsp1 do not contribute to metastasis, but are involved in 
chemoresistance (Fischer et al., 2015b) 

MVT-1 injection into the fat pad, MKR mice KD of Vimentin decreases invasion in response to insulin and de-
creases pulmonary metastases in MKR mice. (Zelenko et al., 2017) 

MMTV-PyMT, 
K8CreER/Pik3caH1047R/p53fl/fl 

Identification of different EMT transition states with distinct meta-
static potential 

(Pastushenko et al., 
2018) 

MMTV-PyMT or Neu Early disseminating dormant tumor cells express VIM, SNAI2, 
ZEB2; EMT is implicated in dormancy (Nobre, 2021) 

Table 1. Cont.  
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EMT-TF Breast Cancer Model Findings Reference 

Twist-1 

67NR, 168FARN, 4TO7, and 4T1 xeno-
grafts 

KD of Twist-1 suppresses the metastasis of mammary carcinoma 
cell lines; overexpression of Twist-1 represses E-cad and increas-

es cell motility 
(Yang et al., 2004) 

67NR, 168FARN, 4T1, HMLE, and HMLER 
xenografts 

Twist-1 promotes invasion and metastasis through invadopodia 
formation (Eckert et al., 2011) 

R26::Cre-ER Expression of Twist-1 induces an E-cad-dependent single cell dis-
semination (Shamir et al., 2014) 

MMTV-PyMT or Neu A subpopulation of Her2+p-p38(low)p-Atf2(low)Twist-1(high)E-
cad(low) initiates early dissemination (Harper et al., 2016) 

MMTV-TVA WT and MMTV-TVA Twist1 
tumor specific KO 

Twist-1 KO in the tumor showed no effect on tumor initiation and 
growth, but showed reduction in number of circulating tumor cells 

and lung metastases. 
(Xu et al., 2017a) 

LBC, MCF7, intravenous injection, SCID 
mice 

Twist-1 silences Foxa1 expression leading to increased migration, 
invasion, and metastasis (Xu et al., 2017b) 

Table 1. Cont.
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1.4.3 What have we learned about E-cadherin in BC from pre-clinical mouse models? 

The family of cadherin proteins consists of transmembrane or membrane-associated glycoproteins 

that are involved in Ca2+-dependent cell-cell adhesion, through homotypic and heterotypic binding 

(Gumbiner, 2005). Cadherins play an important role in morphogenesis during development and 

during cancer metastasis (Pećina-Slaus, 2003). Of particular interest to this project is E-cad, which 

mediates cell adherens junctions in epithelial tissue. The protein consists of a transmembrane 

domain, a cytoplasmic region, and an extracellular region comprising of five domains EC1-5 

(Gumbiner, 2005). The extracellular region EC5 is characterized by four conserved cysteines and 

is required for cell-cell contacts (Zheng et al., 2009). Reduction of disulfide bridges in the EC5 do-

main results in decreased cell-cell adherence, pivotal for tissue integrity and polarity (Zheng et al., 

2009). The cytoplasmic region of E-cad mediates interactions with catenins and other regulatory 

proteins (Perez-Moreno and Fuchs, 2006). β- and γ-catenin bind to the cytoplasmic domain of E-

cad and α-catenin links the E-cad-catenin complex to actin (Benjamin et al., 2010; Herrenknecht et 

al., 1991; Nagafuchi et al., 1991) (Figure 8). The binding of E-cad to β-catenin inhibits canonical 

Wnt signaling by impairing its nuclear localization (Simcha et al., 2001; Stockinger et al., 2001; 

Wheelock and Johnson, 2003). In the normal adult breast, E-cad is expressed in luminal cells and 

provides adherence between these cells (Rasbridge et al., 1993).  
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Figure 8. E-cadherin-mediated adherens junctions.  

Adapted from (Gates and Peifer, 2005). 
 

With the ability of Snail, Slug, Zeb1, and Twist-1 to bind to the CDH1 promoter and repress its 

transcription (Batlle et al., 2000; Bolós et al., 2003; Eger et al., 2005; Vesuna et al., 2008), E-cad 

is considered as a master regulator of EMT. Consequently, loss of E-cad expression has been 

posited to drive invasion and metastasis because cell-cell contacts are lost and cells become more 

motile (Berx and Van Roy, 2001). In addition to EMT-TFs, TGF-β suppresses E-cad leading to the 

dissociation of the E-cad-catenin complex and disrupted cell-cell adherence (Vogelmann et al., 

2005). Such data are inconsistent with clinical findings that IDCs and their metastases express E-

cad (Bukholm et al., 2000; Kowalski et al., 2003; Li et al., 2003).  

Conflicting data have been gathered about the role of E-cad in BC. In the MMTV-PyMT GEMM, 

deletion of CDH1 or the pharmacological inhibition of E-cad via monoclonal antibodies reduces the 

tumor burden (Brouxhon et al., 2013; Padmanaban et al., 2019). While CDH1 loss increases inva-

sion of carcinoma cells, survival in the bloodstream and metastatic colonization are E-cad-

dependent (Padmanaban et al., 2019), which may not apply to early disseminating HER2/Neu-
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driven mammary carcinoma cells (Harper et al., 2016). On the other hand, activation of E-cad us-

ing monoclonal antibody increases cell-cell adhesion, reduces extravasation and lung colonization 

(Na et al., 2020), suggesting that the functional state of E-cad rather its presence or absence, de-

termines its role in metastasis. PTEN- and p53-deficient mammary carcinomas harbor invasive 

EMT-expressing clones along the invasive edge that express little to no E-cad (Rios et al., 2019). 

It is not clear whether these clones initiate metastasis.  

With regards to xenografts, contradictory findings have been generated. On one hand, low E-cad 

expression has been shown to promote growth and metastasis (Lawson et al., 2015; Onder et al., 

2008; Zhang et al., 2015), and on the other hand, E-cad loss inhibited growth and metastasis 

(Hugo et al., 2017a; Russo et al., 2020; Shamir et al., 2014). In the same experimental model, ec-

topic expression of E-cad in MDA-MB-231 decreases bone metastasis (Mbalaviele et al., 1996) 

but promoted macro-metastasis formation in the lungs on host mice (Russo et al., 2020). Thus, the 

role of E-cad in ER+ tumorigenesis remains cryptic, with no clear agreement on whether it is re-

quired for invasion and metastasis.  
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Table 2. Major findings on E-cadherin (CDH1) in breast cancer in vivo. Knock-down (KD). 

 Breast Cancer Model Findings Reference 

E-
ca

dh
er

in
 ( C

D
H

1)
 

MDA-MB-231 xenografts Ectopic expression of E-cad decreases bone metastases and increase 
the survival of mice (Mbalaviele et al., 1996) 

HMLE, orthotopic and intravenous 
xenografts Loss of E-cad is required for metastasis via Twist-1 (Onder et al., 2008) 

SUM149, Mary-X, and 4T1 xeno-
grafts 

KD of E-cad reduced the in vivo growth of SUM149, Mary-X, and 4T1 
tumors cells; implication of angiogenesis and hypoxia (Chu et al., 2013) 

R26::Cre-ER E-cad knockdown impaired Twist1-induced single cell dissemination (Shamir et al., 2014) 

MMTV-PyMT Treatment with monoclonal antibodies against the ectodomain of E-
cad reduced the tumor burden by inducing apoptosis (Brouxhon et al., 2013) 

Triple negative PDXs HCI-001, 
HCI-002 and HCI-010 

Low burden metastatic cells express genes related to stem cell with 
low CDH1 levels and have tumor-initiating potential (Lawson et al., 2015) 

MDA-MB-231 xenografts Ectopic expression of FOXA2 stimulates CDH1 transcription and im-
pairs metastasis (Zhang et al., 2015) 

MMTV-PyMT or Neu Early dissemination tumor cells consist of Her2+p-p38(low)p-
Atf2(low)Twist-1(high)E-cad(low) cells (Harper et al., 2016) 

MDA-MB-468 xenografts KD of E-cad reduced growth and lung metastases (Hugo et al., 2017a) 
PTEN- and p53-deficient mam-

mary carcinoma 
Down-regulation of E-cad in EMT-expressing clones at the primary 

site (Rios et al., 2019) 

MMTV-
PyMT CDH1+/+ or CDH1fl/fl tumor; 
C3(1)-Tag CDH1+/+ or CDH1fl/fl ; 
Triple negative PDX TNM00089 

E-cad is required for metastasis of breast cancer cells; loss of CDH1 
increases invasion but decreases survival in circulation (Padmanaban et al., 2019) 

MMTV-PyMT Activation of E-cad using monoclonal antibody increases cell-cell ad-
hesion, reduces extravasation and lung colonization (Na et al., 2020) 

MDA-MB-231, MDA-MB-468, and 
MCF-7 xenografts 

Ectopic expression of E-cad increases tumor growth and macro-
metastasis formation in MDA-MB-468 xenografts; KD of E-cad re-

duced the tumor burden in MCF-7 and MDA-MB-468 
(Russo et al., 2020) 
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1.5 Pre-clinical modeling of ER+ tumor progression and dormancy  

Understanding ER+ BC progression has been hampered by the lack of clinically relevant 

pre-clinical models that can recapitulate the different stages of the disease.  

1.5.1 Chemically-induced rodent models  

Chemically-induced rodent models established in the 1980s have been widely used to in-

vestigate HR+ BC (Medina et al., 1980). Tumors are induced in rats or mice by oral admin-

istration of 7,12-dimethylbenz(a)anthracene (DMBA), or intravenous/sub-cutaneous injec-

tion of N-methylnitrosurea, with a latency of 8 to 12 weeks and an approximate 100% inci-

dence. It was later shown that administration of medroxyprogesterone acetate reduces the 

latency of tumor formation (Benakanakere et al., 2006). Established tumors express ER 

and PR (Alvarado et al., 2017), respond to hormonal stimulation or deprivation 

(Thordarson et al., 2001), and recapitulate part of the mutational signatures observed in 

human ER+ BC (Abba et al., 2016). Nevertheless, the use of such models presents multi-

ple drawbacks; first, DMBA was shown to have tumorigenic effects on the ovarian epitheli-

um (Crist et al., 2005), and to cause systemic effects such as neuroendocrine disruptions 

of both hypothalamo-pituitary-gonadal and hypothalamo-pituitary-adrenal axes (Kerdelhué 

et al., 2016). Second, metastases could not be detected in this model despite the relatively 

big tumor burden (Barros et al., 2004). The resulting lesions may be too small to be de-

tected by standard histological staining as many sections have to be cut, or by reverse 

transcription polymerase chain reaction (RT-PCR) as the metastatic lesions would repre-

sent a small percentage of the total number of cells.  

1.5.2 Genetically-engineered mouse models  

GEMMs are readily amenable to mechanistic studies because genome editing is easy. 

GEMMs offer several advantages with regards to in vivo carcinogenesis, and allow one to 
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study the role of specific genes in mammary carcinoma progression. Tumors develop in 

the tissue of origin, in the presence of an intact immune system, and recapitulate the dif-

ferent stages of tumor development (discussed above in paragraph 4). The first estab-

lished GEMM was the MMTV-myc model which relies on the overexpression of the onco-

gene myc to drive the proliferation of mammary epithelial cells, resulting in spontaneous 

adenocarcinomas (Stewart et al., 1984). Shortly after, the MMTV-Ha-ras GEMM was es-

tablished (Sinn et al., 1987), followed by the MMTV- PyMT GEMM (Guy et al., 1992), 

MMTV-ErbB2 and its mutated form Neu (Andrechek et al., 2000), and MMTV-simian virus 

40T antigen (SV40T) (Green et al., 2000), among others. In most of these GEMMs, ER is 

lost and the resulting adenocarcinomas are ER- and hormone-independent, and therefore 

do not reflect of the subtype complexity and heterogeneity of the human disease. Never-

theless, some of these GEMMs like the MMTV-PyMT and MMTV-HER2/Neu are still wide-

ly used and have helped advance our understanding about disease progression, genetic 

and epigenetic alteration, metastasis, as well as the role of the tumor microenvironment in 

BC (thoroughly reviewed herein, (Attalla et al., 2021). Tumors in these models are aggres-

sive and readily metastasize to the lungs where they form overt metastases in a short pe-

riod of time. Such scenario is rare for the HR+ luminal A subtype and even to the more 

aggressive luminal B subtype, where tumors are generally more latent, and overt metasta-

ses take couple of years to manifest (Jatoi et al., 2011). Finally, concerns about how well 

these models reflect the human disease with regards to the transcriptome and exome 

have been raised. While these GEMMs indeed share similarities with human BC, compari-

son by global gene expression profiling resulted in clusters distinct from the human sub-

groups, particularly when comparing the genomic clustering of MMTV-HER2 with HER2+ 

human BC (Hollern and Andrechek, 2014). Thus, biological conclusions derived from such 
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models may not apply to the HR+ subtype, and, as a consequence, may not be general-

izable warranting the need for ER+ GEMMs. 

There are approximately 21 established GEMMs that result in ER+ mammary carcinomas 

(reviewed herein, (Dabydeen and Furth, 2014)).Tumors develop with a latency of 11 to 

16.5 weeks, in 62% of the GEMMs, and  63% of the established mammary carcinomas are 

designated as ER+ (Dabydeen and Furth, 2014). However, very few GEMMs have been 

validated to be hormone-sensitive and responsive to hormone deprivation (Chan et al., 

2012; Frech et al., 2005; Kumar et al., 2007). Of interest, Stat1-deficient mice spontane-

ously develop ER+ mammary carcinomas that respond to estrogen stimulation and exhibit 

features similar to their human counterparts (Chan et al., 2012). The use of this model may 

faithfully decipher the biology of Stat1-low or -deficient ER+ BC, which represents only 

45% of the overall ER+ BC cases (Chan et al., 2012), but may not be a representative pre-

clinical model of the remaining BC cases. To the best of our knowledge, no data on metas-

tasis in this model has been reported.  

1.5.3 Xenograft models  

1.5.3.1 Cell lines xenograft models  

Compared to their ER- counterpart, ER+ BC cells are more difficult to establish in vitro and 

most of the established cell lines are derived from patients with an advanced metastatic 

disease, precisely from ascites or pleural effusion and very rarely from the primary tumor. 

The commonly used ER+ BC cell lines include MCF-7, T47D, ZR-751, HCC1428, among 

others (Lacroix and Leclercq, 2004). Traditionally, ER+ BC xenografts are generated by 

injecting millions of cells of ER+ BC cell lines subcutaneously or in the mammary fat pad of 

immunocompromised mice. The procedure results in artifacts related to tissue injury, in-

flammation, and tumor cells require exogenous 17-β-estradiol (E2) supplementation for 

survival and growth (Osborne et al., 1984). The resulting E2 levels in the mice are much 
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higher than those found in postmenopausal women in whom most breast cancers occur 

(Anderson et al., 2002), and stimulated mice suffer from weight loss, bladder obstruction, 

and kidney failure (Gakhar et al., 2009). Additionally, tumor cells have no in situ stage and 

grow faster than their clinical counterparts. Consequently, mice need to be sacrificed due 

to the tumor burden.  

ER+ BC cells are exposed to stromal cells and signals, which subsequently induce a TGF-

β/SLUG signaling leading to basal differentiation and EMT (Figure 9) (Sflomos et al., 

2016). This is in discrepancy with the luminal HR+ BCs, which maintain their typical lu-

minal features throughout disease progression. Because of these confounding factors, 

interrogating whether EMT is involved in the metastatic cascade of ER+ BC may not be 

ideal. Nevertheless, cell line xenograft models have served as models for pre-clinical drug 

testing (Guan et al., 2019; Mohammed et al., 2015).  

1.5.3.2 Patient-derived xenograft models  

Patient-derived xenografts (PDXs) are increasingly recognized as valuable tools for pre-

clinical studies (Dobrolecki et al., 2016). Progress has been made on the generation of 

numerous ER- BC models but ER+ PDXs have been very difficult to establish. The most 

extensive study reported take rates of 2.5% and established exclusively luminal B tumors 

(Cottu et al., 2012), and two other studies reported 12.5% (Marangoni et al., 2007) and 

37% (DeRose et al., 2011) tumor take rates. Collectively, these studies confirmed that es-

tablishing ER+ PDXs remain a hurdle, and that aggressive tumors (high proliferation in-

dex) engraft better. Transplanting tumor grafts in the mammary fat pad seem to yield a 

higher tumor take rates compared to those subcutaneously injected (DeRose et al., 2011; 

Marangoni et al., 2007), however, no direct comparison between same tumors has been 

made. Of note, all the established ER+ PDX models require E2 for growth. With regards to 

metastasis, lesions were detected by immunohistochemistry in the lungs and lymph nodes 
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of mice, and to a much lesser extent in other organs (DeRose et al., 2011; Marangoni et 

al., 2007). 

1.5.4 Intraductal xenografts  

1.5.4.1 Intraductal cell line xenografts  

Initially developed to model ductal carcinoma in situ, the mouse intraductal (MIND) model 

consists of injecting a few microliters of cell suspension into the milk ducts of SCID-beige 

female mice through a small incision in the teat (Behbod et al., 2009; Kittrell et al., 2016; 

Valdez et al., 2011). A relatively low number of cells is sufficient to establish growing 

grafts, as low as 20-30,000 cells, which is impressive given the number of cells needed to 

establish fat pad or subcutaneous grafts. Importantly, cells retain their ER, PR, HER2 ex-

pression, and express cytokeratins, indicative of their epithelial phenotype (Behbod et al., 

2009; Valdez et al., 2011). In this model, DCIS cell lines (MCF10DCIS.COM and SUM-

225) and primary human DCIS (FSK-H7) establish without the need for E2 supplementa-

tion (Behbod et al., 2009). The Behbod group then established and expanded a DCIS bi-

obank from human patients, and reported a 50% take rate in the presence of E2 and pro-

gesterone (P4) slow-release pellets in NOD-SCID IL2Rgammanull (NSG) mice (Valdez et 

al., 2011). Hormonal supplementation as discussed above may result in uncharacterized 

systemic effects, thus altering the behavior of the patient-derived cells, notably those de-

rived from post-menopausal women. The laboratory of Cathrin Brisken has exploited the 

same MIND model and injected a panel of luciferase (Luc)-tagged and fluorescently-

labeled BC cell lines, representative of different subtypes using female SCID-beige or 

NSG mice (Sflomos et al., 2016). Most ER+ BC cell lines had improved tumor take rates 

without E2 supplementation, notably MCF-7, T47D, and HCC1428, and the lobular ER+ 

BC cells, SUM44 and MDA-MB-134, which were notoriously difficult to grow in vivo 

(Sflomos et al., 2016, 2021). The intraductal model equally improved the tumor take rates 



 Introduction  

 51 

of apocrine tumors, a molecular subtype consisting of ER-, AR+ tumors (Richard et al., 

2016). Importantly, the Ki67 proliferation index of intraductal ER+ BC xenografts was com-

parable to that observed in the clinics, and much lower than mammary fat pad grafts 

(Sflomos et al., 2016). The intraductal milieu enhances the expression of ER, androgen 

receptor (AR), and growth hormone receptor (GHR), and other receptors implicated in 

mammary gland physiology, and recapitulate disease progression from an in situ (1-2 

months) to an invasive disease (>2 months) (Figure 9) (Sflomos et al., 2016). Interestingly, 

spontaneous micro-metastases are detected by in vivo imaging system (IVIS) in clinically-

relevant organs such as the brain, lungs, liver, and bones when the primary tumor is 

seemingly in situ (Sflomos et al., 2016). This is in concordance with the clinical and pre-

clinical findings supporting early dissemination of BC (Harper et al., 2016; Hosseini et al., 

2016; Hüsemann et al., 2008; Ignatiadis et al., 2011; Sänger et al., 2011). 
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Figure 9. Comparison between the mammary fat pad model and the mouse intraduc-
tal model.  

ER+ breast cancer cells injected in the mammary fat pad model acquire a basal differen-
tiation program while those intjected in the milk ducts maintain a luminal phenotype. Re-
trieved from (Sflomos et al., 2016). 
 

1.5.4.2 Intraductal patient-derived xenografts  

Using the MIND model, patient-derived primary cells engraft in the milk ducts with a tumor 

take rate of approximately 90% (Fiche et al., 2019; Sflomos et al., 2016). This is impres-

sive given how low the tumor take rate was in the mammary fat pad or subcutaneous xen-

ografts, suggesting that the that the tissue microenvironment is critical for the establish-

ment and growth of ER+ BC cells. Histopathological analysis of 21 intraductal ER+ PDXs 

revealed four patterns, which correlated with the aggressiveness and metastatic potential 

of the patients’ primary tumors, adding evidence to the validity to the MIND model for the 

in vivo study of ER+ BC (Fiche et al., 2019). Although the injected cells are all derived 

from tumors that are invasive in patients, upon intraductal xenografting, only one third of 
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the intra-ductal PDXs (7/21) is invasive, and the precursor and non-invasive stages of BCs 

are the most frequently observed histological pattern (15/21, 71.4% and 9/21, 42.8%) 

(Fiche et al., 2019). Strikingly, precursor and non-invasive intraductal xenografts seed me-

tastases detected by IVIS, and support the data gathered from intraductal cell lines xeno-

grafts (Fiche et al., 2019), and the previously published clinical and pre-clinical findings 

cited above. To date, the metastases detected in intraductal xenografts have not been 

characterized yet (see section 1.6 below).  

1.5.4.3 Limitations of the MIND model  

A limitation of the present xenograft model is the required immune suppression. The im-

mune system is an important player in tumorigenesis (de Visser et al., 2006). While some 

innate immune cells are present in the NSG mice, these mice completely lack B and T 

cells, which are important players in tumor immunology. This can be addressed in the con-

text of humanized mouse models (Kalscheuer et al., 2012) in which a functional human 

immune system is established in the host mice. 

 

1.5.4.4 Pre-clinical data on dormancy in ER+ BC  

With the limited pre-clinical mouse models to study ER+ BC, specifically the metastasis 

dormancy, advances in understanding the factors and mechanisms contributing to dor-

mancy have been limited. There are few models where people have described a latent or 

dormant state of ER+ BC, which will be summarized in this paragraph. The group of Mi-

chael Reiss has established intracardiac and intratibial mouse models in which MCF-7-

derived bone tropic, MCF-7-5624 cells, remain dormant in distant organs and are awak-

ened upon administration of exogenous E2 (Ganapathy et al., 2012). In this model, the 

dissemination of MCF-7-5624 cells maintains an epithelial state and is transforming growth 

factor- β (TGF-β)-independent (Ganapathy et al., 2012). However, metastasis was ob-
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served in the bones and in other less clinically-relevant organs such as the adrenal glands, 

mammary fat pad, the floor of the mouth and mandible (Ganapathy et al., 2012). Whether 

this is a cell-specific propensity or a consequence of the model remains to be determined. 

Similar findings were observed by the Kathryn Horwitz group who explored the intracardiac 

method of injecting luminal and basal-like cells into NSG mice, followed by hormonal dep-

rivation or stimulation (Harrell et al., 2006; Ogba et al., 2014). They could show that prolif-

eration of HR+ BC cell lines at distant site (bones and adrenal glands) is hormonally-

regulated, and results in a heterogenous population based on the two markers PR and 

CK-5 (Ogba et al., 2014). A genome-wide shRNA screen in intracardially-injected ER+ 

ZR751 identified the kinase MSK1 as a dormancy regulator in latent ER+ breast cancer 

bone metastasis (Gawrzak et al., 2018). Loss of MSK1 results in a worse prognosis in pa-

tients with ER+ BC, and promotes early bone homing and metastasis in xenografts 

(Gawrzak et al., 2018).  

Mammary carcinoma cells, D2.A1, D2.1, and D2.OR derived from BALB/cfC3H mice 

transplanted with a D2 hyperplastic alveolar nodule (HAN) line have been established 

(Aslakson and Miller, 1992; Mahoney et al., 1985; Morris et al., 1993; Rak et al., 1992). 

The E2-responsive (Sowder and Johnson, 2018) ER+ mammary carcinoma cell line D2.0R 

persists in the lung and liver of host mice as dormant micro-metastases, while the TN 

D2.A1 forms aggressive macro-metastases (Barkan et al., 2008; Montagner et al., 2020; 

Naumov et al., 2002). In an intravenous model of BC, dormant lung D2.0R and MCF-7 

metastatic cells undergo an inflammation-induced awakening (Albrengues et al., 2018). 

The authors nicely demonstrate the implication of neutrophils and their associated extra-

cellular traps (NETs) in the process of awakening (Albrengues et al., 2018). Similar in vivo 

screen to (Gawrzak et al., 2018) identified the secreted frizzled-related protein 2 (SFRP2) 

as a mediator of intravenously-injected D2.0R cells’ survival in the lungs, that is induced by 
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alveolar type (AT)-1 cells (Montagner et al., 2020). ER+ PDXs and ER+ cell lines, MCF-7 

and ZR-751, transiently lose the ER expression in bone micro-metastases through EZH2-

mediated epigenetic events (Bado et al., 2021). The ERLOW cells are responsible for endo-

crine resistance and targeting of EZH2 alleviates the resistance (Bado et al., 2021). Thus, 

awakening seems to be context-dependent, and the mechanisms that contribute to awak-

ening in one organ may not necessarily be the same in other organs. For instance, E2 was 

shown to induce awakening of MCF-7 DTCs in the bones, adrenal glands, and mammary 

fat pad (Ganapathy et al., 2012; Ogba et al., 2014), while inflammation through NETs and 

extracellular matrix (ECM) remodeling induced awakening in the lungs, in the same exper-

iment model (Albrengues et al., 2018). 

There is now an ongoing effort to model dormancy in vitro, and encouraging models seem 

to be established and physiologically-relevant. These in vitro models are thoroughly de-

scribed by Montagner, M. & Sahai, E. (Montagner and Sahai, 2020; Zangrossi et al., 

2021). 

 

1.6 Goals of the study  

Background and State of the art: 90% of cancer-related deaths are caused by metastasis. 

Most of our knowledge about BC metastasis stems from experiments with GEMMs of ER- 

mammary carcinomas and TN BC xenografts, which do not reflect the subtype complexity 

and heterogeneity of the human disease. Progress in understanding the metastatic cas-

cade of ER+ BC, which represents more than 70% of all cases, has been hampered by the 

lack of clinically-relevant models. We and others have overcome this hurdle by grafting 

human BC cells of different molecular and histological subtypes into the milk ducts 

(Behbod et al., 2009; Fiche et al., 2019; Richard et al., 2016; Sflomos et al., 2016, 2021; 

Valdez et al., 2011). The established intraductal model has offered the unprecedented op-
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portunities to decipher the metastatic cascade of ER+ tumors in a in a physiologically rele-

vant endocrine milieu (Fiche et al., 2019; Sflomos et al., 2016). 

 

Observation and hypothesis: We have previously shown that micro-metastases in intra-

ductal xenografts of ER+ BC do not progress to become macro-metastases with 7 months 

of engraftment (Fiche et al., 2019; Sflomos et al., 2016). We therefore hypothesized that 

the DTCs detected by IVIS are dormant or non-proliferative.  

 

Aims:  

1. Compare the progression of TN and ER+ tumors in the mouse intraductal model  

2. Characterize the resulting metastases from ER+ tumors using 3D single cell resolu-

tion imaging  

3. Decipher the role of EMT in invasion, metastasis, and dormancy in ER+ tumors 

4. Determine the molecular mechanisms involved in the awakening of dormant cells 
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2 Results 
2.1 Tumor growth and metastatic progression in ER+ versus TN BC intra-

ductal xenografts  

ER+ BC cells that are xenografted to milk ducts of immunocompromised mice recapitulate 

disease progression from in situ stage to dissemination to distant organs as observed in 

the clinical counterpart. Intriguingly, the DTCs detected in clinically relevant distant organs 

fail to progress to macro-metastases. To test whether the ER+ BC MIND models ade-

quately reflect tumor dormancy specific to ER+ BCs or is merely an artefact of the immun-

ocompromised mice used as hosts or other factors associated with this technique, we 

compared the metastatic behavior of ER+ and ER- BC cells by the identical experimental 

approach. We modelled ER- BC using the TN BC cell lines, BT20 and HCC1806 (Table 3), 

as well as a PDX derived from an untreated primary TNBC, called T70 (Table 4). To model 

ER+ BC, we used the established ER+ cell lines, MCF-7 and T47D (Table 3) and 2 ER+ 

PR+ HER2- PDXs. One of them, T99, was derived from an untreated primary tumor and 

the other, METS15, from ascites of a patient with treatment-resistant advanced disease 

(Table 4). All tumor cells were infected with luc:green fluorescent protein (GFP) or luc:red 

fluorescent protein (RFP) expressing lentiviruses and injected to the milk ducts of NSG 

females (Figure 10a) (Sflomos et al., 2016). Take rates, defined as the % of glands show-

ing tumor cell growth by in vivo imaging of total number of glands injected, were 100% for 

TN and ≥ 90% for ER+ BC xenografts (Figure 10b). Within 5 weeks, radiance of BT20, 

HCC1806, and T70 xenografts increased 702-, 592-, and 1915-fold, respectively (Figure 

10c,d). Host mice showed signs of morbidity, their tumors became palpable and they were 
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euthanized. Over the same time, radiance from MCF-7, T47D, T99, and METS15 xeno-

grafts increased only 42-, 39-, 54-, and 5-fold, respectively (Figure 10c,d). About 6 months 

on, radiance was increased 1000- to 2000-fold and tumors were palpable (Figure 10c,e). 

Nevertheless, the host mice fared well, suggesting that any metastatic disease present did 

not compromise vital functions. Ex vivo imaging of resected organs revealed luminescence 

in brain, lungs, liver and bones (Figure 10f).  The signal attributable to BT20 and HCC1806 

cells was particularly high in the lungs with 107-109 p/sec/cm2/sr (Figure 10f). Interestingly, 

T70 cells, derived from a patient with pregnancy-associated BC were detected most readi-

ly in the liver with 106-108 p/sec/cm2/sr and to lesser extent in the lungs (Figure10f) as re-

ported for this clinical picture (Goddard et al., 2017). Bioluminescence in the lungs and 

bones resected from MCF-7 and T47D-bearing mice, ranged between 106 and 107 

p/sec/cm2/sr for and the signal attributable to disseminated METS15 cells was 105-106 

p/sec/cm2/sr (Figure 10g). PDX-T99 xenografts resulted in bioluminescence just above 

background levels in the lungs and bones of 3 out of 10 mice (Figure 10g), consistent with 

previous observations (Fiche et al., 2019). At endpoint, the relative radiance of the lungs to 

the mammary glands, was on average 100-fold higher in the TN than in ER+ BC xenograft 

models (Figure 10h). Hence, lung metastatic disease in TNBC xenografts advances faster 

than that of their ER+ counterparts suggesting that these models correctly mimic subtype-

specific biology of metastasis.     
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Figure 10. Intraductal xenografts of ER+ and ER- BC cells show distinct growth and 
metastatic behaviour. 

a. Experimental scheme of the intraductal model. 
b. Percentage of intraductal tumor take rate of TNBC versus ER+ BC, calculated as 

percentage of successfully injected glands of 13-19 from 5-9 bearing mice.  
c. Graph showing the fold change radiance over time of all intraductal xenografts. Da-

ta represent mean ± SEM of 13-19 from 5-9 mice bearing BT20, HCC1806, T70, 
MCF-7, T47D, T99, and METS15 xenografts, respectively. Dashed line represents 
experimental end-point for TNBC xenografts.  

d. Bar plot showing the fold change radiance at 5 weeks post-intraductal engraftment 
of tumor cells.  

e. Box plot showing the fold change radiance of TNBC versus ER+ intraductal xeno-
grafts at their respective end-points.  

f. Bar plot showing ex vivo radiance of resected organs from 9, 7, and 6 mice bearing 
BT20, HCC1806, and T70 xenografts, respectively. Data represent mean ± SEM.  

g. Bar plot showing the radiance of ex vivo bioluminescence on resected organs from 
20, 9, 10, and 14 mice bearing MCF-7, T47D, T99, METS15, respectively. Data rep-
resent mean ± SEM. h. Bar plot showing the ratio of radiance in lungs over primary 
tumor. Data represent mean± SEM.  
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h. Bar plot showing the ratio of radiance in lungs over primary tumor. Data represent 
mean ± SEM. **, ***,****, and n.s, represent P<0.01, 0.001, 0.0001, and not signifi-
cant, respectively. #, P=0.06. 
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2.2 Early dissemination of TN BC cells in intraductal xenografts  

To further test the clinical relevance of the MIND models, we examined early tumor cell 

seeding. Fluorescence stereo microscopic analysis of mammary glands xenografted with 

BT20:Luc2-GFP and HCC1806:Luc2-GFP cells early, that is 1 week after intraductal injec-

tion, showed GFP signal confined to the ducts (Figure 11a,b); histological examination 

confirmed that tumor cells are within the ducts as characteristic of the in situ stage (Figure 

11c,d). No disruption of the epithelial-stromal border was detected but the basal mem-

brane and ECM around mouse ducts filled with tumor cells were thicker than around empty 

mouse ducts (Figure 11c,d). At this stage, ex vivo radiance of the lungs was above back-

ground levels, in 5/10 BT20- and 1/4 HCC1806- intraductal xenograft-bearing mice (Figure 

11e). Two weeks after engraftment, multiple invasive foci were detected in the engrafted 

mammary glands (Figure 11a-d). In 4/4 BT20 and HCC1806- intraductal xenograft-bearing 

mice, all the lungs showed increased bioluminescence (Figure 11e) and GFP+ lesions by 

fluorescence stereo microscopy (Figure 11f). Thus, TN like ER+ BC intraductal xenografts 

disseminate early. 
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Figure 11. Early dissemination of TN BC cells in the intraductal model. 

a. Representative fluorescence stereo micrographs of mammary glands 1 week (top) 
and 2 weeks (bottom) after intraductal injection with BT20 and  

b. HCC1806. Scale bars, 1 mm.  
c. Representative H&E micrographs of BT20 and  
d. HCC1806 intraductal xenografts 1 week (top) and 2 weeks (bottom) after injection. 

Scale bars, 1 mm.  
e. Ex vivo bioluminescence on organs from mice bearing BT20 and HCC1806, 1 week 

(left) from 10 and 4 mice, respectively, and 2 weeks (right) after intraductal injection 
from 4 mice. Data represent mean ± SD. 

f. Fluorescence stereo micrographs of lungs from BT20 intraductal xenografts-bearing 
mice 1 week (top panel) and 2 weeks (bottom panel) after intraductal injection. Ar-
row points at TN BC DTCs. Scale bars, 50 µm. 
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2.3 Comparison between ER+ and TN BC metastases in intraductal xeno-

grafts  

The slow increase in radiance at the distant sites in the ER+ xenograft models suggested 

that the distant lesions are dormant. To test whether this is the case, we analyzed DTCs in 

the lungs by fluorescence stereo microscopy and subsequent histological analysis. Both 

BT20 and HCC1806 cells gave rise to lesions that were readily detected by fluorescence 

stereo microscopy and histological examination and measured 0.5-3 mm in diameter (Fig-

ure 12a,b). Lung lesions arising from MCF-7 and T47D intraductal xenografts were barely 

detected by fluorescence stereo microscopy and measured 10-100 µm in diameter on his-

tological sections (Figure 12a,c). In the case of the PDXs, liver lesions caused by TN T70 

cells were 0.5-1 mm in diameter (Figure 12d). The pleural effusion-derived METS15 cells 

were detectable by fluorescence stereo microscopy and on histological sections (Figure 

12e,f), but we failed to detect any T99 cells by fluorescence stereo microscopy and subse-

quent screening of >40 histological sections from lung lobes of 3 host mice in line with the 

low radiance (105 p/sec/cm2/sr). Lung lesions resulting from TN BC intraductal xenografts 

can be histologically classified as either small (<100 µm) or large lesions (>100 µm), with 

the majority of the lesions being large ones based on CK-8 immunofluorescence (IF) (Fig-

ure 12g,h). In contrast, the resulting lesions from ER+ BC intraductal xenografts can be 

classified as either isolated DTCs (1-3 cells), small clusters (4-10 cells), or medium-large 

clusters (>10 cells) (Figure 12i), with no significant difference in the percentage of lesions 

among the 3 tested ER+ BC xenografts (Figure 12j). Thus, while DTCs from ER- BCs give 

rise to macro-metastases, ER+ DTCs fail to grow suggesting that the MIND models cor-

rectly reflect the biology of metastasis of the different breast cancer subtypes. 
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Figure 12. ER+ and TN BC metastasis in the intraductal model. 

a. Representative fluorescence stereo micrographs of lungs from at least 3 mice bear-
ing BT20, HCC1806, MCF-7, and T47D intraductal xenografts. Arrows point to 
DTCs in ER+ intraductal xenografts-bearing mice. Scale bar, 1 mm.  

b. Representative H&E micrographs of lung sections from 3 mice bearing BT20 and 
HCC1806, and  

c. MCF-7, and T47D, intraductal xenografts. Scale bar, 50 µm.  
d. Representative fluorescence stereo micrographs of the liver from at least 3 mice 

bearing T70 and  
e. METS15 intraductal xenografts, respectively. Arrows points to DTCs/micro-

metastases. Scale bars, 1mm.  
f. Representative H&E micrographs of lung sections from 3 mice bearing METS15 in-

traductal xenografts. Scale bars, 50 µm. 
g. Representative immunofluorescce of lung sections (small <100 µm, large >100 µm) 

from 3 mice bearing BT20 and HCC1806 intraductal xenografts, stained with CK-8 
and counterstained with DAPI. Scale bar, 50 µm. 

h. Quantification of the percentage of metastatic lesions in 3 mice bearing BT20 and 
HCC1806 intraductal xenografts. Data represent mean ± SD. 

i. Distribution of lung DTCs in ER+, MCF-7, T47D, and METS15 intraductal xeno-
grafts-bearing mice. Scale bar, 50 µm. 

j. Distribution of isolated (1-3 cells), small (4-10), and Medium-large (ML, >10 cells) 
clusters in ER+. Data represent mean ± SD. 
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2.4 DTCs in ER+ BC intraductal xenografts-bearing mice are dormant 

2.4.1 Ki67 proliferation index   

In order to address whether DTCs in ER+ intraductal xenografts are growth-arrested, we 

first quantified the proliferative index, Ki67, of primary and metastatic lesions from TNBC 

and ER+ xenografts using IHC. The Ki67 index in BT20 and HCC1806 primary tumors was 

54.7% and 47.5%, respectively and comparable in the lung metastases (Figure 13a,b), 

independently of the size of the lesions (<100 µm or large >100 µm) (Figure 13c). In con-

trast, the Ki67+ index in ER+ intraductal primary tumors was on average 3-times higher 

than in the distant lesions, with 51.8% vs 17.4% in MCF-7, 40.8% vs 13.3% in T47D, and 

23.8% vs 7.9% in METS15 xenografts-bearing mice, respectively (Figure 13d,e).  
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Figure 13. The proliferation index in TN versus ER+ primary and lung metastatic 
cells 

a. Representative IF for CK-8 (green) and Ki67 (red) counterstained with DAPI (blue) 
of matched primary and lung metastases of 3 BT20 and HCC1806 Primary (P), lung 
(L). Scale bar, 50 µm. 

b. Percentage of Ki67+ cells in matched primary and lung sections from BT20, 
HCC1806, and T70 intraductal xenografts 5 weeks after intraductal injection. Data 
represent mean ± SD from 3 different hosts. Student unpaired t-test, two-tailed.  

c. Bar graph showing Ki67-index of small (<100 µm) and large (>100 µm) BT20 and 
HCC1806 lung lesions. Data represent mean ± SD from 3 different hosts. Student 
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unpaired t-test, two-tailed. Each data point in the primary tumor and the lung repre-
sents ≥ 1,000 and 100 cells analyzed, respectively.  

d. Representative IF for CK-8 (green) and Ki67 (red) counterstained with DAPI (blue) 
of matched primary and lung metastases of 3 ER+ intraductal xenografts-bearing 
mice. Scale bars, 50 µm. 

e. Percentage of Ki67+ cells in matched primary and lung sections from MCF-7, T47D, 
and METS15 intraductal xenografts 5 months after intraductal injection. Data repre-
sent mean ± SD from 3 different hosts. Student paired t-test, two-tailed. ****, and 
n.s represent P<0.0001, and not significant, respectively. 
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2.4.2 FUCCI reporter and expression of p27 

To further characterize cell cycle dynamics, we used a fluorescent ubiquitination-based 

cell cycle indicator (FUCCI) (Bajar et al., 2016), which allows one to distinguish non-

cycling cells (G0/G1) as red fluorescent from cycling (S-G2-M) cells as GFP+ or double pos-

itive (Figure 14a). Manual scoring of red versus green and yellow cells in xenografted 

MCF-7:FUCCI-bearing mice was carried out with ImageJ and revealed that the percentage 

of cycling cells decreased from 61.4% in primary tumors and to 31.8% (P<0.05) in 

matched lung lesions (Figure 14b,c). Finally, IF staining for p27, a marker of dormancy 

(Bragado et al., 2013), revealed the presence of p27-positive and Ki67-negative human 

DTCs in lung sections from MCF-7-bearing mice (Figure 14d). Hence, ER+ MIND derived 

DTCs are arrested in the G0/G1 phase of the cell cycle as characteristic for dormant cells 

(Park and Nam, 2020).  
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Figure 14. Lung DTCs in ER+ BC intraductal xenografts-bearing mice are arrested in 
G0/G1 phase of the cell cycle and express the G0 marker, p27.  

a. Scheme showing the FUCCI cell cycle reporter.  
b. Bar plot showing the percentage of cycling and non-cycling cells in primary tumors 

and lung micro-metastases in MCF-7 intraductal xenografts-bearing mice. Data rep-
resent mean ± SD from 3 host mice. Paired t-test.  

c. Representative fluorescence micrographs of red, green, and double-positive MCF-
7:FUCCI reporter cells in matched primary tumor (left) and lung (right). Scale bars, 
50 µm.  

d. Representative immunofluorescence micrographs for CK8 (magenta), p27 (green), 
Ki67 (red), counterstained with DAPI (blue) on lung section from MCF-7-bearing 
mice. Scale bar, 50 µm. * represents P<0.05.  
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2.5 Passive clarity technique for three-dimensional single cell resolution 

imaging  

With the unprecedented opportunity to study dormant ER+ DTCs in vivo, we sought to vis-

ualize them within the tissue context using fat-clearing optical clarity. We first aimed to op-

timize the method on MCF-7:RFP+ intraductal xenografts. We adopted an in toto approach 

which consists of fixing, sectioning using the vibratome, and fat-clearing the mammary 

gland (Figure 15a,b). To preserve the endogenous fluorescence, optical clarity can be 

achieved using the rapid clear reagent from the SunJin laboratory (Figure 15b). In the case 

where antibody labeling is required, quenching of the strong red/green fluorescence emit-

ted by tumor cells is required to avoid spectral bleed-through. This can be achieved by the 

hydrogel/passive clarity technique which involves harsh detergent such as sodium dodecyl 

sulfate-based solutions (Lloyd-Lewis et al., 2016). Single stacks at two different Z-axis 

depths reveals multiple ducts within one area of acquisition (Figure 15c), while depth color-

ing different Z positions reveals multiple color-labeled ducts according to their position 

within the tissue (Figure 15d). Z-stack reconstruction spanning over a 500 micron-thick 

specimen shows invasive and in situ regions (Figure 15e), with the ability to detect single 

invasive cells in close proximity to the ducts (Figure 15f). Similarly, lungs can be cleared 

using the passive clarity technique (Figure 15g) coupled with antibody labeling (Figure 

15h).  
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Figure 15. Optical clarity on primary tumor and lung tissues.  

a. Mammary glands are embedded in 5% agarose and sectioned using vibratome.  
b. Before and after clearing images show significant fat reduction.  
c. Single Z-stack of two different positions of cells localized inside the duct. Images 

were acquired using confocal fluorescent microscope. Scale bar, 100 µm. 
d. Depth coding of different Z-stacks ranging from the 27th till 37th stack, a total of 10 

stacks.  
e. Representative images of a 500 µm-thick specimen showing multiple ducts and ar-

eas. Arrow indicates invasive area. Scale bar, 50 μm. 
f. Identification of one invasive cell, in proximity to the basement membrane. Scale 

bar, 50 μm.  
g. Before and after optical clarity of lungs using passive clarity technique.  
h. CK-8 stained lungs showing bronchial epithelial cells and airways. Scale bar, 50 

μm. 
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2.6 Dormant DTCs display organ-specific features 

Having optimized the optical clarity technique in different organs, we next asked whether 

dormant DTCs display phenotypic changes within their niche. To address this, we optical-

ly-cleared, lungs, and brains from NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CAG-EGFP)1Osb/SzJ 

(NSG-EGFP) mice together with the mammary glands bearing MCF-7:RFP+ intraductal 

xenografts at an advanced stage (5 months) (Figure 16a). Fluorescence stereomicroscopy 

of individual lung lobes showed dispersed RFP+ foci (Figure 16b). Confocal imaging re-

vealed RFP+ cylindric structures of 50-100 µm length and 10-20 µm diameter in the lung 

parenchyma (Figure 16b,c). T47D and METS15 lung micro-metastases had similar mor-

phologies (Figure 16d). Brain micro-metastases were detected in the meninges (Figure 

16e,f). In brains with >107 p/sec/cm2/sr bioluminescence signal, dispersed CK8+ cell clus-

ters of 100-200 µm in diameter were revealed by 3D reconstruction of Z-stacks (Figure 

16g). Long cellular extensions reminiscent of a specialized type of filopodia for transport of 

signaling molecules termed ‘cytonemes’ (Kornberg and Roy, 2014) or axons in neurons, 

were observed in brain DTCs (Figure 16h) suggesting that the ER+ DTCs establish them-

selves by different strategies at distinct distant sites. 
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Figure 16. Phenotypic characterization of dormant DTCs.  

a. Schematic workflow of the imaging pipeline. The presence of micro-metastases is 
confirmed by fluorescence stereo microscope. Organs are then fixed overnight, 
embedded in 5% agarose the next day, and vibratome-sectioned to generate 0.5-1 
mm thick sections. Sections with micro-metastases are then subjected to passive 
clarity and antibody labeling, and imaged on a confocal fluorescence microscope.  

b. Fluorescence stereo micrographs of lung micro-metastases in MCF-7 intraductal 
xenografts-bearing mice with bioluminescence > 107 p/sec/cm2/sr. Scale bars, 500 
µm.  

c. 3D reconstruction of optically-cleared lung sections stained with CK8 and counter-
stained with DAPI. Scale bar, 100 µm.  

d. Fluorescence stereo micrographs of brain micro-metastases in MCF-7 intraductal 
xenografts-bearing mice. Scale bars, 1 mm.  

e. Fluorescence micrographs of fat-cleared brain sections from MCF-7 intraductal 
xenografts in NSG.GFP+ mice. Arrow points to MCF-7 cells. Scale bar, 50 µm.  

f. Depth-coded 3D reconstruction of brain micro-metastases in fat-cleared brain sec-
tions with bioluminescence > 107p/sec/cm2/sr from MCF-7 intraductal xenograft-
bearing mice. Scale bar, 100 µm. Color code represents the Z-stacks.  

g. Single Z section from the hyperstack in (f) stained with CK8. Arrows point to cellular 
protrusions. Scale bar, 100 µm.  
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2.7 Dormant DTCs have EMT features  

Individual lung DTCs lost their characteristic epithelial morphology and displayed mesen-

chymal-like features (Figure 17a). Quantification of the cellular aspect ratio (AsR) (major 

axis:minor axis) of matched primary tumor cells and lung DTCs showed that the percent-

age of cells with AsR>1.7, indicative of a mesenchymal-like state (Figure 17b) (O’Connor 

and Gomez, 2013), increased from 10-15% in primary tumors to 40-50% in the lungs (Fig-

ure 17c). To address whether DTCs underwent an EMT, we analyzed E-cad protein levels 

by IF and quantified fluorescence intensity on ImageJ. E-cad expression was readily de-

tected in the primary intraductal xenografts of MCF-7, T47D, and METS15 cells and re-

duced by > 90% in matched lung DTCs (Figure 17d,e). Next, we micro-dissected fluores-

cent lesions in brain, lungs, and liver, isolated RNA and compared the CDH1 mRNA ex-

pression to that of the respective primary tumors using human-specific primers. Semi-

quantitative RT-PCR (qRT-PCR) analysis showed an 81%, 56%, and 78% down modula-

tion of CDH1 transcript levels in the brain, lung, and liver lesions, respectively (Figure 17f). 

MKI67 transcript levels were reduced by 80%, 45%, and 70% (Figure 17g), in line with the 

IF data on lung DTCs (Figure 13d,e). Transcript levels of the canonical EMT-transcription 

factors (TFs), ZEB1, ZEB2, and the mesenchymal intermediate filament VIM increased 46-

, 77-, and 46-fold, respectively in lung lesions (Figure 17h). SNAI2 and TWIST1 mRNA 

expression levels were not significantly increased while SNAI1 expression was down 

modulated 2.3-fold (P<0.05) (Figure 17h). ZEB1, ZEB2, and VIM transcript levels were 

also up-regulated in brain DTCs (P<0.05) (Figure 17i). In the 3 liver lesions we isolated 

only VIM transcripts were significantly up-regulated (P<0.05). ZEB1 and ZEB2 showed a 

trend (P<0.12 and P<0.25, respectively) (Figure 17j). Similarly, lung micro-metastases 

from ER+ PDX METS15 showed a decrease in MKI67 and CDH1 transcript levels by 80 

and 57%, while ZEB1, ZEB2, and VIM transcript levels were increased 3.2-, 14.6-, and 
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67.9-fold, respectively (P<0.01, P<0.01, and P=0.052) (Figure 17k). CDH2, SNAI1, SNAI2, 

and TWIST1 transcripts were not detected in either site. In TN BT20 and HCC1806 xeno-

grafted cells, MKI67, CDH1, SNAI2, VIM, and TWIST-1 transcript levels were comparable 

at matched primary site and the lungs (Figure 17l). ZEB1 and ZEB2 transcripts were up-

regulated in BT20 lung metastatic cells but only 8.2 and 10-fold, respectively (P<0.05 and 

P<0.01, respectively) (Figure 17l), while SNAI1 was up-regulated by 3.4-fold in HCC1806 

lung metastatic cells (P<0.05) (Figure 17l). Thus, mesenchymal morphology and increased 

expression of EMT markers are specifically observed in ER+ DTCs.  
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Figure 17. Dormant DTCs from ER+ intraductal xenografts have an EMT signature.  

a. CK-8 staining on optically-cleared sections of METS15 tumors cells in host’s lungs. Scale 
bar, 10 µm.  

b. Representative masks representing different aspect-ratio (AR) with respect to the morphol-
ogy  

c. Percentage of cells with AR > 1.7, representing mesenchymal-like cells in matched primary 
and lung metastatic cells from ER+ intraductal xenografts-bearing mice.  

d. Relative E-cad intensity (Int.) in matched primary and lung metastatic cells from MCF-7, 
T47D, and METS15 intraductal xenografts-bearing mice. E-cad intensity was quantified 
from IHC sections of matched primary and lung metastatic cells using the corrected total 
cell fluorescence formula. Data represent mean ± SD from 3 mice. Paired Student t-test.  
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e. Representative immunofluorescence micrographs for CK8 (green), E-cad (red), counter-
stained with DAPI (blue) on primary tumor and lung sections from MCF-7, T47D, and 
METS15-bearing mice. Scale bars, 50 µm.  

f. Relative CDH1 and  
g. MKI67 mRNA ex pression (Exp.) levels in MCF-7 cells of the primary tumor (8 mice), or in 

the lung (n=8), brain (n=4), and liver (n=3) DTCs. Data represent mean ± SD. One-way 
ANOVA.  

h. Relative mRNA expression levels in matched MCF-7 primary and lung DTCs (n=8), normal-
ized to the geometric mean of GAPDH and HPRT. Paired t-test.  

i. Relative mRNA expression levels in matched primary and brain (f) n=4 and j. liver DTCs 
n=3. Paired t-test.  

j. Relative mRNA expression levels in matched METS-15 primary and lung DTCs (n=5), nor-
malized to the geometric mean of GAPDH and HPRT 

k. Relative mRNA expression levels in matched BT20 and HCC1806 primary and lung metas-
tases from 3 mice. Paired t-test. *, **, ***, ****, and n.s. represent P<0.05, 0.01, 0.001, 
0.0001, and not significant, respectively. 
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2.8 EMT at the primary site  

There have been conflicting reports about the role of EMT in BC progression since the 

seminal report that an EMT-induced stem cell state is required for metastasis (Mani et al., 

2008). On one hand, EMT was shown to pre-exist in a subset of cells of the primary tumor 

and to favor metastasis (Lawson et al., 2015; Pastushenko et al., 2018; Rios et al., 2019) 

on the other hand, evidence was provided that E-cad expression is required for metastatic 

seeding but is down-modulated during invasion (Harper et al., 2016; Hugo et al., 2017b; 

Onder et al., 2008; Padmanaban et al., 2019). To assess EMT during tumor progression in 

the ER+ MCF7 MIND model, we first compared the expression levels of CDH1 and EMT-

TFs at 1 month after injection when the primary tumors are in situ versus 6 months after 

engraftment when they are invasive (Figure 18a). CDH1, ZEB1, and VIM transcript levels 

were not altered (Figure 18b), ZEB2 levels were down-modulated by 50% (P<0.05), while 

TWIST1 and SNAI2 levels were upregulated 15.6 and 8.6-fold (P<0.01 and P<0.05), re-

spectively (Figure 18b). IF showed that MCF-7 cells similarly retained the high levels of E-

cad protein expression characteristic of the in situ stage in invasive parts of tumor (Figure 

18c). Hence, contrary to the widely used GEMM, MMTV-PyMT, invasion does not entail 

down modulation of E-cad expression and/or an EMT.  

 

 

 

 



 Results  

 79 

 

 

Figure 18. Role of EMT in ER+ tumor progression.  

a. Representative H&E micrographs of in situ (1 month after injection) and invasive (5-
6 months after injection) MCF-7 intraductal xenografts, scale bars, 100 µm.  

b. Relative mRNA expression levels of the selected genes in in situ and invasive MCF-
7 intraductal xenografts, normalized to the geometric mean of GAPDH and TBP. 
Data represent mean ± SD from 6 glands in 3 mice, Non-parametric Mann Whitney 
test.  

c. Representative IF micrographs of E-cad in in situ and invasive MCF-7 intraductal 
xenografts. Nuclei were counterstained with DAPI, scale bars, 50 µm. *, **, and n.s 
represent P<0.05, 0.01, and not significant, respectively. 
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2.9 Characterization of EMT-like cells in vitro  

To test functionally whether EMT favors the metastatic spread of ER+ BC cells, we in-

duced EMT in two ways; in the first, we down-modulated CDH1 expression, in the second, 

we overexpressed ZEB1 in MCF7 cells. Short hairpin-mediated knock-down (KD) of CDH1 

(shCDH1) in MCF7 cells was validated by Western blot (Figure 19a). Sh-Scramble 

(shSCR) MCF-7 cells showed characteristic cobblestone morphology whereas shCDH1 

cells appeared as either single round cells or spindle shaped cells, and had reduced cell-

cell junctions (Figure 19b). Furthermore, the proliferation of shCDH1 cells was reduced by 

65% compared to shSCR cells (Figure 19c). At the molecular level, expression levels of 

pertinent EMT genes were altered with a 2.5-fold increase in ZEB1 (P<0.01) and a 7-fold 

increase in SNAI2 (P=0.067) transcript levels (Figure 19d). E-cad KD had no effect on the 

expression of the cadherin family members, CDH2 and CDH3, nor of the HRs (Figure 

19d). ZEB1 overexpression reduced the protein levels of E-cad and ER (Figure 19e), re-

sulted in a mesenchymal morphology (Figure 19f), and reduced the proliferation of MCF-7 

cells (Figure 19g). SNAI2 and CDH2 were significantly up-regulated by 4.8 and 6.7-fold, 

respectively (Figure 19h), while CDH1, CDH3, ESR1, and its downstream effector PgR, 

were significantly down-modulated (Figure 19h). Thus, E-cad KD and ZEB1 overexpres-

sion both induce EMT as defined in the recent guidelines on EMT criteria (Yang et al., 

2020), with Zeb1 being a more potent inducer in vitro.  
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Figure 19. In vitro EMT characterization. 

a. Representative Western blot of total cell lysates from in vitro MCF-7 cells trans-
duced with either shSCR or shCDH1-encoding lentiviruses and probed for E-cad 
and Lamin B1 from 4 biological replicates.  

b. Phase contrast micrograph of shSCR and shCDH1 MCF-7 cells. Scale bar, 50 µm. 
c. Relative proliferation (%) of shSCR and shCDH1 day 3 after seeding assessed by 

MTT assay. Data represent mean ± SD of 4 different biological replicates. Unpaired 
Student t-test. 

d. Relative mRNA expression levels of the shown genes in shSCR and shCDH1 MCF-
7 cells, 3. Data represent mean ± SD normalized to the geometric mean of GAPDH 
and TBP. Unpaired Student t-test. 

e. Western blot of Zeb1, E-cad, ER, and Lamin B1 in vector and MCF-7- ZEB1 cells.  
f. Representative phase contrast micrograph of vector and ZEB1 MCF-7 cells. Scale 

bar, 50 µm. 
g. Fold-change absorbance of Vector and MCF-7- ZEB1 cells over time. Data repre-

sent mean of 3 biological replicates ± SD. Unpaired Student t-test. 
h. Relative mRNA expression levels of the shown genes in vector and ZEB1 MCF-7 

cells, 3-4 biological replicates. Data represent mean ± SD normalized to the geo-
metric mean of GAPDH and TBP.  Unpaired Student t-test. *, **,***,****, and n.s, 
represent P<0.05, 0.01, 0.001, 0.0001, and not significant.  
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2.10 EMT through E-cad down-modulation halts MCF-7 tumor progression 

When MCF-7:shCDH1 cells were grafted intraductally, they grew approximately 3.5-fold 

less than the MCF-7:shSCR controls (Figure 20a,b) and mammary gland weight at end-

point was reduced by 73% (P<0.0001) (Figure 20c). Carmine alum whole mounts revealed 

that shSCR cells efficiently filled and distended the entire ductal tree; in contrast, shCDH1 

cells failed to displace all murine host luminal cells and showed a clear propensity to colo-

nize the tip the ducts where they formed grape-like structures, reminiscent of the CDH1mut 

lobular carcinoma cells, MDA-MB-134, in intraductal xenografts (Figure 20d-f). At sacrifice, 

E-cad expression in the xenografts was 75% reduced by Western blot and IHC (Figure 

20g,h), and ZEB1 was significantly up-regulated (P<0.0001) in MCF-7:shCDH1 intraductal 

xenografts (Figure 20i). Ki67 and pHH3 proliferation indices were decreased by 30 and 

75% in MCF-7:shCDH1 compared to MCF-7:shSCR grafts, respectively (Figure 20j). Anal-

ysis of H&E stained sections showed that MCF-7:shSCR cells invaded the stroma where-

as the MCF-7:shCDH1 cells remained mostly in situ (Figure 20k). Enhanced deposition of 

fibrillar collagen around ducts in shCDH1 intraductal xenografts was evident by picrosirius 

red staining, in line with the EMT phenotype and reminiscent of lobular carcinoma xeno-

grafts (Figure 20l) (Sflomos et al., 2021). The micro-metastatic load in distant organs of 

mice engrafted with MCF-7:shCDH1 cells was approximately 10% of that of mice with 

MCF-7:shSCR intraductal xenografts (Figure 20m,n). To exclude that the decreased met-

astatic burden merely reflects decreased primary tumor growth, we performed a paired 

analysis of the micro-metastatic burden of mice with similar tumor burden at end-point. In 

these mice, the micro-metastatic load in the brain, lungs, liver, and bones was reduced by 

90% (Figure 20o). To exclude potential systemic effects of the genetically different tumor 

cells on the host organism, we contralaterally grafted MCF-7:shSCR:GFP and MCF-

7:shCDH1:RFP cells (Figure 20p). The number of shCDH1: RFP+ lung foci was 8-fold 
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lower than GFP+ ones and the total RFP+ area 15-fold smaller than the respective GFP+ 

area (Figure 20q,r). Thus, E-cad is required for disease progression of MCF-7 BC cells in 

vivo.  
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Figure 20. Role of E-cad in MCF-7 tumor progression in vivo.  
a. Graph showing the fold change radiance over time of MCF-7 shSCR and shCDH1 

in intraductal xenografts, data represent mean ± SEM of 20 and 19 xenograft 
glands, respectively, 5 mice for each group. Two-way ANOVA, multiple compari-
sons.  

b. Relative fold change radiance, n= 52 shSCR and 51 shCDH1 MCF-7 xenograft 
glands, total of 28 mice. Data represent mean ± SD, unpaired Student t-test.  

c. Weight of glands xenografted with either shSCR or shCDH1 MCF-7 cells at end-
point from 46 shSCR and 43 shCDH1 xenograft glands, total of 25 mice. Data rep-
resent mean ± SD, unpaired Student t-test  

d. Carmine alum whole mount stereomicrographs of 3 month-injected shSCR, 
shCDH1, and uninjected mammary glands from 3 mice. Scale bar, 0.5 mm.  

e. Representative fluorescent stereo micrographs of shSCR and shCDH1-injected 
glands 1 week after injection. Scale bar, 1 mm.  

f. Representative fluorescent stereo micrographs of MDA-MB-134 and MCF-7 
shCDH1 xenograft glands (n=4). Red cells were injected in NSG-eGFP female 
mice. Scale bar, 1 mm.  

g. Relative E-cad expression levels by Western blot in 12 shSCR and shCDH1 xeno-
graft glands from at least 5 mice. Student unpaired t-test.  

h. Representative IF of E-cad staining in shSCR and shCDH1 xenograft glands from 
contralateral mice (n=4). Nuclei are counterstained with DAPI. Scale bar, 100 µm.  

i. Relative mRNA expression levels on selected genes in 5 contralateral shSCR and 
shCDH1 xenograft glands, normalized to the geometric mean of GAPDH and TBP. 
Paired t-test.  

j. Percentage of Ki67 and pHH3-positive cells and their represe in contralaterally-
engrafted shSCR and shCDH1 and their representative IFs. Scale bar, 100 µm. 



 Results  

 85 

Each dot represents at least 100 cells per analyzed image, 4 mice. Paired Student 
t-test.  

k. Representative H&E and  
l. Picro Sirius red staining micrographs from shSCR and shCDH1 xenograft glands. 

Scale bars, 200 µm.  
m. Relative fold change in ex vivo organ radiance in 7 shSCR and 8 shCDH1 tumor-

bearing mice. Data represent mean ± SD, multiple t-tests. Multiple t-tests.  
n. Relative micro-metastatic burden in 7 shSCR and 8 shCDH1 tumor-bearing mice. 

Each dot represents a single organ, dashed line represents the median and dotted 
lines the lower and upper quartiles. Unpaired Student t-test.  

o. Relative fold change in ex vivo organ radiance from 5 WT and 5 shCDH1 tumor-
bearing mice with similar radiance at end-point. Data represent mean ± SD, multiple 
t-tests.  

p. Scheme showing the contra lateral engraftment of green shSCR (left) and red 
shCDH1 (right) MCF-7 cells.  

q. Quantification of total red and green lung foci and their  
r. %Area occupied in shSCR and shCDH1-bearing mice. Data represent mean ± SD 

of 20 lobes from 4 mice. Data represent mean ± SD, paired t-test. *,**,***,****, and 
n.s, represent P<0.05, 0.01, 0.001, 0.0001, and not significant. 
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2.11 The proliferation defect in E-cadLOW MCF-7 is cell-intrinsic  

To address whether the observed proliferation defect in EcadLOW cells could be rescued by 

the EcadHigh cells, we mixed (i) MCF-7:shSCR-GFP with MCF-7:shCDH1-RFP cells, and 

(ii) MCF-7:shSCR-GFP with MCF-7:shSCR-RFP in a 1:1 ratio, and contralaterally engraft-

ed the mixes in individual mice (Figure 21a). Expectedly, mixing shSCR-GFP with shSCR-

RFP cells resulted in mosaic glands (Figure 21b) where cells co-filled the ducts and main-

tained the same ratio 2 months after injection based on total fluorescence intensity (Figure 

21c). However, mixing shSCR-GFP with shCDH1-RFP cells mixture resulted in a predom-

inant colonization of shCDH1-RFP cells to the tips of the ducts (Figure 21b), which grew 6-

fold less than shSCR-GFP cells (Figure 21c). We validated that the observed phenotype is 

due to E-cad downregulation by IHC (Figure 21d), and compared the number of GFP+ to 

RFP+ cells in both contralateral tumor bearing-mammary glands. Expectedly, the ratio of 

GFP+/RFP+ in the shSCR-GFP x shSCR-RFP mixture remained almost 1, and increased 

to 6.5 in the shSCR-GFP x shCDH1-RFP mixture (Figure 21e,f). Altogether, our findings 

indicate that the proliferation defect observed in shCDH1 cells is cell-intrinsic and cannot 

be rescued by paracrine factors from shSCR cells.  
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Figure 21. The prolifation defect observed upon CDH1 knock-down is cell-intrinsic.  

a. Scheme representing the contralateral mixture in NSG mice.  
b. Fluorescent stereoscope photograph of left and right mixtures. Scale bar, 1 mm.  
c. Bar plot showing the Ratio of total green fluorescence (GF) to red fluorescence (RF) 

in left and right mixtures. Data represent mean ± SD of 6 glands from 3 mice.  
d. Representative immunofluorescence micrographs for RFP (red), E-cad (white), 

counterstained with DAPI (blue) on left and right mixtures. Scale bars, 50 µm.  
e. Bar plot showing the ratio of GFP to RFP positive cells. Data represent mean ± SD 

of 3 glands in 3 mice.  
f. Representative immunofluorescence micrographs for RFP (red), turbo-GFP (tGFP, 

green), counterstained with DAPI (blue) in glands from left and right mixtures. Scale 
bars, 50 µm. ** and **** represent P<0.01 and 0.0001, respectively.  
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2.12 EMT, through Zeb1 overexpression, halts MCF-7 tumor progression 

MCF-7:ZEB1 xenografts grew 2-fold less than MCF-7:Vector xenografts (Figure 22a) and 

the corresponding xenografted glands weighed 1.5-fold less than their controls (P<0.05) 

(Figure 22b) when host mice were sacrificed at 4 months. While control cells filled and dis-

tended most of the ductal tree 1 month after intraductal injection, ZEB1-overexpressing 

cells failed to do so and seemingly colonized the tip of the ducts (Figure 22c). H&E stain-

ing revealed that control cells filled the lumen of the ducts and formed in situ tumors (Fig-

ure 22d). In contrast, the ducts grafted with ZEB1-overexpressing cells were partially filled 

(Figure 22d). Noticeably, the basement membrane and ECM around mouse ducts filled 

with ZEB1-overexpressing tumor cells were thicker compared to control ducts. Increased 

collagen I deposition and fibrillar collagen was evident by IF and picrosirius red staining, 

respectively, in MCF-7:ZEB1 xenografts (Figure 22e,f). 4 months after injection, most of 

MCF-7:Vector grafts were invasive, and MCF-7:ZEB1 grafts showed uneven outgrowths 

within the mammary gland (Figure 22g). Histological examination revealed that control 

cells invaded the muscle tissue adjacent to the thoracic mammary gland, whereas ZEB1-

overexpressing cells remained in situ with occasional microinvasion foci (Figure 22h). 

ZEB1 overexpression drastically reduced the seeding to the lungs (Figure 22i), and the 

overall micro-metastatic burden by 90% (Figure 22j). 
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Figure 22. EMT through ZEB1 overexpression impinges on MCF-7 growth and me-
tastasis. 

a. Graph showing the fold change radiance over time of Vector and ZEB1-
overexpressing MCF-7 cells in intraductal xenografts, data represent mean ± SEM 
of 16 xenograft glands from 4 mice each. Two-way ANOVA, multiple comparisons.  

b. Weight of xenograft glands at end-point. Data represent mean ± SD, unpaired Stu-
dent t-test.  

c. Representative fluorescent stereo micrographs of MCF-7 Vector and ZEB1 overex-
pression 1 month after intraductal injection. Scale bar, 1 mm.  

d. Representative H&E of MCF-7 Vector and ZEB1 xenograft glands 1 month after in-
jection. Arrows point to collagen deposition. Scale bar, 50 µm.  

e. IF of Collagen I staining in Vector and ZEB1 xenograft glands 1 month after injec-
tion. Scale bar 100 µm. 

f. Picrosirius red staining in Vector and ZEB1 xenograft glands 1 month after injection. 
Scale bar, 100 µm. 

g. Representative fluorescent stereo micrographs of MCF-7 Vector and ZEB1 overex-
pression 4 months after intraductal injection. Scale bar, 1 mm.  

h. Representative H&E of MCF-7 Vector and ZEB1 xenograft glands 4 months after in-
jection. Scale bar 100 µm. Arrows point to skeletal muscle invasion. 

i. Representative fluorescent stereo micrographs of lung lobes from MCF-7 Vector 
and ZEB1 overexpression-bearing mice. Scale bar, 1 mm. 

j. Violin plot of the relative micro-metastatic burden in 4 mice from each condition. 
Student unpaired t-test. ** and *** represent P<0.01, and 0.001, respectively. 
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2.13 E-cad is required for the metastasis of ER+ PDX  

To assess whether our finding that EMT does not favor tumor progression in MCF-7 cells 

extends to other ER+ BC models, we down-modulated E-cad expression in the ER+ 

PDXs, T99 and METS15. E-cad down modulation reduced in vivo growth of T99 and 

METS15 cells (Figure 23a,b) and the corresponding mammary gland weight at end-point 

(Figure 23c). qRT-PCR analysis revealed a 77 and 33% down modulation in CDH1 levels 

in the xenografted glands from T99 and METS15-bearing mice, respectively (Figure 23d). 

While T99 and METS15:shSCR cells filled and distended the ducts, shCDH1 cells failed to 

fill the entire mammary ductal tree and preferentially colonized to the tips of the ducts (Fig-

ure 23e-g). Furthermore, E-cad down-modulation reduced tumor invasion (Figure 23h), 

and the micro-metastatic burden in different organs of both ER+ PDXs (Figure 23i,j). Of 

note, the reduction in metastasis correlated with the down-modulation of CDH1 observed 

in T99 and METS15. Together these data indicate that E-cad is required for metastasis in 

ER+ BC. 
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Figure 23. EMT through CDH1 down-modulation does not promote ER+ PDX metas-
tasis. 

a. Growth curve of intraductal T99 and METS15 shSCR or shCDH1. For T99, data 
represent mean ± SEM of 16 xenograft glands for each shSCR and shCDH1 
groups, and 16 and 20 xenograft glands for METS15, respectively. Two-way ANO-
VA.  

b. Relative fold change radiance pooled from 28 shSCR and 34 shCDH1 T99 xeno-
graft glands (n=8 and 9 mice, respectively), and 43 shSCR and 47 shCDH1 
METS15 xenograft glands (n=9 mice for both). Data represent mean ± SD, unpaired 
Student t-test.  

c. Weight of xenograft glands at end-point. Data represent mean ± SD, unpaired Stu-
dent t-test.  

d. Relative CDH1 expression in 3 T99 shSCR and shCDH1 intraductal xenografts and 
4 METS15 shSCR and shCDH1. Data represent mean ± SD normalized to GAPDH. 
Unpaired Student t-test.  

e. Representative fluorescent stereo micrographs of T99 and  
f. METS15 shSCR and shCDH1 xenograft glands. Scale bar, 1 mm.  
g. Carmine alum whole mount stereomicrographs of 4 month-injected T99 shSCR and 

shCDH1. Scale bar, 1 mm.  
h. Representative H&E of T99 shSCR and shCDH1 xenograft glands. Scale bar, 200 

µm.  
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i. Relative fold change in ex vivo organ radiance in 8 shSCR and 9 shCDH1 T99 xen-
ografts, and 9 shSCR and 9 shCDH1 METS15 xenografts, Data represent mean ± 
SD, multiple t-tests.  

j. Relative micrometastatic burden in T99 and METS15 intraductal xenografts-bearing 
mice. Each dot represents a single organ. Unpaired Student t-test. *,**,****, and n.s. 
represent P<0.05, 0.01,0.0001, and not significant, respectively.  
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2.14 EMT, through Zeb1 overexpression, halts T99-PDX metastasis  

Ectopic ZEB1 expression reduced T99 intraductal growth by 3-fold, (Figure 24a), the 

weight of xenografted glands (Figure 24b), and metastasis, particularly in the lungs and 

bones of host mice (Figure 24c,d). Therefore, EMT, as induced by CDH1 down-modulation 

or ZEB1 overexpression, does not favor tumor progression nor metastasis of ER+ BC cells 

suggesting that the EMT observed in DTCs is induced after tumor cells leave the primary 

tumor, likely at the distant sites.  

 
Figure 24. Zeb1 upregulation impinges on the growth and metastasis of ER+ PDX 
T99. 

a. Growth curve of Vector and ZEB1-overexpressing T99 intraductal xenografts. Data 
represent mean ± SEM of 15 and 18 xenograft glands, respectively. Two-way 
ANOVA. 

b. Mammary gland weight at end-point of T99 Vector and ZEB1 intraductal xenografts. 
Data represent mean ± SD of 15 and 18 xenograft glands, respectively. Unpaired 
Student t-test.  

c. Relative fold change in ex vivo organ radiance in 4 Vector and 5 ZEB1-
overexpressing T99 xenografts-bearing mice, respectively. Multiple t-tests.  

d. Violin plot of the relative micro-metastatic burden in the lungs and bones from 4 
Vector and 5 ZEB1-overexpressing T99 xenografts-bearing mice. Dashed line rep-
resents the median and dotted lines the lower and upper quartiles. Unpaired Stu-
dent t-test. *, ***, and n.s represent P<0.05, 0.001, and not significant, respectively. 
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2.15 Awakening dormant DTCs in vitro  

Our finding that EMT specifically characterizes dormancy prompted us to ask whether a 

MET may reactivate proliferation, overcome dormancy and cause metastatic progression. 

To address this question, we dissociated mammary glands and lungs from MCF7:RFP in 

NSG-EGFP mice to single cells, cultured them in 2D and applied drug selection to avoid 

overgrowth of the abundant mouse cells. The lung metastatic MCF-7:RFP+ cells pre-

served their mesenchymal morphology and grew slowly (Figure 25a). After 2-3 months in 

culture, the MCF-7:RFP+ cells gradually resumed proliferation, and formed epithelial islets 

(Figure 25a). In contrast, MCF-7:RFP+ derived from the primary tumor did not go through 

a latency phase and were confluent by 1-2 weeks of in vitro culture (Figure 25b). The 

CDH1 transcripts levels were restored and expression of EMT-TFs suppressed (Figure 

25c,d), consistent with the hypothesis that a MET results in awakening from dormancy. 
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Figure 25. Awakening of dormant DTCs ex vivo.  

a. Ex vivo culture of GFP+ murine cells and RFP+ MCF7 lung DTCs after lung disso-
ciation 3 days and 2 months after plating and  

b. primary tumor cells 3 and 10 days after plating. Scale bar, 200 µm.  
c. Relative mRNA expression levels of selected genes in in vitro cultured primary, 

lung, and brain MCF-7 metastatic cells mice normalized to GAPDH. Data represent 
mean ± SD from n=3 control, 4 lung, and 2 brain replicates.  

d. Summary of the relative expression levels of CDH1 (left) and ZEB1 (right) in intra-
ductally grafted MCF7 cells either in situ, invasive, DTCs, or after 2 months of in 
vitro culture. Data represent mean ± SD. EMT: Epithelial-Mesenchymal Transition; 
MET: Mesenchymal-Epithelial Transition.  
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2.16 E-cad overexpression impinges on the growth of MCF-7 in vivo 

To address whether restoration of E-cad levels is sufficient to awaken dormant DTCs in 

vivo, we overexpressed E-cad in MCF-7 cells (Figure 26a). In vivo radiance one day after 

intraductal engraftment was 2-fold higher in glands engrafted with MCF-7:CDH1 cells 

compared to control grafts suggesting that E-cad favors tumor cell survival and/or en-

graftment in the mouse milk ducts (Figure 26b). Unexpectedly, overexpression of E-cad 

resulted in 2.5-fold decrease in tumor growth rates, despite comparable radiance at end-

point (Figure 26c). Glands with CDH1-overexpressing MCF-7 intraductal xenografts 

weighed 70% of control group (0.7 vs 1 g, p<0.01) (Figure 26d). We validated CDH1 over-

expression in vivo by qPCR at the experimental endpoint and noted an 8-fold increase 

comparable to what was observed in vitro (Figure 26e). Ex vivo radiance measurements 

on resected organs revealed a 10-fold decrease in the signal from the lungs of CDH1-

overexpressing MCF-7 bearing mice (P<0.05) (Figure 26f), however, the overall micro-

metastatic burden was not significantly altered, despite the striking decrease in prolifera-

tion (Figure 26g). One out of the 4 analyzed CDH1-overexpressing MCF-7-bearing mice 

displayed a lung lesion > 500 µm in diameter, which we never observed at this time in con-

trol mice (Figure 26h) or in all the analyzed MCF-7 intraductal xenografts-bearing mice so 

far (n>50 mice). This pointed to the possibility that E-cad expression may enable exit from 

dormancy. 
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Figure 26. E-cad overexpression affects the engraftment and growth of MCF-7, and 
results in big metastatic lesions. 

a. Western blot validation and quantification of E-cad overexpression in PLX304 (vec-
tor) and PLXCDH1 MCF-7 cells. 

b. Radiance values on Day 1 after intraductal injection of control (PLX304) and CDH1-
overexpressing (PLXCDH1). Data represent mean ±SD of 17 and 16 xenografted 
glands, respectively in 5 and 4 mice, respectively. Unpaired Student t-test.  

c. Radiance measurements and fold change radiance growth curve of PLX304 and 
PLXCDH1- MCF-7 cells in 5 and 4 mice, respectively. Data represent mean ± SEM 
of 17 control and 16 CDH1-overexpressing intraductal xenografts from 5 and 4 
mice, respectively.  

d. Mammary gland weight at end-point of PLX304 and CDH1 overexpression intraduc-
tal xenografts. Data represent mean ± SD of 17 and 16 xenograft glands, respec-
tively. Unpaired Student t-test.  

e. Relative CDH1 levels in 5 tumors from PLX304 and PLXCDH1-bearing mice. Data 
represent mean ± SD normalized to GAPDH. Unpaired Student t-test.  

f. Relative fold change in ex vivo organ radiance in 5 PLX304 and 4 CDH1 overex-
pression tumor-bearing mice. Data represent mean ± SD, multiple t-tests. Multiple t-
tests.  

g. Violin plot showing the relative micro-metastatic burden in PLX304 and PLXCDH1-
bearing mice.  

h. Fluorescence stereo micrographs of lung lesions in PLX304 and PLXCDH1-bearing 
mice. Arrow points at a lesion > 500 µm. Scale bar, 500 µm. *, **, ***, ***, and n.s 
represent P<0.05, 0.01, 0.001, 0.0001, and not significant, respectively. 
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2.17 Establishing an inducible system for E-cad overexpression 

Since the effects of E-cad overexpression on engraftment and in vivo growth of MCF-7 

cells at the primary tumor site may confound the interpretation of the resulting micro-

metastatic burden, we used a DOX inducible E-cad vector (E-cadIND) (Figure 27a). Five 

months after engraftment of MCF-7:E-cadIND cells, a subgroup of mice was switched to 

DOX-containing chow for 2-3 months (Figure 27b). Radiance and weight of mammary 

glands at sacrifice were significantly reduced in the DOX-induced group (P<0.01) (Figure 

27c,d). Next, we validated induction of CDH1 at the primary site by qRT-PCR and quanti-

fied E-cad intensity by IF, and noted a 5.5 and 2.3-fold increase, respectively (Figure 

27e,f). 

 
Figure 27. Validation of successful induction of E-cad in vivo. 

a. Western blot validation of E-cad induction with or without 2 µg/ml of DOX in vitro. 
b. Experimental scheme of the intraductal injection of MCF-7:RFP-luc:E-cadIND. 
c. Relative radiance and  
d. weight of 20 xenografted glands from 9 (-DOX) and 9 (+DOX) mice. Data represent 

mean ± SD. Unpaired Student t-test.  
e. Relative CDH1 mRNA expression levels in ± DOX-treated mice n=4 glands from 3 

mice. Data represent mean ± SD normalized to GAPDH. Unpaired Student t-test 
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f. Quantification of E-cad intensity in mammary glands from ± DOX-treated mice. Data 
represent mean ± SD. Unpaired Student t-test. ** and ****, represent P<0.01 and 
p<0.0001, respectively.  
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2.18 E-cad restoration increases the metastatic burden  

Metastasis to the brain, lung, liver, and bones increased by 1.6, 9.9, 1.25, and 3-fold in the 

brain, lung, liver and bones, respectively, and the overall micro-metastatic burden in-

creased by 4-fold upon E-cad induction (Figure 28a,b). To assess whether the increased 

lung radiance was due to increased seeding of CTCs or an increase in size of individual 

lesions, we measured the micro-metastases by fluorescence stereo microscopy and histo-

logical analysis. CDH1 induction increased the average area of foci detected on fluores-

cence stereo microscopy by 4.5-fold (P<0.0001) (Figure 28c,d). Similarly, quantitative im-

age analysis by ImageJ of lung lesions in H&E-stained sections revealed a 5.3 and 2.5-

fold increase in their area and diameter, respectively (Figure 28e,f). Thus, E-cad restora-

tion increases the size of the lung micro-metastases. 

 

 

 

 

 



 Results  

 101 

 
Figure 28. E-cad restoration increases metastasis and the size of lesions.  

a. Relative fold radiance in ex vivo organs from ± DOX-treated mice (n=17). Data rep-
resent mean ± SD. Unpaired Student t-test.  

b. Relative micrometastatic burden in all data points from n=17 mice.  
c. Fluorescence stereo micrographs of lung lesions in ± DOX treated mice. Scale bar, 

500 µm.  
d. Quantification of the area of lung lesions from mice treated with ± DOX n=9 mice.  
e. H&E staining of lung lesions from mice treated ± DOX n=4 mice. Scale bar, 100 µm. 
f. Quantification of the length and area of H&E-stained lung lesions from mice treated 

with ± DOX n=3 mice.  
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2.19 E-cad restoration increases the proliferation of DTCs   

Quantification of the E-cad intensity in lung micro-metastases from control and +DOX mice 

by ImageJ showed a 5.5-fold increase in protein expression in the lung micro-metastases 

upon DOX administration (Figure 29a,b). Furthermore, qRT-PCR on flash-frozen lungs 

from control and +DOX groups confirmed successful induction of CDH1 and revealed a 

2.8-fold increase in MKI67 expression levels (Figure 29c). Interestingly, CDH1 expression 

positively correlated with MKI67 expression (P<0.001) (Figure 29d), suggesting that E-cad 

restoration drives cell cycle entry and proliferation. Finally, we asked whether the increase 

in proliferation involved MET and assessed the expression levels of EMT-TFs by qRT-

PCR. We noted a significant decrease in CDH2 (P=0.01) and VIM (P=0.004) expression 

levels upon E-cad restoration (Figure 29e). ZEB2 and SNAI2 expression was also re-

duced, but did not reach statistical significance, while SNAI1 was not significantly different 

from control mice (Figure 29e). Of note, ZEB1 was not detected by qRT-PCR in flash fro-

zen lungs (cycle threshold>37). However, we assessed ZEB1 levels in control (PLX304) 

and CDH1 overexpressing MCF-7-bearing glands and noted a 30% decrease (P=0.09) 

(Figure 29f). Thus, E-cad overexpression is sufficient to drive DTCs out of dormancy pos-

sibly via MET.  
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Figure 29. E-cad restoration increases the proliferation of DTCs and decreases EMT.  

a. Representative immunofluorescence micrographs for E-cad (green), counterstained 
with DAPI (blue) in – and +DOX-treated mice. Scale bars, 50 µm.  

b. Quantification of the relative E-cad intensity. Data represent mean ± SD. Unpaired 
Student t-test.  

c. Relative CDH1 and MKI67 expression levels in flash-frozen lungs from ± DOX-
treated mice (n=6 and 7, respectively). Data represent mean ± SD normalized to 
GAPDH. Mann-Whitney test. 

d. Correlation between CDH1 and MKi67 epression levels in ± DOX-treated mice (n=6 
and 7, respectively). 

e. Relative CDH2, ZEB2, VIM, SNAI1, and SNAI2 expression levels in flash-frozen 
lungs from ± DOX-treated mice (n=5-7). Data represent mean ± SEM normalized to 
GAPDH. Mann-Whitney test. 

f. Relative ZEB1 expression levels in mammary glands xenografted with MCF-7 
PLX304 or PLXCDH1 cells at end-point (n=5). Data represent mean ± SD normal-
ized to GAPDH. Mann-Whitney test. *, **, ***, ***, and n.s represent P<0.05, 0.01, 
0.001, 0.0001, and not significant, respectively. 
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2.20 Zeb1 is not required for invasion/metatasis and its KD increases metas-

tasis  

Given that Zeb1 can bind to the promoter region of CDH1 and repress it (Comijn et al., 

2001), we asked whether down-modulating ZEB1 is sufficient to drive E-cad restora-

tion/MET, and consequently awakening from dormancy (Figure 30a). Down-modulation of 

ZEB1 increased MCF-7 tumor growth by 1.80-fold compared to shSCR cells (Figure 30b). 

At end point, shZEB1 xenografted glands weighed 1.5-fold more than shSCR (Figure 30c) 

and displayed more invasive foci (Figure 30d). A 3-fold increase in the ex vivo biolumines-

cence signal in the lungs shZEB1-bearing mice was noted (Figure 30e), but did not reach 

statistical significance due to the small cohort of mice. Similarly, down-modulation of ZEB1 

significantly accelerated the growth of T99 between 2 and 4 months, however, no differ-

ence was observed at end-point (Figure 30f) despite T99:shZEB1 glands weighing more 

than their controls (Figure 30g). Both shSCR and shZEB1-grafted mammary glands had 

multiple invasive foci (Figure 30h). Of note, a 1.8-fold increase in bone micro-metastasis 

was observed in T99 shZEB1 intraductal xenografts-bearing mice, but was not statistically 

significant (Figure 30i). These preliminary findings are encouraging to address whether 

ZEB1 down-modulation alone, or with other EMT-TFs namely, ZEB2 and VIM, is sufficient 

to awaken dormant DTCs.  
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Figure 30. Zeb1 is not required for metastasis but its knock-down increases the 
metastatic burden  

a. Scheme describing the generation of MCF-7 RFP-luc shSCR or shZEB1.  
b. Growth curve of MCF-7 shSCR and shZEB1 in intraductal xenografts, data repre-

sent mean ± SEM of 20 xenograft glands for both conditions, in 5 individual mice. 
Two-way ANOVA, multiple comparisons.  

c. Weight of xenograft glands. Data represent mean ± SD of 20 xenograft glands for 
both conditions, in 5 individual mice.  

d. Representative fluorescent stereomicrographs of shSCR and shZEB1 MCF-7 xeno-
graft glands (n=10). Scale bar, 1 mm.  

e. Relative fold change in ex vivo organ radiance in 5 shSCR and 5 shZEB1 MCF-7-
bearing mice. Data represent mean ± SD, multiple t-tests.  

f. Growth curve of T99 shSCR and shZEB1 in intraductal xenografts, data represent 
mean ± SEM of 16 and 11 xenograft glands, respectively. Two-way ANOVA, multi-
ple comparisons.  

g. Weight of mammary gland (MG). Data represent mean ± SD of 9 shSCR and 6 
shZEB1 xenograft glands from 3 and 2 mice, respectively.  

h. Representative fluorescent stereomicrographs of shSCR and shZEB1 T99 xeno-
graft glands (n=4). Scale bar, 1 mm.  

i. Relative fold change in ex vivo organ radiance in 3 shSCR and 3 shZEB1 PDX1-
bearing mice. Data represent mean ± SD, multiple t-tests. *, **, ***, ***, and n.s rep-
resent P<0.05, 0.01, 0.001, 0.0001, and not significant, respectively. 
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2.21 Pharmacological activation of EMT halts the proliferation of awakened 

lung DTCs in vitro 

Having established that EMT is specific to dormant DTCs and that E-cad restoration drives 

a proliferative state, we next asked whether promoting an EMT program inhibits the prolif-

eration of lung DTCs in vitro. We used the well-characterized EMT inducer TGF-b 

(Miettinen et al., 1994), monoclonal antibody targeting the ectodomain of E-cad (DECMA-

1) (Brouxhon et al., 2013), and Fulvestrant- which we and others have shown that it induc-

es EMT in ER+ BC (Creighton et al., 2009; Kastrati et al., 2020; Sflomos et al., 2016). 

Treatment with 3 or 10 ng/ml TGF-b reduced the number of colonies and the resulting ab-

sorbance by 80 and 75%, respectively (Figure 31a). DECMA-1 treatment had no effect on 

the total number of colonies but significantly reduced their area and the corresponding ab-

sorbance (Figure 31b). Fulvestrant alone significantly reduced the number, area, and crys-

tal violet absorbance of the colonies, while combination treatments with DECMA-1 and 

fulvestrant resulted in similar results to fulvestrant alone (Figure 31b). Thus, promoting 

EMT halts the proliferation of awakened lung metastatic cells.  
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Figure 31. EMT induction via TGF-b, DECMA-1, or Fulvestrant reduces the prolifera-
tion  

a. Crystal violet assay on vehicle, 3 and 10 ng/ml-treated ex vivo awakened MCF-7 
lung mets, and the quantification of the number of colonies and the relative absorb-
ance. Data represent mean ± SD from 2 independent experiments. One-way ANO-
VA. 

b. Crystal violet assay on vehicle, DECMA-1, Fulvestrant, and combination (DECMA-
1/Fulvestrant)-treated ex vivo awakened MCF-7 lung mets, and the quantification of 
the number of colonies, their area, and the relative absorbance. Data represent 
mean ± SD from 2 independent experiments. One-way ANOVA. *,**, and *** repre-
sent P<0.05, 0.01, and 0.001, respectively.  
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3 Discussion  
3.1 The mouse intraductal model allows the study of ER+ BC metastasis 

dormancy  

Early tumor cell dissemination and dormancy in ER+ BC represent important clinical chal-

lenges (Buell et al., 2004; Matser et al., 2018; Sänger et al., 2011). Our understanding of 

the mechanisms controlling these phenomena is limited for many reasons. First, isolated 

DTCs and small micro-metastatic lesions are difficult to find in patients as non-invasive 

clinical-imaging modalities are not sensitive enough to detect lesions smaller than 0.2 mm 

(Zhang, 2017). Second, obtaining biopsies from different organs at the time of tumorecto-

my/mastectomy is nearly impossible; only sentinel node biopsy and to a lesser extent, 

bone marrow aspirates, are evaluated for the presence or absence of DTCs, and are con-

sidered as prognostic factors but cannot predict whether cancer has spread to other or-

gans (Bundred, 2001; Diel et al., 1996; Woodward et al., 2006). Lastly, available pre-

clinical mouse models to study ER+ BC dormancy are limited and may not fully recapitu-

late the clinical scenario. In non-spontaneous xenograft models of breast cancer metastat-

ic dormancy such as the intracardiac, or intra-iliac mouse models, mice are supplemented 

with supra-physiological levels of ovarian hormones to induce the awakening/proliferation 

of cancer cells in distant organs (Ganapathy et al., 2012; Ogba et al., 2014). In these 

models, the critical in situ, invasive, and intravasation stages of the disease are all by-

passed (Ganapathy et al., 2012; Ogba et al., 2014; Wang et al., 2015) and the endocrine 

milieu does not mimic that of post-menopausal women in whom most breast cancer and 

recurrence occur.  
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Here, we provide evidence that intraductal xenografts of BC cells model early dissemina-

tion and the biology of metastasis, and provide new, unique opportunities to study ER+ BC 

dormancy. Similar to the clinical scenario, DTCs can be detected early during disease pro-

gression in both subtypes. Only TN DTCs can form macro-metastases whereas ER+ 

DTCs are arrested in the G0/G1 phase of the cell cycle, have low Ki67 index, and express 

the quiescence/dormancy marker p27 (Dent et al., 2007; Jatoi et al., 2011). The different 

proliferative indices of TN versus ER+ DTCs may provide an explanation for the success 

of chemotherapeutic agents in targeting proliferative DTCs and preventing recurrence in 

patients with TN BC. Generally, TN BC patients who have been disease-free for 5 years 

have low chances in experiencing recurrence over the subsequent 10 years (Reddy et al., 

2018). Conversely, ER+ BC patients do not benefit when DTCs in distant organs are qui-

escent, only more advanced and rapidly growing tumors will show benefit (Criscitiello et 

al., 2014). The finding that 30% of lung DTCs are cycling alludes to the presence of differ-

ent cellular states that can only be molecularly discerned by single-cell RNA sequencing 

(scRNAseq). We expect that the proliferating cellular cluster to be identified by genes re-

lated to epithelial differentiation or a hybrid Epithelial-Mesenchymal state. Hence, the 

mouse intraductal model offers the unprecedented opportunities to study and understand 

the mechanisms of tumor dormancy as lineage tracing, reporter labeling, DNA barcoding 

and other elegant clonal tracking techniques, are now amenable to experimental explora-

tion.  
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3.2 Is invasion the rate-limiting step in breast cancer metastasis ?  

The clinical and pre-clinical finding that dissemination happens early during tumor pro-

gression adds to the complexity of the metastatic process and suggests that invasion may 

not be the only precursor for metastasis, and that the earliest steps of metastasis occur 

during the pre-malignant lesions/in situ phase (Klein, 2020). In the intraductal model, the 

metastatic burden does not dramatically increase between the in situ (1 week) and inva-

sive (2 weeks) phases of TN tumor progression, even when multiple invasive foci are de-

tected at the primary site. Additionally, despite the occasional invasive foci in MCF-

7:shCDH1 grafts, metastasis was reduced. While the process of metastasis is extremely 

inefficient (Massagué and Obenauf, 2016), it is tempting to postulate that the fit cells i.e. 

metastasis initiating cells- are mostly found in pre-malignant/in situ tumors. This is in line 

with the observation that intravenously-injected normal mammary epithelial cells from 

C57BL6/J– or mammary epithelial cells bearing DOX-inducible MMTV-PyMT oncogenes 

(TetO-PyMT:IRES:Luc;MMTV-rtTA) persist in the lungs of Rag1-/- host mice (Podsypanina 

et al., 2008). In clinics, histopathological analysis of entire breasts from women who died 

of causes other than cancer revealed that 30% of women in their forties had DCIS or 

closely related precursor lesions (Nielsen et al., 1987).  
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3.3 The implication of E-cad and EMT in invasion and metastasis of ER+ BC  

Our results confirm previous reports that the epithelial differentiation state dictated by E-

cad expression is critical for tumor progression and metastasis in ER+ BC (Figure 23) 

(Dong et al., 2007; Hugo et al., 2017b; Kleer et al., 2001; Kowalski et al., 2003; 

Padmanaban et al., 2019). With the regards to the literature, we are aware that our data 

might contradict what has been previous reported in the field on the role of EMT in inva-

sion and metastasis, which remains controversial to date. However, most of our under-

standing of EMT in breast cancer development stems from work with GEMMs, which do 

not fully recapitulate the subtype diversity of the human disease as the resulting mammary 

carcinomas are mostly ER- (Green et al., 2000; Guy et al., 1992; Sinn et al., 1987), whilst 

dormancy is a characteristic of ER+ BC. It is also conceivable that the contradictory find-

ings on EMT in different BC models can be reconciled by differential requirements of BC 

subtypes, with the ER+ subtype long understudied due to the lack of pre-clinical models.  

The clinical relevance of EMT has been also questioned by pathologists who do not ob-

serve cells with mesenchymal features in their clinical practice (Tarin et al., 2005). Howev-

er, preclinical evidence from mammary and pancreatic carcinoma mouse models has 

come forward that EMT is a gradual and often partial process that escapes observation in 

clinical routine (Aiello et al., 2018; Kröger et al., 2019; Pastushenko et al., 2018). In other 

terms, carcinoma cells do not have to undergo the full spectrum of EMT, and a ‘hybrid’ or 

‘partial’ EMT (p-EMT) state is sufficient to drive metastasis. Such states are defined by co-

expression of epithelial markers (E-cad, Epcam, CK-8, and others) and mesenchymal 

markers (CK-14, CK-19, Vim, Twist-1, and others) (Jolly et al., 2015). Using scRNAseq in 

head and neck carcinoma, the group of Itay Tirosh has defined a p-EMT signature, and 

found that it correlates with lymph node metastasis, N stage, reduced survival, and therapy 

resistance (Puram et al., 2018; Tirosh et al., 2016). Interrogating that same p-EMT signa-
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ture in other cancer types (of interest, Luminal A and B breast carcinoma) revealed no cor-

relation with any clinical factors (unpublished work), suggesting that p-EMT may be (i) 

specific to some human cancer types, and (ii) not well defined in preclinical mouse models.  

3.4 Linking EMT to ER+ BC dormancy  

Recent findings demonstrated that E-cad expression persists in circulating tumor cells 

(CTCs) (Koch et al., 2020; Na et al., 2020) and actually increases their survival 

(Padmanaban et al., 2019), hence supporting our hypothesis that the observed EMT sig-

nature is induced at the distant sites. Increased expression of EMT-TFs in dormant ER+ 

mammary carcinoma cells was also observed in a mouse cell line model, the D20R cells, 2 

weeks after intravenous injection, and was shown to be induced by alveolar type-1 cells in 

the lung parenchyma in co-culture models (Montagner et al., 2020). Our findings together 

with those from Erik Sahai group seem to contradict findings on other subtypes of BC. For 

instance, early HER2+ DTCs activate EMT and dormancy genes at the primary site, result-

ing in early seeding and maintaintenance of dormancy at distant sites (Harper et al., 2016; 

Nobre, 2021). Similar findings were also reported in TNBC PDXs where a stem-cell pro-

gram was shown to drive metastasis (Lawson et al., 2015). Thus, the biology of ER+ BC 

metastasis is different compared to the HER2+ or TNBC subtype.  

The upregulation of SNAI2 and TWIST1 in invasive compared to in situ disease, is in line 

with previous findings that these factors are induced by the fat pad microenvironment as 

part of a basal differentiation program triggered by TGFβ-signaling (Sflomos et al., 2016). 

Thus, their elevated expression is likely a consequence of invasion and not causally relat-

ed to it. 

Our findings show that acquisition of EMT as cells establish themselves at distant sites 

impinges on the growth of ER+ BC cells, resulting in a dormant state that can be partially 

overcome upon E-cad restoration (Figure 32). The E-cad down-modulation observed in 
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dormant DTCs is most likely due to the ability of EMT-TFs to directly bind the CDH1 pro-

moter and repress its transcription (Batlle et al., 2000; Comijn et al., 2001).  

 

Figure 32.  ER+ tumor dissemination as a function of EMT (y-axis) and time (x-axis).  

 

Importantly, EMT-TFs, Zeb1/Zeb2, Snail, and Twist, as well as EMT-inducing factors, such 

as TGF-β, were all shown to halt the cell cycle by decreasing Cyclin D protein levels and 

increasing the phosphorylation of Rb (Lovisa et al., 2015; Mejlvang et al., 2007; Vega et 

al., 2004; Yang et al., 2006). Of note, Zeb1, in turn can repress ER-α expression by induc-

ing the hypermethylation of its promoter (Zhang et al., 2017) and might be responsible for 

the decrease in ER expression. ZEB1 expression can be also activated by hormones 

namely, estrogen (Chamberlain and Sanders, 1999), progesterone (Richer et al., 2002), 

and androgen (Anose and Sanders, 2011), pointing to a tight connection between Zeb1 

and HR signaling in HR+ tumors and not their normal counterpart (Figure 33).  
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Figure 33. ChIP-seq data from published data sets revealing the binding of HR to 
ZEB1 promoter region in HR+ BC and not normal samples.  
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It is tempting to postulate that the reduced recurrence and breast cancer-related mortality 

in patients who receive tamoxifen for 10 years compared to only 5 years (Davies et al., 

2013; Gray et al., 2013), is due to a sustained EMT-induced dormant state. Indeed, evi-

dence has accumulated that endocrine therapy induces EMT in ER+ BC (Creighton et al., 

2009; Kastrati et al., 2020; Sflomos et al., 2016). Hence, we asked whether promoting 

dormancy via the pharmacological activation of EMT could be exploited as a therapeutic 

strategy to prevent ER+ BC metastasis. In line with our hypothesis, we found that treat-

ments with TGF-β, DECMA-1, and Fulvestrant all decreased the colony-forming capacity 

of awakened lung DTCs in vitro. Of interest, tamoxifen-resistant MCF-7 cells were found to 

be sensitive to treatments with DECMA-1, irrespectively of the TP53 status (Brouxhon et 

al., 2013).  It would be interesting to test whether similar results would be obtained in in 

vitro models of breast cancer Dormancy (Montagner and Sahai, 2020; Montagner et al., 

2020), and whether that can be optimized as a platform to screen for drugs with EMT-

activating effects.  

3.5 Balancing E-cad levels drives ER+ tumor progression 

The unexpected finding that knockdown or overexpression of E-cad impinges on the 

growth of MCF-7 cells in vivo hints to a dual role of E-cad in tumorigenesis. The group of 

Jos Jonkers has recently shown that the basal lamina components, laminin and collagen 

IV, enhanced the survival of E-cad-deficient mouse mammary cells (Schipper et al., 2019).  

Interestingly, we found fibriallar collagen deposition to be substantially enhanced in ducts 

bearing MCF-7:shCDH1 and MCF-7:ZEB1 cells, with a preferential colonization to the duc-

tal tips. Whether collagen synthesis is cell-intrinsic and promotes the survival of E-cadLOW 

cells, remains to be determined. In support of the former assumption, we have recently 

demonstrated that E-cad-deficient lobular carcinoma cells, which also preferentially colo-

nize the tips of the ducts, rely on LOXL1, an enzyme responsible for cross-linking colla-
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gens and elastin (Sflomos et al., 2021). Disruption of collagen fibers by pharmacologically 

inhibiting the Lox family of enzymes in intraductal xenografts of lobular carcinoma reduced 

their survival and metastatic propensities (Sflomos et al., 2021). Therefore, collagen plays 

an importal role in the survival of cells and provides an explanation of the increased colla-

gen deposition in EMT-expressing cells.  

On the other hand, the role of E-cad as a tumor suppressor has long been described in 

multiple cancer types (Berx and Van Roy, 2001; Field, 1992; Molina-Ortiz et al., 2009; 

Rodriguez et al., 2012; Zhai et al., 2008). Overexpression of E-cad was shown to trigger 

contact inhibition through the Hippo signaling pathway, which then halts the proliferation of 

epithelial/carcinoma cells (Kim et al., 2011). In our model, overexpression of E-cad de-

creased the growth of MCF-7 cells at the primary site, indicating that there’s a fine balance 

between too much E-cad and too little. It would be interesting to confirm whether compo-

nents of the Hippo signaling axis mediate E-cad-mediated contact inhibition in E-cad-

overexpressing MCF-7 primary tumor cells. 

3.6 Limitations of the intraductal model  

A limitation of the intraductal xenograft models is the lack of an intact immune system. 

NSG mice lack functional B and T cells which are important players in tumor immunology. 

Murine ER+ mammary carcinoma cells, D20R cells, were recently shown to remain 

dormant in the lungs of isogenic Balb/C mice with an intact immune system, suggesting 

that dormancy does not require the adaptive immune system (Montagner et al., 2020). In-

nate immune cells, in particular neutrophils, participate in various mouse models of TNBC 

in the process of metastasis and awakening from dormancy (Kos and Visser, 2021; 

Perego et al., 2020; Szczerba et al., 2019; Xiao et al., 2021). While some of innate im-

mune cells are present in the NSG mice their function might be altered or incomplete in the 

absence of the adaptive response. Awakening from dormancy may be a multifactorial pro-
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cess, involving multiple cell types (Montagner et al., 2020; Nobre et al., 2020; Ombrato et 

al., 2019; Werner-Klein et al., 2020) and secreted factors, including cytokines and chemo-

kines, which remain to be identified in the intraductal model. In addition, it remains to be 

determined whether active immune-related factors can regulate the transcription and in-

duce the expression of CDH1 or other targets involved in the process of awakening. This 

can be addressed in the context of humanized mouse models (Kalscheuer et al., 2012) in 

which a functional human immune system is established in the host mice. 

A potential caveat in this study is the use of ER+ PDXs derived from an advanced meta-

static disease such as pleural effusion or ascites (METS-15) to study dormancy. While 

ER+ PDXs are pushed back in their disease history when injected intraductally (Fiche et 

al., 2019; Sflomos et al., 2016), those derived from metastatic stage progress faster in the 

MIND model enabling analysis of dormant DTCs in a more reasonable time frame. The 

observation that ER+ PDXs established from a primary tumor or a metastatic site undergo 

dormancy suggests that metastasis and dormancy entrance and exit are not genetically 

controlled but likely linked to epigenetic changes. Current ongoing efforts aim at recovering 

the rare DTCs using human-specific CD298 antibodies based flow cytometry for 

scRNAseq (Lawson et al., 2015).  

3.7 Conclusions  

All the above findings show that the intraductal model provides exciting new experimental 

opportunities to study ER+ dormancy as human BC cells in this model are readily accessi-

ble to genetic and pharmacological manipulations. The present findings suggest that, in 

particular, promoting and maintaining EMT is critical and may be the basis for the success 

of endocrine therapy. In case of refractory disease, E-cad protein might by targeted direct-

ly via monoclonal antibodies (Brouxhon et al., 2013), or activators of key dormancy players 
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like NR2F1 (Khalil et al., 2021) and its downstream effectors Sox9/RARβ (Sosa et al., 

2015). 
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4 Materials and Methods  
4.1 Cell culture, cloning, and cell growth assays  

ER+ breast cancer cell lines MCF7 and T47D as well as ER- breast cancer cell lines BT20 

and HCC1806 (Table 1) were purchased from American Type Culture Collection (ATCC). 

MCF-7, T47D, BT20, and HCC1806 were maintained in Dulbecco's modified Eagle's me-

dium (DMEM) medium (cat# 31966, Gibco) supplemented with 10% FCS (cat# 10270-106, 

Thermo Fisher Scientific Inc.) and penicillin/streptomycin (P/S, cat# 15070-063, Thermo 

Fisher Scientific Inc.). All cells were grown in a humidified incubator (37°C, 5% CO2), and 

were passaged when confluency reached 80%. Cells used in vivo were transduced with 

either ffLuc2/Turbo-GFP or ffLuc2/Turbo-RFP, and selected for the brightest fluorescent 

subpopulation by FACS sorting. The following plasmids: shFF3 and shZeb1, PstByGFP 

and PstByZeb1 were kind gifts from Sendurai Mani (MD Anderson). Inducible E-cad vector 

was generated by annealing the ORF-CDH1 (Clone ID:IOH46767, Invitrogen) cassette into 

an inducible backbone (pLIX403, cat# 41395, Addgene, https://www.addgene.org/41395/) 

using the Gateway cloning strategy (cat# 12535, Invitrogen). pLKO.1 puro shRNA E-cad 

was a gift from R.A. Weinberg (Addgene plasmid # 18801; http://n2t.net/addgene:18801 ; 

RRID:Addgene_18801). For loss of function studies, pLKO.1 puro and pLKO.1 shCDH1 

(Onder et al., 2008) were purchased from Addgene. pLL3.7m-Clover-Geminin(1-110)-

IRES-mKO2-Cdt(30-120) was a gift from Michael Lin (Addgene plasmid # 83841 ; 

http://n2t.net/addgene:83841 ; RRID:Addgene_83841). Lentiviruses were produced and 

purified as previously described (Barde et al., 2010). 
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Table 3. Cell line information. 
 +: positive, -:negative, +++: amplified.  
 
Crystal violet assay was conducted by plating 1,000-2,000 cells per well in a 6-well plate 

(Corning®). 7-10 days after plating, culture medium was removed, and cells were washed 

with 1X PBS. 0.5 ml of crystal violet solution (Sigma-Aldrich, C0775) was then added, and 

plate was placed on a rocker shaker for 30 minutes, after which the crystal violet solution 

was removed, and plate was rinsed in distilled water until wells are clear. Plates were then 

left to dry overnight. Quantification of the number and area of colonies was conducted on 

ImageJ-Analyze particles, and absorbance measurements were obtained after dissolving 

the crystals with methanol and measuring the absorbance at 570 nm on a spectrophotom-

eter. MTT assay was conducted as previously described (Abdel-Samad et al., 2018; 

Aouad et al., 2017). 

4.2 Clinical samples  

The Commission cantonale d’éthique de la recherche sur l’être humain (CER-VD 38/15, 

PB_2016-01185 (38/15)) approved this study and informed consent was obtained from all 

subjects. Tumor tissue was mechanically and enzymatically digested using parallel razor 

blades and collagenase, as previously described (Fiche et al., 2019; Sflomos et al., 2016). 

Effusion samples (pleura or ascites) were centrifuged at 2,500 RPM at 25°C for 10 

minutes. Pellets were rinsed with phosphate buffer saline (PBS), 2% calf serum (CS), and 

erythrocyte-lysed using red blood cell lysis buffer (Sigma, R7757) for 5 minutes, then dilut-

ed in PBS 2% CS, and centrifuged again. Patient-derived tumor cells were transduced with 

either ffLuc2/Turbo-GFP or ffLuc2/Turbo-RFP (GEG-tech) overnight in low attachment cul-

Cell line Age Source ER PR HER2 Subtype in vitro Passage*
MCF-7 69 Pleural Effusion + + - Luminal 7-30
T47D 54 Pleural Effusion + +++ - Luminal 6-8
BT20 74 Primary Tumor - - - Basal-like 6-11

HCC1806 60 Primary Tumor - - - Basal-like 20-23
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ture plates (Corning® Costar® Ultra-Low Attachment) in a humidified incubator (37°C, 5% 

CO2, and 5% O2).  

 
Table 4. PDX information. 
Chemo: Chemotherapy, AI: Aromatase Inhibitors, FULV: Fulvestrant, N/A: not applicable, 
NST: no special type.  
 

4.3 Animal experiments  

All mice were maintained and handled according to Swiss guidelines for animal safety with 

a 12-h-light-12-h-dark cycle, controlled temperature and food and water ad libitum. Exper-

iments were performed in accordance with protocol VD1865.5 approved by Service de la 

Consommation et des Affaires Vétérinaires, Canton de Vaud, Switzerland. NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ (NSG) and NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CAG-EGFP)1Osb/SzJ 

(NSG-EGFP) were purchased from Charles River and The Jackson Laboratory. For the 

induction of E-cad, DOX (0.62g/kg of food, SAFE 150 SP-25 www.safe-diets.com) was 

administered in the diet. 

4.4 Intraductal injections and re-transplantation  

Mice were anesthetized by intraperitoneal injection of 200 µl of 10 mg/kg xylazine and 90 

mg/kg ketamine (Graeub). Intraductal injections of single-cell suspensions were performed 

as previously detailed (Behbod et al., 2009; Sflomos et al., 2016). Intraductal xenografts of 

cell lines and patient-derived cells were generated by injecting 1x105 and 2x105 cells, 

respectively, into the teats of 8-16-week-old NSG or NSG-EGF female mice, and grown for 

4-6 months. For re-transplantation of patient-derived cells, mammary glands were col-

lected on ice-cold 1X PBS, dissociated using parallel razor blades, and enzymatically di-

gested using the tumor dissociation kit (Miltenyi Biotec, 130-095-929) to generate single 

PDX Age at Surgery Tumor Type ER% PR% HER2% Ki67% Treatment
T99 57 NST, Primary 57 70 Negative 20 Untreated

METS15 59 NST, Ascites 90 100 Negative N/A Chemo, AI, FULV
T70 39 NST, Primary Negative Negative Negative >90 Untreated
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cells (human and mouse). To enrich for human cells, mouse cells were depleted using the 

mouse cell depletion kit (Miltenyi Biotec, 130-104-694) according to the manufacturer’s 

instructions. Cells were then counted and 2x105 cells were intraductally injected 

 

4.5 Tumor growth and metastasis analysis  

Tumor growth was monitored every other week by in vivo imaging system (IVIS, Caliper 

Life Sciences). Briefly, 12 minutes after intraperitoneal administration of 150 mg/kg lucifer-

in (Biosynth AG, L-8220,), mice were anesthetized in an induction chamber (O2 and 2% 

isoflurane) and placed inside the IVIS machine. Images were acquired and analyzed with 

Living Image Software (Caliper Life Sciences, Inc.). For ex vivo bioluminescence meas-

urements, mice were first injected with 300 mg/kg luciferin for 7 minutes, then injected with 

1 ml of 10 mg/kg xylazine and 90 mg/kg ketamine. Resected organs were then imaged 20 

minutes after luciferin injection. Mammary glands were fixed in 4% paraformaldehyde 

(PFA, Carl Roth, 0335.3,) overnight at 4°C or flash-frozen in liquid nitrogen for RNA or pro-

tein extraction.  

4.6 Immunohistochemistry and passive clarity  

Histological staining was performed as detailed (Ataca et al., 2020). For passive clarity, 

tumor-bearing mammary glands, lungs, and brain were embedded in 5% agarose (w/v, 1X 

PBS, Invitrogen, 16500500), left at room temperature to solidify and agarose cubes then 

removed from the plastic container and mounted for Vibratome (Leica VT1200 S) using 

glue (Ted Pella Inc., 14460). The buffer tray was then filled with cold 1X PBS. Blade travel 

speed 0.8 mm/sec, minimum thickness of sections 0.5 mm. A4P0 hydrogel solution was 

used for passive clarity (Lloyd-Lewis et al., 2016; Yang et al., 2014) to remove endoge-

nous fluorescence for subsequent antibody labelling. To preserve endogenous tissue fluo-
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rescence, Rapiclear 1.52 solution (RC, SunJin Lab, https://www.sunjinlab.com/) was used ac-

cording to the manufacturer’s instructions with some modifications. Tissues were permea-

bilized in 2% v/v Triton X-100 (Sigma, T8787) PBS overnight on gentle rotor shaker at 

room temperature. Rapiclear 1.52 was pre-warmed at 37°C and 2 ml were added on top of 

the tissues for 1 hr. Tissues were mounted between 2 coverslips using RC 1.52 and 

iSpacers for image acquisition and long-term storage. Z-stacks were acquired with Zeiss 

LSM700 confocal microscope and 3D-reconstructed using Imaris bitplane image analysis 

software. Primary and secondary antibody list can be found in Table 4. 

4.7 Immunohistochemistry analysis  

For the analysis of primary tumor stainings, outlines of human cells were drawn manually 

with “Freehand selections” and a built-in function “waitForUser” for each image to exclude 

mouse cells, followed by ROIs creation. Channels were then binarized using “Huang” 

thresholding algorithm and images were processed with watershed segmentation to split 

closely touching cells and then denoised by a Minimum Filter with radius of 1 pixel. Cell 

numbers were quantified by “analyse particles” function of Fiji (Size 0.01-infinity pixel2, cir-

cularity 0-1). Finally, channels were saved and the cell quantifications were output as a 

table for further data analysis. For the analysis of lung DTCs, human cell nucleus and Ki67 

positive cells were counted manually.  

For analysis of FUCCI reporter in primary tumors, images were analysed every 8 slices 

from the original z-stack images to meet criteria of Nyquist–Shannon sampling theorem. 

Green and red channels of interest were binarized using “Li” thresholding algorithm that 

was chosen based on the visual inspection of output images. Images were processed with 

watershed segmentation to split closely touching cells and then denoised by a Minimum 

Filter with radius of 1 pixel. The masks of the two channels were used to generate a third 

mask with “AND” operation from “Image Calculator” to indicate double positive cells. Cell 
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numbers were quantified by “analyse particles” function of Fiji for all 3 masks (size 1-

infinity pixel2, circularity 0-1) and the outlines of quantified cells were recorded in another 

three masks (Show = outlines). Finally, the six masks (two channels of interest, one from 

AND operation and their three masks showing outlines) were merged and saved for visual-

ization and quality inspection. For analysis of FUCCI reporter in lungs, green, red and 

double positive cells were quantified manually. The percentages of cycling and non-cycling 

cells were quantified with the following equations: 

 
 

 

 

For the analysis of lung DTCs, GFP+, RFP+, and double+ cells were counted manually. 

For analysis of mesenchymal-like cells in primary tumors, the blue channel of interest 

(DAPI) were binarized using “Percentile” thresholding algorithm for MCF7 and T47D and 

“Moments” for METS15 tumors based on the visual inspection of output images. Images 

were processed with watershed segmentation to split closely touching cells, followed by 

AsR quantification with “analyse particles” function of Fiji (Size 50-infinity pixel2, circularity 

0-1). Finally, the mask for the blue channel was saved and the cell quantifications were 

output as a table for further data analysis. For analysis of mesenchymal-like cells in lungs, 

major and minor axis were drawn manually on each breast tumor cell and were measured 

to quantify AsRs. At least 300 metastatic cells in lungs from each mouse of 3 mice in total 

were measured. Mesenchymal-like cells were defined as the ones with AsR higher than 

1.6 based on the following equation: 
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For the analysis of fluorescence intensity, corrected total cell fluorescence (CTCF) was 

calculated by manually drawing around the border of the cells using the drawing/selection 

tools in ImageJ, and a close-by region with no cells for background noise. Measurements 

were generated by ImageJ and CTCF was calculated using the following formula:  

 

4.8 Carmine alum and fluorescent whole mounts  

Carmine alum solution was prepared by dissolving 1 g of carmine (Sigma, C1022) and 2.5 

g of aluminum potassium sulfate (Sigma, A7167) in 500 ml distilled water. Solution was 

then boiled for about 7 minutes in a microwave, and filtered using 0.45 µm pore size filters 

(Millex, SLHV033RS). After resection, mouse mammary glands were dried on a slide, then 

fixed with acetic acid/ethanol overnight. The next day, slides were washed in 70% ethanol 

for 30 minutes, followed by two 10-minute washes in sink water. Slides were then subse-

quently immersed in carmine alum solution for a day or two at room temperature depend-

ing on how well the tissue was stained. Carmine alum solution was then discarded, and 

the destaining step starts in increasing concentrations of ethanol (70, 95, and 100%) 30 

minutes each. Fat-clearing Benzylalcohol (Sigma, 305197)/Benzylbenzoate (Sigma, 

B6630) (BABB) was then prepared in a 1:2 ratio. Slides were then transferred to a glass 

containing BABB and were soaked for a minimum of two hours. Fat-cleared mammary 

glands were imaged with a LEICA MZ FLIII stereomicroscope with Leica MC170 HD cam-

era. For long-term preservation, tissues were stored in 95% ethanol.  

Fluorescence images of whole mammary glands, lungs, and brains were acquired with a 

LEICA M205FA fluorescence stereo microscope equipped with a Leica DFC 340FX cam-

era. 
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4.9 RNA extraction and qRT-PCR  

Cell pellets, tumor-bearing mammary glands, and micro-dissected lung, liver, and brain 

micro-metastases were homogenized with TRIzol reagent (Invitrogen), total RNA was iso-

lated with miRNeasy Mini Kit (Qiagen), cDNA was synthesized with random p(dN)6 primers 

(Roche) and MMLV reverse transcriptase (Invitrogen). Real-time PCR analysis in tripli-

cates was performed with SYBR Green FastMix (Quanta) reaction mix. Primers used in 

this study are listed in Table 5.  

 

Table 5. List of primers.   

4.10 Immunoblotting  

Cell pellets and tumor-bearing mammary glands were homogenized in 1% SDS solution 

containing protease (Roche AG, 11836153001) and phosphatase inhibitor cocktail (PhoS-

top, Roche AG, 04906845001), followed by 20 minutes centrifugation at 4°C (14,000 x g). 

Protein-containing supernatant was then quantified and normalized to a reference protein 

using the Image Studio Lite version 5.2 (LI-COR®). SDS-polyacrylamide and transfer were 

then performed as previously detailed (Sflomos et al., 2016). Membranes were revealed 

with ECL or WesternSure PREMIUM Chemiluminescent Substrate (LI-COR®, 926-95010). 

Antibodies used for IF and WB are listed n Table 6.  

Gene Name Forward Primer Reverse Primer Reference
CDH1 5’-TGC CCA GAA AAT GAA AAA GG-3'  5’-GTG ATA GTG GCA ATG CGT TC-3’ Mani et al . 2008
CDH2 5'-ACA GTG GCC ACC TAC AAA GG-3' 5'-CCG AGA TGG GGT TGA TAA TG-3' Mani et al . 2008
CDH3 5’-ATC ATC GTG ACC GAC CAG AAT-3’ 5’-GAC TCC CTC TAA GAC ACT CCC-3’ N/A
ZEB1 5’-ACC TGC CAA CAG ACC AGA CAG TGT-3' 5’-CCT GAC CTT CAG GCC CCA GGA-3’ N/A

5'-AGC CAC GAT CCA GAC CGC AA-3' 5'-GCT GTG TCA CTG CGC TGA AGG T-3' N/A
5'-AAT GCA CAG AGT GTG GCA AGG C-3' 5'-CTG CTG ATG TGC GAA CTG TAG G-3' N/A

SNAI1  5’-GGA GTC CGC AGT CTT ACG AG-3’  5’-TCT GAA GAA CCT GGT AGA GG-3’ Mani et al . 2008
SNAI2 5'-CTG GGC GCC CTG AAC ATG CAT-3' 5'-GGC TTC TCC CCC GTG TGA GTT CTA-3' Zheng et al . 2014

5′-GAC AAT GCG TCT CTG GCA CGT CTT-3′ 5'-CTG TCA CCT TCA GCC ATC CTG TTT-3' Bindels et al . 2006
5’-GAG AAC TTT GCC GTT GAA GC-3’ 5’-GCT TCC TGT AGG TGG CAA TC-3’ N/A

TWIST1 5’-CAT CCT CAC ACC TCT GCA TT-3’  5’-GGC CAG TTT GAT CCC AGT AT-3’ Mani et al. 2008
GAPDH 5'-AGG GCT GCT TTT AAC TCT GCT-3' 5'-CCC CAC TTG ATT TTG GAG GGA-3' N/A
HPRT 5'-TAG AAG GCC TTG TGC TCA CC-3' 5'-TCT GCT CTG ACT TTA GCA CCT G-3' N/A
MKI67  5’-CGG ACT TTG GGT GCG ACT T-3’  5’-GTC GAC CCC GCT CCT TTT-3’ N/A
TBP 5'-TAG AAG GCC TTG TGC TCA CC-3' 5'-TCT GCT CTG ACT TTA GCA CCT G-3' N/A

ESR1 5’-GGA GAT CTT CGA CAT GCT GC-3’  5’-GCC ATC AGG TGG ATC AAA GT-3’ N/A
PgR 5’-AAA CTG CCC AGC ATG TCG TCT-3’ 5’-GCT CTG GTT AGG AAG GCC CA-3’ N/A
AR 5’-GAG AAC TTT GCC GTT GAA GC-3’ 5’-GCT TCC TGT AGG TGG CAA TC-3’ N/A

VIM

ZEB2
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Table 6. List of antibodies, source, identifier, clone, usage, and dilution.  

4.11 Statistics  

Statistical analysis was performed using GraphPad Prism 8 (California, USA, 

www.graphpad.com). Statistical tests are indicated in the Fig. legends. For growth curves, 

two-way ANOVA with multiple comparisons was the test of choice, for contralateral intra-

ductal grafts, paired Student t-test was performed, and for individual grafts, unpaired Stu-

dent t-test was performed, while testing for normality (Shapiro-Wilk test). Non-parametric 

statistical tests were used when Kolmogorov-Smirnov and Shapiro-Wilk normality tests 

failed to show a normal distribution. *,**,***,***, and n.s., represent p<0.05, 0.01, 0.001, 

0.0001, and not significant, respectively.  

Antibody Source Identifier Clone Usage Dilution
CK8 BioLegend MMS-162P-250 1E8 IF 1 in 400

DsRed MBL Int. PM005 N/A IF 1 in 500
E-cadherin Cell Signaling 3195S 24E10 WB, IF 1 in 100

ER Roche 790-4324 SP-1 WB, IHC, 
IF

Ready to 
use

PR Roche 790-2223 1e2 IF, IHC Ready to 
use

GFP Santa Cruz sc-9996 B-2 IF 1 in 500
TurboGFP ThermoFisher Scientific PA5-22688 N/A IF 1 in 500

Ki67 ThermoFisher Scientific MA5-14520 SP-6 IF 1 in100
Lamin B1 Abcam AB16048 N/A WB 1 in 1000

pHH3 (ser10) Millipore 06-570 3H10 IF 1 in 500
p27 Kip1 Cell Signaling 3686 D69C12 IF 1 in 100

Zeb1 Novus Biologicals NBP1-05987 N/A WB 1 in 500
Mouse Alexa 488 ThermoFisher Scientific A-11029 N/A IF 1 in 500
Mouse Alexa 568 ThermoFisher Scientific A-10037 N/A IF 1 in 500
Mouse Alexa 647 ThermoFisher Scientific A-31571 N/A IF 1 in 500
Rabbit Alexa 488 ThermoFisher Scientific A-21206 N/A IF 1 in 500
Rabbit Alexa 568 ThermoFisher Scientific A-10042 N/A IF 1 in 500
Rabbit Alexa 647 ThermoFisher Scientific A-31573 N/A IF 1 in 500

Rat Alexa 647 ThermoFisher Scientific A-21247 N/A IF 1 in 500
Rabbit HRP Jackson Immunosearch 711-035-152 N/A IHC 1 in 500
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stimulate ERα-negative responder cells. Here we show that deletion of AF-1 or AF-2 blocks

pubertal ductal growth and subsequent development because both are required for expres-
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IHC but express Esr1 transcripts. This low level ERα expression through AF-2 is essential for

cell expansion during puberty and growth-inhibitory during pregnancy. Cell-intrinsic ERα is
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Oestrogens, 17β-estradiol (E2) and its metabolites, are
pivotal for the development and the physiology of the
breast and impinge on breast carcinogenesis. The oes-

trogen receptor α (ERα) is expressed in 40% of the luminal cells
that make up the inner layer of the mammary epithelium sur-
rounded by basal/myoepithelial cells1. Oestrogens drive pubertal
development in the mouse mammary gland and induce expres-
sion of the progesterone receptor (PgR), activation of which
drives cell proliferation during subsequent oestrous cycling and
pregnancy. Both hormones rely on paracrine factors to activate
stem cells and induce proliferation of other mammary epithelial
cells (MECs)2.

The ERα belongs to the nuclear receptor family and is com-
posed of six modular domains, namely, A to F3. Ligand-
independent and ligand-dependent activation functions, AF-1
and AF-2 map to the A/B and E domains, respectively4,5. Ligand-
independent signalling results from phosphorylation of different
serine residues in AF-1 by for instance MAPK6, GSK-37 or
cyclinA/cdk28. Upon activation, the receptor dimerises and
translocates to the nucleus where it interacts either directly with
the DNA via specific DNA sequences known as the oestrogen
response elements, or indirectly via DNA-binding proteins like
AP-19. Full ligand-dependent transcriptional activity relies on
synergistic activities of AF-1 and AF-25. A small fraction of the
ERα is found at the plasma membrane; it elicits rapid, non-
genomic responses, which modulate multiple signalling pathways
and create cross-talk between membrane and nuclear ERα10.

More than 70% of all breast cancers express the ERα and this is
exploited therapeutically. The most widely used agent, tamoxifen,
antagonises AF-211 and agonises AF-112, and is used in primary
and secondary breast cancer prevention. Most insights into the
molecular mechanisms underlying ERα signalling stem from
in vitro studies with ERα-positive (ERα+) breast cancer cell lines,
in particular MCF-7 cells which express very high levels of the
receptor and are exquisitely sensitive to E2. How ER signalling
occurs in vivo in normal and cancerous tissue is poorly under-
stood. To dissect the different aspects of ERα signalling in vivo,
mice lacking specifically the AF-1 domain (AF-10)13 or the AF-2
domain (ERαAF-20)14 were generated and compared to mice
lacking the entire ERα (ERα−/−); all three strains are viable but
have impaired reproductive functions, and distinct organ
defects13–15. The role of the AF-1 and the AF-2 domains in the
mammary epithelium was not analysed. Using ERα−/− mice, we
have previously shown that ERα is required for ductal elongation
in the mammary epithelium16.

Here, we explore the role of AF-1 and AF-2 vs. intact ERα
signalling in mammary gland development; we demonstrate dif-
ferential roles that are dependent on cell type and/or ERα protein
levels and uncover important functions of the ERα in apparently
ERα-luminal responder cells.

Results
Mammary gland development in ERαAF-10 and ERαAF-20
mice. To assess the impact of germ-line deletion of ERα ligand-
dependent, AF-2, vs. ligand-independent, AF-1, genomic actions
on mammary gland development, we analysed mammary glands
of AF-10 and AF-20 females and their respective WT littermates
(Fig. 1a) at critical developmental stages using whole-mount
stereomicroscopy (Fig. 1b, Supplementary Figure 1a–d). Before
the onset of ovarian function, on postnatal day 21, all females had
rudimentary ductal systems (Supplementary Figure 1a) with on
average 4.7% fat pad filling in WT and <3% fat pad filling in the
ERα mutant littermates (Fig. 1c, Supplementary Figure 1a). In
pubertal, that is 4- to 7-week-old WT females, rapidly growing
ductal tips enlarged to form terminal end buds (TEBs) and ducts

extended beyond the sub-iliac lymph node to fill 61% of the fat
pad (Fig. 1b, c). In AF-10 and AF-20 littermates, no TEBs were
found and fat pad filling remained <3% (Fig. 1b, c). In adult, 8- to
12-week-old WT females, fat pads were filled up to 80%, in their
AF-10 and AF-20 littermates to 5.1% and 3% only, respectively
(Fig. 1c, Supplementary Figure 1b). In older WT females, which
have been exposed to repeated oestrous cycle related peaks of E2
and progesterone, side branching occurred (Supplementary Fig-
ure 1c, d; Fig. 1c) whereas the block of ductal growth persisted in
AF-20 females (Supplementary Figure 1b, c) as observed in
ERα−/− females16. In older AF-10 females, few ducts occasionally
extended beyond the lymph node (Supplementary Figure 1c, d,
Fig. 1c). Mutant ducts were atrophic with decreased ductal dia-
meters (Supplementary Figure 1c, d) but structurally intact with
luminal and basal cell layers as revealed by histological analysis
(Supplementary Figure 1e). Immunohistochemistry (IHC)
revealed expression of ERα protein in AF-10 and AF-20 mammary
epithelia at levels comparable to WT controls (Fig. 1d), as
reported for their uteri13,14. This excluded the possibility that the
mutant ERα proteins were unstable and their expression in MECs
was reduced or lost. Thus, the phenotypes reflect the specific
deletions of AF-1 or AF-2 domain and show that both are
required for ERα function during ductal elongation.

Endocrine disturbances in AF-10 and AF-20 mice. Adult AF-10,
AF-20 and ERα−/− female mice were reported to have increased
serum levels of E2, luteinizing hormone and testosterone as mea-
sured by radioimmunoassay17. Our finding that mammary gland
development was already affected before puberty begged the ques-
tion whether endocrine disturbances may occur earlier. As plasma
steroid hormone levels are very low prior to puberty, we used liquid
chromatography tandem–mass spectrometry (LC–MS). We con-
firmed that both E2 and testosterone levels increased significantly in
all three mutants in adulthood. E2 was detected at levels of 12 pg/ml
in plasma of WT females and increased almost 2-fold in AF-10 and
threefold in AF-20 and ERα−/− females. Testosterone levels raised
from on average 0.1 ng/ml in plasma of WT females to 0.7 ng/ml
plasma levels in AF-10, 1.5 ng/ml in AF-20 and 1.4 ng/ml in ERα−/−

females (Fig. 2a). Plasma progesterone levels varied in WT females
due to oestrous cycling not observed in the mutants in which
ovarian cycles are not established. All three mutants had decreased
11-deoxycorticosterone levels while 17-OH-progesterone levels
were increased in ERα−/− females (Fig. 2a).

Progesterone levels increased specifically in peripubertal AF-20
females whereas androstenedione levels increased in peripubertal
ERα−/− and pubertal AF-20 females (Fig. 2a). Testosterone was
significantly increased in peripubertal AF-10 females. Hence,
complex alterations of the endocrine milieu occurred already
before and during puberty.

An overall analysis of the average fold-changes in steroid levels
in ERα mutants compared to WT and heterozygous littermates in
relation to their biosynthetic pathways revealed comparable
decrease of plasma levels of the progesterone derivatives, 11-
deoxycorticosterone and corticosterone, in all mutants in
adulthood (Fig. 2b). The levels of E2 and its precursors 17OH-
progesterone, androstenedione, and testosterone, were close to
WT levels in AF-10 mice but deviated similarly in ERα−/− and
AF-20 females are in line with negative feedback loops of the E2
biosynthetic pathway being regulated by ligand-dependent ER
activity.

Mammary epithelial-intrinsic role of AF-1 and AF-2 domains.
The systemic effects of the germ-line mutations and the resulting
complex endocrine abnormalities confounded the interpretation of
the mammary gland phenotype. To assess the MEC intrinsic
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requirement of each domain, we grafted fragments of ducts from
AF-10.GFP+ or AF-20.GFP+ and WT.GFP+ littermates into con-
tralateral inguinal mammary glands of 3-week-old WT hosts sur-
gically divested of endogenous epithelium18. Fluorescence
stereomicroscopy of the engrafted glands 10 weeks after surgery
showed that grafted WT epithelia filled the fat pads (Fig. 3a, e) but
the AF-10.GFP+ fragments failed to grow (Fig. 3b, e). During
pregnancy, WT.GFP+ grafts formed complex ductal trees with
alveoli (Fig. 3c, e). Only 1 out of 5 AF-10.GFP+ grafts showed some
ductal growth with 15% fat pad filling; alveoli were absent (Fig. 3d,
e). When the WT grafts developed normally (Fig. 3f, h, j), the
contralateral AF-20.GFP+ grafts grew neither in nulliparous nor
pregnant hosts (Fig. 3g, i, j). Thus, both AF-1 and AF-2 are required
in MECs for ductal outgrowth19,20, side branching, and alveolo-
genesis. AF-1 abrogation is compatible with limited ductal elonga-
tion during pregnancy, whereas AF-20 MECs fully recapitulate the
ERα−/− MEC phenotype with a complete developmental block16.

Steroid hormones induce mammary gland development largely
through paracrine signalling2. Areg is an essential mediator of E2-
induced cell proliferation during puberty19 and Wnt4 an
important activator of stem cells, which can be induced by E2
in pubertal mammary glands21. In mammary glands from
pubertal age AF-10 and AF-20 mice, Areg and Wnt4 transcript
levels were as low as in their ERα−/− counterparts, i.e.,<1 or 10%,
respectively, as compared to WT (Fig. 3k). Thus, transcription of
Areg and Wnt4 requires both ERα AF-1 and AF-2, providing a
mechanism for the growth defect in the mutant epithelia.
Transcript levels of other ERα targets, Pgr122 and Prlr23, were
similarly decreased (Fig. 3k). However, specifically Pgr1 levels
were higher in AF-10 than in AF-20 and ERα−/− mammary
glands (Fig. 3k). The PgR protein was readily detected by IHC in
luminal cells of WT and AF-10, but not of AF-20 or ERα−/−

females (Fig. 3l) indicating that PgR expression is largely AF-2
dependent and somewhat AF-1 independent.
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We hypothesised that the residual PgR expression in AF-10
epithelium may account for the partial outgrowth in this mutant
observed in the older females and during pregnancy. To test
whether prolonged PgR signalling is sufficient to stimulate ductal
growth, we exposed mice bearing AF-10.GFP+ and WT.GFP+
epithelial grafts to pregnancy levels of progesterone by implanting
slow-release pellets subcutaneously. Serum progesterone levels at
sacrifice corresponded to those observed during pregnancy in
control animals (Supplementary Figure 2a). While the

contralateral WT.GFP+ grafts showed increased side branching
(Supplementary Figure 2b) confirming successful delivery of
progesterone, the AF-10.GFP+ epithelial grafts remained rudi-
mentary (Supplementary Figure 2c) indicating that activation of
PgR signalling is not sufficient to stimulate ductal elongation in
AF-10 epithelial grafts. These observations support a model where
the function of ER+ sensor cells relies on both AF-1 and AF-2 for
the transcription of Areg and Wnt4 and potentially other factors
and/or cell-intrinsic functions required for ductal elongation.
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The role of ERα in responder cells in ductal outgrowth. We
previously reported that when ERα−/−ROSA26+ MECs were
mingled with excess WT MECs and this mixture was then grafted
to cleared mammary fat pads, ERα−/− MECs contributed to the
chimeric outgrowth16 and gave rise to the model of sensor and
responder cells24,25. To compare the ability of AF-10, AF-20 and
ERα−/− MECs, none of which were able to grow out on their
own, to contribute to mammary gland development in the con-
text of excess WT MECs that release paracrine and potentially
other signals, we co-injected either ERαWT.GFP+ or ERα mutant.

GFP+ MECs mixed with WT.DsRed+ MECs in a 1:10 ratio
(Fig. 4a) into contralateral glands. The resulting WT.GFP+:WT.
DsRed+ chimeric glands appeared to 4% GFP+, almost 10 times
as many seemed DsRed+ (37%), while 59% scored double
positive by fluorescence stereomicroscopy (Fig. 4b, c). In the ERα
−/−.GFP+:WT.DsRed+ chimeras, only 23% were double positive
whereas 77% appeared DsRed+ (Fig. 4b, c). This indicates that
ERα−/−.GFP+ MECs are able to proliferate when mixed with
WT.DsRed+ MECs, but are less efficient than ERαWT.GFP+
MECs in contributing to ductal outgrowth. This demonstrates
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that ERα is required not only in the ERα+ sensor cells but also in
the apparently ERα- responder MECs.

To assess whether ERα function in responder cells requires AF-
1 and AF-2, we generated chimeras with AF-10 or AF-20 cells. AF-
10.GFP+:WT.DsRed+ chimeras were comparable to the WT
chimeras (Fig. 4b, c). AF-20.GFP+:WT.DsRed+ chimeras were
more similar to ERα−/−.GFP+:WT.DsRed+ chimeras with 52%

appearing DsRed+ only and 48% double positive (Fig. 4b, c).
Thus, ERα function in the responder cells is AF-1 independent
but AF-2 dependent.

We approximatively evaluated the GFP signal (Fig. 3d) and the
ratio of GFP to RFP signal intensities (Fig. 4e) in chimeric
epithelia by analysis of a 2D-image of the chimeric gland and
showed that the data points were similarly distributed forWT and
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AF-10 chimeras whereas they tended to be lower for AF-20 and
ERα−/− chimeras (Fig. 4d, e). To determine the contribution of
GFP+ MECs quantitatively, we analysed chimeric glands by
FACS. After lineage+ cell depletion, we discriminated
CD24highCD49flow luminal and CD24lowCD49fhigh basal cells26.
WT.GFP+ cells represented 12.9 ± 3.5% of the luminal and
8.2 ± 2.7% of the basal cell population (Fig. 4f, g) reflecting the
original 10% GFP+ cells. The deviation from the predicted 10%
may reflect biological variation or cell type-specific differences in
expression from the chicken β-actin promoter driving GFP27,28.
AF-10.GFP+ MECs contributed similarly to both cell lineages.
AF-20.GFP+ and ERα−/−.GFP+ cells were significantly less
represented with <1% of the luminal cells (Fig. 4f) and 6% and
1.7%, respectively, of the basal cells but the latter failed to reach
statistical significance (Fig. 4g).

Thus, while both AF-1 and AF-2 are required for the
expression of essential paracrine mediators in sensor cells, the
responder cells require ERα but more specifically AF-2; AF-1 is
not required in responder cells during ductal elongation.

The role of AF-1, AF-2 and ERα during pregnancy. During
pregnancy, E2 levels increase from <10 to 100 pg/ml29 and there is
extensive cell proliferation of MECs, which are hormone receptor
negative by IHC30,31. Fluorescence stereomicroscopy at the end of
pregnancy showed that 90% of WT.GFP+:WT.DsRed+ chimeras
were mixed while 10% appeared DsRed+ only (Fig. 5a, b). Of the
AF-10.GFP+:WT.DsRed+ and AF-20.GFP+:WT.DsRed+ chimeras
43% scored double positive and 57% DsRed+ only whereas of the
ERα−/−.GFP+ chimeras 67% scored double positive (Fig. 5a, b).
Approximate evaluation of the GFP signal (Fig. 5c) and the ratio
of GFP to RFP signal intensity (Fig. 5d) based on a 2D image
showed similar distributions among the chimeras. Comparison of
the contribution of the different mutant cells to that of WT cells
before and at the end of pregnancy indicates that loss of ERα
function promotes cell expansion during pregnancy largely
through AF-2, whereas AF-1 loss may have an inhibitory effect on
cell expansion. Together, the observations on the chimeric out-
growths suggests that ERα function in the ERα low cells is biphasic
with a growth-stimulatory role during puberty and an inhibitory
role during pregnancy both of which appear AF-2 dependent and
AF-1 independent.

Evaluating ERα in vivo function in by intraductal grafting. The
surprising finding that ERα signalling appeared to have a biphasic
effect on MECs depending on the developmental stage incited us
to look at ERα in vivo function by an alternative approach that
bypasses the need of dissociated MECs to establish themselves in
the mammary fat pad because this does not happen physiologi-
cally during development and could lead to artefacts, which may
confound the interpretation of the results. Human breast epi-
thelial cells have difficulties in establishing themselves in the
mouse mammary fat pad but when injected into the milk ducts

they insert into the mouse mammary epithelium and proliferate
there32. We ascertained that the same holds true for murine
MECs by injecting WT.DsRed+ MECs intraductally into NOD
scid gamma (NSG).GFP+ females. Five days later, WT.DsRed+
MECs were detected in the GFP+ ducts by fluorescence stereo-
microscopy (Fig. 6a). Double immunofluorescence revealed that
most DsRed+ cells were luminal MECs, distinct from the P63+
basal cells (Fig. 6b); about 10% of the DsRed+ cells gave rise to
myoepithelial cells as identified by smooth muscle actin co-
staining (Fig. 6c).

Next, we injected MECs from WT.GFP+ and ERα−/−.GFP+
littermates into contralateral glands and analysed them 5 days
later by stereomicroscopy. The fluorescent signal from ERα−/−.
GFP+ cells was consistently lower than the signal from the
contralateral WT.GFP+ cells (Fig. 6d, f). When hosts were mated
and their engrafted glands were analysed in late pregnancy, the
signals became comparable (Fig. 6e, f) suggesting that ERα−/−

MECs caught up with their WT counterparts as observed in the
context of the chimeric epithelial outgrowths above (Fig. 5a).
Quantification of GFP+ cells by FACS revealed that WT.GFP+
cells represented 4.4% and ERα−/−.GFP+ cells <0.7% of the
dissociated cells in virgin mice whereas at day 14.5–16.5 of
pregnancy, the contributions of WT.GFP+ and ERα−/−.GFP+
MECs were comparable (Fig. 6g, h).

Having ascertained that the biphasic effect of ERα observed in
the context of chimeric outgrowths is reproduced in the
intraductal model, we evaluated the role of AF-1 and AF-2.
Because of the inter-experimental variability in the cell prepara-
tions, we normalised the individual ERα mutant cell numbers to
the contralateral WT cells. In the nulliparous hosts, all three ERα
mutants established themselves less well intraductally than their
WT counterparts; AF-10 MECs showed 35%, AF-20 MECs 83%,
and ERα−/− MECs 70% reduction, respectively (Fig. 6i). Towards
the end of pregnancy, none of the mutants differed significantly
from the WT controls (Fig. 6j). Thus, by two distinct
experimental approaches a biphasic effect of ERα−/− through
AF-20 in MECs is revealed. AF-1 function which was not required
for ductal elongation in the context of chimeric glands did affect
the ability of MECs to establish themselves intraductally arguing
that it may affect cell–cell interactions required for the insertion.

The finding that as early as 5 days after cell injection the
number of WT.GFP+ MECs that have inserted into the ducts
exceeds that of AF-20 and ERα−/− MECs by several fold,
suggested that MECs require ERα to adhere and insert themselves
into the host epithelium.

To assess the proliferative indices of ERα−/− MECs and WT
MECs during puberty and pregnancy we took different
approaches. In one setting, we measured cell proliferation of
ERα−/−.GFP+.WT.DsRed+ and WT.GFP+.WT.DsRed+ chimeras
during ductal elongation by Ki67 staining because the number of
ERα−/− MECs obtained after intraductal injection is very low in
virgin recipients. In the other setting, we injected EdU into
pregnant mice, which had been intraductally engrafted with ERα

Fig. 4 Contribution of AF-10, AF-20 and ERα−/− cells to chimeric ducts with WT MECs. a Scheme of experimental design. After cell dissociation, 10,000
ERα mutant (ERmt) or WT GFP+ epithelial cells were mixed with 90,000 WT.DsRed+ epithelial cells and injected into the cleared mammary fat pad of
peripubertal recipient mice. b Representative fluorescence stereomicrographs of chimeric epithelia from WT.GFP+ or ERα.mutant.GFP+ and WT.DsRed+

cells mixed in a 1:10 ratio. Hosts were analysed 10 weeks after engraftment. Scale bars; 1 mm (left) 0.2 mm (right). c Pie charts showing the proportion of
engrafted mammary glands appearing exclusively DsRed+, exclusively GFP+, or mixed (red and green stripes) based on evaluation at low (7.8×)
magnification of fluorescence stereomicrographs. From top to bottom, n= 51, 21, 17 and 13. d Dot plot showing the percentage of the reconstituted ductal
epithelium that is GFP+ in virgin mice based on images at 7.8× magnification, (n= 13–51) bars indicate medians. e Dot plot showing the ratio of GFP/
DsRed signal intensity of the reconstituted ductal epithelia based on images at 7.8× magnification, bars indicate medians (n= 29, 15, 7 and 7). f, g Bar
graphs showing flow cytometric analysis of the percentage of GFP+ cells in the CD24high CD49flow f and CD24low CD49fhigh g cell populations of
reconstituted chimeric mammary epithelia. From left to right, n= 20, 5, 8 and 6. Shown are means ± SEM; Mann–Whitney test, two-tailed, **p < 0.01, ****p
< 0.0001, n.s. not significant
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−/−.GFP or AF-20.GFP MECs contralateral of WT.GFP MECs
and subsequently quantified the GFP and EdU double positive
cells. In both scenarios the proliferative indices were comparable
between WT and ER mutant MECs (Fig. 6k, l). Thus, the absence
of ER does not impair cell-intrinsic proliferation.

We hypothesised that the results may related to different
numbers of stem/progenitor cells present in the mutant
mammary epithelia. However, because of the low number of
MECs that can be isolated from the ERα mutant mammary
glands it was not practical to FACS purify any particular
subpopulations for in vivo experiments. To assess whether the
luminal and basal progenitor cell populations are affected by
different ERα mutations, we FACS profiled mammary gland cells
after lineage+ cell depletion with CD24 and CD49f26,33. While
the WT profiles were consistent between independent experi-
ments, the AF-10, AF-20 and ERα−/− MECs showed major shifts
in both CD24 and CD49f expression, making it impossible to
identify the different progenitor populations (Fig. 6m).

ERα-dependent gene expression in mammary epithelial cells.
To discern the molecular basis of the ERα−/− MEC phenotypes,
and to further test for evidence that stem cell function is impaired
by abrogating ERα signalling, WT.GFP+ and ERα−/−.GFP+
MECs were intraductally injected to contralateral glands, isolated
from pregnant hosts by FACS sorting for GFP, and analysed by
RNA sequencing. Principal component analysis separated

samples by ERα genotype (Fig. 7a). A total of 651 genes were
differentially expressed, most of which were lower in the ERα−/−.
GFP+ MECs (>twofold, FDR < 0.05) (Fig. 7b).

Expression levels of genes that mark ERαhigh MECs34,
including Esr1 itself, were low and no significant differences
were found consistent with the scarcity of ERα+ MECs in the
pregnant mammary epithelium (Fig. 7c). Milk protein coding
genes, were highly expressed in both WT and ERα−/− MECs
(Fig. 7d) establishing that ERα is not required for functional
differentiation, at least not cell intrinsically. MetaCore terms
related to cytoskeleton and cell adhesion were decreased in the
ERα−/− MECs (Fig. 7e) providing potential molecular under-
pinnings for impaired intraepithelial insertion. MetaCore terms
related to immune signalling were increased in ERα−/− MECs
(Fig. 7f). Reactome35 analysis revealed decreased keratinisation
(Fig. 8a) and confirmed increased expression of immunity-related
genes in ERα−/− MECs (Fig. 7g). Moreover, Ephrin and FGFR
signalling as well as ECM remodelling were decreased (Fig. 7h);
all three have been implicated in pubertal growth36,37 but had not
previously been linked to ERα signalling directly. GO terms and
KEGG terms highlighted that the upregulated genes relate to T-
cell immunity (Fig. 7i–j).

We noticed basal markers like Krt5, Snai2, P63 and Frizzled7
among the most differentially expressed genes (Fig. 8a). Gene set
enrichment analysis for hallmark gene sets38 showed that an EMT
signature was most similar with p= 10E28 and compared to
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Fig. 5 Proliferation of AF-10, AF-20 and ERα−/− cells in chimeric epithelia during pregnancy. a Representative fluorescence stereomicrographs of chimeric
epithelia from WT.GFP+ or ERα mutant.GFP+ and WT.DsRed+ cells mixed in a 1:10 ratio. Hosts were analysed at P16–18. Scale bars; 1 mm. b Pie charts
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percentage of area filled with GFP+ structures over total area filled in chimeric glands during pregnancy; evaluation at 7.8× magnification; shown are
means ± SEM. d Dot plot showing ratios of GFP over DsRed signal intensity of different chimeras in pregnant hosts (n= 4–16; black line: median)
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Fig. 6 Intraductal engraftment of WT and ERα−/− MECs. a Fluorescence stereomicrograph of NSG.GFP+ mammary gland 5 days after intraductal injection
of WT.DsRed+ MECs, representative of nine successfully injected glands. Scale bar; 1 mm. b, c Double immunofluorescence with anti-P63 and anti-RFP
antibodies b or anti-αSma and anti-RFP antibodies c counterstained with DAPI. Scale bars; 50 μm. Representative pictures of injected glands from three
females. d, e Fluorescence stereomicrographs of contralateral mammary glands 5 days after intraductal injection with WT.GFP+ or ERα−/−.GFP+ in
nulliparous d or day 16–18 pregnant host (e). Scale bars; 500 μm. f Bar plot showing relative GFP signal intensity in contralateral glands injected with WT.
GFP+ or ERα−/−.GFP+ cells in nulliparous and pregnant recipients, (n= 3–6; mean ± SEM). g, h Box plots showing percentage of GFP+ cells by FACS in
nulliparous g and pregnant h hosts (n= 8, 9). Whiskers depict minimum and maximum values, box borders lower and upper quartiles, line inside identifies
the median. Student’s paired t test, two-tailed. i, j Bar plots overlying dot plots showing relative contribution of GFP+ cells by FACS of intraductally
engrafted glands from nulliparous (i) and pregnant (j) hosts, mean ± SEM. k Box plot showing percentage of GFP and Ki67 double+ over total GFP+ cells
from contralateral WT.GFP+ or ERα mutant.GFP+ with WT.DsRed+ MECs chimeras in nulliparous recipients 4 weeks after engraftment (n= 3; mean ± SD).
l Box plot showing the percentage of GFP and EdU double+ over total GFP+ cells from contralateral inguinal mammary glands intraductally engrafted with
WT.GFP+ or ERα−/−.GFP+ (left panel) and WT.GFP+ or AF-20.GFP+ MECs (right panel) in pregnant recipients P12.5 (n= 3; mean ± SD). m Representative
FACS plots showing CD49f and CD24 expression in Lin- cells from mammary glands of AF-10, AF-20, ERα−/− females and WT littermates. For both box
plots, whiskers depict minimum and maximum values, borders of the box represent lower and upper quartiles, and line inside the box identifies the median.
Paired two-tailed Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant
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curated gene sets a mammary stem cell signature scored highest
with p= 8E105 (Fig. 8b, c). Thus, ERα expression is not required
for milk gene expression but is important for the transcriptional
control of mammary stem/progenitor cell function as well as
cellular interactions.

ERα status of luminal epithelial cells. Our finding that ERα has
an important role in cells that appear ERα negative by IHC
begged the question whether IHC may fail to detect functionally
relevant ERα protein expression. Hence, we sought to detect ERα
transcripts in situ in sections adjacent to sections assessed by IF
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for ERα protein expression. While ERα protein was detected in
50% of the luminal cells (Fig. 9a, c), RNAscope detected ERα
mRNA in 80% of the luminal cells (Fig. 9b, c) indicating tran-
script expression in luminal cells other than the 50% ERα+ by
IHC, the protein may be expressed at levels below the IHC
detection limit possibly because of rapid turnover. Semi-
quantitative scoring based on the number of dots per cells
showed approximately 20% of the luminal cells falling into the
negative, the low (1) and medium (2) categories and 40% into the
high (≥3) (Fig. 9d), Of note, transcripts of the ERα target Areg
were only detected in a subset of 15–30% of luminal cells
(Fig. 9e), which we assume to be ERαhigh sensor cells because they
co-express PgR protein, here used as a proxy for ERα since the
antibodies for ER do not work with RNAscope (Fig. 9e–g).

Thus, with respect to ERα status, at least three different luminal
cell types can be distinguished. The sensor cells, ERα+ by IHC,
the responder cells, which are ERα- by IHC yet express detectable

amounts of ERα transcript, and ERα negative responder cells.
Sensor cells require both AF-1 and AF-2 whereas the ERαlow
responder cells are AF-2-dependent. These three groups may
represent three distinct classes of luminal epithelial cells or
different zones of a gradient of different ERα expression levels.

Discussion
The present study of the in vivo role of ERα and its subdomains
AF-1 and AF-2 in the mammary epithelium reveals unexpected
complexities of this signalling pathway. Contrary to current
thinking that there is a dichotomy between ERα+ and ERα-
luminal cells, we show that based on ER expression levels, a third
luminal cell population, the ERαlow cells, can be distinguished.
These cells have readily detectable Esr1 transcripts but are char-
acterised by low-level ERα protein expression, possibly attribu-
table to high protein turnover. The percentage of luminal cells
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Fig. 7 Global gene expression profile of ERα−/− and WT MECs. a Principal component (PC) analysis of RNAseq data showing the importance of the Esr1
genotype for global gene expression. b Bar graph showing the number of genes whose expression increased (IE) or decreased (DE) in ERα−/−.GFP+ vs.
WT.GFP+ MECs engrafted intraductally to contralateral glands of NSG females and subsequently isolated by FACS-sorting from hosts during pregnancy.
c Bar plot showing reads per kilobase million (RPKM) of ERα high, sensor cell markers expressed in ERα−/−.GFP+ and WT.GFP+ MECs that were engrafted
intraductally to contralateral glands of NSG hosts and subsequently isolated by FACS-sorting from pregnant hosts. d Bar plot showing RPKM of milk genes
expressed in FACS-sorted ERα−/−.GFP+ and WT.GFP+ MECs grafted intraductally and isolated from pregnant hosts. e, f MetaCore analysis of genes
showing decreased (e) or increased (f) expression, in ERα−/−.GFP+ MECs compared to WT.GFP+ MECs. The most significantly enriched terms are listed
with p value. g, h Reactome analysis of genes with decreased g or increased h expression, in ERα−/−.GFP+ MECs compared to WT.GFP+ MECs. The most
significantly enriched terms are listed with p value. i Visual representation of GO terms with increased expression in ERα−/−.GFP+ vs. WT.GFP+ MECs by
Cytoscape. j Pie chart showing proportions of KEGG terms among the genes with increased expression in the ERα−/−.GFP+ vs. WT.GFP+ MECs
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with high Esr1 mRNA levels as determined by RNAscope
amounted to 40% whereas the percentage of ERα+ cells by IHC
in adjacent sections was somewhat higher with 50% suggesting
that mRNA and protein levels do not directly correlate. Whether
the ERαhigh and ERαlow luminal cell populations that we propose
correspond to the mature and progenitor sensor cells recently
discerned by single cell RNA sequencing39,40 remains to be tested.

Similarly, whether the different ERα states mark distinct cell
populations or reflect different transient and/or functional states
of otherwise similar luminal cells, will need to be addressed by
more in depth single cell sequencing. Lineage tracing experiments
have shown that ERα+ cells only give rise to ERα+ cells41,42. In
one approach, the prominin promoter was used to drive Cre
expression and shown to be expressed in a subset of ERαhigh
cells42. In the other approach, a 4-kb fragment upstream of the
Esr1 transcription start site was used to drive doxycycline-
inducible transgenic Cre expression; subsequently the founder
was selected which showed the best overlap of Cre expression
with ERαhigh cells41. It will be interesting to see how the outcome
would change if the ERαlow luminal cell populations were traced.
If indeed would these cells give rise exclusively to ERαlow luminal
cells suggesting that ERα status is fixed or they may be less dif-
ferentiated and more plastic and be able to give rise also to ERα-
cells.

Furthermore, it remains to be ascertained with more sensitive
quantitative approaches whether ERα status is truly tripartite in

the luminal epithelium or whether underlying our observations is
a continuous, possibly changing gradient in ERα expression
levels.

The current model, about the cellular origin of breast cancer
has it that ERα+/luminal breast cancers originate from ERα+
while triple negative/basal-like breast cancers from ERα-cells. Our
findings beg the question how the ERαlow vs. ERαhigh luminal
cells contribute to breast cancer development. Similarly, the
current view of ERα as a marker of differentiation in a hier-
archical model for mammary cell types appears too simple. At
least when expressed at low levels, ERα may have an important
role in controlling cell plasticity.

A picture emerges that links ERα function and signalling
mechanisms to its expression level. ERαhigh sensor cells require
both AF-1 and AF-2 to transcribe essential paracrine mediators,
like Areg, Wnt4 and Pgr1 and to induce ductal growth. It is
tempting to speculate that this is a means of ensuring that the
strongly pro-proliferative actions of paracrine signalling only kick
in when both sufficient levels of the ER ligand itself are around
and growth factor signalling is simultaneously active resulting in
ER phosphorylation and activation of AF-1. ERαlow responder
cells largely rely on AF-2 to transcriptionally control the cytos-
keleton, cell adhesion, and signalling, essential for the expansion
of this cell population during ductal morphogenesis with its
extensive cell movements in response to paracrine signalling. The
effects of AF-1 deletion appear more subtle in the responder cells.
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We failed to detect a phenotype in the context of chimeric epi-
thelia during ductal outgrowth, yet the AF-10 MECs were less
efficient than their WT counterparts during intraductal engraft-
ing suggesting that AF-1 may affect the expression of cell adhe-
sion genes a hypothesis that seems plausible in light of the altered
CD24 and CD49f expression in this mutant.

During pregnancy, ERα−/− MEC populations expand more
than their WT counterparts. However, we failed to detect a dif-
ference in proliferation indices at the specific pregnancy time
point we analysed, e.g., day 12.5. Two scenarios are conceivable;
either at an earlier or a later time point, f.i. during alveologenesis
the ERα MECs have higher proliferative indices than their WT
counterparts, this can be addressed by more detailed follow up
studies. Alternatively, pregnancy-induced cell proliferation
may be faster in ERα negative MECs than in ERαlow or ERαhigh
cells. As only 20% of the luminal cells in the WT setting are ERα
negative whereas in the ERα−/− MECs 100% lack ERα expression
this could underlie the observed compensation in the course of
pregnancy.

The opposite biological effects in puberty and pregnancy may
also reflect a dose-dependent biphasic mode of action with low
oestrogen levels in puberty and high levels during pregnancy
triggering opposite actions. Alternatively, it may relate to the
specific hormonal context, which changes dramatically from
puberty to pregnancy, this concerns a multitude of hormones but
is particularly striking for progesterone. In addition to changes in
the levels of the ligands the concomitant loss of PgR expression,
which opposes many ERα actions43 may have a role to play.

Previously, ERαNeoKO mice44 were suggested to be an AF-1
deficient mouse model as they transcribe a spliced mRNA that
gives rise to a receptor lacking parts of the domain A and all
domain B45. In contrast to the present finding that ERαAF-10
mammary epithelia fail to develop alveoli, some of the
ERαNeoKO epithelial grafts grew during pregnancy and devel-
oped alveoli16. It is conceivable that complete loss of ERα func-
tion in some MECs accounts for this; the activity of the resulting
E1 ERα variant protein in the ERαNeoKOmice is animal and cell-
type dependent46.

Our finding that all ERα signalling is AF-2-dependent provides
a molecular basis for the breast specific efficacy of the widely used
breast cancer therapeutic, tamoxifen, which is an AF-2 antagonist
but AF-1 agonist47.

Methods
Mice. All mice were maintained and handled according to Swiss guidelines for
animal safety with a 12-h-light-12-h-dark cycle, controlled temperature and food
and water ad libitum. Animal experiments were performed in accordance with
protocols approved by the Service de la Consommation et des Affaires Vétérinaires
of Canton de Vaud, Switzerland. The ERα−/−15, ERαAF-1[013, ERαAF-2[014
RAG1−/−48, C57BL/6-Tg(Act-EGFP)27 and tg(CAG-DsRed*MST)1Nagy/J28 were
maintained in C57Bl6 background. The NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice
(NSG) were purchased from Jackson Laboratories. Mice were anaesthetised by
intraperitoneal injection with 10 mg/kg xylazine and 90 mg/kg ketamine (Graeub).

Transplantations and intraductal injections. For transplantations, 1 mm3 epi-
thelial fragments were prepared under a fluorescence stereoscope from GFP+
donor mice and inserted into the inguinal fat pads of 3-week-old Rag1−/− females
cleared of their endogenous epithelium as described49. To generate chimeric epi-
thelia, 90,000 dissociated WT.DsRed+ mixed with 10,000 dissociated mutant.GFP+
cells in 10 μL of 20% growth factor reduced matrigel (BD Biosciences) were injected
into cleared fat pads. Mutant and control fragments were grafted into contralateral
glands. The outgrowths were analysed 10 weeks after transplantation or after
impregnation of the hosts on P16–18. Progesterone and control pellets were pre-
pared as described50 and inserted subcutaneously in the neck region of 12-week-old
females. Intraductal injections were performed as described32.

Mammary gland whole-mounts and image analysis. Mammary gland whole-
mounts were performed as described51. Stereomicrographs were acquired using a
LEICA MZ FLIII stereomicroscope with Leica MC170 HD. Fluorescence images
were acquired using a LEICA M205FA fluorescence stereomicroscope with Leica

DFC 340FX camera. The area of mammary fat pad filled by ducts and branching
points were determined using ImageJ software. To determine the area of fat pad
filled with epithelium, areas with ducts were circled using ImageJ software. The
total area of the mammary fat pad, filled and not filled, was measured using the
same method and the percentage of fat pad occupancy determined as ratio between
duct area/total fat pad area. GFP and DsRed signal intensities were calculated with
(integrated densitysignal− areasignal) ×meanbackground using ImageJ software.

Immunofluorescence and antibodies. Glands were fixed with 4% paraformalde-
hyde overnight at 4 °C and embedded in paraffin. Sections measuring 4 μm were
dewaxed, rehydrated and subjected to antigen retrieval with 10 mM trisodium
citrate buffer, pH 6.0 for 20 min at 95 °C. Blocking of 1 h with 1% BSA was
followed by incubation with primary and secondary antibodies. Primary antibodies
were: rabbit anti-ERα (1:100–400; MC20, sc-542 SantaCruz), rabbit anti-PR (1:400;
SP2, RM-9102 Thermo Fisher Scientific), anti-SMA (1:100; RB-9010-P0; Thermo
Fisher Scientific), anti-p63 (1:100; MU418-UC; BioGenex) and rabbit anti-RFP
(1:400; cat# PM005, MBL). All secondary antibodies were used at 1:500 dilutions
(Molecular probes): alexa 488-conjugated anti-rabbit IgG, alexa 488-conjugated
anti-goat IgG, alexa 568-conjugated anti-rabbit IgG and alexa 568-conjugated anti-
mouse IgG. Nuclei were counterstained for 10 min with DAPI (Sigma) and
mounted with Dabco (0718, Carl Roth). Images were acquired on confocal Zeiss
LSM700 and reassembled with ImageJ software.

RNA extraction and quantitative reverse transcription polymerase chain
reaction(PCR) analysis with sequencing and bioinformatics analysis. Mam-
mary glands #3–5 were homogenised in TRIzol (15596026, Invitrogen), total RNA
was isolated using miRNeasy Micro Kit (217084, Qiagen), and cDNA synthesised
with 250 ng of total RNA using SuperScript VILO cDNA synthesis kit (11754-050
Invitrogen). For high-throughput qPCR, after a step of pre-amplification PCR
using TaqMan PreAmp Master Mix kit (PN 4384556A Applied Biosystems), semi-
quantitative real-time PCR analysis in duplicates was performed using EvaGreen
DNA-binding dye with 48.48 dynamic arrays (Fluidigm) on Biomark HD machine
(Fluidigm). Primers used for the pre-amplification are composed of a mix of all
primers used at a final concentration of 500 nM. Data were analysed and nor-
malised to three housekeeping genes (Gapdh, 36B4 and Hprt) using GenEx soft-
ware (MultiD). Primer sequences: Areg, ACC AAT GAG AAC TCC GCT GCT,
AAG CGA TTC GCC TTT CCC TGA, 36B4, GAA CTT GCT GCA TAG CAG
ACC, CTC CTT GCA ATC TCC CAG AG, Hprt, ACG AGA GGC TCA CTG
CAG AC, GGA GAT TGC GGG TTT ATA ATG, Wnt-4, AGG AGT GCC AAT
ACC AGT TCC, CAG TTC TCC ACT GCT GCA TG, Prlr, GAT CAT TGT GGC
CGT TCT CT, CCA GCA AGT CCT CAC AGT CA, Pgr, AAA CTG CCC AGC
ATG TCG TCT, GCT CTC GTT AGG AAG GCC CA, Itgb1, TTC AGA CTT CCG
CAT TGG CTT TGG, TGG GCT GGT GCA GTT TTG TTC AC, Gapdh, CCA
ATG TGT CCG TCG TGG ATC, GTT GAA GTC GCA GGA GAC AAC.

RNA was extracted from GFP+ FACS-sorted cells using miRNeasy Mini Kit
(Qiagen). Libraries were prepared in two steps. The first step was performed with
SMART-Seq v4 ultra low input RNA Kit (Clontech). Briefly, 10 ng of RNA was
reverse transcribed using a oligo dT primer flanked with a proprietary adaptor.
Template switching mechanism was then used to append another proprietary
adaptor on the 3′ end of the cDNA corresponding to the beginning of the mRNA
molecule. A PCR specific for the aforementioned adaptors was used to create and
amplify double-stranded cDNA molecules. The second step was performed with
Nextera XT kit (Illumina). Briefly, tagmentation of the double-stranded cDNA with
hyperactive Tn5 created fragments of a few hundred bp, flanked with Illumina
proprietary adaptors. DNA was then PCR amplified with Illumina primers for eight
cycles, generating final libraries of ~400 bp (insert plus adaptors). Libraries were
sequenced on Illumina NextSeq 500 instrument with single-end reads of 85nt. Base
calls and Illumina adaptors trimming performed using bcl2fastq v2.18. Clontech
adaptors trimming performed with CLC 9. RNAseq reads were aligned to the
mm10 genome assembly using the web application HTSstation52. For the
differential RNAseq expression analysis we applied the automated analysis pipeline
ASAP53 for 90% top expressed threshold (% of genes kept in the data frame). Lists
of DE analyses were performed using edgeR package. Heatmap was generated using
ClustVist54.

RNA in situ hybridisation. RNAscope assay (Advanced Cell Diagnostics, Cat. No.
323110) was performed according to manufacturer’s protocol on 4 μm depar-
affinized sections and hybridised with probes: Mm-Esr1 (ACD, Cat. No. 432861),
Mm-Areg (ACD, Cat. No. 430501), Mm-Ppib (ACD, Cat. No. 313911, positive
control) and DapB (ACD, Cat. No. 310043, negative control) at 40 °C for 2h and
revealed with TSA Plus-Cy3 (Perkin Elmer, Cat. No. NEL744001KT). Rabbit anti-
PgR (1:400, clone SP2, Thermo Fisher, Cat. No.: RM-9102-P) and rabbit anti-ERα
(1:100; MC20, sc-542 SantaCruz) was incubated overnight at 4 °C and detected
with Alexa 488 or Alexa 568 conjugated goat anti-rabbit (1:1000, Life Technology),
respectively. Images were captured on confocal Zeiss LSM700 and spots quantified
using QuPath and an in-house script, code available from O. Burri at the Bioi-
maging and Optics platform, EPFL, based on the guide for RNAscope Data
Analysis.
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Hormone measurements. Testosterone, androstenedione, 17α-hydro-
xyprogesterone, corticosterone, 11-deoxycorticosterone and progesterone levels
were measured by LC–MS High Resolution (Q-Exactive, ThermoFisher Scientific).
Frozen plasma samples were thawed, vortex mixed, centrifuged at 33,000g for
5 min. An aliquot of 50–100 µL was spiked with 10 µL of internal standards. After
diluting the samples with 5% (w/v) phosphoric acid, the analytes were purified
using a solid phase extraction (Oasis MCX 96-well plate, Waters). The washing
steps were 5% (w/v) NH4OH and 20% (v/v) methanol. The separation column was
an Acquity UPLC HSS T3 column (1.8 µm, 1.0 × 100 mm, Waters), the mobile
phase comprised H2O and 0.01% formic acid in methanol. The liquid chromato-
graphy system was coupled to a Q-Exactive Orbitrap mass spectrometer (Thermo
Scientific) using a full scan acquisition. The calibrants were certified standards
(ChromSystems). Estradiol was extracted from 100 to 200 µL plasma with ethyl
acetate: hexane (3:2). The upper organic layer was evaporated under nitrogen
followed by derivatization with dansyl chloride. The separative column was a
Zorbax Eclipse Plus RRHD C18 (Agilent); analysis was carried out on a 6495 Triple
Quad LC/MS–MS (Agilent)55.

Fluorescence activated cell sorting. Mammary glands were pooled for the pre-
paration of single cell suspensions and processed for flow cytometry as described34.
The following conjugated antibodies were used: anti-CD24-PE-Cy7 (560536, BD
Pharmingen), anti-CD49f-APC (313616, Biolegend), anti-CD31-BV421 (563356,
BD Pharmingen), anti-CD45-BV421 (563890, BD Pharmingen) and anti-Ter119-
BV421 (563998, BD Pharmingen). Mammary epithelial cells were sorted on a
FACSAria flow cytometer (Becton Dickinson) or analysed on LSRII flow cytometer
analyser (Becton Dickinson).

Statistical analysis. Statistical analyses were performed with Prism7 software
(GraphPad). Data are shown as means ± SD, or as otherwise specified. Statistical
significance is indicated as follows *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
n.s. not significant.

Data availability
The transcriptomics data have been deposited in the Gene Expression Omnibus
database under accession code GSE103664;.
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Abstract
Estrogen receptor -positive (ER-positive) or ‘luminal’ breast cancers were notoriously difficult to establish as
patient-derived xenografts (PDXs). We and others recently demonstrated that the microenvironment is critical
for ER-positive tumor cells; when grafted as single cells into milk ducts of NOD Scid gamma females, >90%
of ER-positive tumors can be established as xenografts and recapitulate many features of the human disease
in vivo. This intraductal approach holds promise for personalized medicine, yet human and murine stroma are
organized differently and this and other species specificities may limit the value of this model. Here, we analyzed
21 ER-positive intraductal PDXs histopathologically. We found that intraductal PDXs vary in extent and define
four histopathological patterns: flat, lobular, in situ and invasive, which occur in pure and combined forms. The
intraductal PDXs replicate earlier stages of tumor development than their clinical counterparts. Micrometastases
are already detected when lesions appear in situ. Tumor extent, histopathological patterns and micrometastatic
load correlate with biological properties of their tumors of origin. Our findings add evidence to the validity of the
intraductal model for in vivo studies of ER-positive breast cancer and raise the intriguing possibility that tumor
cell dissemination may occur earlier than currently thought.
© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain
and Ireland.

Keywords: intraductal xenografts; luminal breast cancer; preclinical model; patient-derived xenografts; ductal carcinoma in situ;
micrometastasis
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Introduction

Breast cancer (BC) is a frequent disease worldwide
[1]. Over 75% of BCs express estrogen receptor (ER)
in >1% of the tumor cells by immunohistochemistry
(IHC) [2] and overlap with luminal A and B subtypes
defined by global gene expression [3,4] exhibiting low
versus high proliferative indices and distant recurrence
rates [5]. Twenty percent of patients experience distant
recurrence and cancer-related death [6]. Overtreatment
of early disease and endocrine resistance are additional
problems concerning this subgroup [7]. A lack of pre-
clinical models hampered progress in understanding
the biology of luminal tumors and the development of
new therapies. Genetically engineered mouse models

mostly develop ER-negative tumors; few ER-positive
BC cell lines grow in vivo requiring non-physiological
estrogen supplements [8]. Patient-derived xenografts
(PDXs) are increasingly used but difficult to establish
from ER-positive tumors [8]. We and others showed
that the microenvironment is a major determinant of
luminal BC cells and that take rates increase dramat-
ically when luminal BC cells are grafted to mouse
milk ducts [9]. They grow without estrogen sup-
plementation, recapitulating many features of their
clinical counterpart [9,10]. Yet, mammary stroma and
endocrine milieu differ between women and mice. To
assess the impact of the mouse host on the biology of the
engrafted human cells, we analyzed 21 intraductal PDXs
histopathologically.

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain and Ireland.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.
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Materials and methods

The study was approved by the Commission cantonale
d’éthique de la recherche sur l’être humain (CER-VD
38/15); patients signed informed consent. Animal
experiments were performed in accordance with proto-
col 1861.3 approved by Service de la Consommation et
des Affaires Vétérinaires, Canton de Vaud, Switzerland.
After inking of margins and macroscopic assessment,
part of the tumor tissue was taken by the pathologist
(MF), transported to the laboratory in DMEM/F12,
mechanically and enzymatically dissociated to single
cells, lentivirally transduced with luciferase-Green
Fluorescent Protein (GFP) and injected into teats
of 10-week-old NOD Scid gamma females [9]. In
vivo growth was monitored biweekly by biolumi-
nescence. Engrafted glands were dissected, fixed in
buffered formalin for 2 h and paraffin embedded. Four
micrometer sections were cut and numbers 1, 7 and 15
stained with hemalun/eosin. Staining for Alu elements
unequivocally identified human cells when required.
IHC was performed on Discovery Ventana ULTRA [9].
Micrometastatic load was calculated as the percentage of
bioluminescence-positive organs of all organs collected.

Results

Tumor cells from 21 patients were intraductally grafted
to 88 mice in 220 glands after lentiviral transduction
with luciferase-GFP (Figure 1A,B, supplementary
material, Table S1). Mice were sacrificed when radi-
ance >10E8 so tumor cells are readily detectable.
Micrometastases, consisting of <30 cells (Figure 1C),
were detected in 90% of the 31 mice analyzed by
ex vivo radiance measurements on various organs,
revealing bones as the most frequent site of tumor
cell seeding, followed by brain, lungs and liver
(Figure 1D). Tumor extent assessed semiquantita-
tively on hemalun/eosin-stained sections varied, with≥70% of ducts distended by human cells in six of 21
PDXs (see supplementary material, Figure S1A) and
tumor cell foci occupying 20–60% or<5% of the ductal
tree in 10 and 5 PDXs, respectively (see supplementary
material, Figure S1B,C).

Although the distribution of ER-positive and proges-
terone receptor (PgR)-positive indices in primary tumors
and PDXs were similar (see supplementary material,
Table S1 and Figure S2A,B), they differed by >10% in
five and 12 pairs, respectively, consistent with higher
inter- and intratumor variability of PgR staining in
clinical samples (see supplementary material, Figure
S2C,D). HER2 status was IHC 3+ in two of three PDXs
corresponding to IHC 3+ primary tumors, including one
confirmed by FISH. A primary tumor with an IHC 2+
score and focal gene amplification was negative in the
PDX, suggesting clonal outgrowth.

The PDXs showed four distinct architectural pat-
terns reminiscent of human breast disease: flat (F),

lobular (LOB), in situ (IS) and invasive (INV) in pure
form or mixed. The F pattern (Figure 2A–E) resembled
columnar cell changes and flat epithelial atypia, an
early premalignant alteration [11,12], showing a mono-
layer lining of variably dilated mouse ducts (Figure 2A)
with large columnar cells, mild nuclear pleomorphism
and abundant eosinophilic cytoplasm forming apical
‘snouts’ (Figure 2B). It was associated with foci of intra-
ductal proliferation of low nuclear grade tumor cells in a
cribriform pattern, similar to atypical ductal hyperplasia
(Figure 2E) [12]. Strong and diffuse ER (Figure 2D) and
PgR expression (Figure 2E) were observed. Together
this pattern was interpreted as early ‘colonization’ of
murine ducts by human tumor cells.

The LOB pattern was characterized by tumor cell
growth within the ductal walls, like pagetoid spread
of lobular carcinoma in situ (LCIS) (Figure 2F,G, sup-
plementary material, Figure S3) [12,13], associated
with intracellular clear, mucin-like vacuoles bestowing
a signet-ring cell-like appearance on the tumor cells
(Figure 2F). Interestingly, four of five lobular PDXs cor-
responded to this pattern; no typical LCIS was observed,
instead four of them exhibited the F pattern. In the
human breast, columnar cell changes and lobular neo-
plasia are frequently associated and considered as ‘low
grade’ precursor lesions of both ductal and lobular sub-
types [14,15]. The only case of pleomorphic lobular car-
cinoma showed LOB and F patterns with a 20% prolif-
erative fraction (Figure 1B).

The IS pattern showed varying degrees of filling of
the ductal lumen by tumor cells (Figure 2H–O) and
resembled ductal carcinoma in situ (DCIS). It encom-
passed combinations of different degrees of nuclear
pleomorphism and architectural patterns, like cribriform
(Figure 2H–J) or solid with or without comedonecro-
sis (Figure 2K–O) [12]. An ER-positive HER2-positive
PDX showed large tumor extent, high nuclear pleo-
morphism, comedo architecture, high proliferation rate
(Figure 2M) and HER2 overexpression (Figure 2O).

Although the tumor cells were derived from invasive
primary tumors, only one-third of the PDXs had an INV
pattern, with tumor cells detected outside the host ducts,
either isolated or in small clusters (Figure 2P–R). Thus,
intraductal xenografts replicate earlier stages than the
original primary tumor; nevertheless, micrometastases
were present in 90% of the mice and in all the 16
analyzed PDXs (see supplementary material, Table S1).

Next, we assessed how the biological features of the
PDXs related to the prognostic characteristics of their
clinical counterparts. According to a 20% Ki67 IHC
cut-off based on clinical practice [16], the primary tumor
series comprised seven luminal A-like (Ki67< 20%)
and 14 luminal B-like (Ki67≥ 20%) cases; four of the
latter were HER2-positive. In luminal A-like cases, the F
pattern was observed in six of seven PDXs, pure in three
cases, mixed with IS in one and with the LOB pattern in
two cases. No INV pattern was found and the IS pattern
was only found in one case (Figures 1B and 3A). Nine
of 14 luminal B-like cases, all of no special type (NST)
(12) showed the F pattern, only 2 of them as the only
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Figure 1. Intraductal ER-positive BC PDXs. (A) Experimental scheme of PDX establishment and follow-up. Primary tumors were dissociated to
single cells, which were subsequently transduced with lentivirus encoding GFP and luciferase. The infected cells were injected intraductally
in multiple glands and their in vivo growth monitored by bioluminescence. The mice were euthanized and the presence of metastases
assessed by bioluminescence in brain, lungs, bones and liver. Analysis of spleen, intestine and other internal organs was negative. (B) Table
reporting primary tumor and PDX characteristics. (C) Hemalum/eosin-stained section of a micrometastasis*** in the lung, consisting of
atypical cells with large nuclei. Inset: IHC staining for ER (brown) with Mayer’s hematoxylin counterstain of an adjacent section revealing
the ER-positive tumor cells in the ER-negative lung tissue. Scale bars = 35 μm. (D) Numbers of different organs (n = 88) in 31 xenografted
mice bearing micrometastases.

pattern (Figure 3A). The INV pattern was detected in six
of 14; IS and INV patterns were combined in four of 14.
Thus, the F pattern tended to be present in luminal A-like
BC-derived PDXs. IS and INV patterns on the contrary
were observed, with or without the associated F pattern,
in PDXs obtained from the more aggressive luminal
B-like subtype. Micrometastatic burden was higher in

mice engrafted with luminal B-like than luminal A-like
primary tumors (Figure 3B).

Tumor extent did not correlate with the time the
grafted cells spent in the hosts (Figure 3C) nor with
the number of cells injected (Figure 3D) but with in
vivo growth rates (Figure 3E) and Ki67 index in the
primary tumor (Figure 3F). The proliferative indices
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Figure 2. Intraductal PDXs exhibit four morphological patterns by hemalun/eosin staining and IHC. (A–E) Flat (F) pattern. (A–C) Human
tumor cells cover the wall of variably dilated ducts forming a monolayer of large cylindrical cells with small nuclei, eosinophilic cytoplasm
and apical cytoplasmic ‘snouts’ reminiscent of columnar cell changes and flat epithelial atypia in the human breast. (D and E) ER (D) and PgR
(E) are strongly and diffusely expressed by human cells. (E) Focally, transition between the F pattern and cellular bridges similar to human
atypical ductal hyperplasia is seen. (F and G) Lobular (LOB) pattern. (F) The mouse ductal epithelium is replaced by human cells harboring
two associated phenotypes: (1) large cells with a ‘signet ring cell’ appearance (a large cytoplasmic vacuole displaces an enlarged nucleus
toward the periphery of the cell) grow within the ductal wall in a ‘pagetoid’ manner; (2) smaller cohesive cubo-cylindrical cells lining the
ductal lumen. (G) ER is expressed in most large cells and in a few cylindrical cells. (H–O) In situ (IS) pattern. Human tumor cells fill the
ductal lumen. (H–J) Some IS PDXs exhibit a cribriform architectural pattern, mild nuclear pleomorphism, low proliferation index (Ki67) (I)
and diffuse strong ER expression (J). (K–O) One PDX exhibits a solid growth with comedonecrosis (K), marked nuclear pleomorphism (L and
N), high proliferation index (Ki67) (M) and HER2 overexpression (O). (P–R) Invasive pattern (INV). Tumor cells diffusely expressing ER fill
the dilated mouse ductal tree (P and Q) and grow outside the ducts in small clusters surrounded by collagen (P, R arrows). Scale bars =
100 μm.

in primary tumors also correlated with in vivo growth
rates (Figure 3G) and micrometastatic load (Figure 3H).
Thus, tumor extent relates to primary tumor biology
rather than to engraftment modalities; growth rates and
micrometastatic burden reflect Ki67 index and hence
patient prognosis.

Discussion

The intraductal PDXs of ER-positive BCs in this study
reproduce the spectrum of ER-positive DCIS with dif-
ferent architectures: solid, comedo and cribriform, com-
bined with various degrees of nuclear pleomorphism

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2019; 247: 287–292
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Figure 3. Characterization of in vivo growth. (A) Distribution of histological patterns within each subtype. (B) Micrometastatic burden
expressed as percentage of positive organs in each recipient in luminal A- (LumA) versus luminal B- (LumB) derived PDXs. (C–F) Pearson
correlation of tumor extent against (C) time of PDX growth in vivo, expressed in days after injection, (D) initial number of cells injected
per gland, (E) in vivo cell growth expressed as fold-change radiance relative to the first day of measurement (log10) and (F) Ki67 index of
the primary tumor. (G and H) Pearson correlation of primary tumor Ki67% with (G) in vivo monitored growth and with (H) micrometastatic
burden the percentage of organs affected by metastases within each case as determined by bioluminescence.

[12,13,17]. Several precursor lesions, such as flat epithe-
lial atypia, atypical ductal hyperplasia, pagetoid growth
of LCIS, were observed, whereas typical aspects of
LCIS were not. Invasive cancer occurred only as small
foci and no true invasive lobular carcinomas or other

special subtypes were observed in the 21 PDXs under
study.

Hence, most histopathological features are tumor
cell-intrinsic and not determined by stroma or sys-
temic factors, which differ between humans and mice.
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The observation that two-thirds of the PDXs derived
from invasive cancers represent earlier lesions sug-
gests that engrafted cells re-start growth intraductally,
recapitulating different steps with a prolonged stage
of non-invasive growth as they probably did in the
patient’s breast years before diagnosis. This is impor-
tant to consider when using the model in personalized
medicine [9].

Although the typical F, LOB and IS patterns are
readily identified, some morphological aspects of
ER-positive intraductal PDX are more difficult to clas-
sify. This concerns dispersed foci of human cells lining
the wall of small mouse ducts, with neither apical snouts
nor cystic duct dilation. We classified these as F but
speculate that they will evolve into a different pattern.
Although most (15/21) PDXs had some F pattern, it
tended to be pure in luminal A-derived PDXs, whereas
IS and INV patterns were detected when luminal B cells
were engrafted. Furthermore, proliferative indices of
primary tumors were maintained in the PDXs. Thus, the
heterogeneity of luminal tumors was preserved. This is
especially important regarding the clinical problem of
overtreatment; the model may help identify tumors with
low aggressiveness and/or a high level of responsiveness
to endocrine therapy.
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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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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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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

Invasive lobular carcinoma (ILC) is the most frequent special histo-
logical subtype of breast cancer, typically characterized by loss of
E-cadherin. It has clinical features distinct from other estrogen
receptor-positive (ER+) breast cancers but the molecular mecha-
nisms underlying its characteristic biology are poorly understood
because we lack experimental models to study them. Here, we reca-
pitulate the human disease, including its metastatic pattern, by
grafting ILC-derived breast cancer cell lines, SUM-44 PE and MDA-
MB-134-VI cells, into the mouse milk ducts. Using patient-derived
intraductal xenografts from lobular and non-lobular ER+ HER2!

tumors to compare global gene expression, we identify extracellular
matrix modulation as a lobular carcinoma cell-intrinsic trait. Analysis
of TCGA patient datasets shows matrisome signature is enriched in
lobular carcinomas with overexpression of elastin, collagens, and the
collagen modifying enzyme LOXL1. Treatment with the pan LOX
inhibitor BAPN and silencing of LOXL1 expression decrease tumor
growth, invasion, and metastasis by disrupting ECM structure result-
ing in decreased ER signaling. We conclude that LOXL1 inhibition is a
promising therapeutic strategy for ILC.
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xenografts
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Introduction

Breast cancer (BC) is a heterogeneous disease with 19 different

histopathologic subtypes. Most carcinomas are classified as of no

special type (NST). Among the special histological subtypes, inva-

sive lobular carcinoma (ILC) is the most frequent, representing 10–
15% of all cases (Tavassoli & Devilee, 2003; Lakhani, 2012). ILCs are

characterized by small, non-cohesive, and non-polarized tumor cells

with mild nuclear atypia that frequently grow as “Indian files” with

little disruption of normal breast tissue architecture (Tavassoli &

Devilee, 2003). ILCs are up to 95% estrogen receptor-positive (ER+),

60–70% progesterone receptor-positive (PR+), and tend to have a

low proliferative index; all features usually associated with a good

prognosis. However, ILCs are more often diagnosed at advanced

stages than other ER+ BCs. The absence of a desmoplastic reaction

and of microcalcifications in ILCs delay clinical detection by palpa-

tion and mammography. ILCs metastasize more frequently to the

ovaries, the adrenal glands, and the meninges, and are less respon-

sive to chemotherapy and tamoxifen than non-lobular ER+ BCs (de la

Monte et al, 1984; Guiu et al, 2014; Christgen et al, 2016).

By global gene expression profiling (Perou et al, 2000) and

PAM50 (Parker et al, 2009), which define four molecular subtypes,

ILCs cluster with luminal A and B, and not HER2! enriched, nor

basal-like subtypes (Ciriello et al, 2015; Desmedt et al, 2016; Du

et al, 2018). Cytogenetically, ILCs are more likely to be diploid than

non-ILC tumors (Arpino et al, 2004). Loss of E-cadherin expression

is a hallmark of ILC, seen in more than 90% of cases (Christgen

et al, 2016).

Elegant genetically engineered mouse models carrying various

mutations in conjunction with CDH1 deletion, mimic different

aspects of the disease (Derksen et al, 2006; Boelens et al, 2016;

Tenhagen et al, 2016; An et al, 2018) and of particular subtypes,

such as the classic (Boelens et al, 2016) or inflammatory ILC (An

et al, 2018). However, these models lack the high ER and PR expres-

sion characteristic of the human disease and are of limited value in

mimicking the metastatic disease. Seven human ILC cell lines have

been reported, all of which are difficult to grow in vitro and more so

as xenografts (Riggins et al, 2008; Sikora et al, 2014; Christgen &

Derksen, 2015; Özdemir et al, 2018; Stires et al, 2018).
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We have recently shown that the notoriously low take rates of

ER+ BC xenografts of both cell lines and patient-derived tumor cells

can be markedly improved by grafting the cells to the milk ducts of

immunocompromised mice (Sflomos et al, 2016), a finding that

extends to androgen receptor-positive, molecular apocrine BCs

(Farmer et al, 2005; Richard et al, 2016). The ER+ BC cell line,

MCF7, faithfully recapitulates ER+ BC development from in situ to

metastatic disease when grafted this way (Sflomos et al, 2016)

although the cell line is derived from a pleural effusion, i.e., late-

stage disease, and has been passaged extensively in vitro (Soule

et al, 1973). Here, we show that the ER+ ILC-derived cell lines,

MDA-MB-134-VI (MM134) and SUM-44 PE (SUM44), which are both

functionally inactive for p53 (Reis-Filho et al, 2006; Wasielewski

et al, 2006), recapitulate many features of the disease when xeno-

grafted intraductally and provide new robust models for this under-

studied disease. Comparing lobular and non-lobular ER+ HER2!

PDXs, we identify a transcriptional program underlying the lobular-

specific molecular characteristics and show that extracellular matrix

(ECM) modulation is a tumor cell-intrinsic characteristic and targe-

table feature of ILCs.

Results

Intraductal xenografts of ILC-derived cell lines model
human disease

To assess whether ILC-derived cell lines recapitulate the biology of

human lobular carcinomas when xenografted to the mouse milk

ducts, we tested the ER+ lobular, E-cadherin- carcinoma-derived

MM134, and SUM44 cell lines. To identify specific differences with

non-lobular E-cadherin+ ER+ HER2! models, we compared them

with the MCF7 and T47D cell lines. All cell lines were infected with

RFP-luciferase 2 expressing lentivirus, selected by flow cytometry

for RFP expression, and injected into the milk ducts of immunocom-

promised NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) females (Shultz

et al, 2005) (Fig 1A). In vivo radiance measurements within a week

of injection showed engraftment rates of > 83% for the lobular

versus > 95% the non-lobular cell lines, respectively (Fig 1B).

Measurements of in vivo radiance showed the ILC cells had lower

growth rates than the non-ILC ER+ HER2! cells (Fig 1C). The

growth curves for MCF7 cells did not differ significantly from those

for T47D cells, but differed significantly from the curves for MM134

(P < 0.03) and SUM44 (P < 0.0005) cells (Fig 1C). In particular,

MCF7 and T47D cells showed faster growth over the first 4 weeks

whereas the ILC cells grew at a more constant rate throughout the

experiment. Five months after injection, glands xenografted with

MCF7 or T47D cells were enlarged and hard on palpation, whereas

MM134 and SUM44 xenografts were inconspicuous. Considering

fold change in luminescence at endpoint, MM134 cells were only

marginally different from MCF7 cells, whereas growth of the SUM44

xenografts differed by an order of magnitude (Fig 1D).

To analyze the growth of the different BC cell lines in the context

of the mouse ductal system, we stained whole mounted mammary

glands with carmine alum, a DNA dye, that reveals milk ducts with

their densely packed epithelial cells while barely staining the fatty

stroma. Stereomicroscopy of whole mounted uninjected glands from

experimental animals showed a dichotomously branched ductal

system with few side branches characteristic of young adult virgin

mice (Fig 1E). Two months after injection, xenografted MCF7 cells

caused widespread dilation of host ducts (Fig 1F) with tumor

growth evenly distributed throughout the ducts but sparing the tips

(Fig 1F). In contrast, MM134 (Fig 1G) and SUM44 (Fig 1H) cells

homed to ductal tips and gave rise to grape-like structures reminis-

cent of the highly branched terminal ductal-lobular units (TDLUs) in

the human breast (Fig 1G and H).

Thus, ILC cells have lower engraftment rates, grow slower than

non-ILC, ER+ HER2! BC cells, and colonize the tips of the murine

ductal tree. Their ability to induce human-specific structures,

TDLUs, points to distinct morphogenic properties of ILC cells.

Metastatic spread of intraductal ILC xenografts

Within 2 months of intraductal engraftment, disseminated MCF7-

luc2-GFP cells can be detected in distant organs by ex vivo biolumi-

nescence (Sflomos et al, 2016), whereas there was no detectable

▸Figure 1. Intraductal xenografts of MM134 and SUM44 recapitulate lobular breast carcinogenesis.

A Schematic outline of the intraductal injection approach used to generate ILC xenograft models. ILC cells are transduced with RFP-luciferase expressing lentiviruses
and injected into 3rd thoracic and the 4th inguinal milk ducts, highlighted in red, of 10-week-old NSG females. Tumor growth is monitored by bioluminescence
imaging.

B Bar graph showing percentage of engrafted mammary glands of non-ILC, ER+ HER2!; total number of glands injected with MCF7 (n = 17) and T47D (n = 14) and
ILC, MM134 (n = 38) and SUM44 cells (n = 47). Black dotted line shows take rate 95%.

C Graph showing in vivo growth of the different cell line xenografts. Curves represent mean log-transformed luminescence " SEM of individual glands; MCF7
(n = 17), T47D (n = 10), MM134 (n = 12), and SUM44 (n = 12). Statistical testing for interactions group cell growth/ time relative to MCF-7 was carried out by
applying mixed-effect linear models. P-values are associated with likelihood-ratio test statistics of the ANOVA function in R.

D Box plot showing log10 (radiance fold change) of individual glands 5 months after injection of MCF7, T47D, MM134, and SUM44 cells; n = 17, 14, 38, 47,
respectively. 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. Statistical significance of difference to MCF7 xenografts determined by unpaired, Student’s t-test, two-tailed,
***P < 0.001, n.s. not significant. P-values have been corrected for multiple testing by FDR.

E–H Whole mount stereo-micrographs of carmine alum stained mammary glands either uninjected (E), 2 months after intraductal injection with MCF7, arrows point to
undilated ductal tips (F), MM134, dotted line highlight the subtending duct (G), or SUM44 cells (H), (n > 6) scale bar, 1 mm.

I Ex vivo luminescence images of bones, brain, lungs, and liver from MM134 engrafted mice 1 month post-injection (top) and ovaries (bottom) 12 months post-
injection. Scale bar, 1 cm.

J Dot plot showing ex vivo bioluminescence of different organs from mice xenografted with MM134 and SUM44 cells plotted over organ and time of analysis.
Number of mice analyzed MM134 and SUM44 for 30–180: N = 5, 10, 180–270 days: N = 9, 5, 270–360 days: N = 14, 20, respectively. Dashed line indicates
background levels.
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signal in lungs, brains, and bones from mice engrafted with ILC cells

(Fig 1I, top, 1J). Both MM134- and SUM44-luc2-RFP cells were first

detected at distant sites 5 months after injection. In distinction from

MCF7 cells, which metastasized within 2 months of injection,

mainly to lungs, bones, liver, and brain (Sflomos et al, 2016), the

ILC cells spread more frequently to the adrenal glands, the gastroin-

testinal tract, the ovaries (Fig 1I, bottom), and to the peritoneal

cavity (Fig 1J). The metastatic load in MCF7 xenografts increased

slowly with time due to an increased number of micrometastases. In

contrast, in mice xenografted with ILC cells, radiance in distant

organs increased to levels comparable to those seen in the primary

tumors at 10–12 months after injection and macrometastases

appeared (Fig 1I bottom and J). Thus, the intraductal ILC models

show the metastatic pattern characteristic of their clinical counter-

parts, together with extensive metastatic growth.

Histopathology of SUM44 and MM134 intraductal xenografts

Histological analysis of the xenografted glands 1 month after injec-

tion showed exclusively in situ growth of both MM134 (Fig 2A) and

SUM44 cells (Fig 2B). At 5 months, invasive growth was observed

(Fig 2C and D); in MM134 xenografts, the in situ component

predominated; non-cohesive, round tumor cells formed groups of

nodules, like the “sacs de billes” characteristic of lobular carcinoma

in situ (LCIS; Fig 2C). The invasive component comprised isolated

tumor cells and single file linear cords (“Indian files”) (Lakhani,

2012) (Fig 2D, right arrow). SUM44 xenografts were mostly inva-

sive; large tumor cells with abundant eosinophilic cytoplasm, pleo-

morphic nuclei, numerous mitotic figures, and signet ring cell

features were present, reminiscent of pleomorphic ILC (Fig 2D).

Microcalcifications previously found in MCF7 intradutctal xeno-

grafts were not detected in either of the ILC models.

Immunohistochemistry (IHC) for clinically relevant markers

showed that the mean proliferation index was 42.1% in MM134

xenografts with Ki67 heterogeneously expressed, generally higher in

the invasive and lower in the in situ component (Fig 2E); 61.7% of

the tumor cells were ER-positive whereas PR was not detected

(Fig 2E). SUM44 xenografts showed more uniform Ki67 labeling

with an average index of 30.6% (Fig 2F). Eighty-seven percent of

the tumor cells were ER+, whereas PR expression was detected in

11% of the tumor cells (Fig 2F). While the ER status of the

xenografts resembled that of their clinical counterparts, PR protein

expression was lower. However, stimulation of the host mice with

E2 by means of a subcutaneous silastic pellet increased PR index in

both models to nearly 35 and 31%, respectively (Fig 2G), indicating

that the ER/PR axis is preserved in both models, although MM134

are reported to be PR negative (Christgen & Derksen, 2015).

To better assess the distribution of the ILC cells with respect

to the mouse mammary epithelium, we injected the RFP-luc2

tumor cells into NSG-EGFP+ mice (Okabe et al, 1997; Shultz et al,

2005). Double fluorescence stereomicroscopy of engrafted glands

2 months post-intraductal injection revealed multifocal growth

characteristic of the human disease (Christgen et al, 2016)

(Fig 2H). Immunofluorescence (IF) revealed the GFP+ mouse

cells both at the center of the grape-like ILC agglomerates and

surrounding them. An antibody that recognizes both human and

mouse E-cadherin stained the mouse epithelium in both locations

but not the ILC cells (Fig 2I). Co-IF with anti-GFP and a-smooth

muscle actin antibodies revealed that the outer cell layer is

double positive, indicating that the mouse myoepithelium persists

around the in situ lesions (Fig 2J). We conclude that ILC cells

spread intraepithelially mirroring the pagetoid growth characteris-

tic of lobular carcinomas (Balwierz et al, 2014; McCart Reed

et al, 2015) (Fig 2K). Thus, the MM134 and SUM44 intraductal

xenografts present histopathological features of LCIS and ILC with

characteristics of the pleomorphic subtype consistent with their

loss of p53 function. Both models recapitulate disease progression

in vivo with a 4 months in situ phase, invasion, and metastasis

over 6 months followed by extensive metastatic growth in lungs,

meninges, bone, and ovaries (Fig 2K).

Molecular characteristics of ILC PDXs

Having ascertained that the intraductal microenvironment preserves

the distinct biological characteristics of ILC versus non-lobular ER+,

HER2! BC cells, we sought to determine the molecular underpin-

nings of these differences using patient-derived carcinoma cells. ILC

samples from 15 different patients were obtained, dissociated to

single cells, lentivirally transduced with luciferase-GFP and, depend-

ing on yields, injected to 4–10 mammary glands of 2–6 recipients.

Like the cell line models, patient ILC cells engrafted on average in

80% of the injected glands (Fig 3A).

▸Figure 2. Histopathology of MM134 and SUM44 intraductal xenografts.

A, B Representative micrographs of H&E-stained histological sections of xenografted mammary gland from three female mice 1 month after injection of MM134 (A) or
SUM44 cells (B). Scale bars, 100 lm.

C Representative micrographs of H&E-stained histological sections of MM134 xenografts from three different female mice 5 months after intraductal injection.
Arrows point to indian files. Scale bars, 100 lm.

D Representative micrographs of H&E-stained histological sections of SUM44 cell xenografts from three different female mice 5 months after intraductal injection.
Arrows point to indian files. Scale bar, 50 lm.

E, F Representative micrographs of IHC for Ki67, ER, and PR on histological sections of MM134 (E) and SUM44 (F) xenografts 5 months after intraductal injection
counterstained with hematoxylin. Scale bars, 200 lm. Bar plots represent means " SEM of measurements and indicate the percentage of positive cells for > 1,000
cells counted on three glands.

G Representative micrographs of PR-IHC on glands from 5-month-old MM134 xenografts from hosts treated for 2 months with vehicle (left) or E2 (right) pellets. Scale
bars, 200 lm. Right, bar plot showing percentage of PR+ cells in MM134 and SUM44 xenografts with n > 1,000 cells per condition on glands from three different
mice. Data represent mean " SEM unpaired, Student’s t-test, two-tailed; ***P < 0.001, ****P < 0.0001.

H Fluorescence stereo-micrograph of a mammary gland of a NSG:EGFP+ mouse 2 months after injection with MM134-RFP/luc2 cells. Scale bar, 1 mm.
I, J Micrographs of IF for GFP and E-cadherin (I) and GFP and SMA (J) counterstained with DAPI of MM134 glands 1 month after intraductal injection of NSG:EGFP+

mice, n = 4. Scale bars, 50 lm.
K Scheme showing the timeline of lobular carcinogenesis in the intraductal model.
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Over 1 year, several PDXs were expanded by serial engraftment

and pure tumor cell populations were isolated from three ILC and

three non-lobular ER+, HER2! BC xenografts by flow cytometry sort-

ing based on GFP expression (Appendix Fig S1A). On average,

20,000 cells were recovered and analyzed by RNA sequencing

(Appendix Fig S1B). In contrast to previous global gene expression

analyses of tumor biopsies, which compared tumor biopsies

(Weigelt et al, 2010), pure tumor cells were sampled. Principal

component analysis (PCA) showed that the ILC cells were distinct

from the non-ILC cells but they did not form a tight cluster (Fig 3B).

A total of 1,804 protein-coding genes were differentially expressed

(absolute log fold change > 1, P-value < 0.05), approximately half

of which were increased or decreased (Appendix Fig S1C).

REACTOME pathway analysis of the differentially expressed

genes (Fabregat et al, 2018) revealed seven biological processes

enriched in ILC cells. Consistent with the loss of E-cadherin expres-

sion in ILC cells, cell junction, hemidesmosome assembly, and cell-

cell communication genes were among the top terms (Fig 3C).

Given that only tumor cell-derived RNAs were taken into account, it

was surprising to observe that extracellular matrix (ECM) organiza-

tion ranked as the most enriched gene signature (Fig 3C). Next to

collagen type VI alpha 2 chain (COL6A2), laminin subunits (LAMA1

and LAMA4) were multiple proteases like matrix metallopeptidase 7

(MMP7), cathepsin V (CTSV), and several ADAM metallopeptidase

with thrombospondin type 1 motif 1 members including

ADAMTS18, recently shown to be important for mammary stem cell

function (Ataca et al, 2020) (Fig 3D, E). Interestingly, among the

most highly upregulated genes were the luminal progenitor marker

CKIT (Appendix Fig S1D) and the stem cell marker ALDH1A3 (Mar-

cato et al, 2011).

Gene set enrichment analysis (GSEA) identified gene sets for

lobular versus ductal carcinoma (Appendix Fig S2A) and E-cadherin

target genes (Appendix Fig S2B), as being significantly enriched in

the ILC cells, validating the approach. Consistent with the lower

growth rates, cell cycle, G2/M checkpoint, and E2F targets were

down-modulated in the ILC versus the non-ILC ER+ HER2! samples

(Appendix Fig S2C). Furthermore, MYC targets, MTORC and PI3K/

AKT signaling as well as the interferon a response were decreased

(Appendix Fig S2D) while the androgen response and TNF-a signal-

ing via NFjB were increased (Appendix Fig S2E).

To identify transcription factor activities that are specific to ILCs,

we used the integrated system for motif activity response (ISMARA),

which predicts the transcription factors that can potentially govern

the differentially expressed genes on the basis of binding motifs at

the promoters of these genes (Balwierz et al, 2014). The predicted

activities of motifs associated with EPAS, BCL3, FOXM1, and

TBL1XR1 (Appendix Fig S2F) were higher in ILC than in the non-

ILC tumor cells. These transcription factors activate transcription of

genes encoding ECM remodeling enzymes and their regulators,

structural ECM glycoproteins, as well as proteins structurally or

functionally related to collagen deposition including fibrillar colla-

gens (P < 1012) (Naba et al, 2012) (Fig 3E and F).

In line with the transcriptional profiling, picrosirius red staining

of histological sections of both cell line- and patient-derived-xeno-

grafts revealed extensive pericellular fibrillar collagen staining

(Fig 3G) that was similar to the intratumoral collagen accumulation

characteristic of clinical ILC samples (Natal et al, 2019).

We have recently shown a link between a protease secreted by

epithelial cells, Adamts18, the ECM, and stem cell function in the

mouse mammary gland (Ataca et al, 2020). In line with this and the

concept that ECM determines cell plasticity and cell differentiation

(Bruno et al, 2017), GSEA revealed a luminal progenitor signature

and an increase in basal and mesenchymal versus luminal genes

(Fig 3H) suggesting that the special ECM may favor a progenitor-

like, de-differentiated cellular state.

ECM remodeling in patient ILCs

To test whether the ECM remodeling signature identified in the

intraductal PDXs is clinically relevant, we interrogated the TCGA

breast tumor datasets comprising 127 ILCs and 490 invasive ductal

carcinomas (Ciriello et al, 2015). Unsupervised hierarchical cluster-

ing based on the expression of 44 collagens and 195 glycoprotein-

related genes from the matrisome signature (Naba et al, 2012)

mostly separated the ILCs from the other tumor types (Fig 4A),

showing that patient ILCs are enriched for ECM coding genes. Each

of the tumors was assigned a score based on the expression of the

matrisome signature (Foroutan et al, 2018). Compared to non-ILC

tumors, ILC samples showed significantly higher scores (P = 3.4 e-

16) indicating that ECM genes are enriched in ILC than non-ILC

tumor cells (Fig 4B). We noticed COL1A1, COL6A1, COL14A1, and

Elastin (ELN) among the most highly enriched transcripts in ILCs

(Appendix Fig S3). This begged the question whether ECM remodel-

ing has a role in the genesis of ILCs that might be therapeutically

exploited. To address this, we assessed the expression of enzymes,

which are responsible for cross-linking of collagens and elastin, the

lysyl oxidases (LOX) family (Barker et al, 2012) because they can be

pharmacologically inhibited. To dispel the possibility the observed

▸Figure 3. Global gene expression profiles of ILC versus non-ILC ER+, HER2! intraductal PDXs.

A Bar graph showing take rates in % of PDXs from the treatment na€ıve patient ILCs. In parentheses number of injected glands (n) with growth over total n of injected
glands. Red dotted line shows average take rate.

B Principal component analysis plot of global gene expression profiles of ILC and non-ILC ER+ HER2! (NST) PDX cells purified by FACS sorting based on GFP expression,
n = 3.

C Barplot showing Reactome pathway enrichment analysis of differentially upregulated genes.
D CNET plot showing network associations between genes and pathways in the top 5 terms with increased expression in ILC.
E Barplot of top 10 reactome-enriched pathways upregulated in ILC predicted by ISMARA.
F Barplot of top 10 upregulated MSigDB C2.CP curated canonical pathways collection in ILC PDXs predicted by ISMARA.
G Representative photomicrographs of picrosirius red stained histological sections of non-ILC (left) and ILC (right) PDXs. Scale bars 100 lm.
H GSEA plots showing gene sets that are differentially regulated between ILC and non-ILC FACS-sorted intraductal PDXs, related to luminal progenitor features (left)

and increased expression of basal and mesenchymal versus luminal genes (middle and right). Significance scores (P-values) of GSEAs are computed by nonparametric
permutation tests, a procedure that yields only estimates of the P-values.
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differential expression of LOXL1 was due to differences in tumor

purity, ILC versus non-ILC, the cellular composition of the tumor

microenvironment was adjusted for (Aran et al, 2017). Analysis of

127 ILCs and 490 IDCs (Ciriello et al, 2015) showed that, as

expected, CDH1 and ELN transcript levels were different in the two

groups. The LOX family members, LOX and LOX-like (LOXL) 2–4,

D
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Figure 4. ECM-related transcriptome in patient samples.

A Heatmap of unsupervised hierarchical clustering performed on ER+ BC TCGA based on expression of most matrisome collagens and proteoglycans. Tumor identities
ILC (blue) and non-ILC (red) are shown.

B Density plot showing the estimated score distributions of ILC and non-ILC tumors based on the expression of matrisome ECM-related genes. The vertical lines identify
the medians. Statistical test performed by unpaired Student’s t-test, two-tailed.

C Heatmap of normalized expression levels of LOX family members and ELN in invasive BCs, in ILC (blue) and non-ILC (red) tumors sorted based on CDH1 expression
levels. Right, boxplots showing normalized transcript expression levels. The line in the middle of the box is the median. The edges of the box reflect the 25th and 75th

percentiles, vertical lines outside the box end at minimum and maximum values. Outliers are depicted as gray dots. Statistical analysis was by ANOVA analysis of the
linear model with tumor subtypes and tumor purity as covariates. Adjusted P-values computed by post hoc tests. Sample size for NSTs n = 490 and ILCs n = 127.
****P < 0.0001.

D Representative RNAscope image of sections from patient ILCs (n = 5) stained with anti-LOXL1 probes (red) and counterstained with DAPI (blue). Scale bars; 50 lm.
E Representative immunofluorescence image of primary ILC (n = 3) stained with anti-LOXL1 (green) and anti-ER (red) antibodies counterstained with DAPI (blue). Scale

bars; 50 lm and right inset 30 lm.

Source data are available online for this figure.
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were expressed at comparable levels in ILCs and non-lobular ER+,

HER2! BCs but specifically LOXL1 transcript levels were different

and three-fold higher in ILCs (adjusted P-value 4.3 E-10; Fig 4C).

LOXs are reported to be expressed in the tumor stroma, more

specifically, in cancer-associated fibroblasts (CAFs) (Trackman,

2016). In light of our finding that the strong ECM signature as well

as the increased LOXL1 expression are lobular carcinoma cell-intrin-

sic, we examined LOXL1 transcript expression by in situ hybridiza-

tion on ILC samples from seven patients with multiple RNAscope

probes. LOXL1 mRNA was consistently detected in the tumor cells

(Fig 4D). Double IF with anti-ER and anti-LOXL1 antibodies showed

that the ER+ ILC cells co-stained for LOXL1 (Fig 4E). Thus, LOXL1 is

expressed by the lobular carcinoma cells in patient samples.

Pharmacologic LOX inhibition reduces tumor growth
and metastasis

To test whether LOXL1 function is required for tumor growth and

progression and may, hence, be exploited as a therapeutic target,

we made use of the natural compound b-aminopropionitrile

(BAPN). This small molecule is a nucleophilic irreversible inhibitor

of the active site of lysyl oxidases (Tang et al, 1983). We modeled

treatment in two different clinical scenarios. First, we initiated treat-

ment early, 3 weeks after intraductal injection of either SUM44 or

MM134 cells, well before xenografts become invasive (Fig 5A). In

the case of the MM134 cells, effects of the BAPN treatment appeared

only after 6 weeks, whereas in the SUM44 xenografts the treatment

showed effects within 3 weeks. Over 3 months, BAPN treatment

reduced MM134 and SUM44 xenograft growth by 71 and 75%,

respectively (Fig 5A, Appendix Fig S4A). To test the effect of BAPN

in the metastatic setting, we initiated treatment 5 months after intra-

ductal injection when disseminated ILC cells can be detected at

distant sites. Growth of the MM134 xenografts at the primary site

was unaffected by the treatment whereas SUM44 xenograft growth

was decreased albeit not as strikingly as by the early treatment

(Fig 5B, Appendix Fig S4B). To assess the effect of the drug on

metastasis, mice were injected with luciferase prior to sacrifice and

ex vivo luminescence of different organs was analyzed. This showed

that BAPN treatment reduced metastatic load in lungs, brain, and

ovaries of mice engrafted with MM134 cells (Fig 5C). The metastatic

load was also decreased in lungs, bones, and ovaries in mice

engrafted with SUM44 cells (Fig 5D).

Given the significant enrichment of LOXL1 expression in ILCs, we

hypothesized that the effect of BAPN inhibition is characteristic of

ILCs and may not apply to non-ILC ER+, HER2! BCs. To test this

hypothesis, we treated generated intraductal xenografts of the ER+ BC

cell line T47D and subjected tumor-bearing mice to BAPN treatment

for 60 days. The treatment did not have a significant effect on tumor

growth (Fig 5E). Next, we treated two ILC PDXs; while T125 showed

a trend, T137 had a significant reduction in tumor growth (Fig 5F).

Two non-ILC PDXs showed no response to BAPN treatment (Fig 5G).

We note that we chose to use T47D instead of MCF7 because the

latter has an amplification of the LOXL1 locus (Ghandi et al, 2019).

Picrosirius red staining of histological sections from advanced

tumors revealed abundant fibrillar collagen in the controls and

disrupted collagen fibers with dispersed tumor cells in BAPN-treated

MM134 xenografts (Fig 5H). Similarly, second-harmonic generation

highlighted fibrillar collagen in the control glands and disrupted

fibers in the BAPN-treated SUM44 xenografts (Fig 5I).

To identify the molecular changes underlying LOX inhibition, we

isolated xenografted SUM44 cells from control and BAPN-treated

mice for RNA-seq analysis in the metastatic setting. PCA separated

the samples by treatment (Appendix Fig S4C). Over 500 protein-

coding genes were differentially expressed (absolute log fold change

> 0.5, FDR < 0.05), 223 increased and 368 decreased, upon BAPN

treatment (Appendix Fig S4D). REACTOME pathway analysis of the

differentially expressed genes revealed seven biological processes

negatively affected by the BAPN treatment. Cell cycle-related signal-

ing pathways were among the top terms negatively affected by the

treatment (Fig 5J). Consistent with the observed growth inhibition,

MKI67 expression was decreased (Appendix Fig S4E) and GO terms

related to cell cycle, DNA repair, mitosis, and progression through

G2/M phase were decreased (Appendix Fig S4F–H) similar to

what is observed in other tumor types subjected to chemotherapy

▸Figure 5. Effects of pharmacological LOX inhibition on ILC growth.

A Experimental design for the early-term treatment: 3 weeks after injection, mice were assigned randomly to vehicle (n = 4) or BAPN (n = 4) treatment (Top).
Radiance-based tumor growth curves (mean " SE) for the MM134 (left) and SUM44 xenografts (right) treated early (bottom). For statistical analysis, mixed-effects
linear models with spline regression (when applicable) were used on log10(radiance) curves (Appendix Fig S4A). Likelihood-ratio tests from the ANOVA function in R
were used for model comparison, i.e., to check whether the treatment/group covariate is significant. ***P < 0.001 (likelihood-ratio statistic associated P-value).

B Experimental design for treatment in metastatic settings: 5 months after injection, mice were randomized to vehicle (n = 4) or BAPN (n = 4) treatment (top).
Radiance-based tumor growth curves (mean " SE) for MM134 (left) and SUM44 (right) xenografts treated in the metastatic setting (bottom). For statistical
analysis, mixed-effects linear models with spline regression (when applicable) were used on log10(radiance) curves (Appendix Fig S4B). Likelihood-ratio tests from
the ANOVA function in R were used for model comparison, i.e., to check whether the treatment/group covariate is significant. ***P < 0.001 (likelihood-ratio statistic
associated P-value).

C, D Bar graphs showing ex vivo radiance " SEM in different organs harvested from females bearing MM134 or SUM44 intraductal xenografts for the mice described in
(B). Statistical significance determined by Student’s unpaired t-test, two-tailed. *P < 0.05, **P < 0.01, n.s not significant.

E Radiance-based tumor growth curves (mean " SE) for T47D treated with vehicle (n = 8) or BAPN (n = 12) 8 days after intraductal injections. n.s not significant.
F Radiance-based tumor growth curves for (mean " SE) ILC ER+ PDXs T125 and T137 treated with vehicle (n = 6, 7) or BAPN (n = 7, 8) 66 days after engraftment.

**P < 0.01.
G Radiance-based tumor growth curves (mean " SE) for non-ILC ER+ PDXs T99 and T157 treated with vehicle (n = 7, 7) or BAPN (n = 8, 12), 8 days after intraductal

injection 3 weeks after intraductal injections. n.s not significant.
H Representative micrographs showing picrosirius red staining of sections from MM134 xenografts treated with PBS (left) or BAPN (right), n = 4. Scale bars, 100 lm.
I Representative second-harmonic generation (SHG) image on SUM44 xenografts treated with vehicle (left) or BAPN (right), n = 3. Collagen fibers in red and DAPI

nuclear stain (blue). Scale bar, 50 lm.
J Barplot showing reactome pathway enrichment analysis of differentially down-regulated genes
K GSEA plots showing decreased early and late estrogen response and MYC targets. P-values are computed by nonparametric permutation tests.

ª 2021 The Authors EMBO Molecular Medicine 13: e13180 | 2021 9 of 19

George Sflomos et al EMBO Molecular Medicine



Annexes 

 197 

Amplification of signal from
the kinetochores

Mitotic Metaphase and Anaphase

RHO GTPases Activate Formins

M Phase

Resol. of Sister Chromatid Cohesion

Cell Cycle Checkpoints

Mitotic Prometaphase

0 10 20 30 40
Gene Count

1.6e−11
1.2e−11
8.0e−12
4.0e−12

p.adjust

C

H

D

Con
tro

l 
BAPN

105
106
107
108
109

1010

R
ad

ia
nc

e

Con
tro

l

BAPN
105
106
107
108
109

1010

Con
tro

l 
BAPN

105
106
107
108
109

1010

Con
tro

l 
BAPN

105
106
107
108
109

1010

ns

Con
tro

l

BAPN
105
106
107
108
109

1010

Con
tro

l 
BAPN

103
104
105
106
107
108
109

Lungs

R
ad

ia
nc

e

Con
tro

l

BAPN
103
104
105
106
107
108
109

Bones

Con
tro

l 
BAPN

103
104
105
106
107
108
109

Brain

Con
tro

l 
BAPN

103
104
105
106
107
108
109

Liver

Con
tro

l

BAPN
103
104
105
106
107
108
109

Ovaries

**** * ns
Lungs Bones Brain Liver Ovaries

  **
ns

ns   **

I J

MM134 SUM44

NES=−2.47079
pvalue=1e−05

p.adjust=0.00011−0.6

−0.4

−0.2

0.0

0 5000 10000
Ranked Gene List

E
nr

ic
hm

en
t S

co
re

 (
E

S
)

HALLMARK_ESTROGEN_RESPONSE_EARLY

NES=−2.59539
pvalue=1e−05

p.adjust=0.00011−0.6

−0.4

−0.2

0.0

0 5000 10000
Ranked Gene List

E
nr

ic
hm

en
t S

co
re

 (
E

S
)

HALLMARK_ESTROGEN_RESPONSE_LATE

NES=−1.88543
pvalue=1e−05

p.adjust=0.00011−0.4

−0.3

−0.2

−0.1

0.0

0 5000 10000
Ranked Gene List

E
nr

ic
hm

en
t S

co
re

 (
E

S
)

HALLMARK_MYC_TARGETS_V1

K

  control                   BAPN   control                   BAPN

0e+00

1e+08

2e+08

3e+08

4e+08

0 25 50 75 100
Time post treatment (days)

R
ad

ia
nc

e

Vehicle
BAPN

0.0e+00

2.5e+08

5.0e+08

7.5e+08

1.0e+09

0 20 40 60 80
Time post treatment (days)

R
ad

ia
nc

e

Vehicle
BAPN

BLI

A B

IHC
Sorting3 weeks

ILC cells injected 
into milk ducts

BAPN

3 months 5 months 3 months

BAPN

ILC cells injected 
into milk ductsSUM44

MM134

0.0e+00

2.5e+09

5.0e+09

0 20 40 60 80
Time post treatment (days)

R
ad

ia
nc

e

Vehicle
BAPN

0e+00

2e+08

4e+08

6e+08

0 20 40 60 80
Time post treatment (days)

R
ad

ia
nc

e
Vehicle
BAPN

1e+10

2e+10

3e+10

0 20 40 60 80
Time post treatment (days)

R
ad

ia
nc

e

5e+09

1e+10

0 20 40 60 80
Time post treatment (days)

R
ad

ia
nc

e

Vehicle
BAPN*** *** ***

MM134 SUM44SUM44MM134
ns

E F GT47D

−1e+10

0e+00

1e+10

2e+10

3e+10

0 20 40 60
Time post treatment (days)

R
ad

ia
nc

e

Vehicle
BAPN ns

0.0e+00

5.0e+06

1.0e+07

1.5e+07

2.0e+07

2.5e+07

0 50 100 150 200
Time post treatment (days)

R
ad

ia
nc

e

Vehicle
BAPN

−5e+09

0e+00

5e+09

1e+10

0 25 50 75 100
Time post treatment (days)

R
ad

ia
nc

e

Vehicle
BAPN

T99 T157T125 T137
P=0.07 ** ns ns

Figure 5.

10 of 19 EMBO Molecular Medicine 13: e13180 | 2021 ª 2021 The Authors

EMBO Molecular Medicine George Sflomos et al



Annexes 

 198 

(Creighton et al, 2009). GSEA identified gene sets for early and late

E2 response and MYC targets as being down-regulated upon BAPN

treatment, consistent with estrogen receptor signaling being a major

driver of proliferation in these tumors (Fig 5K). Thus, pharmaco-

logic LOX inhibition results in disrupted collagen fibers, decreased

estrogen receptor signaling activity, and decreased tumor cell prolif-

eration and tumor progression.

Role of LOXL1 in ILC progression

BAPN inhibits the activity of all LOX family members, some of

which are widely expressed, and has severe side effects precluding

clinical use (Alsofi et al, 2016). LOXL1, on the other hand, is

expressed in only a few tissues, like the eye (Thorleifsson et al,

2007), making this family member an attractive drug target. To test

whether LOXL1 function is critical or only a minor contributor to

the BAPN-induced changes, we adopted a genetic approach and

down-modulated specifically LOXL1 expression in MM134 and

SUM44 cells using shLOXL1 RNAs. Different shLOXL1 constructs

were tested and silencing efficiency was around 85% at transcript

level as assessed by qRT–PCR (Fig 6A). Next, we infected RFP-luc2

expressing MM134 and SUM44 cells with either GFP:sh-scramble or

GFP:shLOXL1 expressing lentivirus. Following FACS sorting for GFP

expression (Fig 6B), the cells were engrafted intraductally. Similar

to what we observed with the BAPN treatment, in the case of the

MM134 cells, the curves began diverging several weeks after

engraftment (Fig 6C); by 9 months, luminescence was decreased to

50% of control levels in the shLOXL1 infected xenografts (Fig 6C).

There was an inhibitory effect of shLOXL1 on SUM44 tumor growth

in the early phase of intraductal growth, from 4 months onwards

the control and shLOXL1 curves run in parallel (Fig 6D).

As FACS sorting does not yield 100% pure GFP+ cell populations

and GFP:shLOXL1 expression may inhibit growth, rare uninfected

cells or cells in which expression of the viral construct is down-regu-

lated may potentially outgrow. Therefore, in addition to following

tumor growth by in vivo bioluminescence, we assessed the

engrafted mammary glands further at sacrifice. Fluorescence

stereomicroscopic analysis of the MM134 xenografted mammary

glands (Fig 6E) revealed that the ratio of GFP/RFP signal emanating

from glands engrafted with GFP:sh-scramble cells was close to 1 and

decreased by a third in glands engrafted with GFP:shLOXL1 cells

(Fig 6F) indicating that the presence of shLOXL1 bestows a prolifer-

ative disadvantage. Despite the advanced stage of the xenografts,

the GFP signal in both the control and the shLOXL1 infected

xenografts emanated mostly from the TDLU-like ductal structure,

hence in situ lesions, whereas the RFP-only signal came from larger

tumor masses suggesting invasive growth of these cells (Fig 6E).

Immunofluorescence staining of sections from these xenografts with

an anti-GFP antibody showed that GFP:sh-scramble cells were

equally distributed over in situ and invasive tumor components

(Fig 6G left). In contrast, the GFP:shLOXL1 cells were almost exclu-

sively detected in the in situ component (Fig 6G). Thus, in MM134

cells, LOXL1 is required for tumor growth and invasion.

Fluorescence stereomicroscopic analysis of the SUM44 xenografted

mammary glands showed mostly intraductal lesions (Fig 6H). While

glands engrafted with GFP:sh-scramble cells showed comparable

amounts of red and green fluorescent signal, the GFP signal was

reduced to less than a third of the control levels in the glands

engrafted with GFP+ shLOXL1 cells (Fig 6H and I). This indicates that

the presence of shLOXL1 inhibits ILC cell proliferation in vivo.

Picrosirius red staining of histological sections from sh-scramble and

shLOXL1 ILCs tumors revealed aligned fibrillar collagen in the control

tumors and disrupted collagen fibers with dispersed tumor cells in

shLOXL1 MM134 (Fig 6J) and SUM44 xenografts (Fig 6K) indicative

of disrupted collagen fiber remodeling. Thus, while the biological

effects are different between the two ILC models, in both cases LOXL1

is essential for in vivo tumor progression suggesting that the enzyme

is a promising therapeutic target in ILC (Fig 7).

Discussion

Here we show that intraductal xenografting enables ILC cells to

grow in vivo with unprecedented take rates. The resulting models

▸Figure 6. LOXL1 knockdown and its effects on ILC progression.

A Bar plot showing LOXL1 transcript levels as measured by semi qRT–PCR normalized to 36B4 of scramble and shLOXL1 expressing ILCs cells in vitro. Data represent
mean ! SEM (n = 3); Student’s unpaired t-test, two-tailed.

B Scheme describing the experimental approach used to generate shLOXL1 expressing and control ILC xenograft models. ILC:RFP-luc2 cells were transduced with
GFP+ sh-scramble or GFP+ shLOXL1 expressing lentiviruses, selected by FACS and injected into the into contralateral 3rd thoracic and the 4th inguinal gland of NSG
females. Xenografted mice were monitored for tumor growth by bioluminescence imaging.

C, D Radiance-based tumor growth curves (mean ! SE) for the scramble and shLOXL1 MM134 (C) and SUM44 (D) xenografts. For statistical analysis, mixed-effects with
spline regression models were used on log10(radiance) curves (Appendix Fig S5A). Likelihood-ratio tests from the ANOVA function in R were used for model
comparison, i.e., to check whether the treatment/group covariate is significant. **P < 0.01.

E Representative fluorescent stereo-micrographs of glands injected with MM134:RFP-luc2 cells (left, top and bottom) infected with either GFP:sh-scramble (top) or
GFP+ shLOXL1 (bottom), n = 5 and 3. Scale bar, 1,000 lm.

F Barplot showing the ratio of GFP/RFP signal from fluorescent stereo-micrographs of glands engrafted with MM134 cells, n = 8. Statistical analysis by paired
Student t-test, two-tailed. *P < 0.05.

G Representative fluorescence micrographs of GFP:sh-scramble (n = 8) and GFP+ shLOXL1 (n = 10) MM134 xenografted glands. ILC cells expressing viral transcripts are
detected based on GFP expression (green); DAPI nuclear stain (blue). Asterisks point to intraductal growth while arrow points to invasive tumor cells. Scale bars,
50 lm.

H Representative fluorescent stereo-micrographs of glands engrafted with SUM44:RFPluc2 cells infected with either GFP:sh-scramble (top) or GFP+ shLOXL1, n = 6.
Scale bar, 1,000 lm.

I Barplot (mean ! SEM) showing quantification of the ratio GFP/RFP from fluorescent stereo-micrographs of SUM44. Statistical analysis by unpaired Student’s t-
test, two-tailed, n = 7 sh-scramble and n = 6 for sh-LOXL1, ****P < 0.0001.

J, K Representative photomicrographs of picrosirius red stained histological sections for sh-scramble or sh-LOXL1 MM134 (J) and SUM44 (K) xenografts. Scale bars,
100 lm.
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resemble the clinical disease histologically and recapitulate the

course of the disease. This opens unique opportunities for basic and

translational research into this understudied disease entity and

makes critical steps in disease progression, like intraepithelial

growth and metastasis finally amenable to experimental explo-

ration. The mechanisms underlying its relative chemoresistance and

its unusual response to endocrine therapy can now be studied in a

clinically relevant endocrine milieu.

A number of observations provide new insights into the biology

of this breast cancer subtype.

Compared to their non-lobular ER+, HER2! counterparts, both

cell line and patient-derived xenografts have lower engraftment

rates. We speculate that this is attributable to the lack of E-cadherin

expression, because this cell surface receptor is critical for epithe-

lial-epithelial interactions and, hence, important for the adhesion

and insertion of these cells into the mouse mammary epithelium.

Upon intraductal engraftment, MCF7 and T47D cells initially

grow faster than the ILC cell lines. Strikingly, the former fill and

dilate the mouse ducts in a continuous fashion, whereas the ILC

cells establish themselves at the ductal tips and form grape-like
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structures reminiscent of TDLUs of the human breast. This speaks

to the different propagation mode of the lobular cells, which rely on

their home-made matrix for proliferation and migration and likely

reflects very different interactions with the host’s mammary epithe-

lium. The observation that ILC cells home to ductal tips within the

mouse milk duct system suggests that these cells are particularly

motile and begs the question whether the multifocality characteristic

to lobular disease is not a field cancerization phenomenon (Dotto,

2014) but attributable to migration of tumor cells within the ductal

tree (Lee et al, 2019; Schipper et al, 2019).

A limitation of the two models we present here is that both

MM134 and SUM44 cells have mutant TP53, which is seen only in

the pleomorphic lobular carcinomas. The presence of TP53 muta-

tions in the few available ILC cell lines suggests that the mutation

favors in vitro establishment. Between PDXs (Fiche et al, 2018) and

cell line xenografts, the whole spectrum of ILC from LCIS, to classi-

cal ILC and pleomorphic ILC is represented. Unlike their clinical

counterparts, the cell line xenograft models show low PR expression

in line with them being reported as PR! (Christgen & Derksen,

2015). In contrast, PR expression in vivo is around the limit of IHC

detection and remains E2-inducible. The low basal PR expression

may be a consequence of the progesterone level being higher in the

host mice than in the postmenopausal women in whom ILCs typi-

cally occur, leading to receptor down-modulation (Faivre & Lange,

2007). Alternatively, it may reflect the origin of these cells in pleural

effusions (Davidson et al, 2004), which frequently have lower PR

levels than primary tumors, or be an artifact of adaptation to

in vitro culture.

The ability to readily purify tumor cells from the new xenograft

models enabled us to identify an ILC-specific transcriptional signa-

ture that went undetected by global gene expression profiling of

tumor biopsies (Du et al, 2018), which are confounded by the pres-

ence of varying amounts of different stromal cell types. This led to

the identification of ECM remodeling as a key ILC feature. The

dramatic effects of the treatment with the LOX inhibitor BAPN on

ER signaling highlight how this tumor subtype specifically relies on

the interaction with the ECM.

We note that the responses both to BAPN and to the effects of

shLOXL1 are quite different between the two cell lines. This

suggests that patient-specific factors need to be taken into account

and points to the necessity to develop predictive biomarkers paired

with ECM-targeting drugs (Lu et al, 2011). LOXL1 overexpression

reduced CDH1 expression and promoted the migration capacity of

gastric carcinoma cells and associates LOXL1 with peritoneal

dissemination in gastric cancer possibly via promotion of EMT (Hu

et al, 2020).

BAPN is a small, hydrophilic molecule that is rapidly metabo-

lized into inactive products. It causes lathyrism and high toxic-

ity, likely because it inhibits broad spectrum of lysyl oxidases.

In any case, LOXL1-specific inhibitors are an attractive alterna-

tive because LOXL1 is distinct from the prototypic lysyl

oxidase (LOX) and localizes specifically to sites of elastogenesis

where the enzyme interacts with fibulin-5 (Liu et al, 2004). Yet,

attention to side effects will need to be paid, in particular in

the eyes, and the aorta, the two tissues that highly express

the enzyme.

LOXL1
COLLAGENS
ELASTIN
ADAMTSs

LOXL1 
Inhibition

cell proliferation
invasion

metastasis

Autocrine
IGF
FGF

disruption of 
fibrillar collagen

ER signaling
MYC targets

ER signaling

Figure 7. Model of tumor cell-intrinsic ECM modeling in ILC.

ILCs are characterized by tumor cell-intrinsic ECM modulating activities, including expression of different collagens, elastin and various secreted proteases like LOXL1
and ADAMTS family members. Cell invasion and metastases is facilitated by the biochemical changes in the ECM and LOXL1 inhibition leads to reduced ER signaling,
resulting in decreased survival and diminished proliferation of ILC cells and inhibition of tumor progression.
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The effects of LOXL1 down-modulation point to an important

role of the enzyme in tumor invasion and progression, making this

enzyme a very attractive drug target. The challenge of defining

physiologic substrates will need to be overcome. A better under-

standing of how LOXL1 is regulated will also be needed in order to

anticipate potential mechanisms of resistance.

A synthetic lethal drug screen using the normal basal breast

epithelial cell line, MCF10A, with and without E-cadherin identi-

fied HDAC, PI3K, and GPCR inhibitors as well as crizotinib an

inhibitor of the RTKs c-MET, ALK, and ROS1 (Telford et al,

2015; Godwin et al, 2019). Extensive genetic and drug screening

of many cancer cell lines revealed robust synthetic lethality

between E-cadherin loss and specifically inhibition of the orphan

receptor tyrosine kinase ROS1 (Bajrami et al, 2018). It will be

important to assess whether ROS1 and LOXL1 inhibition syner-

gize. Interestingly, E-cadherin loss was associated with increased

ROS1 expression (Bajrami et al, 2018) and it is tempting to spec-

ulate that LOXL1 overexpression in ILC may be causally related

to this. The LOXL1 cousin, LOX, was shown to suppress TGFb1
signaling through a secreted protease HTRA1 in different cell

lines models. As a result, matrilin-2 expression was upregulated

which resulted in increased EGFR expression on the cell surface

(Tang et al, 2017). Similar, complex regulation may link LOXL1

to ROS1 and the elucidation of the connection may help to ulti-

mately provide clues to the ligand of this orphan RTK identified

more than 30 years ago (Birchmeier et al, 1986).

Tissue stiffness resulting from matrix cross-linking is an impor-

tant factor in tumor progression (Levental et al, 2009). Our finding

that ECM modulation is a tumor cell-intrinsic feature in ILC is

surprising; it is generally held that normal fibroblasts or cancer-

associated fibroblasts are the major source of collagen and impor-

tant modulators of the tumor microenvironment and tissue stiff-

ness. It remains to be investigated whether ECM modulation is a

lobular carcinoma-specific trait or it also occurs in other types of

tumor cells. Interestingly, global gene expression profiling of ER-

deficient mouse mammary epithelial cells revealed that collagen

formation is controlled by ER (Cagnet et al, 2018). Furthermore,

GSEA showed that EMT, stem cell, and Wnt signaling signatures

were down in the absence of the ER (Cagnet et al, 2018). This

points to a tight connection between breast epithelial ER signaling

and the ECM. It is tempting to speculate that this aspect of ER

signaling activity in turn impinges on tumor cell plasticity and

stem cell activity when the ECM has been shown to be critical to

the establishment of mammary cell identity in normal mammary

gland development (Bruno et al, 2017, 1). Our finding that BAPN

treatment strikingly reduces ER signaling (Fig 7) suggests that

there may be a feedback loop from the ECM to ER signaling that

should be explored further and may help elucidate why ILC is

relatively tamoxifen resistant (Knauer et al, 2015; Metzger Filho

et al, 2015).

In exploring the possibility that the ECM is the Achilles’ Heel of

ILC, a better understanding of LOXL1 function, its substrates, and

the regulation of its activity are needed. Similarly, the role of other

secreted proteases will be interesting to explore. Other members of

the ADAMTS family, in particular 5, 8, were previously found

upregulated in the ILCs (Ciriello et al, 2015), and ADAMTS4, 9, and

18, were found upregulated here. The presented models should

assist in discerning these issues.

Materials and Methods

Clinical samples

The study was approved by the Commission Cantonale d’!ethique de

la recherche sur l’être humain (CER-VD 38/15 and PB_2016-01185);

informed consent was obtained from all subjects. Experiments

conformed to the principles set out in the World Medical Associa-

tion-Declaration of Helsinki and the Department of Health and the

Department of Health and Human Services Belmont Report. After

inking of margins and macroscopic assessment by the pathologist,

part of the tumor tissue was transported to the laboratory in

DMEM/F12 and mechanically and enzymatically digested as previ-

ously described. Samples were rinsed and erythrocytes lysed with

Red Blood Cell Lysis Buffer (R7757, Sigma) and dissociated to single

cells with 0.25% Gibco! Trypsin-EDTA (15400-054, Thermo Fisher

Scientific Inc.) for 2 min. Trypsin was inactivated with phosphate

buffer saline (PBS) 2% calf serum (CS) followed by incubation with

5 lg/ml deoxyribonuclease DNAase (1284932, Roche AG) in L-15

medium (11415, Gibco) at 37°C for 2 min. 2% CS in PBS was added

and the cells were filtered through a 70 lm pore size filter (cat#

352350, BD Falcon) and counted. Patient-derived tumor cells were

transduced with bifunctional reporter fusion gene ffLuc2/eGFP lenti-

virus under control of the cytomegalovirus promoter by spin infec-

tion, 25°C for 2.5 h at 400 g (Sflomos et al, 2016).

Animal experiments

All the experiments were performed accordance with Swiss guideli-

nes for animal safety. Experiments were performed under protocols

1865.3-5 approved by Service de la Consommation et des Affaires

V!et!erinaires, Canton de Vaud, Switzerland. NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ and NSG-EGFP (JAX stock #021937) mice were

purchased from Jackson Laboratories and further expanded in EPFL

with a 12-h-light-12-h-dark cycle, controlled temperature and food

and water ad libitum. Eight- to 12-week-old female mice were anes-

thetized by intraperitoneal injection with xylazine 10 mg/kg and

ketamine 90 mg/kg (Graeub AG) and intraductally injected into

the 3rd and the 4th pair of glands with 4–8 ll of PBS containing

200,000–500,000 cells. Luciferase-based imaging was performed

with Xenogen IVIS Imaging System 200 (Caliper Life Sciences) in

accordance with the manufacturer’s protocols and used to monitor

individual mammary glands. At sacrifice, engrafted mammary

glands were harvested, fixed in 4% paraformaldehyde for histology

and IHC or snap-frozen for RNA and protein isolation. For the phar-

macologic inhibition of LOXLs, BAPN (Sigma-Aldrich, A3134) was

either injected intraperitoneally at a daily dose of 800 mg/kg or

administered with 3 mg/ml BAPN (Sigma-Aldrich, A3134) in the

drinking water.

Bioluminescence imaging

Bioluminescence was detected with Xenogen IVIS Imaging System

200 (Caliper Life Sciences) in accordance with the manufacturer’s

recommendations and protocols. Ten minutes after intraperitoneal

administration of 150 mg/kg luciferin (cat# L-8220, Biosynth AG),

images were acquired and analyzed with Living Image software

(Caliper Life Sciences, Inc.). For metastasis detection, mice were
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injected with 300 µl of luciferin (cat# L-8220, Biosynth AG) 7 min

prior to sacrifice, tumors and different organs were dissected within

10–15 min and imaged with IVIS (Perkin Elmer); luminescence

was normalized to the average luminescence control organs from

ungrafted mice.

Histology, immunohistochemistry, and immunofluorescence

All samples were fixed in 4% paraformaldehyde and paraffin-

embedded (FFPE). For immunostaining, 4-lm sections were

mounted onto 76 × 26 mm microscope slides (Rogo-Sampaic,

France), deparaffinized in xylene and re-hydrated, antigen retrieval

was carried out in 10 mM sodium citrate (pH 6.0) at 95°C for

25 min followed by blocking with 1% BSA for 30 min and overnight

incubation with the respective antibodies followed by 1-h incuba-

tion with secondary antibodies. Hematoxylin and eosin or sirius red

staining were performed according to standard protocols. Sections

were counterstained with Mayer’s hematoxylin. For fluorescence

microscopy, nuclei were counterstained with DAPI (Sigma) then

mounted with Fluoromount-GTM (cat# 4958-02, Invitrogen). IF

images were acquired on Zeiss LSM700 confocal microscope. The

primary and secondary antibodies used are listed in Appendix Table S1.

Stereo-micrographs were acquired with M205 FA (Leica). To deter-

mine the total area of the GFP/RFP positive gland, filled and not

filled, mammary gland was circled using ImageJ software and the

percentage of GFP and RFP occupancy was determined as ratio

between GFP/RFP areas. GFP and RFP signal intensities were

calculated using the following formula: Corrected total cell fluores-

cence (CTCF) = Integrated density ! (Area*Mean fluorescence of

background readings).

Second-harmonic imaging microscopy

Second-harmonic imaging microscopy was performed on a Leica

SP5 2-photon microscope with a chameleon ultra laser with pulse

width: < 140 fs peak, equipped with two NDD detectors. The colla-

gen channel was excited with a wavelength of 800 nm and detected

by a non-descanned detector (NDD1) with a 400/15 nm cutoff filter.

The DAPI channel was excited with a wavelength of 800 nm and

detected by a non-descanned detector (NDD2) with a 460/50 nm

cutoff filter. All images were 12-bit and were acquired with a 20×/
1.00 HC PL APO water lens (WD 2.00 mm). Image analysis was

performed using Leica application suite X and ImageJ.

Cell culture and gene silencing

MCF7 and T47D (American Type Culture Collection; ATCC) were

maintained at 37°C in humidified incubator in an atmosphere of 5%

CO2 and grew in Dulbecco’s modified Eagle’s (DMEM) medium

(cat# 31966, Gibco) supplemented with 10% FCS (cat# 10270-106,

Thermo Fisher Scientific Inc.) and penicillin/streptomycin (cat#

15070-063, Thermo Fisher Scientific Inc.). MDA-MB-134-VI (ATCC!
HTB-23TM) and SUM44PE (ASTERANDTM) were maintained as

described (Ethier et al, 1993; Sikora et al, 2016). Cells were con-

firmed to be mycoplasma negative and kept in continuous culture

for less than 3 months. For gene silencing, GIPZ microRNA-adapted

shRNA lentiviral constructs targeting human LOXL1 (clones

V2LHS_62585 TGAGGATGTAGTTCCCAGG, V3LHS_361814 TTGTT

GCAGAAACGTAGCG, V3LHS_361816 TGCAGAAACGTAGCGACCT,

V3LHS_361817 GTAGGTGTCATAGCAGCCT and V3LHS_361818 CGT

AGTTCTCGTACTGGCT) (TGCAGAAACGTAGCGACCT, V3LHS_361816)

and GIPZ non-silencing shRNA control (RHS4346) were obtained

(DharmaconTM GIPZTM Lentiviral shRNA). V3LHS_361816 (Fig 6A)

showed the highest efficiency and used for the in vivo experiments.

Lentiviruses were prepared as described (Barde et al, 2010).

RNA in situ hybridization

RNAscope assay (Advanced Cell Diagnostics, Cat. No. 323110) was

performed according to manufacturer’s protocol on 4 lm deparaf-

finized sections using the following probes: Hs-LOXL1 (Cat No.

470751), 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).

Images were captured on confocal Zeiss LSM700.

RT–PCR

Total RNA was isolated with miRNeasy Mini Kit (Qiagen), cDNA

was synthesized with random p(dN)6 primers (Roche) and MMLV

reverse transcriptase (Invitrogen). Real-time PCR analysis in tripli-

cates was performed with SYBR Green FastMix (Quanta) reaction

mix. Primers used for RT–PCR, see Appendix Table S1.

RNA-seq experiment

RNA sequencing libraries for the PDXs were prepared by first gener-

ating double-stranded cDNA from 10 ng total RNA extracted as

described above, from GFP+ tumor cells sorted by FACS, with the

NuGEN Ovation RNA-Seq System V2 (NuGEN Technologies, San

Carlos, California, USA). 100 ng of the resulting double-stranded

cDNA were fragmented to 350 bp using Covaris S2 (Covaris,

Woburn, Massachusetts, USA). Sequencing libraries were prepared

from the fragmented cDNA with the Illumina TruSeq Nano DNA

Library Prep Kit (Illumina, San Diego, California, USA) according to

the protocol supplied by the manufacturer. Cluster generation was

performed with the libraries using the Illumina TruSeq SR Cluster

Kit v4 reagents and sequenced on the Illumina HiSeq 2500 with

TruSeq SBS Kit v4 reagents. Sequencing data were processed using

the Illumina Pipeline Software version 1.82The amplified lanes

where added up. After filtering out the low expression tags, TMM

normalization was performed in R (Robinson & Oshlack, 2010). A

scaling normalization method for differential expression analysis of

RNA-seq data was applied (Robinson et al, 2010). The differential

expression was analyzed using generalized linear models (GLM) in

edgeR with a GLM likelihood-ratio test (Robinson et al, 2010). For

SUM44 RFP+ FACS-sorted cells, RNA was extracted using miRNeasy

Mini Kit (Qiagen). Libraries were prepared in 2 steps and sequenced

on Illumina NextSeq 500 instrument with single-end reads of 85 nt.

Base calls and Illumina adaptors trimming performed using bcl2-

fastq v2.18. Clontech adaptors trimming performed with CLC 9.

Computational analysis

Raw reads were aligned to the mouse genome (mm9) using

TopHat (v2.0.11)12; the exact parameters were tophat -p 6 -g 2
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--no-novel-juncs --no-novel-indels --b2- sensitive. Gene counts were

generated using FeatureCounts (Liao et al, 2014). Differential

expression analysis was done using the edgeR package from

Bioconductor (Robinson et al, 2010). The voom function (Law

et al, 2014) of the limma package from Bioconductor (Ritchie

et al, 2015) was used to normalize the data for sequencing depth

differences, estimate the mean-variance relationship of the log-

counts, and generate a precision weight for each observation so

that data were ready for the limma linear fitting function (lmFit).

Genes were considered differentially expressed based on P-value

cutoff (P < 0.05). GSEA and REACTOME pathway enrichment

analysis were carried out using ClusterProfiler and ReactomePA

(Bioconductor), respectively. Default parameters were applied. For

GO enrichment analysis, the genome wide annotation for human

(org.Hs.eg.db) Bioconductor package as well as the C2 and C5

curated gene set collections from the MSigDB v6.2 (Subramanian

et al, 2005; Liberzon et al, 2011).

The heatmap of matrisome expression was generated using

Complex Heatmap package in R. Samples from both non-ILC and

ILC samples were sorted according to their CDH1 normalized

counts. Normalized counts are illustrated upon conversion to Z-

Score according to their values of the rows. The heatmap of LOXL1

expression in TCGA samples was generated using ComplexHeatmap

package in R. Euclidean distance was used to perform unsupervised

hierarchical clustering. Normalized counts were converted to Z-

Score according to the values of the rows. On the side, per each

gene included in the heatmap, a boxplot provides the distribution of

the expression values of the gene according to the histological

subtype of the tumors. Statistical significance was calculated by

unpaired Student’s t-test.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 8 software

and R (nlme and splines packages). Data are shown as means ! SEM,

or as otherwise specified. Statistical significance is indicated as follows

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, • weak signifi-

cance, n.s. not significant. Tumor purity was derived as described in

(Aran et al, 2017). Before initiation of treatment, we ensured that

control and treatment cohorts have similar radiance values. In case of

discrepancy, mice were randomized to reach equal radiance in both

cohorts and not blinded to group allocation. Investigators were not

blinded to group allocation.

Data availability

The RNA-seq data produced in this study are available in the Gene

Expression Omnibus GSE149671 PDXs (https://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE149671) and GSE149675 SUM44

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149675).

Expanded View for this article is available online.
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The paper explained

Problem
Ten to 15% of breast cancers are of a special pathological type called
lobular carcinoma. Lobular carcinomas are typically slow growing,
very sensitive to hormones and have a high risk of late recurrence
and a unique metastatic pattern. They tend not to respond well to
standard therapies. Progress in our understanding of this particular
type of breast cancer has been hampered by the lack of models to
study it.

Results
Here, lobular breast cancer cells either from cell lines or from patient
tumors are grafted directly to the milk ducts of immunocompromised
female mice. We show that in these models, the tumor cells grow,
invade, and metastasize in a similar way as they do in patients.
Molecular analysis of purified lobular carcinoma cells from intraductal
xenografts reveals that these cells actively modulate their extracellular
environment. Blocking an enzyme that is critical for this modulation
interferes with tumor growth and progression, suggesting that this
can be exploited for new therapies.

Impact
The new models for lobular carcinoma we have developed and char-
acterized will improve our understanding of the disease. The finding
that the lobular tumor cells are highly dependent on the proteins that
surround them and that they themselves secrete proteins and
enzymes that control this matrix opens new strategies for therapy.
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Patients’ associations
• https://lobularbreastcancer.org/
• https://lobularireland.com/

Gene list
• LOXL1 - https://www.ncbi.nlm.nih.gov/gene/4016
• CDH1 - https://www.ncbi.nlm.nih.gov/gene/999
• ELN - https://www.ncbi.nlm.nih.gov/gene/2006
• ESR1 - https://www.ncbi.nlm.nih.gov/gene/2099
• PGR - https://www.ncbi.nlm.nih.gov/gene/5241
• Ki67 - https://www.ncbi.nlm.nih.gov/gene/4288
• ADAMTS18 - https://www.ncbi.nlm.nih.gov/gene/170692
• SMA - https://www.ncbi.nlm.nih.gov/gene/59
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Abstract 
Estrogen receptor α-positive (ER+) breast cancers (BC), which represent more than 70% 

of all breast cancers pose a particular clinical challenge because they can recur up to dec-

ades after initial diagnosis and treatment. The mechanisms governing tumor dormancy 

remain elusive due to lack of adequate models. Here, we compare tumor progression of 

ER+ and triple negative (TN) BCs by the mouse intraductal (MIND) xenografting approach 

using cell line- and patient-derived tumor cells. Both ER+ and TN BC cells disseminate 

already during the in situ stage. TN disseminated tumor cells (DTCs) proliferate at the 

same rate as the primary tumor and form macro-metastases whereas ER+ DTCs have low 

proliferative indices and form only micro-metastases. The ER+ DTCs display mesenchy-

mal (and organ-specific) characteristics and show molecular features of EMT, with de-

creased CDH1 and increased ZEB1, ZEB2, and VIM expression. We fail to detect EMT 

early during tumor progression and show that it is not required for invasion nor metastasis 

but specific to dormant DTCs suggesting it is induced as cells establish themselves at dis-

tant sites. In vivo, forced EMT exit through ectopic E-cad expression partially overcomes 

dormancy with increased growth of lung metastases. We conclude that EMT is specific to 

dormant ER+ micro-metastases and may be therapeutically exploited.  
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Breast cancer (BC) is the most commonly diagnosed malignancy worldwide (Sung 

et al., 2021).  Clinical management of BC relies on grade, stage and tumor subtype which 

can be defined by histology and immunohistochemistry (IHC), and/or molecular profiling by 

global gene expression or PAM50. Nineteen specific histological subtypes are distin-

guished, the remainder is classified as of no special type (NST) (Tan et al., 2020). More 

than 70% of all BC cases are estrogen receptor positive (ER+) by IHC and are of luminal A 

or B molecular subtype. ER+ BCs tend to be of lower grade and to have lower proliferative 

indices than HER2+ and ER-/PR-/HER2-, triple negative (TN) BCs as evaluated by Ki67 

IHC. Accordingly, patients with ER+ disease have better 5-year survival rates than patients 

with HER2+ or TN BCs. However, patients with ER- BC who respond to chemotherapy 

and do not relapse within the first 5 years after treatment are generally considered dis-

ease-free. This is not the case for ER+ BC patients who remain at risk for relapse even 

decades after initial diagnosis and therapy (Pan et al., 2017).  

Delayed disease recurrence is attributed to disseminated tumor cells (DTCs) which 

leave the primary tumor early during tumorigenesis and remain dormant at distant sites 

(Klein, 2011). The existence of dormant DTCs is supported by the clinical observation that 

cancer transmission can occur from organ transplantation from patients with undiagnosed 

BC that resulted in ER+ adenocarcinoma lesions in the recipients (Buell et al., 2004; 

Matser et al., 2018). This phenomenon is also observed in other tumor types such as mel-

anoma, and prostate cancer (Crowley and Seigler, 1990; Strauss and Thomas, 2010; Tsao 

et al., 1997; Weckermann et al., 2001). It is critical to understand the mechanisms govern-

ing dormancy for preventative intervention but the phenomenon is understudied because 

we have lacked suitable in vivo models (Klein, 2020; Richman and Dowsett, 2019; Risson 

et al., 2020; Zhang et al., 2013).  



Annexes 

 210 

Since the seminal discovery that the Epithelial-Mesenchymal Transition (EMT) endows 

breast tumor cells with a stem cell-like state and enables them to metastasize (Guo et al., 

2012; Mani et al., 2008) conflicting findings about the role of EMT in the metastatic pro-

cess have been reported (Fischer et al., 2015a; Padmanaban et al., 2019; Ye et al., 2017). 

The clinical relevance of EMT has been questioned as pathologists do not observe cells 

with mesenchymal features in their clinical practice (Tarin et al., 2005). This discrepancy 

may in part stem from EMT being a gradual and often partial process (Aiello et al., 2018; 

Kröger et al., 2019; Pastushenko et al., 2018) that escapes observation in clinical routine 

when multiple markers would be required (Yang et al., 2020). Incoherent observations may 

also relate to different models used in various studies. Experimental evidence from the 

MMTV-PyMT mammary carcinoma models indicates that E-cad is required for the meta-

static process (Padmanaban et al., 2019) whereas EMT is dispensable but contributes to 

chemoresistance (Fischer et al., 2015a). However, the findings from the latter study have 

been criticized for the use of Fsp1 and Vimentin as EMT markers in this mouse model, as 

they seem to be expressed by a small percentage of tumor cells at the primary site (Ye et 

al., 2017). Other EMT-activating transcription factors (EMT-TFs) have been interrogated in 

the same experimental model. Snail was shown to be required for the formation and meta-

static potential of MMTV-PyMT-induced mammary tumors (Ni et al., 2016; Tran et al., 

2014), and depletion of Zeb1 reduced stemness and metastasis in pancreatic adenocarci-

noma (Krebs et al., 2017), and PyMT-induced mammary carcinoma models (Jiang et al., 

2020). Addtionally, MMTV-HER2/Neu mammary carcinomas were shown to rely on Wnt 

signaling- driven stem cell/EMT transcriptional profile for early tumor cell dissemination 

(Harper et al., 2016; Hosseini et al., 2016). Thus, most of our understanding of EMT in 

breast cancer development stems from work with genetically-engineered mouse models 

(GEMMs), which do not fully recapitulate the subtype diversity of the human disease as 
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the resulting mammary carcinomas are mostly ER- (Green et al., 2000; Guy et al., 1992; 

Sinn et al., 1987), whilst dormancy is a characteristic of ER+ BC. 

We have recently shown that grafting of human ER+ BC cells to the milk ducts of 

immune-compromised mice (MIND) substantially improves take rates (Fiche et al., 2019; 

Sflomos et al., 2016). The same applies for molecular apocrine breast tumors (Richard et 

al., 2016). Importantly, intraductal ER+ xenograft models recapitulate the human disease 

from in situ stage to spontaneous dissemination to clinically relevant organs (Fiche et al., 

2019; Sflomos et al., 2016) and model specific histopathological subtypes such as the in-

vasive lobular carcinoma (ILC) (Kozma et al., 2021; Sflomos et al., 2021). Luminescence 

emanating from DTCs can be detected in different organs when tumor cells still appear 

confined within the milk ducts (Fiche et al., 2019; Sflomos et al., 2016). Metastatic load 

increased with prolonged in vivo tumor growth but no macro-metastases were detected 

over 7 months of engraftment of MCF-7 cells (Sflomos et al., 2016) and >1 year of en-

graftment of ER+ PDXs (Fiche et al., 2019). 

Here, we compare ER+ and TNBC progression in MIND models and show that they 

mirror the characteristic metastatic behavior ER- BCs and the dormancy of ER+ tumors 

observed in the clinic.  We find that EMT is dispensable for ER+ BC invasion and metasta-

sis, but is specific to dormant ER+ DTCs. Driving MET, through E-cad upregulation can 

overcome dormancy providing a targetable mechanism for preventative action.  

Significance 

Metastasis accounts for most breast cancer deaths.  Using the intraductal xenograft ap-

proach, we model the biology of ER+ and TN BC metastasis, reveal early dissemination, 

and demonstrate ER+ BC-specific dormancy. The new models for dormancy provide in-

sights into the role of EMT with modulation of E-cad expression as key control mechanism 
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of dormancy in disseminated tumor cells (DTCs) which opens new perspectives for pre-

ventative intervention.  

Results 

Tumor growth and metastatic progression in ER+ versus TN BC intraductal xeno-

grafts   

ER+ BC cells that are xenografted to milk ducts of immunocompromised mice recapitulate 

disease progression from in situ stage to dissemination to distant organs as observed in 

the clinical counterpart. Intriguingly, the DTCs detected in clinically relevant distant organs 

fail to progress to macro-metastases.  To test whether the ER+ BC MIND models ade-

quately reflect tumor dormancy specific to ER+ BCs or is merely an artefact of the immun-

ocompromised mice used as hosts or other factors associated with this technique, we 

compared the metastatic behavior of ER+ and ER- BC cells by the identical experimental 

approach. We modelled ER- BC using the TNBC cell lines, BT20 and HCC1806 (Supple-

mentary Table 1), as well as a PDX derived from an untreated primary TNBC, called T70 

(Supplementary Table 2). To model ER+ BC, we used the established ER+ cell lines, 

MCF-7 and T47D (Supplementary Table 1) and 2 ER+ PR+ HER2- PDXs. One of them, 

T99, was derived from an untreated primary tumor and the other, METS15, from ascites of 

a patient with treatment-resistant advanced disease (Supplementary Table 2). All tumor 

cells were infected with luc:GFP or luc:RFP expressing lentiviruses and injected to the milk 

ducts of NSG females (Fig. 1a) (Sflomos et al., 2016). Take rates, defined as the % of 

glands showing tumor cell growth by in vivo imaging of total number of glands injected, 

were 100% for TN and ≥ 90% for ER+ BC xenografts (Extended Data Fig. 1a). Within 5 

weeks, radiance of BT20, HCC1806, and T70 xenografts increased 702-, 592-, and 1915-

fold, respectively (Fig. 1b, and Extended Data Fig. 1b). Host mice showed signs of morbid-

ity, their tumors became palpable and they were euthanized. Over the same time, radiance 
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from MCF-7, T47D, T99, and METS15 xenografts increased only 42-, 39-, 54-, and 5-fold, 

respectively (Fig. 1b, and Extended Data Fig. 1b). About 6 months on, radiance was in-

creased 1000- to 2000-fold and tumors were palpable (Fig. 1b, Extended Data Fig. 1c). 

Nevertheless, the host mice fared well suggesting that any metastatic disease present did 

not compromise vital functions.  

Ex vivo imaging of resected organs revealed luminescence in brain, lungs, liver and bones 

(Fig. 1c).  The signal attributable to BT20 and HCC1806 cells was particularly high in the 

lungs with 107-109 p/sec/cm2/sr (Fig. 1c). Interestingly, T70 cells, derived from a patient 

with pregnancy-associated BC were detected most readily in the liver with 106-108 

p/sec/cm2/sr and to lesser extent in the lungs (Fig.1c) as reported for this clinical picture 

(Goddard et al., 2017).  Bioluminescence in the lungs and bones resected from MCF-7 

and T47D-bearing mice, ranged between 106 and 107 p/sec/cm2/sr for and the signal at-

tributable to disseminated METS15 cells was 105-106 p/sec/cm2/sr (Fig. 1d). PDX-T99 

xenografts resulted in bioluminescence just above background levels in the lungs and 

bones of 3 out of 10 mice (Fig. 1d), consistent with previous observations (Fiche et al., 

2019). At endpoint, the relative radiance of the lungs to the mammary glands, was on av-

erage 100-fold higher in the TN than in ER+ BC xenograft models (Fig. 1e). Hence, lung 

metastatic disease in TNBC xenografts advances faster than that of their ER+ counter-

parts suggesting that these models correctly mimic subtype-specific biology of metastasis.     

To further test the clinical relevance of the MIND models, we examined early tumor cell 

seeding. Fluorescence stereo microscopic analysis of mammary glands xenografted with 

BT20:Luc2-GFP and HCC1806:Luc2-GFP cells early, that is 1 week after intraductal injec-

tion, showed GFP signal confined to the ducts (Extended Data Fig. 1d,e); histological ex-

amination confirmed that tumor cells are within the ducts as characteristic of the in situ 

stage (Extended Data Fig. 1f,g). No disruption of the epithelial-stromal border was detect-
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ed but the basal membrane and ECM around mouse ducts filled with tumor cells were 

thicker than around empty mouse ducts (Extended Data Fig. 1f,g). At this stage, ex vivo 

radiance of the lungs was above background levels, in 5/10 BT20- and 1/4 HCC1806- in-

traductal xenograft-bearing mice (Extended Data Fig. 1h). Two weeks after engraftment, 

multiple invasive foci were detected in the engrafted mammary glands (Extended Data Fig. 

1d-g). In 4/4 BT20 and HCC1806- intraductal xenograft-bearing mice, all the lungs showed 

increased bioluminescence (Extended Data Fig. 1h) and GFP+ lesions by fluorescence 

stereo microscopy (Extended Data Fig. 1i). Thus, TN like ER+ BC intraductal xenografts 

disseminate early. 

Thus, both TN and ER+ BC intraductal xenografts seed to distant organs before the prima-

ry carcinoma becomes overtly invasive as observed in the clinics (Hüsemann et al., 2008; 

Sänger et al., 2011). While DTCs from ER- BCs give rise to macro-metastases, ER+ DTCs 

fail to grow suggesting that the MIND models correctly reflect the biology of metastasis of 

the different breast cancer subtypes.  

ER+ metastatic lesions are dormant  

The slow increase in radiance at the distant sites in the ER+ xenograft models suggested 

that the distant lesions are dormant. To test whether this is the case, we analyzed DTCs in 

the lungs by fluorescence stereo microscopy and subsequent histological analysis. Both 

BT20 and HCC1806 cells gave rise to lesions that were readily detected by fluorescence 

stereo microscopy and histological examination and measured 0.5-3 mm in diameter (Fig. 

1f,g). Lung lesions arising from MCF-7 and T47D intraductal xenografts were barely de-

tected by fluorescence stereo microscopy and measured 10-100 µm in diameter on histo-

logical sections (Fig. 1f,h). In the case of the PDXs, liver lesions caused by TN T70 cells 

were 0.5-1 mm in diameter (Fi. 1i). The pleural effusion-derived METS15 cells were de-

tectable by fluorescence stereo microscopy and on histological sections (Fig. 1j,k), but we 
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failed to detect any T99 cells by fluorescence stereo microscopy and subsequent screen-

ing of >40 histological sections from lung lobes of 3 host mice in line with the low radiance 

(105 p/sec/cm2/sr). Of note, individual DTCs fail to be detected by these approaches in our 

hands.  

Next, we quantified the proliferative index of primary and metastatic lesions from 

TNBC and ER+ xenografts using Ki67 IHC (Supplementary Table 3). The Ki67 index in 

BT20 and HCC1806 primary tumors was 54.7% and 47.5%, respectively and comparable 

in the lung metastases (Fig. 1l, Extended Data Fig. 1j), independetely of the size of the 

lesions (<100 µm or large >100 µm) (Fig. 1m). In contrast, the Ki67+ index in ER+ intra-

ductal primary tumors was on average 3-times higher than in the distant lesions, with 

51.8% vs 17.4% in MCF-7, 40.8% vs 13.3% in T47D, and 23.8% vs 7.9% in METS15 xen-

ografts-bearing mice, respectively (Fig. 1n and Extended Data Fig. 1k).  

To further characterize cell cycle dynamics, we used a fluorescent ubiquitination-based 

cell cycle indicator (FUCCI) (Bajar et al., 2016), which allows one to distinguish non-

cycling cells (G0/G1) as red fluorescent from cycling (S-G2-M) cells as GFP+ or double pos-

itive (Fig. 1o). Manual scoring of red versus green and yellow cells in xenografted MCF-

7:FUCCI-bearing mice  was carried out with ImageJ and revealed that the percentage of 

cycling cells decreased from 61.4% in primary tumors and to 31.8% (p<0.05) in matched 

lung lesions (Fig. 1p,q). Finally, IF staining for p27, a marker of dormancy (Bragado et al., 

2013), revealed the presence of p27-positive and Ki67-negative human DTCs in lung sec-

tions from MCF-7-bearing mice (Fig. 1r). Hence, ER+ MIND derived DTCs are arrested in 

the G0/G1 phase of the cell cycle as characteristic for dormant cells (Park and Nam, 2020).  

ER+ DTCs display organ-specific features 

With the unprecedented opportunity to study dormant ER+ DTCs in vivo, we sought to vis-

ualize them within the tissue context and optically-cleared, lungs, and brains from 
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NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CAG-EGFP)1Osb/SzJ (NSG-EGFP) mice together with the 

mammary glands bearing MCF-7:RFP+ intraductal xenografts at an advanced stage (5 

months) (Fig. 2a) (Extended Data Fig. 2a). Fluorescence stereomicroscopy of individual 

lung lobes showed dispersed RFP+ foci (Fig. 2b). Confocal imaging revealed RFP+ cylin-

dric structures of 50-100 µm length and 10-20 µm diameter in the lung parenchyma (Fig. 

2b,c). T47D and METS15 lung micro-metastases had similar morphologies (Extended Da-

ta Fig. 2b). Brain micro-metastases were detected in the meninges (Fig. 2d,e) and confo-

cal imaging of anti-CK-8 labeled sections identified round and dispersed tumor cells larger 

than the surrounding murine cells (Fig. 2e and Extended Data Fig. 2a). In brains with >107 

p/sec/cm2/sr bioluminescence signal, dispersed CK8+ cell clusters of 100-200 µm in diam-

eter were revealed by 3D reconstruction of Z-stacks (Fig. 2f). Long cellular extensions 

reminiscent of a specialized type of filopodia for transport of signaling molecules termed 

‘cytonemes’ (Kornberg and Roy, 2014) were observed in brain DTCs (Fig. 2g) suggesting 

that the ER+ DTCs establish themselves by different strategies at distinct distant sites. 

DTCs have EMT features 

Individual lung DTCs lost their characteristic epithelial morphology and displayed mesen-

chymal-like features (Fig. 3a). Quantification of the cellular aspect ratio (AR) (major ax-

is:minor axis) of matched primary tumor cells and lung DTCs showed that the percentage 

of cells with AR>1.7, indicative of a mesenchymal-like state (Fig. 3b) (O’Connor and 

Gomez, 2013), increased from 10-15% in primary tumors to 40-50% in the lungs (Fig. 3c). 

To address whether DTCs underwent an Epithelial-Mesenchymal Transition (EMT), we 

analyzed E-cad protein levels by IF and quantified fluorescence intensity on ImageJ. E-cad 

expression was readily detected in the primary intraductal xenografts of MCF-7, T47D, and 

METS15 cells and reduced by > 90% in matched lung DTCs (Fig. 3d and Extended Data 

Fig. 3a-c). Next, we micro-dissected fluorescent lesions in brain, lungs, and liver, isolated 
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RNA and compared the CDH1 mRNA expression to that of the respective primary tumors 

using human-specific primers. Semi-quantitative RT-PCR (qRT-PCR) analysis showed an 

81%, 56%, and 78% down modulation of CDH1 transcript levels in the brain, lung, and 

liver lesions, respectively (Fig. 3e). MKI67 transcript levels were reduced by 80%, 45%, 

and 70% (Fig. 3f), in line with the IF data on lung DTCs (Fig. 1n). Transcript levels of the 

canonical EMT- transcription factors (TFs), ZEB1, ZEB2, and the mesenchymal intermedi-

ate filament VIM increased 46-, 77-, and 46-fold, respectively in lung lesions (Fig. 3g). 

SNAI2 and TWIST1 mRNA expression levels were not significantly increased while SNAI1 

expression was down modulated 2.3-fold (P<0.05) (Fig. 3g). ZEB1, ZEB2, and VIM tran-

script levels were also up-regulated in brain DTCs (P<0.05) (Fig. 3h). In the 3 liver lesions 

we isolated only VIM transcripts were significantly up-regulated (P<0.05). ZEB1 and ZEB2 

showed a trend (P<0.12 and P<0.25, respectively) (Fig. 3i). Similarly, lung micro-

metastases from ER+ PDX METS15 showed a decrease in MKI67 and CDH1 transcript 

levels by 80 and 57%, while ZEB1, ZEB2, and VIM transcript levels were increased 3.2-, 

14.6-, and 67.9-fold, respectively (P<0.01, P<0.01, and P=0.052) (Extended Data Fig. 3d). 

CDH2, SNAI1, SNAI2, and TWIST1 transcripts were not detected in either site. 

In TN BT20 and HCC1806 xenografted cells, MKI67, CDH1, SNAI2, VIM, and TWIST-1 

transcript levels were comparable at matched primary site and the lungs (Fig. 3j). ZEB1 

and ZEB2 transcripts were up-regulated in BT20 lung metastatic cells but only 8.2 and 10-

fold, respectively (P<0.05 and P<0.01, respectively) (Fig. 3j), while SNAI1 was up-

regulated by 3.4-fold in HCC1806 lung metastatic cells (P<0.05) (Fig. 3j). Thus, mesen-

chymal morphology and increased expression of EMT markers are specifically observed in 

ER+ DTCs.  
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Role of EMT in ER+ tumor progression   

There have been conflicting reports about the role of EMT in BC progression since the 

seminal report that an EMT-induced stem cell state is required for metastasis (Mani et al., 

2008). On one hand, EMT was shown to pre-exist in a subset of cells of the primary tumor 

and to favor metastasis (Lawson et al., 2015; Pastushenko et al., 2018; Rios et al., 2019) 

on the other hand, evidence was provided that E-cad expression is required for metastatic 

seeding but is down-modulated during invasion (Harper et al., 2016; Hugo et al., 2017b; 

Onder et al., 2008; Padmanaban et al., 2019). To assess EMT during tumor progression in 

the ER+ MCF7 MIND model, we first compared the expression levels of CDH1 and EMT-

TFs at 1 month after injection when the primary tumors are in situ versus 6 months after 

engraftment when they are invasive (Fig. 4a). CDH1, ZEB1, and VIM transcript levels were 

not altered (Fig. 4b), ZEB2 levels were down-modulated by 50% (P<0.05), while TWIST1 

and SNAI2 levels were upregulated 15.6 and 8.6-fold (P<0.01 and P<0.05), respectively 

(Fig. 4b). IF showed that MCF-7 cells similarly retained the high levels of E-cad protein 

expression characteristic of the in situ stage in invasive parts of tumor (Fig. 4c). Hence, 

contrary to the widely used GEMM, MMTV-PyMT invasion does not entail down modula-

tion of E-cad expression and/or an EMT.  

To test functionally whether EMT favors the metastatic spread of ER+ BC cells, we in-

duced EMT in two ways; in the first, we down-modulated CDH1 expression, in the second, 

we overexpressed ZEB1 in MCF7 cells. Morphological assessment and expression of 

EMT-TFs ascertained that this resulted in acquisition of an EMT according to the recent 

guidelines on EMT criteria in MCF-7:shCDH1 and MCF-7:ZEB1 (Yang et al., 2020) (Ex-

tended Data Fig. 4a-h).  

When MCF-7:shCDH1 cells were grafted intraductally, they grew approximately 3.5-fold 

less than the MCF-7:shSCR controls (Fig. 4d) and mammary gland weight at end-point 
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was reduced by 73% (P<0.0001) (Extended Data Fig. 4i). At sacrifice, E-cad expression in 

the xenografts was 75% reduced by Western blot and immunohistochemistry IHC (Ex-

tended Data Fig. 4j,k). Ki67 and pHH3 indices were decreased by 30 and 75% in MCF-

7:shCDH1 compared to MCF-7:shSCR grafts, respectively (Extended Data Fig. 4l). MCF-

7:shCDH1 cells maintained an EMT phenotype and a 3-fold increase in ZEB1 (Fig. 4e).  

Analysis of H&E stained sections showed that MCF-7:shSCR cells invaded the stroma 

whereas the MCF-7:shCDH1 cells remained mostly in situ (Fig. 4f). The micro-metastatic 

load in distant organs of mice engrafted with MCF-7:shCDH1 cells was around 10% of that 

of mice with MCF-7:shSCR intraductal xenografts (Fig. 4g and Extended Data Fig. 4m). To 

exclude that the decreased metastatic burden merely reflects decreased primary tumor 

growth, we performed a paired analysis of the micro-metastatic burden of mice with similar 

tumor burden at end-point. In these mice, the micro-metastatic load in the brain, lungs, 

liver, and bones was reduced by 90% (Extended Data Fig. 4n).  

To exclude potential systemic effects of the genetically different tumor cells on the host 

organism, we contralaterally grafted MCF-7:shSCR:GFP and MCF-7:shCDH1:RFP cells. 

Comparison within the same host showed that the signal emanating from glands engrafted 

with MCF-7:shCDH1:RFP cells was 6- and 2-fold lower than that from contra lateral glands 

by IVIS and fluorescence, respectively (Extended Data Fig.4p). The number of shCDH1: 

RFP+ lung foci was 8-fold lower than GFP+ ones and the total RFP+ area 15-fold smaller 

than the respective GFP+ area (Extended Data Fig. 4q,r).  

Similarly, MCF-7:ZEB1 xenografts grew 2-fold less than MCF-7:Vector xenografts (Fig. 4h) 

and the corresponding xenografted glands weighed 1.5-fold less than their controls 

(P<0.05) (Extended Data Fig. 4s) when host mice were sacrificed at 4 months. Histological 

examination revealed that control cells invaded the muscle tissue adjacent to the thoracic 

mammary gland, whereas ZEB1-overexpressing cells remained in situ with occasional mi-
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croinvasion foci (Fig. 4i). ZEB1 overexpression reduced the overall micro-metastatic bur-

den by 90% (Fig. 4j) to varying extent in different organs (Extended Data Fig. 4t).  

To assess whether our finding that EMT does not favor tumor progression in MCF-7 cells 

extends to other ER+ BC models, we down modulated E-cad expression in the ER+ PDXs, 

T99 and METS15. E-cad down modulation reduced in vivo growth of T99 and METS15 

cells (Fig. 4k) and the corresponding mammary gland weight at end-point (Extended Data 

Fig. 4u). qRT-PCR analysis revealed a 77 and 33% down modulation in CDH1 levels in 

the xenografted glands from T99 and METS15-bearing mice, respectively (Fig. 4l). Fur-

thermore, E-cad down-modulation reduced tumor invasion (Fig. 4m), and the micro-

metastatic burden (Fig. 4n) in different organs (Extended Data Fig. 4v) of both ER+ PDXs. 

Of note, the reduction in metastasis correlated with the down modulation of CDH1 ob-

served in T99 and METS15 shCDH1 cells (Fig.4l,n). Together these data indicate that E-

cad is required for metastasis in ER+ BC. 

Similarly, ectopic ZEB1 expression reduced T99 intraductal growth 3-fold, (Fig. 4o), the 

weight of xenografted glands (Extended Data Fig. 4w) and micro-metastatic load (Fig. 4p) 

in the lungs and bones of mice (Extended Data Fig. 4x). Therefore, EMT, as induced by 

CDH1 down-modulation or ZEB1 overexpression, does not favor tumor progression nor 

metastasis of ER+ BC cells suggesting that the EMT observed in DTCs is induced after 

tumor cells leave the primary tumor, likely at the distant sites.  

E-cad restoration partially awakens DTCs from dormancy   

Our finding EMT specifically characterizes dormancy prompted us to ask whether a Mes-

enchymal-Epithelial Transition (MET) may reactivate proliferation, overcome dormancy 

and cause metastatic progression. To address this question, we dissociated mammary 

glands and lungs from MCF7:RFP in NSG-EGFP mice to single cells, cultured them in 2D 

and applied drug selection to avoid overgrowth of the abundant mouse cells. The MCF-
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7:RFP+ cells preserved their mesenchymal morphology and grew slowly (Extended Data 

Fig. 5a). After 2-3 months in culture, the MCF-7:RFP+ cells gradually resumed prolifera-

tion, and formed epithelial islets (Extended Data Fig. 5a). In contrast, MCF-7:RFP+  de-

rived from the primary tumor did not go through a latency phase and were confluent by 1-2 

weeks of in vitro culture (Extended Data Fig. 5b). The CDH1 transcripts levels were re-

stored and expression of EMT-TFs suppressed (Extended Data Fig. 5c,d) consistent with 

the hypothesis that a MET results in awakening from dormancy. To address whether resto-

ration of E-cad levels is sufficient to awaken dormant DTCs in vivo, we overexpressed E-

cad in MCF-7 cells (Extended Data Fig. 5e). In vivo radiance one day after intraductal en-

graftment was 2-fold higher in glands engrafted with MCF-7CDH1 cells compared to con-

trol grafts suggesting that E-cad favors tumor cell survival and/or engraftment in the mouse 

milk ducts (Fig. 5a). Six months after injection radiance to their control cells was compara-

ble (Fig. 5b) and an 8-fold CDH1 transcript overexpression was observed similar to the 10-

fold increase observed in vitro (Fig. 5c and Extended Data Fig. 5e). Ex vivo radiance of the 

lungs from mice with MCF-7:CDH1 xenografts was 10% of MCF-7:control xenograft bear-

ing mice  (P<0.05) (Fig. 5d), but the overall micro-metastatic burden was not significantly 

altered (Fig. 5e). Moreover, although in vivo luminescence was lower in the lungs from 

mice with MCF-7:CDH1 xenografts, 1 of the 4 mice engrafted with MCF-7:CDH1, a lung 

lesion > 500 µm in diameter was detected (Fig. 5f). Since we never observed such a large 

lesion in MCF-7 intraductal xenograft-bearing mice (n>50) this pointed to the possibility 

that E-cad expression may enable exit from dormancy.  

Since the effects of E-cad overexpression on engraftment and in vivo growth of MCF-7 

cells at the primary tumor site may confound the interpretation of the resulting micro-

metastatic burden, we used a DOX inducible E-cad vector (E-cadIND) (Extended Data Fig. 

5f). Five months after engraftment of MCF-7:E-cadIND cells, a subgroup of mice was 
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switched to DOX-containing chow for 2-3 months (Fig. 5g). Radiance and weight of mam-

mary glands at sacrifice were significantly reduced in the DOX-induced group (P<0.01) 

(Fig. 5h,i), yet, lung radiance increased by 2.4-fold (Fig. 5j). To assess whether the in-

creased lung radiance was due to increased seeding and/or an increase in size of individ-

ual lesions, we measured the micro-metastases by fluorescence stereo microscopy and 

histological analysis. CDH1 induction increased the average diameter of foci detected on 

fluorescence stereo microscopy by 2.8 fold and resulted in a 7.3-fold increase in overall 

fluorescent area (Fig. 5k,l). Similarly, quantitative image analysis by ImageJ of lung lesions 

in H&E-stained sections revealed a 5.3 and 2.5-fold increase in their area and diameter, 

respectively (Fig. 5m,n). Quantification of the E-cad intensity in lung micro-metastases 

from control and +DOX mice by ImageJ showed a 5.5-fold increase in protein expression 

in the lung micro-metastases upon DOX administration (Fig. 5o,p). Finally, qRT-PCR on 

flash-frozen lungs from control and +DOX groups confirmed successful induction of CDH1 

and revealed a 2.8-fold increase in MKI67 expression levels (Fig. 5q). Thus, E-cad over-

expression is sufficient to drive DTCs out of dormancy, thus targeting of this process pro-

vides a new therapeutic angle for tertiary prevention in ER+ BC. 
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Discussion 

Early tumor cell dissemination and dormancy in ER+ BC (Buell et al., 2004; Matser 

et al., 2018; Sänger et al., 2011) represent important clinical challenges. Our understand-

ing of the mechanisms controlling these phenomena is very limited because we lacked 

adequate preclinical models, in particular, for dormancy. Here, we provide evidence that 

intraductal xenografts of BC cells correctly model early dissemination and the biology of 

metastasis and provide new, unique opportunities to study ER+ BC dormancy. Like in the 

clinics DTCs can be detected early during disease progression and TN DTCs form macro-

metastases whereas ER+ DTCs enter dormancy (Dent et al., 2007; Jatoi et al., 2011). The 

different proliferative indices of TN versus ER+ DTCs provide an explanation for the suc-

cess of chemotherapeutic agents in the treatment of TN BC where they can kill proliferat-

ing DTCs. In contrast, ER+ BC patients do not benefit when their DTCs are quiescent, only 

more advanced and more rapidly growing tumors will show benefit (Criscitiello et al., 

2014).   

Our findings confirm and extend  previous reports (Dong et al., 2007; Hugo et al., 

2017b; Kleer et al., 2001; Kowalski et al., 2003; Padmanaban et al., 2019) that the epithe-

lial differentiation state reflected by E-cad expression is critical for tumor progression and 

metastasis in ER+ BC. Recent demonstrations that E-cad expression persists in circulating 

tumor cells (CTCs) (Koch et al., 2020; Na et al., 2020) and actually  increases their surviv-

al (Padmanaban et al., 2019) support our hypothesis that the observed EMT signature is 

induced at the distant sites. Increased expression of EMT-TFs in dormant ER+ mammary 

carcinoma cells was also observed in a mouse cell line model, the D20R cells, 2 weeks 

after intravenous injection and shown to be induced alveolar type-1 cells in the lung paren-

chyma in coculture models (Montagner et al., 2020) 
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The upregulation of SNAI2 and TWIST1 in the invasive compared to in situ disease, is in 

line with previous findings that these factors are induced by the fat pad microenvironment 

as part of a basal differentiation program triggered by TGFβ-signaling (Sflomos et al., 

2016). As such, their elevated expression is likely a consequence of invasion and not 

causally related to it. 

It is conceivable that the contradictory findings on EMT in different BC models can be rec-

onciled by differential requirements of BC subtypes, with the ER+ subtype long understud-

ied due to the lack of pre-clinical models. In PyMT-HER2/Neu, Early HER2+ DTCs were 

found to co-express EMT-TFs and dormancy-related genes (Nobre, 2021) and the 

EMT/dormancy program is activated early on at the primary site and results in early seed-

ing in this model (Harper et al., 2016) raising the question whether our findings in ER+ 

BCs also apply to the HER2 subtype.  

Our findings show that acquisition of EMT as cells establish themselves at distant sites 

impinges on the growth of ER+ BC cells, resulting in a dormant state that can be partially 

overcome upon E-cad restoration (Fig. 6). The E-cad down modulation observed in 

dormant DTCs is most likely due to the ability of EMT-TFs to directly bind the CDH1 pro-

moter and repress its transcription (Batlle et al., 2000; Comijn et al., 2001). Of note, EMT-

TFs, Zeb1/Zeb2, Snail, and Twist, as well as EMT-inducing factors, such as TGFβ, were 

all shown to halt the cell cycle by decreasing Cyclin D protein levels and increasing the 

phosphorylation of Rb (Lovisa et al., 2015; Mejlvang et al., 2007; Vega et al., 2004; Yang 

et al., 2006). Interestingly, Zeb1, in turn can repress ER-α expression by inducing the hy-

permethylation of its promoter (Zhang et al., 2017) and might be responsible for the de-

crease in ER expression. ZEB1 expression can be also activated by hormones namely, 

estrogen (Chamberlain and Sanders, 1999), progesterone (Richer et al., 2002), and an-
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drogen (Anose and Sanders, 2011), pointing to a tight connection between Zeb1 and HR 

signaling HR+ tumors.  

It is tempting to speculate that the reduced recurrence and breast cancer-related mortality 

in patients who receive tamoxifen for 10 years compared to only 5 years (Davies et al., 

2013; Gray et al., 2013), is due to a sustained EMT-induced dormant state. Indeed, evi-

dence has accumulated that endocrine therapy induces EMT in ER+ BC (Creighton et al., 

2009; Kastrati et al., 2020; Sflomos et al., 2016). 

A limitation of the intraductal xenograft models is the lack of an intact immune sys-

tem. NSG mice lack functional B and T cells which are important players in tumor immu-

nology. Murine ER+ mammary carcinoma cells, D20R cells, were recently shown to re-

main dormant in the lungs of isogenic Balb/C mice with an intact immune system, suggest-

ing that dormancy does not require the adaptive immune system (Montagner et al., 2020). 

Innate immune cells, in particular neutrophils, participate in various mouse models of 

TNBC in the process of metastasis and awakening from dormancy (Kos and Visser, 2021; 

Perego et al., 2020; Szczerba et al., 2019; Xiao et al., 2021). While some of innate im-

mune cells are present in the NSG mice their function might be altered or incomplete in the 

absence of the adaptive response. Awakening from dormancy may be a multifactorial pro-

cess, involving multiple cell types (Montagner et al., 2020; Nobre et al., 2020; Ombrato et 

al., 2019; Werner-Klein et al., 2020) and secreted factors, including cytokines and chemo-

kines, which remain to be identified in the intraductal model. In addition, it remains to be 

determined whether active immune-related transcription factors can regulate the transcrip-

tion and induce the expression of CDH1 or other targets that need to be identified. This 

can be addressed in the context of humanized mouse models (Kalscheuer et al., 2012) in 

which a functional human immune system is established in the host mice. 
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A potential caveat in this study is the use of ER+ PDXs derived from an advanced 

metastatic disease such as pleural effusion or ascites (METS-15) to study dormancy. 

While ER+ PDXs are pushed back in their disease history when injected intraductally 

(Fiche et al., 2019; Sflomos et al., 2016), those derived from metastatic stage progress 

faster in the MIND model enabling analysis in a more reasonable time frame. The observa-

tion that ER+ PDXs established from a primary tumor or a metastatic site undergo dor-

mancy suggests that metastasis and dormancy entrance and exit are not genetically con-

trolled but likely linked to epigenetic changes.  

Thus, the intraductal model provides exciting new experimental opportunities to 

study ER+ dormancy as human BC cells in this model are readily accessible to genetic 

and pharmacological manipulations. The present findings suggest that in particular pro-

moting and maintaining EMT is critical and may be the basis for the success of endocrine 

therapy. In case of refractory disease, E-cad protein might by targeted directly via mono-

clonal antibodies (Brouxhon et al., 2013), and or other agents promoting EMT may be of 

use. 
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Figure Legends 

Fig. 1. Intraductal xenografts of ER+ and ER- BC cells show distinct growth and 

metastatic behavior. a. Experimental scheme. b. Graph showing the fold change radi-

ance over time of all intraductal xenografts. Data represent mean ± SEM of 13-19 from 5-9 

mice bearing BT20, HCC1806, T70, MCF-7, T47D, T99, and METS15 xenografts, respec-

tively. Dashed line represents experimental end-point for TNBC xenografts. c. Bar plot 

showing ex vivo radiance of resected organs from 9, 7, and 6 mice bearing BT20, 

HCC1806, and T70 xenografts, respectively. Data represent mean ± SEM. d. Bar plot 

showing the radiance of ex vivo bioluminescence on resected organs from 20, 9, 10, and 

14 mice bearing MCF-7, T47D, T99, METS15, respectively. Data represent mean ± SEM. 

e. Bar plot showing the ratio of radiance in lungs over primary tumor. Data represent mean 

± SEM. f. Representative fluorescence stereo micrographs of lungs from at least 3 mice 

bearing BT20, HCC1806, MCF-7, and T47D intraductal xenografts. Arrows point to DTCs 

in ER+ intraductal xenografts-bearing mice. Scale bar, 1 mm. g. Representative H&E mi-

crographs of lung sections from 3 mice bearing BT20 and HCC1806, and h. MCF-7, and 

T47D, intraductal xenografts. Scale bar, 50 µm. i. Representative fluorescence stereo mi-

crographs of the liver and j. lungs from at least 3 mice bearing T70 and METS15 intraduc-

tal xenografts, respectively. Scale bars, 1mm. k. Representative H&E micrographs of lung 

sections from 3 mice bearing METS15 intraductal xenografts. Scale bars, 50 µm. l. Per-

centage of Ki67+ cells in matched primary and lung sections from BT20, and T70 intraduc-

tal xenografts 5 weeks after intraductal injection. Data represent mean ± SD from 3 differ-

ent hosts. Student unpaired t-test, two-tailed. m. Bar graph showing Ki67-index of small 

(<100 µm) and large (>100 µm) BT20 and HCC1806 lung lesions. Data represent mean ± 

SD from 3 different hosts. Student unpaired t-test, two-tailed. Each data point in the prima-

ry tumor and the lung represents ≥ 1,000 and 100 cells analyzed, respectively. n. Percent-
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age of Ki67+ cells in matched primary and lung sections from MCF-7, T47D, and METS15 

intraductal xenografts 5 months after intraductal injection. Data represent mean ± SD from 

3 different hosts. Student paired t-test, two-tailed. o. Scheme showing the FUCCI cell cy-

cle reporter. p. Bar plot showing the percentage of cycling and non-cycling cells in primary 

tumors and lung micro-metastases in MCF-7 intraductal xenografts-bearing mice. Data 

represent mean ± SD from 3 host mice. Paired t-test. q. Representative fluorescence mi-

crographs of red, green, and double-positive MCF-7:FUCCI reporter cells in matched pri-

mary tumor (left) and lung (right). Scale bars, 50 µm. r. Representative immunofluores-

cence micrographs for CK8 (magenta), p27 (green), Ki67 (red), counterstained with DAPI 

(blue) on lung section from MCF-7-bearing mice. Scale bar, 50 µm. *, ***, ****, and n.s rep-

resent p<0.05, 0.001, 0.0001, and not significant, respectively. 

 

Fig. 2. Phenotypic characterization of dormant DTCs. a. Schematic workflow of the 

imaging pipeline for micro-metastases detection in distant organs from intraductal xeno-

grafts-bearing mice. After bioluminescence imaging, the presence of micro-metastases is 

confirmed by fluorescence stereo microscope. Micro-metastases-bearing organs are then 

fixed overnight, embedded in 5% agarose the next day, and vibratome-sectioned to gen-

erate 0.5-1 mm thick sections. Sections with micro-metastases are then subjected to pas-

sive clarity and antibody labeling, and imaged on a confocal fluorescence microscope. b. 

Fluorescence stereo micrographs of lung micro-metastases in MCF-7 intraductal xeno-

grafts-bearing mice with bioluminescence > 107 p/sec/cm2/sr. Scale bars, 500 µm. c. 3D 

reconstruction of optically-cleared lung sections stained with CK8 and counterstained with 

DAPI. Scale bar, 100 µm. d. Fluorescence stereo micrographs of brain micro-metastases 

in MCF-7 intraductal xenografts-bearing mice. Scale bars, 1 mm. e. Fluorescence micro-

graphs of fat-cleared brain sections from MCF-7 intraductal xenografts in NSG.GFP+ mice. 
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Arrow points to MCF-7 cells. Scale bar, 50 µm. f. Depth-coded 3D reconstruction of brain 

micro-metastases in fat-cleared brain sections with bioluminescence > 107p/sec/cm2/sr 

from MCF-7 intraductal xenograft-bearing mice. Scale bar, 100 µm. Color code represents 

the Z-stacks. g. Single Z section from the hyperstack in (f) stained with CK8. Arrows point 

to cellular protrusions. Scale bar, 100 µm.  

 

Fig. 3. Dormant DTCs from ER+ intraductal xenografts have an EMT signature. a. 

CK-8 staining on optically-cleared sections of METS15 tumors cells in host’s lungs. Scale 

bar, 10 µm. b. Representative masks representing different aspect-ratio (AR) with respect 

to the morphology c. Percentage of cells with AR > 1.7, representing mesenchymal-like 

cells in matched primary and lung metastatic cells from ER+ intraductal xenografts-bearing 

mice. Data represent mean ± SD from 3 mice. Paired Student t-test; **** represents 

p<0.0001. d. Relative E-cad intensity (Int.) in matched primary and lung metastatic cells 

from MCF-7, T47D, and METS15 intraductal xenografts-bearing mice. E-cad intensity was 

quantified from IHC sections of matched primary and lung metastatic cells using the cor-

rected total cell fluorescence formula. Data represent mean ± SD from 3 mice. e. Relative 

CDH1 and f. MKI67 mRNA ex pression (Exp.) levels in MCF-7 cells of the primary tumor 

(8 mice), or in the lung (n=8), brain (n=4), and liver (n=3) DTCs. Data represent mean ± 

SD. One-way ANOVA. g. Relative mRNA expression levels in matched primary and lung 

DTCs (n=8), normalized to the geometric mean of GAPDH and HPRT. Paired t-test. h. 

Relative mRNA expression levels in matched primary and brain (f) n=4 and i. liver DTCs 

n=3. Paired t-test. j. Relative mRNA expression levels in matched BT20 and HCC1806 

primary and lung metastases from 3 mice. Paired t-test. *, **, ***, ****, and n.s. represent 

p<0.05, 0.01, 0.001, 0.0001, and not significant, respectively. 
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Fig. 4. Role of EMT in ER+ tumor progression. a. Representative H&E micrographs of 

in situ (1 month after injection) and invasive (5-6 months after injection) MCF-7 intraductal 

xenografts, scale bars, 100 µm. b. Relative mRNA expression levels of the selected genes 

in in situ and invasive MCF-7 intraductal xenografts, normalized to the geometric mean of 

GAPDH and TBP. Data represent mean ± SD from 6 glands in 3 mice, Non-parametric 

Mann Whitney test. c. Representative IF micrographs of E-cad in in situ and invasive 

MCF-7 intraductal xenografts. Nuclei were counterstained with DAPI, scale bars, 50 µm. d. 

Graph showing the fold change radiance over time of MCF-7 shSCR and shCDH1 in intra-

ductal xenografts, data represent mean ± SEM of 20 and 19 xenograft glands, respective-

ly, 5 mice for each group. Two-way ANOVA, multiple comparisons. e. Relative mRNA ex-

pression levels on selected genes in 5 contralateral shSCR and shCDH1 xenograft glands, 

normalized to the geometric mean of GAPDH and TBP. Paired t-test. f. Representative 

H&E micrograph from shSCR and shCDH1 xenograft glands. Scale bars, 200 µm. g. Rela-

tive micro-metastatic burden in 7 shSCR and 8 shCDH1 tumor-bearing mice. Each dot 

represents a single organ, dashed line represents the median and dotted lines the lower 

and upper quartiles. Unpaired Student t-test. h. Graph showing the fold change radiance 

over time of Vector and ZEB1-overexpressing MCF-7 cells in intraductal xenografts, data 

represent mean ± SEM of 16 xenograft glands from 4 mice each. Two-way ANOVA, multi-

ple comparisons. i. Representative H&E micrographs from thoracic mammary glands bear-

ing either vector or ZEB1-overexpressing MCF-7 cells from 3 mice, each. Arrows point at 

invaded muscle tissue in thoracic mammary glands. Scale bar, 200 µm. j. Violin plot of the 

relative micro-metastatic burden from vector and ZEB1-overexpressing MCF-7 intraductal 

xenografts-bearing mice, respectively. Dashed line represents the median and dotted lines 

the lower and upper quartiles. Unpaired Student t-test. k. Growth curve of intraductal T99 

and METS15 shSCR or shCDH1. For T99, data represent mean ± SEM of 16 xenograft 
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glands for each shSCR and shCDH1 groups, 5 mice for each cohort, and 16 and 20 xeno-

graft glands for METS15, respectively, 5 mice for each cohort. Two-way ANOVA. l. Rela-

tive CDH1 expression in 3 T99 shSCR and shCDH1 intraductal xenografts and 4 METS15 

shSCR and shCDH1. Data represent mean ± SD. Unpaired Student t-test. m. Representa-

tive H&E of T99 shSCR and shCDH1 xenograft glands. Scale bar, 200 µm. n. Violin plot of 

the relative micro-metastatic burden in T99 and METS15 intraductal xenografts-bearing 

mice. Dashed line represents the median and dotted lines the lower and upper quartiles. 

Each dot represents a single organ. Unpaired Student t-test. o. Growth curve of Vector 

and ZEB1-overexpressing T99 intraductal xenografts. Data represent mean ± SEM of 15 

and 18 xenograft glands, respectively. Two-way ANOVA. p. Violin plot of the relative mi-

cro-metastatic burden in the lungs and bones from 4 Vector and 5 ZEB1-overexpressing 

T99 xenografts-bearing mice. Dashed line represents the median and dotted lines the low-

er and upper quartiles. Unpaired Student t-test. *, **, ***, ***, and n.s represent p<0.05, 

0.01, 0.001, 0.0001, and not significant, respectively.  

 

Fig. 5. Role of E-cad restoration in tumor cell awakening. a. Radiance values on Day 1 

after intraductal injection of control (PLX304) and CDH1-overexpressing (PLXCDH1). Data 

represent mean ±SD of 17 and 16 xenografted glands, respectively in 5 and 4 mice, re-

spectively. Unpaired Student t-test. b. Radiance measurements of PLX304 and 

PLXCDH1- MCF-7 cells in 5 and 4 mice, respectively. Data represent mean ± SEM of 17 

control and 16 CDH1-overexpressing intraductal xenografts from 5 and 4 mice, respective-

ly. c. Relative CDH1 levels in 5 tumors from PLX304 and PLXCDH1-bearing mice. Data 

represent mean ± SD. Unpaired Student t-test. d. Radiance of ex vivo bioluminescence in 

5 PLX304 and 4 PLXCDH1-bearing mice. Data represent mean ± SD. Multiple t-tests. e. 

Relative micro-metastatic burden in 5 PLX304 and 4 PLXCDH1-bearing mice. Unpaired 
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Student t-test. f. Fluorescence stereo microscope micrographs of lung lesions in PLX304 

(top) and PLXCDH1 (bottom). 1 out of the 5 analyzed mice had a lesion >500 µm shown 

over here. Scale bar, 500 µm. g. Experimental scheme of the intraductal injection of MCF-

7:RFP-luc:E-cadIND. h. Relative radiance and i. weight of 20 xenografted glands from 9 (-

DOX) and 9 (+DOX) mice. Data represent mean ± SD. Unpaired Student t-test. j. Fold 

change lung radiance in -DOX and +DOX from 9 mice. Data represent mean ± SD. Non-

parametric Mann-Whitney Test. k. Fluorescence stereo microscope micrographs of lung 

lesions in -DOX (top panel) and +DOX (bottom panel). Scale bars, 500 µm. l. Quantifica-

tion of the diameter (left) and area of lesions (right) in lungs from 3 (-DOX) and 3 (+DOX) 

mice under a fluorescence stereoscope. Data represent mean ± SD. Unpaired Student t-

test. m. Representative H&E lung micrographs from 3 mice for -DOX and +DOX. Scale 

bar, 100 µm. n. Quantification of the diameter (left) and area of lesions (right) in H&E lung 

sections from 3 (-DOX) and 3 (+DOX) mice. Data represent mean ± SD. Unpaired Student 

t-test. o. Relative E-cad intensity (Int.) in lung lesions from 3 -DOX and 3 +DOX mice. Data 

represent mean ± SEM. Unpaired Student t-test. p. Representative IF of E-cad in lung le-

sions from 3 -DOX and 3 +DOX mice. Nuclei were counterstained with DAPI. Scale bar, 50 

µm. r. Relative mRNA expression levels of CDH1 and MKI67 in flash-frozen lungs from 4 -

DOX and +DOX mice, normalized to the geometric mean of GAPDH and HPRT. Data rep-

resent mean ± SD. Non-parametric Mann Whitney test. *, **, ***, ***, and n.s represent 

p<0.05, 0.01, 0.001, 0.0001, and not significant, respectively.  

 

Fig. 7. Working Model for ER+ BC progression  

Extended Data Fig. 1. ER+ and ER- BC cells show different metastatic behavior.  

a. Bar graph showing take rates for ER+ BC cells (red) either cell lines (MCF-7 and T47D) 

or PDXs, T99 and METS15, and TNBC cells (blue) either cell lines (BT20 and HCC1806) 
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or PDX, T70 injected intraductally calculated as % successfully-engrafted glands of total 

number of injected mammary glands. Data represents mean ± SD from 41 MCF-7, 36 

T47D, 32 T99, 36 METS15, 18 BT20, 16 HCC1806, and 10 T70 intraductal xenografts. 

Vertical dashed line equals 90% engraftment rate. b. Fold change radiance at 5 weeks of 

ER+ and TNBC intraductal xenografts from Fig. 1b. Data represent mean ± SD. Blue and 

red dashed lines represent the average fold change radiance of TNBC (=1148) ER+ (=32), 

respectively. c. Fold change radiance at end-point for TNBC (5 weeks) and ER+ (5-6 

months). Data represent mean ± SD of 17, 13, 19, 16, 18, 16, and 19 tumors from 5, 5, 5, 

9, 7, and 5 mice bearing MCF-7, T47D, T99, METS15, BT20, HCC1806, and T70 xeno-

grafts, respectively. Box and whiskers represent minimum and maximum. d. Representa-

tive fluorescence stereo micrographs of mammary glands 1 week (top) and 2 weeks (bot-

tom) after intraductal injection with BT20 and e. HCC1806. Scale bars, 1 mm. f. Repre-

sentative H&E micrographs of BT20 and g. HCC1806 intraductal xenografts 1 week (top) 

and 2 weeks (bottom) after injection. Scale bars, 1 mm. h. Ex vivo bioluminescence on 

organs from mice bearing BT20 and HCC1806, 1 week (left) from 10 and 4 mice, respec-

tively, and 2 weeks (right) after intraductal injection from 4 mice. i. Fluorescence stereo 

micrographs of lungs from BT20 intraductal xenografts-bearing mice 1 week (top panel) 

and 2 weeks (bottom panel) after intraductal injection. Arrow points at TNBC DTCs. Scale 

bars, 50 µm. j. Representative IF for CK-8 (green) and Ki67 (red) counterstained with 

DAPI (blue) of matched primary and lung metastases of 3 TNBC and k. ER+ intraductal 

xenografts-bearing mice. Scale bars, 50 µm. **, ***, ***, and n.s represent p<0.01, 0.001, 

0.0001, and not significant, respectively. 

Extended Data Fig. 2. a. CK8 IF on optically-cleared vibratome sections of MCF-7 prima-

ry site, lung, and brain organs. Nuclei are counterstained with DAPI. Scale bar, 50 µm. b. 

Representative fluorescence stereo micrographs of lungs from mice bearing MCF-7, 
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T47D, and METS15 intraductal xenografts. Arrows point at atypical fibroblastic cellular 

morphologies. Scale bar, 50 µm.  

 

Extended Data Fig. 3. a. Representative immunofluorescence micrographs for CK8 

(green) and E-cad (Red) counterstained with DAPI (blue) from 3 matched MCF-7, b. T47D 

and c. METS15 primary and lung DTCs. Scale bar, 50 µm. d. Relative mRNA expression 

levels in matched METS15 primary and lung micro-metastases (5 mice) normalized to the 

geometric mean of GAPDH and HPRT. Paired t-test. * and ** represent p<0.05, and 0.01, 

respectively. 

 

Extended Data Fig. 4. In vitro and in vivo EMT characterization. a. Representative 

Western blot of total cell lysates from in vitro MCF-7 cells transduced with either shSCR or 

shCDH1-encoding lentiviruses and probed for E-cad and Lamin B1 from 4 biological repli-

cates. b. Phase contrast micrograph of shSCR and shCDH1 MCF-7 cells. c. Relative pro-

liferation (%) of shSCR and shCDH1 day 3 after seeding assessed by MTT assay. Data 

represent mean ± SD of 4 different biological replicates. d. Relative mRNA expression lev-

els of the shown genes in shSCR and shCDH1 MCF-7 cells, 3. Data represent mean ± 

SD. e. Western blot of Zeb1, E-cad, ER, and Lamin B1 in vector and MCF-7- ZEB1 cells. f. 

Representative phase contrast micrograph of vector and ZEB1 MCF-7 cells. g. Fold-

change absorbance of Vector and MCF-7- ZEB1 cells over time. Data represent mean of 3 

biological replicates ± SD. h. Relative mRNA expression levels of the shown genes in vec-

tor and ZEB1 MCF-7 cells, 3-4 biological replicates. i. Relative E-cad expression levels by 

Western blot in 12 shSCR and shCDH1 xenograft glands from at least 5 mice. Student 

unpaired t-test. j. Representative IF of E-cad staining in shSCR and shCDH1 xenograft 

glands from contralateral mice (n=4). Nuclei are counterstained with DAPI. Scale bar, 100 
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µm. k. Weight of glands xenografted with either shSCR or shCDH1 MCF-7 cells at end-

point from 46 shSCR and 43 shCDH1 xenograft glands, total of 25 mice. Data represent 

mean ± SD, unpaired Student t-test. l. Percentage of Ki67 and pHH3-positive cells in con-

tralaterally-engrafted shSCR and shCDH1 and their representative IFs. Scale bar, 100 µm. 

Each dot represents at least 100 cells per analyzed image, 4 mice. Paired Student t-test. 

m. Relative fold change in ex vivo organ radiance in 7 shSCR and 8 shCDH1 tumor-

bearing mice. Data represent mean ± SD, multiple t-tests. Multiple t-tests. n. Relative fold 

change in ex vivo organ radiance from 5 WT and 5 shCDH1 tumor-bearing mice with simi-

lar radiance at end-point. Data represent mean ± SD, multiple t-tests. o. Scheme showing 

the contra lateral engraftment of green shSCR (left) and red shCDH1 (right) MCF-7 cells. 

p. Bar plots showing the fold change radiance and total fluorescence of contra lateral 8 

shSCR:GFP and shCDH1:RFP intraductal xenografts. Data represent mean ± SD, paired 

t-test. q. Representative fluorescence stereograph of green shSCR and red shCDH1 cells 

contralaterally-engrafted. r. Quantification of total red and green lung foci and their %Area 

occupied in shSCR and shCDH1-bearing mice. Data represent mean ± SD of 20 lobes 

from 4 mice. Data represent mean ± SD, paired t-test. s. Weight of xenograft glands at 

end-point from 16 Vector and ZEB1-overexpressing MCF-7 xenograft glands. Data repre-

sent mean ± SD, unpaired Student t-test. t. Relative fold change in ex vivo organ radiance 

from 4 mice, each. Data represent mean ± SD, Multiple t-tests. u. Weight of xenograft 

glands at end-point from 28 shSCR and 34 shCDH1 T99 xenograft glands (8 and 9 mice, 

respectively), and 43 shSCR and 47 shCDH1 METS15 xenograft glands (9 mice for both). 

Data represent mean ± SD, unpaired Student t-test. v. Relative fold change in ex vivo or-

gan radiance in 8 shSCR and 9 shCDH1 T99 xenografts-bearing mice, and 9 shSCR and 

9 shCDH1 METS15 xenografts-bearing mice, Data represent mean ± SD, multiple t-tests. 

w. Mammary gland weight at end-point of T99 Vector and ZEB1 intraductal xenografts. 
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Data represent mean ± SD of 15 and 18 xenograft glands, respectively. x. Relative fold 

change in ex vivo organ radiance in 4 Vector and 5 ZEB1-overexpressing T99 xenografts-

bearing mice, respectively. Multiple t-tests. *, **, ***, ***, and n.s represent p<0.05, 0.01, 

0.001, 0.0001, and not significant, respectively. 

 

Extended Data Fig. 5. Mesenchymal-Epithelial Transition in vitro. a. Ex vivo culture of 

GFP+ murine cells and RFP+ MCF7 lung DTCs after lung dissociation 3 days and 2 

months after plating and b. primary tumor cells 3 and 10 days after plating. Scale bar, 200 

µm. c. Relative mRNA expression levels of selected genes in in vitro cultured primary, 

lung, and brain MCF-7 metastatic cells mice normalized to GAPDH. Data represent mean 

± SD from n=3 control, 4 lung, and 2 brain replicates. d. Summary of the relative expres-

sion levels of CDH1 (left) and ZEB1 (right) in intraductally grafted MCF7 cells either in situ, 

invasive, DTCs, or after 2 months of in vitro culture. Data represent mean ± SD. EMT: Epi-

thelial-Mesenchymal Transition; MET: Mesenchymal-Epithelial Transition. e. Western blot 

validation and quantification of E-cad overexpression in PLX304 (vector) and PLXCDH1 

MCF-7 cells and f. E-cad induction by 2 µg/ml DOX in PLIX403 (vector) and PLIX403-

CDH1 MCF-7 cells in vitro.  

 

Materials and Methods  

Clinical samples  

The Commission cantonale d’éthique de la recherche sur l’être humain (CER-VD 38/15, 

PB_2016-01185 (38/15)) approved this study and informed consent was obtained from all 

subjects. Tumor tissue was mechanically and enzymatically digested using parallel razor 

blades and collagenase, as previously described (Fiche et al., 2019; Sflomos et al., 2016). 

Effusion samples (pleura or ascites) were centrifuged at 2,500 RPM at 25°C for 10 
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minutes. Pellets were rinsed with phosphate buffer saline (PBS), 2% calf serum (CS), and 

erythrocyte-lysed using red blood cell lysis buffer (Sigma, R7757) for 5 minutes, then dilut-

ed in PBS 2% CS, and centrifuged again. Patient-derived tumor cells were transduced with 

either ffLuc2/Turbo-GFP or ffLuc2/Turbo-RFP (GEG-tech) overnight in low attachment cul-

ture plates (Corning® Costar® Ultra-Low Attachment) in a humidified incubator (37°C, 5% 

CO2, and 5% O2).  

 

Animal Experiments 

All mice were maintained and handled according to Swiss guidelines for animal safety with 

a 12-h-light-12-h-dark cycle, controlled temperature and food and water ad libitum. Expe-

riments were performed in accordance with protocol VD1865.5 approved by Service de la 

Consommation et des Affaires Vétérinaires, Canton de Vaud, Switzerland. NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ (NSG) and NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CAG-EGFP)1Osb/SzJ 

(NSG-EGFP) were purchased from Charles River and The Jackson Laboratory. For the 

induction of E-cad, DOX (0.62g/kg of food, SAFE 150 SP-25 www.safe-diets.com) was admin-

istered in the diet. 

 

Intraductal Injections and Re-transplantation  

Mice were anesthetized by intraperitoneal injection of 200 µl of 10 mg/kg xylazine and 90 

mg/kg ketamine (Graeub). Intraductal injections of single-cell suspensions were performed 

as previously detailed (Behbod et al., 2009; Sflomos et al., 2016). Intraductal xenografts of 

cell lines and patient-derived cells were generated by injecting 1x105 and 2x105 cells, re-

spectively, into the teats of 8-16-week-old NSG or NSG-EGF female mice, and grown for 

4-6 months. For re-transplantation of patient-derived cells, mammary glands were collect-

ed on ice-cold 1X PBS, dissociated using parallel razor blades, and enzymatically digested 
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using the tumor dissociation kit (Miltenyi Biotec) to generate single cells (human and 

mouse). To enrich for human cells, mouse cells were depleted using the mouse cell deple-

tion kit (Miltenyi Biotec) according to the manufacturer’s instructions. Cells were then 

counted and 2x105 cells were intraductally injected.  

 

Cell culture, Cloning, and Cell Growth 

ER+ breast cancer cell lines MCF7 and T47D as well as ER- breast cancer cell lines BT20 

and HCC1806 were purchased from American Type Culture Collection (ATCC). MCF-7, 

T47D, BT20, and HCC1806 were maintained in Dulbecco's modified Eagle's medium 

(DMEM) medium (cat# 31966, Gibco) supplemented with 10% FCS (cat# 10270-106, 

Thermo Fisher Scientific Inc.) and penicillin/streptomycin (P/S, cat# 15070-063, Thermo 

Fisher Scientific Inc.). All cells were grown in a humidified incubator (37°C, 5% CO2), and 

were passaged when confluency reached 80%. Cells used in vivo were transduced with 

either ffLuc2/Turbo-GFP or ffLuc2/Turbo-RFP, and selected for the brightest fluorescent 

subpopulation by FACS sorting. shFF3 and shZeb1, PstByGFP and PstByZeb1 were kind 

gifts from Sendurai Mani (MD Anderson). Inducible E-cad vector was generated by anneal-

ing the ORF-CDH1 (Clone ID:IOH46767, Invitrogen) cassette into an inducible backbone 

(pLIX403, cat# 41395, Addgene, https://www.addgene.org/41395/) using the Gateway 

cloning strategy (cat# 12535, Invitrogen). pLKO.1 puro shRNA E-cad was a gift from R.A. 

Weinberg (Addgene plasmid # 18801; http://n2t.net/addgene:18801 ; 

RRID:Addgene_18801). For loss of function studies, pLKO.1 puro and pLKO.1 shCDH1 

(Onder et al., 2008) were purchased from Addgene. pLL3.7m-Clover-Geminin(1-110)-

IRES-mKO2-Cdt(30-120) was a gift from Michael Lin (Addgene plasmid # 83841 ; 

http://n2t.net/addgene:83841 ; RRID:Addgene_83841). Lentiviruses were produced and 

purified as previously described (Barde et al., 2010). 
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Tumor growth and Metastasis Analysis 

Tumor growth was monitored every other week by in vivo imaging system (IVIS, Caliper 

Life Sciences). Briefly, 12 minutes after intraperitoneal administration of 150 mg/kg lucifer-

in (cat# L-8220, Biosynth AG), mice were anesthetized in an induction chamber (O2 and 

2% isoflurane) and placed inside the machine. Images were acquired and analyzed with 

Living Image Software (Caliper Life Sciences, Inc.). For ex vivo bioluminescence meas-

urements, mice were first injected with 300 mg/kg luciferin for 7 minutes, then injected with 

1 ml of 10 mg/kg xylazine and 90 mg/kg ketamine. Resected organs were then imaged 20 

minutes after luciferin injection. Mammary glands were fixed in 4% paraformaldehyde 

(PFA, cat# 0335.3, Carl Roth) overnight at 4°C or flash-frozen in liquid nitrogen for RNA or 

protein extraction.  

 

Immunohistochemistry and Passive Clarity  

Histological staining was performed as detailed (Ataca et al., 2020). For passive clarity, 

tumor-bearing mammary glands, lungs, and brain were embedded in 5% agarose (w/v, 1X 

PBS, cat# 16500500, Invitrogen), left at room temperature to solidify and agarose cubes 

then removed from the plastic container and mounted for Vibratome (Leica VT1200 S) us-

ing glue (cat# 14460, Ted Pella, Inc.). The buffer tray was then filled with cold PBS. Blade 

travel speed 0.8 mm/sec, minimum thickness of sections 0.5 mm. A4P0 hydrogel solution 

was used for passive clarity (Lloyd-Lewis et al., 2016; Yang et al., 2014) to remove endog-

enous fluorescence for subsequent antibody labelling. To preserve endogenous tissue 

fluorescence, Rapiclear 1.52 solution (RC, SunJin Lab, https://www.sunjinlab.com/) was used 

according to the manufacturer’s instructions with some modifications. Tissues were per-

meabilized in 2% v/v Triton X-100 (Sigma T8787) PBS overnight on gentle rotor shaker at 
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room temperature. Rapiclear 1.52 was pre-warmed at 37°C and 2 ml were added on top of 

the tissues for 1 hr. Tissues were mounted between 2 coverslips using RC 1.52 and 

iSpacers for image acquisition and long-term storage. Z-stacks were acquired with Zeiss 

LSM700 confocal microscope and 3D-reconstructed using Imaris bitplane image analysis 

software. Primary and secondary antibody list can be found in Supplementary Table 4.  

 

Immunohistochemistry analysis 

For analysis of primary tumor stainings, outlines of human cells were drawn manually with 

“Freehand selections” and a built-in function “waitForUser” for each image to exclude 

mouse cells, followed by ROIs creation. Channels were then binarized using “Huang” 

thresholding algorithm and images were processed with watershed segmentation to split 

closely touching cells and then denoised by a Minimum Filter with radius of 1 pixel. Cell 

numbers were quantified by “analyse particles” function of Fiji (Size 0.01-infinity pixel2, cir-

cularity 0-1). Finally, channels were saved and the cell quantifications were output as a 

table for further data analysis. For analysis of metastatic breast cancer cells in lungs, hu-

man cell nucleus and Ki67 positive cells were counted manually.  

For analysis of FUCCI reporter in primary tumors, images were analysed every 8 slices 

from the original z-stack images to meet criteria of Nyquist–Shannon sampling theorem. 

Green and red channels of interest were binarized using “Li” thresholding algorithm that 

was chosen based on the visual inspection of output images. Images were processed with 

watershed segmentation to split closely touching cells and then denoised by a Minimum 

Filter with radius of 1 pixel. The masks of the two channels were used to generate a third 

mask with “AND” operation from “Image Calculator” to indicate double positive cells. Cell 

numbers were quantified by “analyse particles” function of Fiji for all 3 masks (size 1-

infinity pixel2, circularity 0-1) and the outlines of quantified cells were recorded in another 
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three masks (Show = outlines). Finally, the six masks (two channels of interest, one from 

AND operation and their three masks showing outlines) were merged and saved for visual-

ization and quality inspection. For analysis of FUCCI reporter in lungs, green, red and 

double positive cells were quantified manually. The percentages of cycling and non-cycling 

cells were quantified with the following equations: 

 

 

For the analysis of mesenchymal-like cells in primary tumors, the blue channel of interest 

(DAPI) were binarized using “Percentile” thresholding algorithm for MCF7 and T47D and 

“Moments” for METS15 tumors based on the visual inspection of output images. Images 

were processed with watershed segmentation to split closely touching cells, followed by 

cell aspect ratios (ARs) quantification with “analyse particles” function of Fiji (Size 50-

infinity pixel2, circularity 0-1). Finally, the mask for the blue channel was saved and the cell 

quantifications were output as a table for further data analysis. For analysis of mesenchy-

mal-like cells in lungs, major and minor axis were drawn manually on each breast tumor 

cell and were measured to quantify ARs. At least 300 metastatic cells in lungs from each 

mouse of 3 mice in total were measured. Mesenchymal-like cells were defined as the ones 

with AR higher than 1.6 based on the following equation: 

 

For the analysis of fluorescence intensity, corrected total cell fluorescence (CTCF) was 

calculated by manually drawing around the border of the cells using the drawing/selection 

tools in ImageJ, and a close-by region with no cells for background noise. Measurements 

were generated by ImageJ and CTCF was calculated using the following formula:  
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Whole mounts 

Fluorescence images of whole mammary glands, lungs, and brains were acquired with a 

LEICA M205FA fluorescence stereo microscope equipped with a Leica DFC 340FX cam-

era. 

 

RNA Extraction and qRT-PCR  

Cell pellets, tumor-bearing mammary glands, and microdissected lung, liver, and brain mi-

crometastases 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 (Invitrogen). Real-time PCR analysis in tripli-

cates was performed with SYBR Green FastMix (Quanta) reaction mix. List of primers 

used for qRT-PCR can be found in Supplementary Table 5.  

 

Immunoblotting 

Cell pellets and tumor-bearing mammary glands were homogenized in 1% SDS solution 

containing protease (cat# 11836153001, Roche AG) and phosphatase inhibitor cocktail 

(cat# 04906845001, PhosStop, Roche, AG), followed by 20 min centrifugation at 4°C 

(14,000 x g). Protein-containing supernatant was then quantified and normalized to a ref-

erence protein using the Image Studio Lite version 5.2 (LI-COR®). SDS-polyacrylamide 

and transfer were then performed as previously detailed (Sflomos et al., 2016). Mem-

branes were revealed with ECL or WesternSure PREMIUM Chemiluminescent Substrate 

(cat# 926-95010, LI-COR®). Primary and secondary antibody list can be found in Supple-

mentary Table 4.  
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Statistics 

Statistical analysis was performed using GraphPad Prism 8 (California, USA, 

www.graphpad.com). Statistical tests are indicated in the Fig. legends. For growth curves, 

two-way ANOVA with multiple comparisons was the test of choice, for contralateral intra-

ductal grafts, paired Student t-test was performed, and for individual grafts, unpaired Stu-

dent t-test was performed, while testing for normality (Shapiro-Wilk test). Non-parametric 

statistical tests were used when Kolmogorov-Smirnov and Shapiro-Wilk normality tests 

failed to show a normal distribution. 
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Figure 2
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Extended Data Figure 2
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