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 2 

Abstract 29 

Estrogen receptor α-positive (ER+) breast cancers (BCs) represent more than 70% of all 30 

breast cancers and pose a particular clinical challenge because they recur up to decades after 31 

initial diagnosis and treatment. The mechanisms governing tumor cell dormancy and latent 32 

disease remain elusive due to a lack of adequate models. Here, we compare tumor 33 

progression of ER+ and triple-negative (TN) BC subtypes with a clinically relevant mouse 34 

intraductal  xenografting approach (MIND). Both ER+ and TN BC cells disseminate already 35 

during the in situstage. However, TN disseminated tumor cells (DTCs) proliferate at the same 36 

rate as cells at the primary site and give rise to macro-metastases. ER+ DTCs have low 37 

proliferative indices, form only micro-metastases and lose epithelial characteristics. 38 

Expression of CDH1 is decreased whereas the mesenchymal marker VIM and the 39 

transcription factors, ZEB1/ZEB2, which control epithelial-mesenchymal plasticity (EMP) are 40 

increased. EMP is not detected earlier during ER+ BC development and not required for 41 

invasion or metastasis. In vivo, forced transition to the epithelial state through ectopic E-42 

cadherin expression overcomes dormancy with increased growth of lung metastases. We 43 

conclude that EMP is essential for the generation of a dormant cell state and the development 44 

of latent disease. Targeting exit from EMP is of therapeutic potential. 45 

 46 
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Introduction  57 

Breast cancer (BC) is the most commonly diagnosed malignancy worldwide (Sung et 58 

al., 2021).  Clinical management of BC relies on grade, stage and tumor subtype which can 59 

be defined by histology and immunohistochemistry (IHC) and/or molecular profiling by global 60 

gene expression or PAM50. Nineteen specific histological subtypes are distinguished, and the 61 

remainder are classified as of no special type (NST) (Tan et al., 2020). More than 70% of all 62 

BC cases are estrogen receptor positive (ER+) as determined by IHC and are of luminal A or 63 

B molecular subtype. ER+ BCs tend to be of lower grade and to have lower proliferative indices 64 

than HER2+ and ER-/PR-/HER2-, triple negative (TN) BCs as evaluated by Ki67 IHC. 65 

Accordingly, patients with ER+ disease have better 5-year survival rates than patients with 66 

HER2+ or TN BCs. However, patients with ER- BC who respond to chemotherapy and do not 67 

relapse within the first 5 years after treatment are generally considered disease-free. This is 68 

not the case for ER+ BC patients; they benefit from endocrine therapy but remain life long at 69 

risk with stable recurrence rates (Pan et al., 2017).  70 

Delayed recurrence is attributed to disseminated tumor cells (DTCs) which leave the 71 

primary tumor early during tumorigenesis and remain dormant at distant sites (Klein, 2011). 72 

The existence of such dormant DTCs is supported by the clinical observation that cancer 73 

transmission occurred from organ transplantation from patients with undiagnosed BC and 74 

resulted in ER+ adenocarcinoma lesions in the recipients (Buell et al., 2004; Matser et al., 75 

2018). This phenomenon has also been observed in other tumor types such as melanoma, 76 

and prostate cancer (Crowley and Seigler, 1990; Strauss and Thomas, 2010; Tsao et al., 77 

1997; Weckermann et al., 2001). It is critical to understand the mechanisms governing 78 

dormancy for preventative intervention, however, the field has been severely understudied 79 

due to the  lack of suitable in vivo models (reviewed by Klein, 2020; Richman and Dowsett, 80 

2019; Risson et al., 2020; Zhang et al., 2013). Most studies of the mechanisms that underly 81 

metastasis in vivo are conducted using genetically engineered mouse models (GEMMs). With 82 

regards to mammary tumorigenesis, these do not recapitulate the subtype diversity of the 83 

human disease as the resulting mammary carcinomas are mostly ER- (Green et al., 2000; 84 
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Guy et al., 1992; Sinn et al., 1987) whilst dormancy is a characteristic of ER+ BC. Additionally, 85 

most xenograft studies have relied on subcutaneous grafting of TN cell line models or injection 86 

of BC cell lines, including ER+ cells into the bloodstream or at distant sites, which poorly reflect 87 

the clinical situation.  88 

We recently reported that grafting of human ER+ BC cell lines and patient-derived 89 

xenografts (PDXs), to the milk ducts of immune-compromised mice (MIND) enables their in 90 

vivo growth in a physiological endocrine milieu and substantially improves take rates over the 91 

traditional subcutaneous engraftment site (Fiche et al., 2019; Sflomos et al., 2016). The same 92 

applies to molecular apocrine breast cancers (Richard et al., 2016). Such ER+ intraductal 93 

xenograft models recapitulate human disease progression from in situstage to spontaneous 94 

dissemination to clinically relevant distant organs (Fiche et al., 2019; Sflomos et al., 2016) and 95 

reflect specific histopathological subtypes such as the invasive lobular carcinoma (ILC) 96 

(Kozma et al., 2021; Sflomos et al., 2021). Bioluminescence emanating from ER+ DTCs can 97 

be detected in different organs when tumor cells still appear to be confined within the milk 98 

ducts suggesting early dissemination of DTCs from the primary tumor (Fiche et al., 2019; 99 

Sflomos et al., 2016). While metastatic load increases with prolonged in vivo tumor growth no 100 

macro-metastases are detected up to the experimental endpoint, i.e. 7 months after 101 

engraftment of MCF-7 cells (Sflomos et al., 2016) and >1 year after engraftment of ER+ PDXs 102 

(Fiche et al., 2019). 103 

Here, we compare ER+ and TNBC progression in MIND models and show that 104 

dormancy is specific for ER+ DTCs, and is driven by Epithelial-Mesenchymal Plasticity (EMP). 105 

Forced exit from EMP through E-cadherin (E-cad) overexpression can overcome dormancy 106 

providing a targetable mechanism against latent disease.  107 

 108 

Significance 109 

Late recurrence of ER+ BC is a major clinical problem. Currently, most experimental studies 110 

rely on ER- models and on primary tumor growth as functional readout, we present xenograft 111 

models of the clinically relevant ER+ latent disease. Intraductal engraftment of BC cells reveal 112 
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that in TN BC, DTCs proliferate whereas ER+ DTCs enter dormancy determined by EMP. 113 

Conversion of dormant DTCs to an epithelial state leads to recurrence providing a targetable 114 

mechanism for therapeutic intervention.  115 

 116 

Results 117 

Tumor growth and metastatic progression in ER+ versus TN BC intraductal xenografts   118 

We observed that ER+ BC cells that are xenografted to milk ducts of immunocompromised 119 

mice recapitulate disease progression from the in situstage to dissemination to distant organs 120 

(Sflomos et al., 2016). However, during the experimental life span of the host animals, DTCs 121 

detected in clinically relevant distant organs failed to progress to macro-metastases. To test 122 

whether the ER+ BC MIND models reflect tumor dormancy specific to ER+ BCs, we compared 123 

the metastatic behavior of ER+ and ER- BC cells by this aproach. We modelled ER- BC using 124 

the TNBC cell lines, BT20 and HCC1806 (Supplementary Table 1), as well as a PDX derived 125 

from an untreated primary TNBC, called T70 (Supplementary Table 2). To model ER+ BC, we 126 

used the established ER+ cell lines, MCF-7 and T47D (Supplementary Table 1) and 2 ER+ 127 

PR+ HER2- PDXs. One of them, T99, was derived from an untreated primary tumor and the 128 

other, METS15, from ascites of a patient with advanced disease (Supplementary Table 2). All 129 

tumor cells were infected with GFP:luc or RFP:luc expressing lentiviruses and injected to the 130 

milk ducts of NSG females (Fig. 1a) (Sflomos et al., 2016). Take rates, defined as the 131 

percentage of glands showing in vivo tumor cell growth relative to the total number of glands 132 

injected, were 100% for TN and ≥ 90% for ER+ BC xenografts (Extended Data Fig. 1a). Within 133 

5 weeks, in vivo bioluminescence of BT20, HCC1806, and T70 xenografts increased 702-, 134 

592-, and 1915-fold, respectively (Fig. 1b, and Extended Data Fig. 1b). Mammary tumors were 135 

palpable, the host mice showed signs of morbidity and were euthanized. Over the same time, 136 

bioluminescence from MCF-7, T47D, T99, and METS15 xenografts increased only 42-, 39-, 137 

54-, and 5-fold, respectively (Fig. 1b, and Extended Data Fig. 1b). Five months later, 138 

bioluminescence increased 1000- to 2000-fold reative to the start and tumors became 139 

palpable while the host mice remained healthyy (Fig. 1b, Extended Data Fig. 1c).  140 
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Ex vivo imaging of resected organs from ER+ and TN models revealed bioluminescence in 141 

the brain, lungs, liver and bones (Fig. 1c, d).  The signal attributable to BT20 and HCC1806 142 

cells was particularly high in the lungs at 107-109 p/sec/cm2/sr (Fig. 1c). T70 cells, derived from 143 

a patient with pregnancy-associated BC were most readily detected in the liver with 106-108 144 

p/sec/cm2/sr and to lesser extent in the lungs (Fig. 1c) in line with clinical reports (Goddard et 145 

al., 2017). Bioluminescence in the lungs and bones resected from MCF-7 and T47D-bearing 146 

mice, ranged between 106 and 107 p/sec/cm2/sr and the signal attributable to disseminated 147 

METS15 cells was 105-106 p/sec/cm2/sr (Fig. 1d). PDX-T99 xenografts resulted in 148 

bioluminescence just above background levels in the lungs and bones in 3 out of 10 mice (Fig. 149 

1d) consistent with previous observations (Fiche et al., 2019). At the respective experimental 150 

endpoints, primary tumor burden was comparable but bioluminescence of the lungs relative 151 

to that of the mammary glands, was on average 100-fold higher in the TN than in the ER+ BC 152 

xenograft models (Fig. 1e). Thus, lung metastatic disease in the TN BC xenografts advances 153 

faster than in the ER+ xenografts reflecting the BC subtype-specific biology of metastasis.     154 

We then examined early tumor cell seeding by fluorescence stereo microscopy of 155 

mammary glands xenografted with BT20:Luc2-GFP and HCC1806:Luc2-GFP cells. One week 156 

after intraductal injection, the GFP signal was confined to the ducts (Extended Data Fig. 1d,e) 157 

and histological examination confirmed that tumor cells were within the ducts as characteristic 158 

of the in situstage (Extended Data Fig. 1f,g). No disruption of the epithelial-stromal border was 159 

detected but the basal membrane and the extracellular matrix (ECM) around mouse ducts 160 

filled with tumor cells were thicker than around those devoid of human cells (Extended Data 161 

Fig. 1f,g). At this stage, ex vivo bioluminescence of the lungs was above background levels, 162 

in 5 of 10 BT20- and 2 of 4 HCC1806- intraductal xenograft-bearing mice (Extended Data Fig. 163 

1h). Two weeks after engraftment, multiple invasive foci were detected in the engrafted 164 

mammary glands (Extended Data Fig. 1d-g). In all  BT20 and HCC1806- intraductal xenograft-165 

bearing mice, the lungs showed increased bioluminescence (Extended Data Fig. 1h) and 166 

GFP+ lesions were detected by fluorescence stereo microscopy (Extended Data Fig. 1i). 167 

Thus, both TN and ER+ BC intraductal xenografts disseminate during the in situ stage as 168 
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observed in clinical studies (Hüsemann et al., 2008; Sänger et al., 2011). However, DTCs from 169 

ER- BCs progress to macro-metastases whereas ER+ DTCs fail to grow to detectable lesions.  170 

 171 

ER+ metastatic lesions are dormant  172 

The slow increase in bioluminescence at the distant sites in the ER+ xenograft models 173 

suggested that the distant lesions are dormant. To test this, we analyzed DTCs in the lungs 174 

by fluorescence stereo microscopy and subsequent histological analysis. Both BT20 and 175 

HCC1806 cells gave rise to lesions that were readily detected by fluorescence stereo 176 

microscopy and histological examination and measured 0.5-3.0 mm in diameter (Fig. 1f, g). In 177 

contrast, lung lesions arising from MCF-7 and T47D intraductal xenografts were barely 178 

detected by fluorescence stereo microscopy and measured 10-100 µm in diameter in 179 

histological sections (Fig. 1f,h). In the case of the TN PDXs, liver lesions were 0.5-1.0 mm in 180 

diameter (Fig. 1i). The ER+ METS15 cells were detected by both approaches (Fig. 1j,k), but 181 

T99 cells were neither detected by fluorescence stereo microscopy nor by subsequent 182 

screening of >40 histological sections from lung lobes of 3 host mice in agreement with the 183 

low bioluminescence (105 p/sec/cm2/sr) (Fig. 1n).  184 

Next, we quantified the proliferative index of primary and metastatic lesions from TN 185 

and ER+ xenografts using Ki67 IHC (Supplementary Table 3). The Ki67 indices for BT20 and 186 

HCC1806 primary tumors were 54.7% and 47.5%, respectively and they were comparable to 187 

the values for lung metastases (Fig. 1l, Extended Data Fig. 1j), independent of the size of the 188 

lesions (<100 µm or large >100 µm) (Fig. 1m). In contrast, the Ki67+ indices in ER+ intraductal 189 

primary tumors were on average 3-times higher than in the distant lesions, with values of 190 

51.8% vs 17.4% in MCF-7, 40.8% vs 13.3% in T47D, and 23.8% vs 7.9% in METS15 191 

xenografts-bearing mice, respectively (Fig. 1n and Extended Data Fig. 1k).  192 

To further characterize cell cycle dynamics, we used a fluorescent ubiquitination-based cell 193 

cycle indicator (FUCCI) (Bajar et al., 2016), which distinguishes non-cycling cells (G0/G1) as 194 

red fluorescent from cycling (S-G2-M) cells as GFP+ or double-positive (Fig. 1o). Scoring of 195 

red versus green and yellow fluorescent cells in xenografted MCF-7:FUCCI-bearing mice 196 
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showed that 38.6% of cells in primary tumors were in G0/G1 phase but the value was 68.2% 197 

(P<0.05) in matched lung lesions (Fig. 1p,q). Immunofluorescence (IF) labeling for p27, a 198 

marker of dormancy (Bragado et al., 2013) with human-specific anti-CK8 and Ki67, revealed 199 

p27-positive and Ki67-negative human DTCs in lung sections from MCF-7 bearing mice (Fig. 200 

1r). Hence, the majority of ER+ DTCs are arrested in the G0/G1 phase of the cell cycle, which 201 

is characteristic of dormant cells (Park and Nam, 2020).  202 

 203 

ER+ DTCs display organ-specific features 204 

With the unprecedented opportunity to study dormant ER+ DTCs in vivo, we sought to 205 

visualize them within the tissue context using optically-cleared lungs and brains from NOD.Cg-206 

Prkdcscid Il2rgtm1Wjl Tg(CAG-EGFP)1Osb/SzJ (NSG-EGFP) mice together with the mammary 207 

glands bearing MCF-7:RFP+ intraductal xenografts at an advanced stage (5 months) 208 

(Extended Data Fig. 2a). Fluorescence stereomicroscopy of individual lung lobes showed 209 

dispersed RFP+ foci (Fig. 2a). Confocal imaging revealed RFP+ cylindrical structures of 50-210 

100 µm in length and 10-20 µm in diameter in the lung parenchyma (Fig. 2a,b). T47D and 211 

METS15 lung micro-metastases had similar morphologies (Extended Data Fig. 2b). Brain 212 

micro-metastases were detected in the meninges (Fig. 2c,d) and confocal imaging of anti-CK8 213 

labeled sections identified round and dispersed tumor cells larger than the surrounding murine 214 

cells (Fig. 2d and Extended Data Fig. 2a). In brains with >107 p/sec/cm2/sr bioluminescence 215 

signal, dispersed CK8+ cell clusters of 100-200 µm in diameter were revealed by 3D 216 

reconstruction of Z-stacks (Fig. 2e). Long cellular extensions reminiscent of a specialized type 217 

of filopodia for transport of signaling molecules, called ‘cytonemes’ (Kornberg and Roy, 2014) 218 

were observed in brain DTCs (Fig. 2f) suggesting that ER+ DTCs establish themselves by 219 

different strategies at different distant organs. 220 

 221 

DTCs have features of epithelial-mesenchymal plasticity (EMP) 222 
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Individual lung DTCs appeared mesenchymal (Fig. 3a) inciting us to quantify the cellular 223 

aspect ratio (AR) (major axis: minor axis) (O’Connor and Gomez, 2013) of primary tumor cells 224 

and matched lung DTCs. This showed that at the primary site, 10-15% of cells had an AR>1.7 225 

associated with mesenchymal cells (Fig. 3b) whereas in the lungs this number increased to 226 

40-50% (Fig. 3c). 227 

To address whether DTCs have mesenchymal features, we analyzed E-cadherin (E-cad) 228 

protein levels. By IF, E-cad expression was readily detected in the primary tumors formed by 229 

MCF-7, T47D, and METS15 cells but reduced to < 10% in matched lung DTCs (Fig. 3d and 230 

Extended Data Fig. 3a-c). We then micro-dissected fluorescent lesions in the brain, lungs, and 231 

liver, isolated RNA and compared mRNA expression to that of the respective primary tumors 232 

using human-specific primers. Real time PCR (RT-PCR) analysis showed MKI67 transcript 233 

levels were 80%, 45%, and 70% lower in the metastatic lesions than in the primary tumor (Fig. 234 

3f). CDH1 transcript levels in brain, lung, and liver lesions, were down- modulated to 81%, 235 

56%, and 78% compared to the primary tumor (Fig. 3e). Transcript levels of the EMT 236 

transcription factors, ZEB1 and ZEB2, and the mesenchymal intermediate filament VIM were 237 

46-, 77-, and 46-fold higher, respectively, in lung lesions compared to primary tumor (Fig. 3g). 238 

SNAI2 and TWIST1 mRNA expression levels were not significantly increased, while SNAI1 239 

expression was down-modulated 2.3-fold (P<0.05) (Fig. 3g). ZEB1, ZEB2, and VIM transcript 240 

levels were also up-regulated in brain DTCs (P<0.05) (Fig. 3h). In the 3 liver lesions we 241 

isolated, only VIM transcripts were significantly up-regulated (P<0.05). ZEB1 and ZEB2 242 

transcript levels showed an increasing trend (P<0.12 and P<0.25, respectively) (Fig. 3i). 243 

Similarly, MKI67 and CDH1 transcript levels were 80% and 57% lower in lung micro-244 

metastases from the ER+ PDX METS15, while ZEB1, ZEB2, and VIM transcript levels were 245 

increased 3.2-, 14.6-, and 67.9-fold, respectively (P<0.01, P<0.01, and P=0.052) (Extended 246 

Data Fig. 3j). CDH2, SNAI1, SNAI2, and TWIST1 transcripts were not detected in either site. 247 

In the TN BT20 and HCC1806 cells, MKI67, CDH1, CDH2, ZEB1, SNAI1, SNAI2, VIM, and 248 

TWIST1 transcript levels were comparable at matched primary site and the lungs (Fig. 3j) 249 

ZEB2 transcript levels showed a trend to increase around 10-fold however that failed to reach 250 
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significance (Fig. 3j). Thus, mesenchymal morphology and increase in expression of multiple 251 

EMP markers are specifically observed in ER+ DTCs.  252 

 253 

Role of EMP in ER+ tumor progression   254 

Evidence that tumor cells can assume different states of EMP that are important for tumor 255 

progression has accumulated in different models (Aiello et al., 2018; Pastushenko et al., 2018; 256 

Rios et al., 2019; Simeonov et al., 2021). To assess whether EMP occurs during the transition 257 

from in situto invasive disease in the ER+ MCF7 MIND model, we measured the expression 258 

levels of CDH1 and EMT inducing transcription factors (EMT-TFs) at 1 month after injection 259 

when primary tumors are in situand 5 months later when they have become invasive (Fig. 4a). 260 

CDH1, ZEB1, and VIM transcript levels did not change (Fig. 4b), ZEB2 levels decreased by 261 

50% (P<0.05), and TWIST1 and SNAI2 levels increased 15.6 and 8.6-fold (P<0.01 and 262 

P<0.05), respectively (Fig. 4b) at the invasive stage. IF showed that MCF-7 cells also retained 263 

E-cad protein expression at the invasive stage (Fig. 4c).  264 

To test functionally whether EMP favors the metastatic spread of ER+ BC cells, we 265 

induced EMP by two complementary approaches; in the first, we down-modulated CDH1 266 

expression, and in the second, we overexpressed ZEB1 in MCF7 cells. Given the 267 

heterogeneity of the lentivirally transduced cell population different states of EMP likely result 268 

in different cells by this approach. Morphological assessment and expression analysis of EMT-269 

TFs showed that both MCF-7:shCDH1 and MCF-7:ZEB cells acquired EMT features 270 

according to the recent guidelines (Yang et al., 2020) (Extended Data Fig. 4a-h).  271 

When MCF-7:shCDH1 cells were grafted intraductally, they grew approximately 3.5-272 

fold less than the MCF-7:shSCR controls (Fig. 4d) and mammary gland weight at end-point 273 

was reduced by 73% (P<0.0001) (Extended Data Fig. 4i). At sacrifice, E-cad expression in the 274 

xenografts was reduced by 75% as determined by Western blot and immunohistochemistry 275 

IHC (Extended Data Fig. 4j,k). Ki67 and pHH3 indices were decreased by 30% and 75% in 276 

MCF-7:shCDH1 compared to MCF-7:shSCR grafts, respectively (Extended Data Fig. 4l). 277 
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MCF-7:shCDH1 cells similarly maintained a mesenchymal phenotype and a 3-fold increase in 278 

ZEB1 (Fig. 4e).  279 

Analysis of hematoxylin and eosin (H&E) stained sections showed that MCF-7:shSCR cells 280 

invaded the stroma whereas the MCF-7:shCDH1 cells remained mostly in situ(Fig. 4f). The 281 

micro-metastatic load of mice engrafted with MCF-7:shCDH1 cells was around 10% of that of 282 

mice with MCF-7:shSCR cells (Fig. 4g and Extended Data Fig. 4m). To exclude the possibility 283 

that the decreased metastatic burden merely reflects decreased primary tumor growth, we 284 

performed a paired analysis of the micro-metastatic burden of mice with similar tumor burden 285 

at endpoint. In these mice, the micro-metastatic load in the brain, lungs, liver, and bones was 286 

reduced by 90% (Extended Data Fig. 4n).  287 

To exclude potential systemic effects of the genetically different tumor cells on the host 288 

organism, we contralaterally grafted MCF-7:shSCR:GFP and MCF-7:shCDH1:RFP cells 289 

(Extended Data Fig. 4o). Comparison within the same host showed that the signal emanating 290 

from glands engrafted with MCF-7:shCDH1:RFP cells at endpoint was 6- and 2-fold lower 291 

than that from contra lateral glands as determined by in vivo imaging and ex vivo fluorescence, 292 

respectively (Extended Data Fig. 4p). The number of shCDH1: RFP+ lung foci was 8-fold 293 

lower than the number of GFP+ loci and the total RFP+ area was 15-fold smaller than the 294 

respective GFP+ area (Extended Data Fig. 4q, r).  295 

Similarly, MCF-7:ZEB1 xenografts grew 2-fold less than MCF-7:Ctrl xenografts (Fig. 4h) and 296 

the corresponding xenografted glands weighed 1.5-fold less than their controls (P<0.05) 297 

(Extended Data Fig. 4s) when host mice were sacrificed at 4 months. Histological examination 298 

revealed that control cells invaded the muscle tissue adjacent to the thoracic mammary gland, 299 

whereas ZEB1-overexpressing cells remained in situwith occasional microinvasion foci (Fig. 300 

4i). In addition, ZEB1 overexpression reduced the overall micro-metastatic burden by 90% 301 

(Fig. 4j) to a varying extent in different organs (Extended Data Fig. 4t).  302 

Similarly, down-modulation of E-cad expression in the ER+ PDXs, T99 and METS15 303 

reduced in vivo growth (Fig. 4k) and mammary gland weight at end-point (Extended Data Fig. 304 

4u). RT-PCR analysis revealed a 77% and 33% down-modulation of CDH1 levels in the glands 305 
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xenografted with T99 and METS15 cells, respectively (Fig. 4l). Furthermore, E-cad down-306 

modulation reduced tumor invasion (Fig. 4m) and micro-metastatic burden (Fig. 4n and 307 

Extended Data Fig. 4v) of both ER+ PDXs. Together these data indicate that E-cad is required 308 

for metastasis in ER+ BC. 309 

Ectopic ZEB1 expression decreased T99 intraductal growth 3-fold, (Fig. 4o) and 310 

reduced the weight of xenografted glands (Extended Data Fig. 4w) and the micro-metastatic 311 

load (Fig. 4p) both in the lungs and bones (Extended Data Fig. 4x). Therefore, EMP per se, 312 

induced by CDH1 down-modulation or ZEB1 overexpression, does not favor tumor 313 

progression nor metastasis of ER+ BC cells. These findings suggest that DTCs are indeed 314 

plastic and the mesenchymal phenotype may be induced after cells leave the primary tumor, 315 

likely at the distant sites.  316 

 317 

E-cadherin restoration awakens DTCs from dormancy   318 

Our finding that dormant DTCs are in EMP states prompted us to assess whether a return to 319 

an epithelial state may reactivate proliferation. To this aim, we dissociated mammary glands 320 

and lungs from MCF7:RFP in NSG-EGFP mice to single cells, plated them in 2D and applied 321 

drug selection to avoid overgrowth of the abundant mouse cells. MCF-7:RFP+ cells derived 322 

from the primary tumor proliferated within a few days and were confluent by 1-2 weeks of in 323 

vitro culture (Extended Data Fig. 5b). The lung-derived DTCs gradually resumed proliferation 324 

after 2-3 months in culture, and formed epithelial islets (Extended Data Fig. 5a). CDH1 325 

transcript levels were restored and expression of EMT-TFs decreased (Extended Data Fig. 326 

5c,d) which is consistent with the hypothesis that reacquisition of an epithelial state enables 327 

cell proliferation. 328 

To address whether restoration of an epithelial state is sufficient to awaken dormant 329 

DTCs in vivo, we overexpressed E-cad in MCF-7 cells (Extended Data Fig. 5e). In vivo 330 

bioluminescence 1 day after intraductal engraftment was 2-fold higher in glands engrafted with 331 

MCF-7:CDH1 cells compared to control grafts suggesting that E-cad favors tumor cell survival 332 

and/or engraftment in the mouse milk ducts (Fig. 5a). Six months after injection, however, 333 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

bioluminescence in MCF-7:CDH1 grafts was 2-fold lower than that of the controls (Fig. 5b). 334 

Similar to the 10-fold increase initially observed in vitro (Fig. 5c and Extended Data Fig. 5e), 335 

an 8-fold CDH1 transcript overexpression was observed. Ex vivo bioluminescence in the lungs 336 

from mice with MCF-7:CDH1 xenografts was 10% that of MCF-7:control xenograft bearing 337 

mice (P<0.05) (Fig. 5d). Yet, in 1 of the 4 mice engrafted with MCF-7:CDH1, a lung lesion > 338 

500 µm in diameter was detected (Fig. 5e), when such a large lesion was never observed in 339 

more than 50 mice engrafted with parental MCF-7 cells. This finding suggested the possibility 340 

that E-cad expression may have enabled an exit from dormancy.  341 

To circumvent the confounding effects of E-cad overexpression on engraftment and in 342 

vivo growth of MCF-7 cells at the primary tumor site, we used a doxycycline (DOX) inducible 343 

E-cad vector (E-cadIND) (Extended Data Fig. 5f). Five months after engraftment of MCF-7:E-344 

cadIND cells, when DTCs are readily detected in the lungs, a subgroup of mice was switched 345 

to DOX-containing chow for 2-3 months (Fig. 5f). Bioluminescence and weight of mammary 346 

glands at sacrifice were significantly reduced in the DOX-induced group (P<0.01) (Fig. 5g,h), 347 

but lung bioluminescence increased by 4.5-fold (Fig. 5i) and the overall bioluminescence 348 

signal in distant organs by 4-fold (Fig. 5j). To assess whether the increased lung 349 

bioluminescence was due to increased seeding and/or an increase in size of individual lesions, 350 

we measured the micro-metastases by fluorescence stereo microscopy and histological 351 

analysis. CDH1 induction resulted in a 4.5-fold increase in the overall fluorescent area (Fig. 352 

5k,l). Similarly, quantitative image analysis of lung lesions in H&E-stained sections revealed 353 

a 5.3 and 2.5-fold increase in their area and length, respectively (Fig. 5m,n). Quantification of 354 

E-cad intensity of lung micro-metastases from control and +DOX mice showed a 5.5-fold 355 

increase in protein expression in the lung micro-metastases upon DOX administration (Fig. 356 

5o). Semi-quantitative RT-PCR on lungs from control and +DOX groups confirmed induction 357 

of CDH1 and revealed a 2.8-fold increase in MKI67 expression levels (Fig. 5p). CDH1 358 

expression correlated positively with MKI67 expression (P<0.001) (Fig. 5q), reinforcing the 359 

notion that E-cad restoration drives cell cycle entry and proliferation. Finally, we asked whether 360 

the increase in proliferation in DOX-treated mice involved loss of mesenchymal phenotype. 361 
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We noted a significant decrease in CDH2 (P=0.01) and VIM (P=0.004) transcript levels upon 362 

CDH1 restoration (Fig. 5r). ZEB2 and SNAI2 transcript levels showed a decreased trend while 363 

SNAI1 levels were not altered (Fig. 5r). ZEB1 was not reliably detected by the semi-364 

quantitative RT-PCR approach (cycle threshold >37). Thus, E-cad overexpression with 365 

resulting MET is sufficient to drive DTCs out of dormancy. Our data indicate that EMP and not 366 

a single epithelial or mesenchymal cell state is responsible for distant metastasis, tumor cell 367 

dormany and latent disease and targeting of this plastic process provides a new therapeutic 368 

angle for tertiary prevention in ER+ BC (Fig. 6). 369 

 370 

Discussion 371 

Early tumor cell dissemination and dormancy in ER+ BC (Buell et al., 2004; Matser et 372 

al., 2018; Sänger et al., 2011) represent important clinical challenges. Our understanding of 373 

the mechanisms controlling these phenomena is very limited because of the lack of adequate 374 

preclinical models to study them. Here, we establish with intraductal BC xenograft models that 375 

TN DTCs form macro-metastases whereas specifically ER+ DTCs enter dormancy. As the 376 

engrafted cells, cell line or patient-derived can be readily genetically manipulated, our 377 

approach opens new opportunities to study the entire metastatic process mechanistically. 378 

The high proliferative indices of TN versus ER+ DTCs we demonstrate in vivo, provide 379 

an explanation for the success of chemotherapy in TN BC patients, which can kill proliferating 380 

DTCs and incipient metastases. In contrast, ER+ BC patients generally respond poorly with 381 

some benefit observed in patients with the more highly proliferative luminal B subtype 382 

(Criscitiello et al., 2014). Our finding that the proportion of tumor cells residing in the G0/G1 383 

phase of the cell cycle is far higher in ER+ DTCs than in the primary tumor, albeit not 100% is 384 

in line with their being a gradient of different EMP states and different proliferative states within 385 

a given tumor. In the clinical settings, the definition of luminal B versus A subtype is based on 386 

Ki67 indices and the cut-off has been much discussed (Urruticoechea et al., 2005). This may 387 

reflect a similar spectrum of different states of cellular plasticity and proliferative potentials. It 388 
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is conceivable that the more proliferative subset of DTCs in patietns with luminal B tumors is 389 

abrogated by the chemotherapy resulting in improved survival rates. 390 

Our finding that the epithelial differentiation state reflected by E-cad expression is 391 

critical for recurrences in ER+ BC adds to previous evidence that it is important to tumor 392 

progression in different models (Dong et al., 2007; Hugo et al., 2017; Kleer et al., 2001; 393 

Kowalski et al., 2003; Padmanaban et al., 2019). It has been postulated that EMP is induced 394 

at the distant sites based on observations with a syngeneic mouse mammary tumor cell line 395 

model, which grows in the lungs following intravenous injection (Montagner et al., 2020). 396 

Recent demonstrations that E-cad expression persists in CTCs (Koch et al., 2020; Na et al., 397 

2020) and increases their survival (Padmanaban et al., 2019) further point in the direction of 398 

a late EMP. Our observations are compatible with such a scenario but we cannot exclude the 399 

existence of subpopulations of cells with EMP at the primary site or as circulating tumor cells. 400 

Interestingly, we observed that in the primary tumor both E-cad upregulation and down 401 

modulation reduced tumor growth. This suggests that E-cad levels need to be tightly regulated 402 

and highlights the importance of of doing functional studies in the context of of the DTCs rather 403 

than on primary tumors. 404 

The upregulation of SNAI2 and TWIST1 transcripts in the invasive versus in situ 405 

disease, is in line with previous findings that the fat pad microenvironment induces these 406 

factors as part of a basal differentiation program triggered by TGFβ-signaling (Sflomos et al., 407 

2016). As such, their elevated expression is likely a consequence of invasion and not causally 408 

related to it. In line with cell type-specific EMP states (Pastushenko et al., 2018), our findings 409 

suggest that in ER+ human BC cells the critical EMT-TFs are ZEB1/ZEB2 whereas SNAI2 410 

and TWIST1, critical for EMP in other tissues, control a distinct cellular differentiation program 411 

that is linked to basal features. While we find ZEB1/ZEB2 transcripts increased in all organs 412 

sites further experiments are needed to determine organ-specific aspects of the EMP that may 413 

ultimately also be exploited therapeutically. 414 

The E-cad down-modulation observed in dormant DTCs is most likely due to the ability 415 

of EMT-TFs to directly bind the CDH1 promoter and repress its transcription (Batlle et al., 416 
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2000; Comijn et al., 2001). Of note, EMT-TFs, ZEB1/ZEB2, SNAIL, and TWIST, as well as 417 

EMT-inducing factors, such as TGFβ, were all shown to halt the cell cycle by decreasing Cyclin 418 

D protein levels and increasing the phosphorylation of Rb (Lovisa et al., 2015; Mejlvang et al., 419 

2007; Vega et al., 2004; Yang et al., 2006). Interestingly, ZEB1 can repress ER-α expression 420 

by inducing the hypermethylation of its promoter (Zhang et al., 2017) and might be responsible 421 

for the decrease in ER expression. ZEB1 expression can also be activated by hormones 422 

namely, estrogens (Chamberlain and Sanders, 1999), progesterone (Richer et al., 2002), and 423 

androgens (Anose and Sanders, 2011), pointing to a tight connection between Zeb1 and HR 424 

signaling. It is tempting to speculate that the reduced recurrence and breast cancer-related 425 

mortality in patients who receive tamoxifen for 10 years compared to only 5 years (Davies et 426 

al., 2013; Gray et al., 2013) is due to a sustained EMP-induced dormant state. Indeed, 427 

evidence has accumulated that endocrine therapy induces EMT signatures in ER+ BC 428 

(Creighton et al., 2009; Kastrati et al., 2020; Sflomos et al., 2016).  429 

A limitation of the intraductal xenograft models used in the present study is the absence 430 

of an intact immune system. NSG mice lack functional B and T cells; while some innate 431 

immune cells are present their function might be altered or incomplete in the absence of the 432 

adaptive response. This study has revealed the reacquisition of an epithelial state as critical 433 

for awakening from dormancy but it may be a multifactorial process, involving multiple cell 434 

types (Montagner et al., 2020; Nobre et al., 2020; Ombrato et al., 2019; Werner-Klein et al., 435 

2020) and secreted factors, including cytokines and chemokines. In addition, whether active 436 

immune-cell signaling may ultimately regulate the expression of CDH1 or other targets needs 437 

to be determined. This can be addressed by restoring a functional human immune system in 438 

the host mice in the context of humanized mouse models (Kalscheuer et al., 2012).  439 

The observation that ER+ PDXs, no matter whether established from a primary tumor 440 

(T99) or a metastatic lesion (METS15), disseminate and enter dormancy, suggests that these 441 

processes are not genetically but epigenetically controlled. The present findings suggest that 442 

promoting a more mesenchymal cell state is critical to prevent recurrence and that in case of 443 

endocrine resistant disease, E-cad protein might by targeted directly via monoclonal 444 
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antibodies (Brouxhon et al., 2013). This and other hypotheses are now readily amenable to 445 

experimental testing with intraductal xenograft models. 446 

 447 

 448 

Figure Legends 449 

Fig. 1. Intraductal xenografts of ER+ and ER- BC cells show distinct growth and 450 

metastatic behavior. a. Scheme illustrating the intraductal xenograftig approach used in this 451 

study. b. Graph showing the fold-change of bioluminescence over time for all intraductal 452 

xenografts. Data represent mean ± SEM of 13-19 mammary glands from 5-9 mice bearing 453 

BT20, HCC1806, T70, MCF-7, T47D, T99, or METS15 xenografts, respectively. The dashed 454 

line represents the experimental end-point for TNBC xenografts. c. Plot showing ex vivo 455 

bioluminescence of resected organs from 9, 7, and 6 mice bearing BT20, HCC1806, and T70 456 

xenografts, respectively. Data represent mean ± SEM. d. Plot showing ex vivo 457 

bioluminescence on resected organs from 20, 9, 10, and 14 mice bearing MCF-7, T47D, T99, 458 

and METS15 xenografts, respectively. Data represent mean ± SEM. e. Plot showing the ratio 459 

of bioluminescence in lungs over primary tumor. Data represent mean ± SEM. f. 460 

Representative fluorescence stereo micrographs of lungs from at least 3 mice bearing BT20, 461 

HCC1806, MCF-7, and T47D intraductal xenografts. Arrows point to DTCs in ER+ intraductal 462 

xenografts-bearing mice. Scale bar, 1 mm. g. Representative H&E micrographs of lung 463 

sections from 3 mice bearing BT20 and HCC1806, and h. MCF-7, and T47D, intraductal 464 

xenografts. Scale bar, 50 µm. i. Representative fluorescence stereo micrographs of the liver 465 

and j. lungs from at least 3 mice bearing T70 and METS15 intraductal xenografts, respectively. 466 

Scale bars, 1 mm. k. Representative H&E micrographs of lung sections from 3 mice bearing 467 

METS15 intraductal xenografts. Scale bars, 50 µm. l. Percentage of Ki67+ cells in matched 468 

primary and lung sections from BT20 and HCC1806 intraductal xenografts 5 weeks after 469 

intraductal injection. Data represent mean ± SD from 3 different hosts. Student’s unpaired t-470 

test, two-tailed. m. Bar graph showing Ki67 index of small (<100 µm) and large (>100 µm) 471 

BT20 and HCC1806 lung lesions. Data represent mean ± SD from 3 different hosts. Student’s 472 
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unpaired t-test, two-tailed. Each data point in the primary tumor and the lung represents ≥ 473 

1,000 and 100 cells analyzed, respectively. n. Percentage of Ki67+ cells in matched primary 474 

and lung sections from MCF-7, T47D, and METS15 intraductal xenografts 5 months after 475 

intraductal injection. Data represent mean ± SD from 3 different hosts. Student’s paired t-test, 476 

two-tailed. o. Scheme showing the FUCCI cell cycle reporter. p. Bar plot showing the 477 

percentage of cycling and non-cycling cells in primary tumors and lung micro-metastases in 478 

MCF-7 intraductal xenografts-bearing mice. Data represent mean ± SD from 3 host mice. 479 

Paired t-test. q. Representative fluorescence micrographs of red, green, and double-positive 480 

MCF-7:FUCCI reporter cells in matched primary tumor (left) and lung (right). Scale bars, 50 481 

µm. r. Representative immunofluorescence micrographs for CK8 (blue), p27 (magenta) and 482 

Ki67 (cyan), counterstained with DAPI (blue) on lung section from MCF-7-bearing mice. 483 

Arrows point to p27+/Ki67- lung DTCs. Scale bar, 50 µm. *, ***, ****, and n.s represent P<0.05, 484 

0.001, 0.0001, and not significant, respectively. 485 

 486 

Fig. 2. Phenotypic characterization of dormant DTCs. a. Fluorescence stereo micrographs 487 

of lung micro-metastases in MCF-7 intraductal xenografts-bearing mice with bioluminescence 488 

> 107 p/sec/cm2/sr. Scale bars, 500 µm. b. 3D reconstruction of optically-cleared lung sections 489 

stained with CK8 and counterstained with DAPI. Scale bar, 100 µm. c. Fluorescence stereo 490 

micrographs of brain micro-metastases in MCF-7 intraductal xenografts-bearing mice. Scale 491 

bars, 1 mm. d. Fluorescence micrographs of fat-cleared brain sections from MCF-7 intraductal 492 

xenografts in NSG.GFP+ mice. Arrow points to MCF-7 cells. Scale bar, 50 µm. e. Depth-coded 493 

3D reconstruction of brain micro-metastases in fat-cleared brain sections with 494 

bioluminescence > 107p/sec/cm2/sr from MCF-7 intraductal xenograft bearing mice. Scale bar, 495 

100 µm. Color code represents the Z-stacks. f. Single Z section from the hyperstack in (f) 496 

stained with CK8. Arrows point to cellular protrusions. Scale bar, 100 µm.  497 

 498 

Fig. 3. Dormant DTCs from ER+ intraductal xenografts have an EMP signature. a. CK8 499 

staining on optically-cleared sections of METS15 tumors cells in host’s lungs. Scale bar, 10 500 
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µm. b. Representative masks representing different aspect-ratio (AR) with respect to the 501 

morphology c. Percentage of cells with AR > 1.7, representing mesenchymal-like cells in 502 

matched primary and lung metastatic cells from ER+ intraductal xenografts-bearing mice. 503 

Data represent mean ± SD from 3 mice. Paired Student’s t-test; **** represents p<0.0001. d. 504 

Relative E-cad intensity (Int.) in matched primary and lung metastatic cells from MCF-7, T47D, 505 

and METS15 intraductal xenografts-bearing mice. E-cad intensity was quantified from IHC 506 

sections of matched primary and lung metastatic cells using the corrected total cell 507 

fluorescence formula. Data represent mean ± SD from 3 mice. e. Relative CDH1 and f. MKI67 508 

mRNA expression (Exp.) levels in MCF-7 cells of the primary tumor (8 mice), or in the lung 509 

(n=8), brain (n=4), and liver (n=3) DTCs. Data represent mean ± SD. One-way ANOVA. g. 510 

Relative mRNA expression levels in matched primary and lung DTCs (n=8), normalized to the 511 

geometric mean of GAPDH and HPRT. Wilcoxon test. h. Relative mRNA expression levels in 512 

matched primary and brain (f) n=4 and i. liver DTCs n=3. Wilcoxon test. j. Relative mRNA 513 

expression levels in matched BT20 and HCC1806 primary and lung metastases from 3 mice. 514 

Wilcoxon test. *, **, ***, ****, and n.s. represent p<0.05, 0.01, 0.001, 0.0001, and not 515 

significant, respectively. 516 

 517 

Fig. 4. Role of EMP in ER+ tumor progression. a. Representative H&E micrographs of in 518 

situ(1 month after injection) and invasive (5-6 months after injection) MCF-7 intraductal 519 

xenografts, scale bars, 100 µm. b. Relative mRNA expression levels of the selected genes in 520 

in situand invasive MCF-7 intraductal xenografts, normalized to the geometric mean of 521 

GAPDH and TBP. Data represent mean ± SD from 6 glands in 3 mice, non-parametric Mann 522 

Whitney test. c. Representative IF micrographs of E-cad in in situand invasive MCF-7 523 

intraductal xenografts. Nuclei were counterstained with DAPI, scale bars, 50 µm. d. Graph 524 

showing the fold change bioluminescence over time of MCF-7 shSCR and shCDH1 in 525 

intraductal xenografts, data represent mean ± SEM of 20 and 19 xenograft glands, 526 

respectively, 5 mice for each group. Two-way ANOVA, multiple comparisons. e. Relative 527 

mRNA expression levels of selected genes in 5 contralateral shSCR and shCDH1 xenograft 528 
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glands, normalized to the geometric mean of GAPDH and TBP. Paired t-test. f. Representative 529 

H&E micrograph from shSCR and shCDH1 xenograft glands. Scale bars, 200 µm. g. Relative 530 

micro-metastatic burden in 7 shSCR and 8 shCDH1 tumor-bearing mice. Each dot represents 531 

a single organ, the dashed line represents the median and dotted lines the lower and upper 532 

quartiles. Unpaired Student’s t-test. h. Graph showing the fold change bioluminescence over 533 

time of Vector and ZEB1-overexpressing MCF-7 cells in intraductal xenografts, data represent 534 

mean ± SEM of 16 xenograft glands from 4 mice each. Two-way ANOVA, multiple 535 

comparisons. i. Representative H&E micrographs from thoracic mammary glands bearing 536 

either vector or ZEB1-overexpressing MCF-7 cells from 3 mice, each. Arrows point to invaded 537 

muscle tissue in thoracic mammary glands. Scale bar, 200 µm. j. Violin plot of the relative 538 

micro-metastatic burden from vector and ZEB1-overexpressing MCF-7 intraductal xenografts-539 

bearing mice, respectively. The dashed line represents the median and dotted lines indicate 540 

the lower and upper quartiles. Unpaired Student’s t-test. k. Growth curve of intraductal T99 541 

and METS15 shSCR or shCDH1. For T99, data represent mean ± SEM of 16 xenograft glands 542 

for each shSCR and shCDH1 groups, 5 mice for each cohort, and 16 and 20 xenograft glands 543 

for METS15, respectively, 5 mice for each cohort. Two-way ANOVA, multiple comparisons. l. 544 

Relative CDH1 expression in 3 T99 shSCR and shCDH1 intraductal xenografts and 4 METS15 545 

shSCR and shCDH1. Data represent mean ± SD. Unpaired Student’s t-test. m. 546 

Representative H&E micrographs of T99 shSCR and shCDH1 xenograft glands. Scale bar, 547 

200 µm. n. Violin plot of the relative micro-metastatic burden in T99 and METS15 intraductal 548 

xenografts-bearing mice. The dashed line represents the median and dotted lines the lower 549 

and upper quartiles. Each dot represents a single organ. Unpaired Student’s t-test. o. Growth 550 

curve of vector control and ZEB1-overexpressing T99 intraductal xenografts. Data represent 551 

mean ± SEM of 15 and 18 xenograft glands, respectively. Two-way ANOVA, multiple 552 

comparisons. p. Violin plot of the relative micro-metastatic burden in the lungs and bones from 553 

4 Vector and 5 ZEB1-overexpressing T99 xenografts-bearing mice. The dashed line 554 

represents the median and dotted lines the lower and upper quartiles. Unpaired Student’s t-555 
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test. *, **, ***, ***, and n.s represent P<0.05, 0.01, 0.001, 0.0001, and not significant, 556 

respectively. 557 

558 

Fig. 5. Role of E-cadherin restoration in tumor cell awakening. a. Bioluminescence values 559 

on Day 1 after intraductal injection of control (PLX304) and CDH1-overexpressing 560 

(PLXCDH1). Data represent mean ±SD of 17 and 16 xenografted glands, respectively in 5 561 

and 4 mice, respectively. Unpaired Student’s t-test. b. Fold change bioluminescence 562 

measurements of PLX304 and PLXCDH1- MCF-7 cells in 5 and 4 mice, respectively. Data 563 

represent mean ± SEM of 17 control and 16 CDH1-overexpressing intraductal xenografts from 564 

5 and 4 mice, respectively. c. Relative CDH1 levels in 5 tumors from PLX304 and PLXCDH1-565 

bearing mice. Data represent mean ± SD. Unpaired Student’s t-test. d. Fold change 566 

bioluminescence of ex vivo bioluminescence in 5 PLX304 and 4 PLXCDH1-bearing mice. Data 567 

represent mean ± SD. Multiple t-tests. e. Fluorescence stereo microscope micrographs of lung 568 

lesions in PLX304 (top) and PLXCDH1 (bottom). 1 out of the 5 analyzed mice had a lesion 569 

>500 µm shown over here. Scale bar, 500 µm. f. Experimental scheme of the intraductal570 

injection of MCF-7:RFP-luc:E-cadIND. g. Relative bioluminescence and h. weight of 20 571 

xenografted glands from 9 (-DOX) and 9 (+DOX) mice. Data represent mean ± SD. Unpaired 572 

Student’s t-test. i. Fold change lung bioluminescence in -DOX and +DOX from 16 mice. Data 573 

represent mean ± SEM. Non-parametric Mann-Whitney Test. j. Relative micro-metastatic 574 

burden in 16 -DOX and +DOX mice. Data represent mean ±SEM and each organ represents 575 

a single organ. Non-parametric Mann-Whitney Test. k. Fluorescence stereo micrographs of 576 

lung lesions in -DOX (top panel) and +DOX (bottom panel) treated mice. Scale bars, 500 µm. 577 

l. Quantification of the area of lesions in lungs from mice treated with (-DOX) or (+DOX) n=9578 

by fluorescence stereomicroscopy. Data represent mean ± SD. Unpaired Student’s t-test. m. 579 

Representative H&E lung micrographs from 3 mice for -DOX and +DOX. Scale bar, 100 µm. 580 

n. Quantification of the length (left) and area of lesions (right) in H&E lung sections from 3 (-581 

DOX) and 3 (+DOX) mice. Data represent mean ± SD. Unpaired Student’s t-test. o. Relative 582 

E-cad intensity (Int.) in lung lesions and representative IF of E-cad in lung lesions from 3 -583 
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DOX and 3 +DOX mice. Nuclei were counterstained with DAPI. Scale bar, 50 µm. Data 584 

represent mean ± SEM. Unpaired Student’s t-test. p. Relative mRNA levels of CDH1 and 585 

MKI67 normalized to GAPDH in lungs from 6 -DOX and 7 +DOX mice. Data represent mean 586 

± SD. Non-parametric Mann Whitney test. q. Plot showing correlation between MKI67 and 587 

CDH1 expression levels in 6 -DOX and 7 +DOX mice. r. Relative mRNA expression levels of 588 

EMT-TFs in flash-frozen lungs from 5 -DOX and 6 +DOX mice, normalized to GAPDH. Data 589 

represent mean ± SD. Non-parametric Mann Whitney test. *, **, ***, ***, and n.s represent 590 

p<0.05, 0.01, 0.001, 0.0001, and not significant, respectively.  591 

 592 

Fig. 6. Working Model for ER+ BC progression. 593 

ER+ tumor cells progress from the in situ to the invasive stage in an epithelial state 594 

characterized by high-level expression E-cadherin and low expression of EMT-TFs. At distant 595 

sites, DTCs show EMP features and enter dormancy. Awakening from dormancy involves 596 

restoration of E-cadherin and suppression of the EMT-TFs. Drugs promoting EMP or inhibiting 597 

the reacquisition of an epithelial state are warranted to prevent disease recurrence. EMT-TFs: 598 

Epithelial-MesenchymalTr ansition-activating transcription factors; EMP: Epithelial-599 

Mesenchymal Plasticity; DTCs: Disseminated Tumor Cells 600 

 601 

Extended Data Fig. 1. ER+ and ER- BC cells show different metastatic behavior.  602 

a. Bar graph showing take rates for TNBC cells (blue) either cell lines (BT20 and HCC1806) 603 

or PDX, T70, and ER+ BC cells (red) either cell lines (MCF-7 and T47D) or PDXs, T99 and 604 

METS15, injected intraductally calculated as % successfully-engrafted glands of total number 605 

of injected mammary glands. Data represents mean ± SD from 41 MCF-7, 36 T47D, 32 T99, 606 

36 METS15, 18 BT20, 16 HCC1806, and 10 T70 intraductal xenografts. The vertical dashed 607 

line equals 90% engraftment rate. b. Fold change bioluminescence at 5 weeks of ER+ and 608 

TNBC intraductal xenografts from Figure 1b. Data represent mean ± SD. Blue and red dashed 609 

lines represent the average fold change bioluminescence of TNBC (=1148) ER+ (=32), 610 

respectively. c. Fold change of bioluminescence at endpoint for TN (5 weeks) and ER+ (5-6 611 
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months) BC cells. Data represent mean ± SD of 17, 13, 19, 16, 18, 16, and 19 tumors from 5, 612 

5, 5, 9, 7, and 5 mice bearing MCF-7, T47D, T99, METS15, BT20, HCC1806, and T70 613 

xenografts, respectively. Box and whiskers represent minimum and maximum values. d. 614 

Representative fluorescence stereo micrographs of mammary glands 1 week (top) and 2 615 

weeks (bottom) after intraductal injection with BT20 and e. HCC1806. Scale bars, 1 mm. f. 616 

Representative H&E micrographs of BT20 and g. HCC1806 intraductal xenografts 1 week 617 

(top) and 2 weeks (bottom) after injection. Scale bars, 1 mm. h. Ex vivo bioluminescence on 618 

organs from mice bearing BT20 and HCC1806, 1 week (left) from 10 and 4 mice, respectively, 619 

and 2 weeks (right) after intraductal injection from 4 mice. i. Fluorescence stereo micrographs 620 

of lungs from BT20 intraductal xenografts-bearing mice 1 week (top panel) and 2 weeks 621 

(bottom panel) after intraductal injection. The arrow points to TN DTCs. Scale bars, 50 µm. j. 622 

Representative IF for CK8 (green) and Ki67 (red) counterstained with DAPI (blue) of matched 623 

primary and lung metastases of 3 TNBC and k. ER+ intraductal xenografts-bearing mice. 624 

Scale bars, 50 µm. **, ***, ***, and n.s represent P<0.01, 0.001, 0.0001, and not significant, 625 

respectively. 626 

 627 

Extended Data Fig. 2. a. CK8 IF on optically-cleared vibratome sections of MCF-7 primary 628 

site, lung, and brain organs. Nuclei are counterstained with DAPI. Scale bar, 50 µm. b. 629 

Representative fluorescence stereo micrographs of lungs from mice bearing MCF-7, T47D, 630 

and METS15 intraductal xenografts. Arrows point to atypical fibroblastic cellular morphologies. 631 

Scale bar, 50 µm.  632 

 633 

Extended Data Fig. 3. a. Representative immunofluorescence micrographs for CK8 (green) 634 

and E-cad (Red) counterstained with DAPI (blue) from 3 matched MCF-7, b. T47D and c. 635 

METS15 primary and lung DTCs. Scale bar, 50 µm. d. Relative mRNA expression levels in 636 

matched METS15 primary and lung micro-metastases (5 mice) normalized to the geometric 637 

mean of GAPDH and HPRT. Paired t-test. * and ** represent P<0.05, and 0.01, respectively. 638 

 639 
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Extended Data Fig. 4. In vitro and in vivo EMP characterization. a. Representative 640 

Western blot of total cell lysates from in vitro MCF-7 cells transduced with either shSCR or 641 

shCDH1-encoding lentiviruses and probed for E-cad and Lamin B1 from 4 biological 642 

replicates. b. Phase contrast micrograph of shSCR and shCDH1 MCF-7 cells, scale bar 100 643 

µm. c. Relative proliferation (%) of shSCR and shCDH1 day 3 after seeding assessed by MTT 644 

assay. Data represent mean ± SD of 4 different biological replicates. d. Relative mRNA 645 

expression levels of the shown genes in shSCR and shCDH1 MCF-7 cells. Data represent 646 

mean ± SD of 3 different biological replicates. e. Western blot of Zeb1, E-cad, ER, and Lamin 647 

B1 in vector and MCF-7- ZEB1 cells. f. Representative phase contrast micrograph of vector 648 

and ZEB1 MCF-7 cells, scale bar 100 µm. g. Fold-change absorbance of Vector and MCF-7- 649 

ZEB1 cells over time. Data represent mean of 3 biological replicates ± SD. h. Relative mRNA 650 

expression levels of the shown genes in Vector and ZEB1 MCF-7 cells, 3-4 biological 651 

replicates. i. Weight of glands xenografted with either shSCR or shCDH1 MCF-7 cells at end-652 

point from 46 shSCR and 43 shCDH1 xenograft glands, total of 25 mice. Data represent mean 653 

± SD, unpaired Student’s t-test. j. Relative E-cad expression levels by Western blot in 12 654 

shSCR and shCDH1 xenograft glands from at least 5 mice. Student’s unpaired t-test. k. 655 

Representative IF of E-cad staining in shSCR and shCDH1 xenograft glands from 656 

contralateral mice (n=4). Nuclei are counterstained with DAPI. Scale bar, 100 µm. l. 657 

Percentage of Ki67 and pHH3-positive cells in contralaterally-engrafted shSCR and shCDH1 658 

and their representative IFs. Scale bar, 100 µm. Each dot represents at least 100 cells per 659 

analyzed image, 4 mice. Paired Student’s t-test. m. Relative fold change in ex vivo organ 660 

bioluminescence in 7 shSCR and 8 shCDH1 tumor-bearing mice. Data represent mean ± SD, 661 

multiple t-tests. n. Relative fold change in ex vivo organ bioluminescence from 5 WT and 5 662 

shCDH1 tumor-bearing mice with similar bioluminescence at end-point. Data represent mean 663 

± SD, multiple t-tests. o. Scheme showing the contra lateral engraftment of green shSCR (left) 664 

and red shCDH1 (right) MCF-7 cells. p. Bar plots showing the fold change bioluminescence 665 

(left) and total fluorescence (right) of contra lateral 8 shSCR:GFP and shCDH1:RFP 666 

intraductal xenografts. Data represent mean ± SD, paired t-test. q. Representative 667 
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fluorescence stereograph of green shSCR and red shCDH1 cells contralaterally-engrafted. r. 668 

Quantification of total red and green lung foci (left) and their percentage area (right) occupied 669 

in shSCR and shCDH1-bearing mice. Data represent mean ± SD of 20 lobes from 4 mice. 670 

Data represent mean ± SD, paired t-test. s. Weight of xenograft glands at end-point from 16 671 

Vector and ZEB1-overexpressing MCF-7 xenograft glands. Data represent mean ± SD, 672 

unpaired Student’s t-test. t. Relative fold change in ex vivo organ bioluminescence from 4 673 

mice, each. Data represent mean ± SD, Multiple t-tests. u. Weight of xenograft glands at end-674 

point from 28 shSCR and 34 shCDH1 T99 xenograft glands (8 and 9 mice, respectively), and 675 

43 shSCR and 47 shCDH1 METS15 xenograft glands (9 mice for both). Data represent mean 676 

± SD, unpaired Student’s t-test. v. Relative fold change in ex vivo organ bioluminescence in 8 677 

shSCR and 9 shCDH1 T99 xenografts-bearing mice, and 9 shSCR and 9 shCDH1 METS15 678 

xenografts-bearing mice, Data represent mean ± SD, multiple t-tests. w. Mammary gland 679 

weight at end-point of T99 Vector and ZEB1 intraductal xenografts. Data represent mean ± 680 

SD of 15 and 18 xenograft glands, respectively. x. Relative fold change in ex vivo organ 681 

bioluminescence in 4 Vector and 5 ZEB1-overexpressing T99 xenografts-bearing mice, 682 

respectively. Multiple t-tests. *, **, ***, ***, and n.s represent p<0.05, 0.01, 0.001, 0.0001, and 683 

not significant, respectively. 684 

 685 

Extended Data Fig. 5. EMP to-epithelial transition in vitro. a. Ex vivo culture of GFP+ 686 

murine cells and RFP+ MCF7 lung DTCs after lung dissociation 3 days and 2 months after 687 

plating and b. primary tumor cells 3 and 10 days after plating. Scale bar, 200 µm. b.  c. Relative 688 

mRNA expression levels of selected genes in in vitro cultured primary, lung, and brain MCF-689 

7 metastatic cells mice normalized to GAPDH. Data represent mean ± SD from n=3 control, 4 690 

lung, and 2 brain replicates. d. Summary of the relative expression levels of CDH1 (left) and 691 

ZEB1 (right) in intraductally grafted MCF7 cells either in situ, invasive, DTCs, or after 2 months 692 

of in vitro culture. Data represent mean ± SD. EMP: Epithelial-Mesenchymal Plasticity; MET: 693 

EMP-Epithelial Transition. e. Western blot validation and quantification of E-cad 694 
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overexpression in PLX304 (vector) and PLXCDH1 MCF-7 cells and f. E-cad induction by 2 695 

µg/ml DOX in PLIX403 (vector) and PLIX403-CDH1 MCF-7 cells in vitro.  696 
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Materials and Methods  716 

Clinical samples  717 

The Commission cantonale d’éthique de la recherche sur l’être humain (CER-VD 38/15, 718 

PB_2016-01185 (38/15)) approved this study and informed consent was obtained from all 719 

subjects. Tumor tissue was mechanically and enzymatically digested using parallel razor 720 

blades and collagenase, as previously described (Fiche et al., 2019; Sflomos et al., 2016). 721 

Effusion samples (pleura or ascites) were centrifuged at 2,500 RPM at 25°C for 10 minutes. 722 
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Pellets were rinsed with phosphate buffered saline (PBS), 2% calf serum (CS), and 723 

erythrocyte-lysed using red blood cell lysis buffer (Sigma, R7757) for 5 minutes, then diluted 724 

in PBS 2% CS, and centrifuged again. Patient-derived tumor cells were transduced with either 725 

ffLuc2/Turbo-GFP or ffLuc2/Turbo-RFP (GEG-tech) overnight in low attachment culture plates 726 

(Corning® Costar® Ultra-Low Attachment) in a humidified incubator (37°C, 5% CO2, and 5% 727 

O2).  728 

 729 

Animal Experiments 730 

All mice were maintained and handled according to Swiss guidelines for animal safety with a 731 

12-h-light-12-h-dark cycle, controlled temperature and food and water ad libitum. Experiments 732 

were performed in accordance with protocol VD1865.5 approved by the Service de la 733 

Consommation et des Affaires Vétérinaires, Canton de Vaud, Switzerland. NOD.Cg-Prkdcscid 734 

Il2rgtm1Wjl/SzJ (NSG) and NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CAG-EGFP)1Osb/SzJ (NSG-EGFP) 735 

mice were purchased from Charles River and The Jackson Laboratory. For the induction of 736 

E-cad, doxycycline (0.62g/kg of food, SAFE 150 SP-25 www.safe-diets.com) was 737 

administered in the diet. 738 

 739 

Intraductal injections and re-transplantation  740 

Mice were anesthetized by intraperitoneal injection of 200 µl of 10 mg/kg xylazine and 90 741 

mg/kg ketamine (Graeub). Intraductal injections of single-cell suspensions were performed as 742 

previously detailed (Behbod et al., 2009; Sflomos et al., 2016). Intraductal xenografts of cell 743 

lines and patient-derived cells were generated by injecting 1x105 and 2x105 cells, respectively, 744 

into the teats of 8-16-week-old NSG or NSG-EGF female mice, and grown for 4-6 months. For 745 

re-transplantation of patient-derived cells, mammary glands were collected on ice-cold 1X 746 

PBS, dissociated using parallel razor blades, and enzymatically digested using the tumor 747 

dissociation kit (Miltenyi Biotec) to generate single cells (human and mouse). To enrich for 748 

human cells, mouse cells were depleted using the mouse cell depletion kit (Miltenyi Biotec) 749 
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according to the manufacturer’s instructions. Cells were then counted and 2x105 cells were 750 

intraductally injected.  751 

 752 

Cell culture, cloning, and cell growth 753 

ER+ breast cancer cell lines MCF7 and T47D as well as ER- breast cancer cell lines BT20 754 

and HCC1806 were purchased from American Type Culture Collection (ATCC). MCF-7, T47D, 755 

BT20, and HCC1806 were maintained in Dulbecco's modified Eagle's medium (DMEM) 756 

medium (cat# 31966, Gibco) supplemented with 10% FCS (cat# 10270-106, Thermo Fisher 757 

Scientific Inc.) and penicillin/streptomycin (P/S, cat# 15070-063, Thermo Fisher Scientific 758 

Inc.). All cells were grown in a humidified incubator (37°C, 5% CO2), and were passaged when 759 

confluency reached 80%. Cells used in vivo were transduced with either ffLuc2/Turbo-GFP or 760 

ffLuc2/Turbo-RFP, and selected for the brightest fluorescent subpopulation by FACS sorting. 761 

shFF3 and shZEB1, PstByGFP and PstByZeb1 were kind gifts from Sendurai Mani (MD 762 

Anderson). Inducible E-cad vector was generated by annealing the ORF-CDH1 (Clone 763 

ID:IOH46767, Invitrogen) cassette into an inducible backbone (pLIX403, cat# 41395, 764 

Addgene, https://www.addgene.org/41395/) using the Gateway cloning strategy (cat# 12535, 765 

Invitrogen). pLKO.1 puro shRNA E-cad was a gift from R.A. Weinberg (Addgene plasmid # 766 

18801; http://n2t.net/addgene:18801 ; RRID:Addgene_18801). For loss of function studies, 767 

pLKO.1 puro and pLKO.1 shCDH1 (Onder et al., 2008) were purchased from Addgene. 768 

pLL3.7m-Clover-Geminin(1-110)-IRES-mKO2-Cdt(30-120) was a gift from Michael Lin 769 

(Addgene plasmid # 83841 ; http://n2t.net/addgene:83841 ; RRID:Addgene_83841). 770 

Lentiviruses were produced and purified as previously described (Barde et al., 2010). 771 

 772 

Tumor growth and metastasis analysis 773 

Tumor growth was monitored every other week by in vivo imaging system (IVIS, Caliper Life 774 

Sciences). Briefly, 12 minutes after intraperitoneal administration of 150 mg/kg luciferin (cat# 775 

L-8220, Biosynth AG), mice were anesthetized in an induction chamber (O2 and 2% isoflurane) 776 

and placed inside the machine. Images were acquired and analyzed using Living Image 777 
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Software (Caliper Life Sciences, Inc.). For ex vivo bioluminescence measurements, mice were 778 

first injected with 300 mg/kg luciferin for 7 minutes, then injected with 1 ml of 10 mg/kg xylazine 779 

and 90 mg/kg ketamine. Resected organs were then imaged 20 minutes after luciferin 780 

injection. Mammary glands were fixed in 4% paraformaldehyde (cat# 0335.3, Carl Roth) 781 

overnight at 4°C or flash-frozen in liquid nitrogen for RNA or protein extraction.  782 

 783 

Immunohistochemistry and passive clarity  784 

Histological staining was performed as detailed previously (Ataca et al., 2020). For passive 785 

clarity, tumor-bearing mammary glands, lungs, and brain were embedded in 5% agarose (w/v, 786 

1X PBS, cat# 16500500, Invitrogen), left at room temperature to solidify and agarose cubes 787 

then were removed from the plastic container and mounted for Vibratome sectioning (Leica 788 

VT1200 S) using glue (cat# 14460, Ted Pella, Inc.). The buffer tray was then filled with cold 789 

PBS. Blade travel speed was 0.8 mm/sec and minimum thickness of sections was 0.5 mm. 790 

A4P0 hydrogel solution was used for passive clarity (Lloyd-Lewis et al., 2016; Yang et al., 791 

2014) to remove endogenous fluorescence for subsequent antibody labelling. To preserve 792 

endogenous tissue fluorescence, Rapiclear 1.52 solution (RC, SunJin Lab, 793 

https://www.sunjinlab.com/) was used according to the manufacturer’s instructions with some 794 

modifications. Tissues were permeabilized in 2% v/v Triton X-100 (Sigma T8787) PBS 795 

overnight on a gentle rotor shaker at room temperature. Rapiclear 1.52 was pre-warmed at 796 

37°C and 2 ml were added on top of the tissues for 1 hr. Tissues were mounted between 2 797 

coverslips using RC 1.52 and iSpacers for image acquisition and long-term storage. Z-stacks 798 

were acquired using a Zeiss LSM700 confocal microscope and 3D-reconstructed using Imaris 799 

bitplane image analysis software. The list of primary and secondary antibodies is provided in 800 

Supplementary Table 4.  801 

 802 

Immunohistochemistry analysis 803 

For analysis of primary tumor staining, outlines of human cells were drawn manually with 804 

“Freehand selections” and a built-in function “waitForUser” for each image to exclude mouse 805 
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cells, followed by ROIs creation. Channels were then binarized using “Huang” thresholding 806 

algorithm and images were processed with watershed segmentation to split closely touching 807 

cells and then denoised by a Minimum Filter with radius of 1 pixel. Cell numbers were 808 

quantified using the “analyse particles” function of Fiji (Size 0.01-infinity pixel2, circularity 0-1). 809 

Finally, channels were saved and the cell quantifications were output as a table for further 810 

data analysis. For analysis of metastatic breast cancer cells in lungs, human cell nucleus and 811 

Ki67+ cells were counted manually.  812 

For analysis of the FUCCI reporter in primary tumors, images were analysed every 8 slices 813 

from the original Z-stack images to meet the criteria of the Nyquist–Shannon sampling 814 

theorem. Green and red channels of interest were binarized using the “Li” thresholding 815 

algorithm that was chosen based on the visual inspection of output images. Images were 816 

processed with watershed segmentation to split closely touching cells and then denoised by 817 

a Minimum Filter with radius of 1 pixel. The masks of the two channels were used to generate 818 

a third mask using the “AND” operation from “Image Calculator” to indicate double positive 819 

cells. Cell numbers were quantified using the “analyse particles” function of Fiji for all 3 masks 820 

(size 1-infinity pixel2, circularity 0-1) and the outlines of quantified cells were recorded in 821 

another three masks (Show = outlines). Finally, the six masks (two channels of interest, one 822 

from the AND operation and their 3 masks showing outlines) were merged and saved for 823 

visualization and quality inspection. For analysis of FUCCI reporter in lungs, green, red and 824 

double positive cells were quantified manually. The percentages of cycling and non-cycling 825 

cells were quantified using the following equations: 826 

Cycling	cells	(%) = 	
No. of	green	cells

No. of	(green	cells + red	cells − double	positive	cells)
	× 100% 827 

Cycling	cells	(%) = 100%− Cycling	cells	(%) 828 

For the analysis of mesenchymal-like cells in primary tumors, the blue channel of interest 829 

(DAPI) was binarized using the “Percentile” thresholding algorithm for MCF7 and T47D and 830 

“Moments” for METS15 tumors based on the visual inspection of output images. Images were 831 

processed with watershed segmentation to split closely touching cells, followed by cell aspect 832 
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ratios (ARs) quantification using the “analyse particles” function of Fiji (Size 50-infinity pixel2, 833 

circularity 0-1). Finally, the mask for the blue channel was saved and the cell quantifications 834 

were output as a table for further data analysis. For analysis of mesenchymal-like cells in 835 

lungs, major and minor axis were drawn manually on each breast tumor cell and then 836 

measured to quantify ARs. At least 300 metastatic cells in lungs from each mouse of 3 mice 837 

in total were measured. Mesenchymal-like cells were defined as those with AR > 1.6 based 838 

on the following equation: 839 

AR = 	
Major	axis
Minor	axis

 840 

For the analysis of fluorescence intensity, corrected total cell fluorescence (CTCF) was 841 

calculated by manually drawing an outline around the border of the cells using the 842 

drawing/selection tools in ImageJ, and a close-by region with no cells to serve as a measure 843 

of background noise. Measurements were generated by ImageJ and CTCF was calculated 844 

using the following formula:  845 

CTCF = 	Integrated	Density − (Area	x	Mean	Fluorescence	Background) 846 

Whole mounts 847 

Fluorescence images of whole mammary glands, lungs, and brains were acquired with a 848 

LEICA M205FA fluorescence stereo microscope equipped with a Leica DFC 340FX camera. 849 

 850 

RNA extraction and RT-PCR 851 

Cell pellets, tumor-bearing mammary glands, and microdissected lung, liver, and brain 852 

micrometastases were homogenized with TRIzol reagent (Invitrogen), total RNA was isolated 853 

with miRNeasy Mini Kit (Qiagen), cDNA was synthesized with random p(dN)6 primers (Roche) 854 

and MMLV reverse transcriptase (Invitrogen). RT-PCR analysis in triplicates was performed 855 

with SYBR Green FastMix (Quanta) reaction mix. Supplementary Table 5 provides list of 856 

primers. 857 

 858 

Immunoblotting 859 
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Cell pellets and tumor-bearing mammary glands were homogenized in 1% SDS solution 860 

containing protease (cat# 11836153001, Roche AG) and phosphatase inhibitor cocktail (cat# 861 

04906845001, PhosStop, Roche, AG), followed by 20 min centrifugation at 4°C (14,000 x g). 862 

Protein-containing supernatant was then quantified and normalized to a reference protein 863 

using the Image Studio Lite version 5.2 (LI-COR®). SDS-polyacrylamide and transfer were 864 

then performed as previously detailed (Sflomos et al., 2016). Membranes were revealed with 865 

ECL or WesternSure PREMIUM Chemiluminescent Substrate (cat# 926-95010, LI-COR®). 866 

The primary and secondary antibody list can be found in Supplementary Table 4.  867 

 868 

Statistics 869 

Statistical analysis was performed using GraphPad Prism 8 (San Diego, California, USA, 870 

www.graphpad.com). Statistical tests are indicated in the figure legends. For growth curves, 871 

two-way ANOVA with multiple comparisons was used, for contralateral intraductal grafts, 872 

paired Student’s t-test was performed, and for individual grafts, unpaired Student’s t-test were 873 

performed, while testing for normality (Shapiro-Wilk test). Non-parametric statistical tests were 874 

used when Kolmogorov-Smirnov and Shapiro-Wilk normality tests failed to show a normal 875 

distribution. 876 

 877 

References 878 

Aiello, N.M., Maddipati, R., Norgard, R.J., Balli, D., Li, J., Yuan, S., Yamazoe, T., Black, T., 879 

Sahmoud, A., Furth, E.E., et al. (2018). EMT Subtype Influences Epithelial Plasticity and Mode 880 

of Cell Migration. Dev. Cell 45, 681-695.e4. 881 

Anose, B.M., and Sanders, M.M. (2011). Androgen Receptor Regulates Transcription of the 882 

ZEB1 Transcription Factor. Int. J. Endocrinol. 2011. 883 

Ataca, D., Aouad, P., Constantin, C., Laszlo, C., Beleut, M., Shamseddin, M., Rajaram, R.D., 884 

Jeitziner, R., Mead, T.J., Caikovski, M., et al. (2020). The secreted protease Adamts18 links 885 

hormone action to activation of the mammary stem cell niche. Nat. Commun. 11, 1571. 886 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 33 

Bajar, B.T., Lam, A.J., Badiee, R.K., Oh, Y.-H., Chu, J., Zhou, X.X., Kim, N., Kim, B.B., Chung, 887 

M., Yablonovitch, A.L., et al. (2016). Fluorescent indicators for simultaneous reporting of all 888 

four cell cycle phases. Nat. Methods 13, 993–996. 889 

Barde, I., Salmon, P., and Trono, D. (2010). Production and Titration of Lentiviral Vectors. 890 

Curr. Protoc. Neurosci. 53, 4.21.1-4.21.23. 891 

Batlle, E., Sancho, E., Francí, C., Domínguez, D., Monfar, M., Baulida, J., and García De 892 

Herreros, A. (2000). The transcription factor snail is a repressor of E-cadherin gene expression 893 

in epithelial tumour cells. Nat. Cell Biol. 2, 84–89. 894 

Behbod, F., Kittrell, F.S., LaMarca, H., Edwards, D., Kerbawy, S., Heestand, J.C., Young, E., 895 

Mukhopadhyay, P., Yeh, H.-W., Allred, D.C., et al. (2009). An intraductal human-in-mouse 896 

transplantation model mimics the subtypes of ductal carcinoma in situ. Breast Cancer Res. 897 

11, R66. 898 

Bragado, P., Estrada, Y., Parikh, F., Krause, S., Capobianco, C., Farina, H.G., Schewe, D.M., 899 

and Aguirre-Ghiso, J.A. (2013). TGFβ2 dictates disseminated tumour cell fate in target organs 900 

through TGFβ-RIII and p38α/β signalling. Nat. Cell Biol. 15, 1351–1361. 901 

Brouxhon, S.M., Kyrkanides, S., Teng, X., Raja, V., O’Banion, M.K., Clarke, R., Byers, S., 902 

Silberfeld, A., Tornos, C., and Ma, L. (2013). Monoclonal antibody against the ectodomain of 903 

E-cadherin (DECMA-1) suppresses breast carcinogenesis: involvement of the 904 

HER/PI3K/Akt/mTOR and IAP pathways. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 905 

19, 3234–3246. 906 

Buell, J.F., Beebe, T.M., Trofe, J., Gross, T.G., Alloway, R.R., Hanaway, M.J., and Woodle, 907 

E.S. (2004). Donor transmitted malignancies. Ann. Transplant. 9, 53–56. 908 

Chamberlain, E.M., and Sanders, M.M. (1999). Identification of the Novel Player δEF1 in 909 

Estrogen Transcriptional Cascades. Mol. Cell. Biol. 19, 3600–3606. 910 

Comijn, J., Berx, G., Vermassen, P., Verschueren, K., van Grunsven, L., Bruyneel, E., Mareel, 911 

M., Huylebroeck, D., and van Roy, F. (2001). The Two-Handed E Box Binding Zinc Finger 912 

Protein SIP1 Downregulates E-Cadherin and Induces Invasion. Mol. Cell 7, 1267–1278. 913 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

Creighton, C.J., Li, X., Landis, M., Dixon, J.M., Neumeister, V.M., Sjolund, A., Rimm, D.L., 914 

Wong, H., Rodriguez, A., Herschkowitz, J.I., et al. (2009). Residual breast cancers after 915 

conventional therapy display mesenchymal as well as tumor-initiating features. Proc. Natl. 916 

Acad. Sci. 106, 13820–13825. 917 

Criscitiello, C., Disalvatore, D., De Laurentiis, M., Gelao, L., Fumagalli, L., Locatelli, M., 918 

Bagnardi, V., Rotmensz, N., Esposito, A., Minchella, I., et al. (2014). High Ki-67 score is 919 

indicative of a greater benefit from adjuvant chemotherapy when added to endocrine therapy 920 

in Luminal B HER2 negative and node-positive breast cancer. The Breast 23, 69–75. 921 

Crowley, N.J., and Seigler, H.F. (1990). Late recurrence of malignant melanoma. Analysis of 922 

168 patients. Ann. Surg. 212, 173–177. 923 

Davies, C., Pan, H., Godwin, J., Gray, R., Arriagada, R., Raina, V., Abraham, M., Alencar, 924 

V.H.M., Badran, A., Bonfill, X., et al. (2013). Long-term effects of continuing adjuvant 925 

tamoxifen to 10 years versus stopping at 5 years after diagnosis of oestrogen receptor-positive 926 

breast cancer: ATLAS, a randomised trial. The Lancet 381, 805–816. 927 

Dong, H.-M., Liu, G., Hou, Y.-F., Wu, J., Lu, J.-S., Luo, J.-M., Shen, Z.-Z., and Shao, Z.-M. 928 

(2007). Dominant-negative E-cadherin inhibits the invasiveness of inflammatory breast cancer 929 

cells in vitro. J. Cancer Res. Clin. Oncol. 133, 83–92. 930 

Fiche, M., Scabia, V., Aouad, P., Battista, L., Treboux, A., Stravodimou, A., Zaman, K., 931 

Dormoy, V., Ayyanan, A., Sflomos, G., et al. (2019). Intraductal patient-derived xenografts of 932 

estrogen receptor α-positive breast cancer recapitulate the histopathological spectrum and 933 

metastatic potential of human lesions. J. Pathol. 247, 287–292. 934 

Goddard, E.T., Hill, R.C., Nemkov, T., D’Alessandro, A., Hansen, K.C., Maller, O., Mongoue-935 

Tchokote, S., Mori, M., Partridge, A.H., Borges, V.F., et al. (2017). The Rodent Liver 936 

Undergoes Weaning-Induced Involution and Supports Breast Cancer Metastasis. Cancer 937 

Discov. 7, 177–187. 938 

Gray, R.G., Rea, D., Handley, K., Bowden, S.J., Perry, P., Earl, H.M., Poole, C.J., Bates, T., 939 

Chetiyawardana, S., Dewar, J.A., et al. (2013). aTTom: Long-term effects of continuing 940 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

adjuvant tamoxifen to 10 years versus stopping at 5 years in 6,953 women with early breast 941 

cancer. J. Clin. Oncol. 31, 5–5. 942 

Green, J.E., Shibata, M.-A., Yoshidome, K., Liu, M., Jorcyk, C., Anver, M.R., Wigginton, J., 943 

Wiltrout, R., Shibata, E., Kaczmarczyk, S., et al. (2000). The C3(1)/SV40 T-antigen transgenic 944 

mouse model of mammary cancer: ductal epithelial cell targeting with multistage progression 945 

to carcinoma. Oncogene 19, 1020–1027. 946 

Guy, C.T., Cardiff, R.D., and Muller, W.J. (1992). Induction of mammary tumors by expression 947 

of polyomavirus middle T oncogene: a transgenic mouse model for metastatic disease. Mol. 948 

Cell. Biol. 12, 954–961. 949 

Hugo, H.J., Gunasinghe, N.P.A.D., Hollier, B.G., Tanaka, T., Blick, T., Toh, A., Hill, P., Gilles, 950 

C., Waltham, M., and Thompson, E.W. (2017). Epithelial requirement for in vitro proliferation 951 

and xenograft growth and metastasis of MDA-MB-468 human breast cancer cells: oncogenic 952 

rather than tumor-suppressive role of E-cadherin. Breast Cancer Res. 19, 86. 953 

Hüsemann, Y., Geigl, J.B., Schubert, F., Musiani, P., Meyer, M., Burghart, E., Forni, G., Eils, 954 

R., Fehm, T., Riethmüller, G., et al. (2008). Systemic Spread Is an Early Step in Breast 955 

Cancer. Cancer Cell 13, 58–68. 956 

Kalscheuer, H., Danzl, N., Onoe, T., Faust, T., Winchester, R., Goland, R., Greenberg, E., 957 

Spitzer, T.R., Savage, D.G., Tahara, H., et al. (2012). A Model for Personalized in vivo 958 

Analysis of Human Immune Responsiveness. Sci. Transl. Med. 4, 125ra30-125ra30. 959 

Kastrati, I., Joosten, S.E.P., Semina, S.E., Alejo, L.H., Brovkovych, S.D., Stender, J.D., 960 

Horlings, H.M., Kok, M., Alarid, E.T., Greene, G.L., et al. (2020). The NF-κB Pathway 961 

Promotes Tamoxifen Tolerance and Disease Recurrence in Estrogen Receptor-Positive 962 

Breast Cancers. Mol. Cancer Res. MCR 18, 1018–1027. 963 

Kleer, C.G., van Golen, K.L., Braun, T., and Merajver, S.D. (2001). Persistent E-Cadherin 964 

Expression in Inflammatory Breast Cancer. Mod. Pathol. 14, 458–464. 965 

Klein, C.A. (2011). Framework models of tumor dormancy from patient-derived observations. 966 

Curr. Opin. Genet. Dev. 21, 42–49. 967 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 36 

Klein, C.A. (2020). Cancer progression and the invisible phase of metastatic colonization. Nat. 968 

Rev. Cancer 20, 681–694. 969 

Koch, C., Kuske, A., Joosse, S.A., Yigit, G., Sflomos, G., Thaler, S., Smit, D.J., Werner, S., 970 

Borgmann, K., Gärtner, S., et al. (2020). Characterization of circulating breast cancer cells 971 

with tumorigenic and metastatic capacity. EMBO Mol. Med. 12, e11908. 972 

Kornberg, T.B., and Roy, S. (2014). Cytonemes as specialized signaling filopodia. 973 

Development 141, 729–736. 974 

Kos, K., and Visser, K.E. de (2021). Neutrophils create a fertile soil for metastasis. Cancer 975 

Cell 0. 976 

Kowalski, P.J., Rubin, M.A., and Kleer, C.G. (2003). E-cadherin expression in primary 977 

carcinomas of the breast and its distant metastases. Breast Cancer Res. 5, R217. 978 

Kozma, K.J., Done, S.J., and Egan, S.E. (2021). The tumor cell-derived matrix of lobular 979 

breast cancer: a new vulnerability. EMBO Mol. Med. 13, e13807. 980 

Lloyd-Lewis, B., Davis, F.M., Harris, O.B., Hitchcock, J.R., Lourenco, F.C., Pasche, M., and 981 

Watson, C.J. (2016). Imaging the mammary gland and mammary tumours in 3D: optical tissue 982 

clearing and immunofluorescence methods. Breast Cancer Res. BCR 18, 127. 983 

Lovisa, S., LeBleu, V.S., Tampe, B., Sugimoto, H., Vadnagara, K., Carstens, J.L., Wu, C.-C., 984 

Hagos, Y., Burckhardt, B.C., Pentcheva-Hoang, T., et al. (2015). Epithelial-to-mesenchymal 985 

transition induces cell cycle arrest and parenchymal damage in renal fibrosis. Nat. Med. 21, 986 

998–1009. 987 

Matser, Y.A.H., Terpstra, M.L., Nadalin, S., Nossent, G.D., Boer, J. de, Bemmel, B.C. van, 988 

Eeden, S. van, Budde, K., Brakemeier, S., and Bemelman, F.J. (2018). Transmission of breast 989 

cancer by a single multiorgan donor to 4 transplant recipients. Am. J. Transplant. 18, 1810–990 

1814. 991 

Mejlvang, J., Kriajevska, M., Vandewalle, C., Chernova, T., Sayan, A.E., Berx, G., Mellon, 992 

J.K., and Tulchinsky, E. (2007). Direct repression of cyclin D1 by SIP1 attenuates cell cycle 993 

progression in cells undergoing an epithelial mesenchymal transition. Mol. Biol. Cell 18, 4615–994 

4624. 995 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

Montagner, M., Bhome, R., Hooper, S., Chakravarty, P., Qin, X., Sufi, J., Bhargava, A., 996 

Ratcliffe, C.D.H., Naito, Y., Pocaterra, A., et al. (2020). Crosstalk with lung epithelial cells 997 

regulates Sfrp2 -mediated latency in breast cancer dissemination. Nat. Cell Biol. 22, 289–296. 998 

Na, T.-Y., Schecterson, L., Mendonsa, A.M., and Gumbiner, B.M. (2020). The functional 999 

activity of E-cadherin controls tumor cell metastasis at multiple steps. Proc. Natl. Acad. Sci. 1000 

117, 5931–5937. 1001 

Nobre, A.R., Risson, E., Singh, D.K., Martino, J.D., Cheung, J.F., Wang, J., Johnson, J., 1002 

Russnes, H.G., Bravo-Cordero, J.J., Birbrair, A., et al. (2020). NG2+/Nestin+ mesenchymal 1003 

stem cells dictate DTC dormancy in the bone marrow through TGFβ2. BioRxiv 1004 

2020.10.22.349514. 1005 

O’Connor, J.W., and Gomez, E.W. (2013). Cell Adhesion and Shape Regulate TGF-Beta1-1006 

Induced Epithelial-Myofibroblast Transition via MRTF-A Signaling. PLOS ONE 8, e83188. 1007 

Ombrato, L., Nolan, E., Kurelac, I., Mavousian, A., Bridgeman, V., Heinze, I., Chakravarty, P., 1008 

Horswell, S., Gonzalez-Gualda, E., Matacchione, G., et al. (2019). Metastatic niche labelling 1009 

reveals tissue parenchyma stem cell features. Nature 572, 603–608. 1010 

Onder, T.T., Gupta, P.B., Mani, S.A., Yang, J., Lander, E.S., and Weinberg, R.A. (2008). Loss 1011 

of E-Cadherin Promotes Metastasis via Multiple Downstream Transcriptional Pathways. 1012 

Cancer Res. 68, 3645–3654. 1013 

Padmanaban, V., Krol, I., Suhail, Y., Szczerba, B.M., Aceto, N., Bader, J.S., and Ewald, A.J. 1014 

(2019). E-cadherin is required for metastasis in multiple models of breast cancer. Nature 573, 1015 

439–444. 1016 

Pan, H., Gray, R., Braybrooke, J., Davies, C., Taylor, C., McGale, P., Peto, R., Pritchard, K.I., 1017 

Bergh, J., Dowsett, M., et al. (2017). 20-Year Risks of Breast-Cancer Recurrence after 1018 

Stopping Endocrine Therapy at 5 Years. N. Engl. J. Med. 377, 1836–1846. 1019 

Park, S.-Y., and Nam, J.-S. (2020). The force awakens: metastatic dormant cancer cells. Exp. 1020 

Mol. Med. 52, 569–581. 1021 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

Pastushenko, I., Brisebarre, A., Sifrim, A., Fioramonti, M., Revenco, T., Boumahdi, S., Van 1022 

Keymeulen, A., Brown, D., Moers, V., Lemaire, S., et al. (2018). Identification of the tumour 1023 

transition states occurring during EMT. Nature 556, 463–468. 1024 

Perego, M., Tyurin, V.A., Tyurina, Y.Y., Yellets, J., Nacarelli, T., Lin, C., Nefedova, Y., 1025 

Kossenkov, A., Liu, Q., Sreedhar, S., et al. (2020). Reactivation of dormant tumor cells by 1026 

modified lipids derived from stress-activated neutrophils. Sci. Transl. Med. 12. 1027 

Richard, E., Grellety, T., Velasco, V., MacGrogan, G., Bonnefoi, H., and Iggo, R. (2016). The 1028 

mammary ducts create a favourable microenvironment for xenografting of luminal and 1029 

molecular apocrine breast tumours. J. Pathol. 240, 256–261. 1030 

Richer, J.K., Jacobsen, B.M., Manning, N.G., Abel, M.G., Wolf, D.M., and Horwitz, K.B. (2002). 1031 

Differential gene regulation by the two progesterone receptor isoforms in human breast cancer 1032 

cells. J. Biol. Chem. 277, 5209–5218. 1033 

Richman, J., and Dowsett, M. (2019). Beyond 5 years: enduring risk of recurrence in oestrogen 1034 

receptor-positive breast cancer. Nat. Rev. Clin. Oncol. 16, 296–311. 1035 

Rios, A.C., Capaldo, B.D., Vaillant, F., Pal, B., van Ineveld, R., Dawson, C.A., Chen, Y., Nolan, 1036 

E., Fu, N.Y., 3DTCLSM Group, et al. (2019). Intraclonal Plasticity in Mammary Tumors 1037 

Revealed through Large-Scale Single-Cell Resolution 3D Imaging. Cancer Cell 35, 618-1038 

632.e6. 1039 

Risson, E., Nobre, A.R., Maguer-Satta, V., and Aguirre-Ghiso, J.A. (2020). The current 1040 

paradigm and challenges ahead for the dormancy of disseminated tumor cells. Nat. Cancer 1041 

1, 672–680. 1042 

Sänger, N., Effenberger, K.E., Riethdorf, S., Van Haasteren, V., Gauwerky, J., Wiegratz, I., 1043 

Strebhardt, K., Kaufmann, M., and Pantel, K. (2011). Disseminated tumor cells in the bone 1044 

marrow of patients with ductal carcinoma in situ. Int. J. Cancer 129, 2522–2526. 1045 

Sflomos, G., Dormoy, V., Metsalu, T., Jeitziner, R., Battista, L., Scabia, V., Raffoul, W., 1046 

Delaloye, J.-F., Treboux, A., Fiche, M., et al. (2016). A Preclinical Model for ERα-Positive 1047 

Breast Cancer Points to the Epithelial Microenvironment as Determinant of Luminal 1048 

Phenotype and Hormone Response. Cancer Cell 29, 407–422. 1049 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 39 

Sflomos, G., Battista, L., Aouad, P., De Martino, F., Scabia, V., Stravodimou, A., Ayyanan, A., 1050 

Ifticene-Treboux, A., Rls, Bucher, P., et al. (2021). Intraductal xenografts show lobular 1051 

carcinoma cells rely on their own extracellular matrix and LOXL1. EMBO Mol. Med. 13, 1052 

e13180. 1053 

Simeonov, K.P., Byrns, C.N., Clark, M.L., Norgard, R.J., Martin, B., Stanger, B.Z., Shendure, 1054 

J., McKenna, A., and Lengner, C.J. (2021). Single-cell lineage tracing of metastatic cancer 1055 

reveals selection of hybrid EMT states. Cancer Cell 0. 1056 

Sinn, E., Muller, W., Pattengale, P., Tepler, I., Wallace, R., and Leder, P. (1987). Coexpression 1057 

of MMTV/v-Ha-ras and MMTV/c-myc genes in transgenic mice: Synergistic action of 1058 

oncogenes in vivo. Cell 49, 465–475. 1059 

Strauss, D.C., and Thomas, J.M. (2010). Transmission of donor melanoma by organ 1060 

transplantation. Lancet Oncol. 11, 790–796. 1061 

Sung, H., Ferlay, J., Siegel, R.L., Laversanne, M., Soerjomataram, I., Jemal, A., and Bray, F. 1062 

(2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality 1063 

worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 1064 

Szczerba, B.M., Castro-Giner, F., Vetter, M., Krol, I., Gkountela, S., Landin, J., Scheidmann, 1065 

M.C., Donato, C., Scherrer, R., Singer, J., et al. (2019). Neutrophils escort circulating tumour 1066 

cells to enable cell cycle progression. Nature 566, 553–557. 1067 

Tan, P.H., Ellis, I., Allison, K., Brogi, E., Fox, S.B., Lakhani, S., Lazar, A.J., Morris, E.A., Sahin, 1068 

A., Salgado, R., et al. (2020). The 2019 World Health Organization classification of tumours 1069 

of the breast. Histopathology 77, 181–185. 1070 

Tsao, H., Cosimi, A.B., and Sober, A.J. (1997). Ultra-late recurrence (15 years or longer) of 1071 

cutaneous melanoma. Cancer 79, 2361–2370. 1072 

Urruticoechea, A., Smith, I.E., and Dowsett, M. (2005). Proliferation marker Ki-67 in early 1073 

breast cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 23, 7212–7220. 1074 

Vega, S., Morales, A.V., Ocaña, O.H., Valdés, F., Fabregat, I., and Nieto, M.A. (2004). Snail 1075 

blocks the cell cycle and confers resistance to cell death. Genes Dev. 18, 1131–1143. 1076 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


 40 

Weckermann, D., Müller, P., Wawroschek, F., Harzmann, R., Riethmüller, G., and Schlimok, 1077 

G. (2001). Disseminated cytokeratin positive tumor cells in the bone marrow of patients with 1078 

prostate cancer: detection and prognostic value. J. Urol. 166, 699–703. 1079 

Werner-Klein, M., Grujovic, A., Irlbeck, C., Obradović, M., Hoffmann, M., Koerkel-Qu, H., Lu, 1080 

X., Treitschke, S., Köstler, C., Botteron, C., et al. (2020). Interleukin-6 trans-signaling is a 1081 

candidate mechanism to drive progression of human DCCs during clinical latency. Nat. 1082 

Commun. 11, 4977. 1083 

Xiao, Y., Cong, M., Li, J., He, D., Wu, Q., Tian, P., Wang, Y., Yang, S., Liang, C., Liang, Y., et 1084 

al. (2021). Cathepsin C promotes breast cancer lung metastasis by modulating neutrophil 1085 

infiltration and neutrophil extracellular trap formation. Cancer Cell. 1086 

Yang, B., Treweek, J.B., Kulkarni, R.P., Deverman, B.E., Chen, C.-K., Lubeck, E., Shah, S., 1087 

Cai, L., and Gradinaru, V. (2014). Single-Cell Phenotyping within Transparent Intact Tissue 1088 

through Whole-Body Clearing. Cell 158, 945–958. 1089 

Yang, J., Antin, P., Berx, G., Blanpain, C., Brabletz, T., Bronner, M., Campbell, K., Cano, A., 1090 

Casanova, J., Christofori, G., et al. (2020). Guidelines and definitions for research on 1091 

epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 21, 341–352. 1092 

Yang, Y., Pan, X., Lei, W., Wang, J., and Song, J. (2006). Transforming growth factor-beta1 1093 

induces epithelial-to-mesenchymal transition and apoptosis via a cell cycle-dependent 1094 

mechanism. Oncogene 25, 7235–7244. 1095 

Zhang, J., Zhou, C., Jiang, H., Liang, L., Shi, W., Zhang, Q., Sun, P., Xiang, R., Wang, Y., and 1096 

Yang, S. (2017). ZEB1 induces ER- α promoter hypermethylation and confers antiestrogen 1097 

resistance in breast cancer. Cell Death Dis. 8, e2732–e2732. 1098 

Zhang, X.H.-F., Giuliano, M., Trivedi, M.V., Schiff, R., and Osborne, C.K. (2013). Metastasis 1099 

dormancy in estrogen receptor-positive breast cancer. Clin. Cancer Res. Off. J. Am. Assoc. 1100 

Cancer Res. 19, 6389–6397. 1101 

 1102 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


Aouad et al.  Figure 1

e

b

MCF-7
T47D
T99
METS15

BT20
HC1806
T70

Days post-injection

Fo
ld

 C
ha

ng
e 

R
ad

ia
nc

e

0 50 100 150
10-1

100

101

102

103

104
BT20 HCC1806 T70

c d

a

ER- and ER+
primary tumors

Transduction with
GFP-luc lentivirus 

Intraductal injection

ER- and ER+
breast cancer cell lines

NSG mouse

Ex vivo metastasis measurements 

Immunohistochemistry

In vivo imaging of primary tumors

Stereoscope analysis

Brai
n

Lu
ng

Liv
er

Bon
es

104
105
106
107
108
109

1010

Brai
n

Lu
ng

Liv
er

Bon
es

103
104
105
106
107
108
109

MCF-7 T47D T99 METS15

R
ad

ia
nc

e 
Lu

ng
/P

rim
ar

y 
(lo

g1
0)

 

BT20

HCC18
06

MCF-7
T47

D
T99

METS15
-6

-5

-4

-3

-2

-1

H&E IF

METS15

 E
x 

Vi
vo

 R
ad

ia
nc

e 
(L

og
10

) 

 E
x 

Vi
vo

 R
ad

ia
nc

e 
(L

og
10

) 

GFP

T70

BT20 MCF-7

HCC1806 T47D

BT20

HCC1806

MCF-7 

T47D

f g h

i

GFP

METS15j

MCF-7
T47D
METS15

%
 K

i6
7+

 C
el

ls

n.s

BT20
HCC1806

l m nk

Prim
ary

Lu
ng

 

Prim
ary

Lu
ng

 
0

20

40

60

80

100 n.s

<1
00

 µm
 

>1
00

 µm
 

<1
00

 µm
 

>1
00

 µm
 

0

20

40

60

80

100 n.s n.s

Prim
ary

Lu
ng

 

Prim
ary

Lu
ng

 

Prim
ary

Lu
ng

 
0

20

40

60

80
****

****

****

M

G
2

G
0-

G
1

S

Gre
en

 (C
lo

ve
r-G

em
in

in
)

Ye
llo

w
C

ol
or

le
ss

R
ed

 ( m
K

O
2-

C
dt

)

o

%
 o

f C
el

ls

p % of G0/G1Cells
% of S-G2-M Cells

q

r
DAPI CK8 p27 Ki67 MERGED

Lung 

Prim
ary Lu

ng
0

20
40
60
80

100
120

61.4

38.6

31.8

68.2*

*

Primary Lung

Clover-Geminin
mKO2-Cdt

GFP

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2

c
GFP RFP MERGED GFP

RFP

d e

001 281

a
GFP RFP MERGED

b
DAPI CK8 MERGED

Aouad et al.  

f
CK8

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


R
el

at
iv

e 
C

D
H

1 
Ex

p.

e

R
el

at
iv

e 
E-

ca
d 

In
t.

Primary
Lung 

**** **** ****

MCF-7
T47

D

METS-15
0.0

0.5

1.0

1.5

2.0

Prim
ary

Brai
n 

Lu
ng

 
Liv

er
0.0

0.5

1.0

1.5

 

****
**** ****

Prim
ary

Brai
n 

Lu
ng

 
Liv

er
0.0

0.5

1.0

1.5

****

***
***

R
el

at
iv

e 
M

KI
67

 E
xp

.

f

j

R
el

at
iv

e 
m

R
N

A
 E

xp
.

(L
og

10
)

BT20 HCC1806

Primary
Lung 

CK8 MERGEDDAPI

a b

max axis

m
in

 a
xi

s

AR 1.501 1.608 1.707

c

MCF-7
T47

D

METS15
0

20

40

60

80

%
 o

f C
el

ls
 w

ith
 A

R
>1

.7 ** *

*
Primary
Lung 

d

g

ZEB1
ZEB2

SNAI1
SNAI2

VIM

TW
IS

T1
0.01

0.1

1

10

100

1000 * ** **

**
n.sP=0.06

h

ZEB1
ZEB2

VIM
0.1

1

10

100

1000

10000

*

*

*
Primary
Brain 

ZEB1
ZEB2

VIM
0.1

1

10

100

1000 *n.s
n.s

i

R
el

at
iv

e 
m

R
N

A
 E

xp
.

(L
og

10
)

Aouad et al.  Figure 3
R

el
at

iv
e 

m
R

N
A

 E
xp

.
(L

og
10

)

MKI67
CDH1

CDH2
ZEB1

ZEB2
SNAI1

SNAI2
VIM

TW
IS

T1
0.1

1

10

100

n.s n.s n.sn.s n.sn.sn.s

P=0.11

n.s

MKI67
CDH1

CDH2
ZEB1

ZEB2
SNAI1

SNAI2
VIM

TW
IS

T1
0.1

1

10

100

n.s n.s n.sn.s n.sn.sn.s n.s
P=0.09

R
el

at
iv

e 
m

R
N

A
 E

xp
.

(L
og

10
)

Primary
Liver 

Primary
Lung 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


Aouad et al.  Figure 4

a
in situ

invasive

in situ
invasive

CDH1
ZEB1

ZEB2
VIM

SNAI1
SNAI2

TW
IS

T1
0.01

0.1

1

10

100

R
el

at
iv

e 
m

R
N

A 
Ex

p.
(L

og
10

) n.s n.s * n.s n.s

*
**

DAPI E-cad Merged

in situ

invasive

b c

shSCR

shCDH1

CDH1
ZEB1

ZEB2
SNAI1

SNAI2
VIM

TW
IS

T1
0.0
0.5
1.0
1.5
2.0
10

R
el

at
iv

e 
m

R
N

A 
Ex

p.
 

****

****

n.s

shSCR
shCDH1

n.s n.s n.s n.s

0 50 100 150 200 250
0

500

1000

1500

Days post-injection

Fo
ld

 C
ha

ng
e 

R
ad

ia
nc

e

shSCR
shCDH1

****

MCF-7

sh
SCR

sh
CDH1

0.0
0.5
1.0
1.5
2.0
2.5

R
el

at
iv

e 
M

ic
ro

m
et

as
ta

tic
 

Bu
rd

en

0.10

****

d e f g

0 50 100 150
0

100

200

300

400

****

Fo
ld

 C
ha

ng
e 

R
ad

ia
nc

e

Vector 
ZEB1

Vector

ZEB1

Vec
tor

ZEB1
0

1

2

3

4

R
el

at
iv

e 
M

ic
ro

m
et

as
ta

tic
 

Bu
rd

en

**

0.10

****

0 50 100 150
0

1000

2000

3000

4000

Days post-injection

METS15T99

****

0 50 100 150
0

2000

4000

6000

Days post-injectionFo
ld

 C
ha

ng
e 

R
ad

ia
nc

e shSCR
shCDH1

shSCR
shCDH1

Days post-injection

MCF-7
h i j k

shSCR

shCDH1

shSCR
shCDH1

T99

METS15
0.0

0.5

1.0

1.5

R
el

at
iv

e 
C

D
H

1 
Le

ve
ls *

**

0 50 100 150 200
0

1000

2000

3000

4000

Days post-injectionFo
lc

 C
ha

ng
e 

R
ad

ia
nc

e

Vector 
ZEB1

****

Vec
tor

ZEB1
0

1

2

3

4 *

0.33

R
el

at
iv

e 
M

ic
ro

m
et

as
ta

tic
 

Bu
rd

en

T99

METS15
0

1

2

3 **** ***

R
el

at
iv

e 
M

ic
ro

m
et

as
ta

tic
 

Bu
rd

en

l m n o pshCDH1shSCR

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


Aouad et al.  Figure 5

a

PLX304 
 

PLXCDH1
PLX304

PLX
30

4
0

5

10

15

 

****

PLX
30

4
107

108

109 **

PLX
CDH1

PLX
CDH1

PLXCDH1

R
ad

ia
nc

e 
(L

og
 1

0)

b c

R
el

at
iv

e 
C

D
H

1E
xp

.

d

****

k

l m

-D
OX

+D
OX

0

100

200

300

400 ****

-D
OX

+D
OX

0

2

4

6

8

10 ****

-D
OX

+D
OX

0

5

10

15

20

25

R
el

at
iv

e 
E-

ca
d 

In
t. 

(a
.u

) ****

n

fe

-D
OX

+D
OX

0.0

0.5

1.0

1.5

2.0

2.5 
R

ad
ia

nc
e

**

g

R
el

at
iv

e 
Fo

ld
 C

ha
ng

e 

-D
OX

+D
OX

0.0

0.5

1.0

1.5

2.0 **

W
ei

gh
t (

g)
R

el
a t

iv
e 

M
am

m
ar

y 
G

la
nd

h j
P=0.0102

o

0.0 0.1 0.2 0.3 0.4
0.000

0.005

0.010

0.015

CDH1 Exp. Level  

M
KI

67
 E

xp
. L

ev
el

-DOX
+DOXR2=0.74

p q

P=0.0002

r

CDH2
ZEB2

VIM
SNAI1

SNAI2
0

1

2

3

4

R
el

at
iv

e 
m

R
N

A 
Ex

p.

P=0.01
P=0.27

P=0.004

n.s

P=0.26

CDH1
MKI67

0

2

4

6

8

10

R
el

at
iv

e 
m

R
N

A 
Ex

p.

P=0.0081

P=0.013

-DOX
+DOX

i

R
el

at
iv

e 
Fo

ld
 C

ha
ng

e 
R

ad
ia

nc
e

P=0.0004

-D
OX

+D
OX

10

100

1000

10000

100000

1000000

-DOX
+DOX

0 50 100 150 200
0

200

400

600

800

Days post-injection

Fo
ld

 C
ha

ng
e 

R
ad

ia
nc

e

****

Brai
n

Lu
ng

Liv
er

Bon
es

0

1

2

3

4

Fo
ld

 C
ha

ng
e 

R
ad

ia
nc

e

P=0.04n.s

n.s
n.s

-D
OX

+D
OX

0.001

0.01

0.1

1

10

100

-D
OX

+D
OX

0.001

0.01

0.1

1

10

100

R
el

at
iv

e 
M

ic
ro

m
et

as
ta

tic
 

Bu
rd

en

Le
ng

th
 o

f L
es

io
ns

 (μ
m
)

A
re

a 
of

 L
es

io
ns

 (μ
m

2 )

A
re

a 
of

 L
es

io
ns

 (μ
m

2 )

PLX304

RFP

PLXCDH1

-DOX

+DOX

RFP

E-cadIND lentivirus 

Intraductal injection

MCF-7:RFP-Luc

H&E IF

Puromycin selection

D0 5 months 7-8 months

Growth and Metastasis

±DOX Sacrifice
MCF-7:RFP-Luc:E-cadIND

-DOX  versus   +DOX 

In vivo and ex vivo 
measurement 

Histological analysis  

Stereoscope analysis

qRT-PCR analysis

DAPI
E-cad

Lung

-DOX

+DOX+DOX

-DOX

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/


In situ Invasive

(DORMANCY)
EMP

Fibroblast Stroma

Myoepithelial cell > 10 yearsMicro-metastatic cluster

Macro-metastatic cluster

Cancer cell

Awakening

DTCs/Micro-metastasis

E-cadherinLow

EMT-TFHigh

Ki67Low

Macro-metastasis

EM
P 

gr
ad

ie
nt

Time

Early Dissemination

La
te 

Diss
em

ina
tio

n

E-cadherin+
EMT-TFLow

E-cadherin+
EMT-TFLow

Ki67High

Ki67High

Figure 6Aouad et al.  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 26, 2021. ; https://doi.org/10.1101/2021.07.22.453458doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.22.453458
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Aouad et al_2021
	Figures small_18 June 2021[1]
	Figure 1_18 June2021.pdf
	Figure 2_June 2021.pdf
	Figure 3_June 2021.pdf
	Figure 4_April 2021.pdf
	Figure 5_18 June 2021.pdf
	Figure 6_June 2021.pdf


