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SUMMARY
Genetic lineage tracing unravels cell fate and plasticity in development, tissue homeostasis, and diseases.
However, it remains technically challenging to trace temporary or transient cell fate, such as epithelial-to-
mesenchymal transition (EMT) in tumor metastasis. Here, we generated a genetic fate-mapping system for
temporally seamless tracing of transient cell fate. Highlighting its immediate application, we used it to study
EMT gene activity from the local primary tumor to a distantmetastatic site in vivo. In a spontaneous breast-to-
lung metastasis model, we found that primary tumor cells activated vimentin and N-cadherin in situ, but only
N-cadherin was activated and functionally required during metastasis. Tumor cells that have ever expressed
N-cadherin constituted the majority of metastases in lungs, and functional deletion of N-cad significantly
reduced metastasis. The seamless genetic recording system described here provides an alternative way
for understanding transient cell fate and plasticity in biological processes.
INTRODUCTION

Cre-loxP technology has beenwidely used for genetically tracing

cell lineages in development, tissue homeostasis, and diseases

(Kretzschmar andWatt, 2012). The temporally controlled genetic

tracing utilizes tamoxifen-induced CreER-loxP recombination,

such that the Cre-expressing cells and their descendants are

genetically labeled after tamoxifen treatment (Tian et al., 2015).

Importantly, the selected temporal window of tamoxifen treat-

ment depends on the critical information of CreER expression,

which is determined by the gene activity indicative of specific

cell fate. However, cell fate transition in vivo could be dynamic

and transient, which is manifested by transient gene expression
Developmen
(S€uel et al., 2006; Maamar et al., 2007; Weinberger et al., 2008)

and remains technically hard to capture in real time. For

example, epithelial-to-mesenchymal transition (EMT) has been

proposed as an essential step for tumor metastasis, but the

EMT program and genes are usually transiently expressed in tu-

mor cells (Nieto et al., 2016; Cano et al., 2000; Yang et al., 2004;

Mani et al., 2008; Ye et al., 2015). Due to its transient nature,

tracking EMT in tumor metastasis by conventional Cre-loxP re-

mains technically challenging. Whether EMT is involved in the tu-

mor progression to the metastatic state remains as a significant

yet highly contentious subject in the field for the past decade

(Krebs et al., 2017; Xu et al., 2017; Brabletz et al., 2018; Ledford,

2011; Fischer et al., 2015; Zheng et al., 2015; Maheswaran and
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Figure 1. Kit+ Luminal Epithelial Cells Contribute to Mammary Tumor Growth and Metastasis in Lung

(A) Schematic figure showing experimental strategy for tracing Kit+ cells. Tamoxifen (Tam) was induced at 6–7 weeks old.

(B) Flow cytometric analysis of luminal or basal epithelial cells labeled by Kit-CreER. Data are mean ± SEM; n = 5.

(C) Whole-mount fluorescence of adult mammary gland. Insert indicates bright-field image.

(D–F) Immunostaining for tdTomato, basal cell markers K5 and K14, luminal cell markers K8 and K19 (D and E), endogenous estrogen receptor, ER (F) on Kit-

CreER;R26-tdTomato mammary sections. YZ indicates signals from dotted lines on z stack images in (D). Yellow arrowheads, tdTomato+ luminal cells; white

arrowheads, tdTomato� basal cells.

(G) Cartoon image showing Kit+ luminal epithelial cells (LECs) and Kit� basal epithelial cells (BECs).

(H) Generation of tumor lineage tracing model using Kit-CreER;R26-tdTomato;MMTV-PyMT mouse.

(I) Immunostaining for tdTomato, E-Cad, and PyMT on hyperplastic and high-grade mammary tissues.

(J) Quantification of the percentage of PyMT+ tumor cells expressing tdTomato.

(K and L) Immunostaining for tdTomato, K8, K5, or K14 on mammary tissues. Arrowheads, K14+tdTomato+ cells. Hyperplastic lesions in (K) and high-grade

carcinomas in (L).

(legend continued on next page)
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Haber, 2015; Ye et al., 2017; Aiello et al., 2017), and there is a

lack of clear in vivo genetic fate-mapping evidence for EMT.

In this study, we generated a genetic approach to seamlessly

record transient cell fate. Using dual recombinases-mediated

genetic lineage tracing, we examined whether EMT genes,

such as Vimentin and N-cadherin, were activated and function-

ally required from breast-to-lung tumor metastasis. The fate-

mapping results revealed that Vimentin was not activated during

tumormetastasis, nor was it functionally required for tumor EMT.

Instead, tumor cells that have ever expressed N-cadherin consti-

tute the majority of tumor metastases in lung, with increased

expression of other EMT genes and cell invasion capability. Spe-

cific knockout of N-cadherin inmammary epithelial cells resulted

in a significant reduction of tumor metastasis. Our study pro-

vided genetic evidence of the activity and function of EMT

gene N-cadherin in tumor metastasis.
RESULTS

Establishment of Epithelial Cell Tracing in Mammary
Tumors and Metastasis
A recent study demonstrated that the c-KIT tyrosine kinase re-

ceptor (encoded by the Kit gene) was expressed in mammary

luminal epithelial cells (Lim et al., 2009). To genetically trace

these Kit+ mammary luminal epithelial cells in vivo, we generated

a Kit-CreER mouse strain and crossed this strain with loxP re-

porter R26-tdTomato mice to track Kit expression in normal

mammary glands (Figure 1A). Tamoxifen was induced when

these mice were 6–7 weeks old, and tissues were collected

2 days after tamoxifen treatment. Flow cytometric analysis

showed that Kit was mainly expressed in mammary luminal

epithelial cells and not in basal epithelial cells (Figure 1B).

Whole-mount fluorescence images of mammary gland showed

the classic branching patterns of epithelial cells labeled by Kit-

CreER (Figure 1C). Immunostaining for tdTomato, luminal

epithelial cell markers K8 and K19, or basal epithelial cell

markers K5 and K14, on tissue sections showed that tdTomato+

cells were luminal but not basal epithelial cells (Figures 1D and

1E). Of note, these tdTomato+ cells were mainly endogenous es-

trogen receptor (ER)-negative luminal epithelial cells (Figure 1F).

Taken together, the above results demonstrated the specific

expression of Kit in luminal epithelial cells, and Kit-CreER could

be used for genetic tracing of Kit+ mammary luminal epithelial

cells (Figure 1G).

To trace Kit+ luminal epithelial cells during mammary tumor

development and metastasis, we crossed Kit-CreER;R26-

tdTomato mice with MMTV-PyMT (Mouse Mammary Tumor

Virus-Polyoma virus Middle T antigen) mice, which form spon-

taneous breast adenocarcinomas (Lin et al., 2003; Guy et al.,

1992) that resemble the human luminal subtype and have high

lung metastasis penetrance (Figure 1H). Tamoxifen was used

to induce triple-positive mice at 6–7 weeks old, and tissue

samples were collected at the early (8–12 weeks old) or late
(M) Quantification of the percentage of tdTomato+ cells expressing basal cell ma

(N) Whole-mount fluorescence images of lung collected from Kit-CreER;R26-tdT

(O) Immunostaining for tdTomato and PyMT and E-Cad on lung sections.

(P) Cartoon image showing Kit+ cells in mammary tumor growth and subsequen

Scale bars, yellow, 2 mm; white, 100 mm.
(18–24 weeks old) stages of tumor formation. In the hyper-

plastic mammary lesions at the early stage, we found that

Kit+ luminal cells constituted the majority of PyMT+ tumor

cells and these tdTomato+ tumor cells were E-Cad+ (Figures

1I and 1J). These Kit-derived cells expressed luminal cell

marker K8, but not basal cell markers K5, indicating that these

cancer cells kept their luminal epithelial phenotype at an early

stage of tumor formation (Figure 1K). In the high-grade carci-

noma at a later stage, the majority of PyMT+ tumor cells were

tdTomato+ (Figures 1I and 1J). Of note, a subset of tdTomato+

cancer cells expressed basal cell markers K5 and K14, and

quantification data showed that 2.65% ± 0.32% of these

tdTomato+ cells expressed K14 (Figures 1L and 1M), indi-

cating that luminal tumor cells could express basal epithelial

genes in high-grade carcinoma. In the lung tissue at the late

stage of tumor formation, we observed many tdTomato+

lung metastases (Figure 1N), and immunostaining data

showed that these tdTomato+ cells in metastatic lung colonies

were PyMT+ (Figure 1O). The original Kit+ cells residing in the

lung are endothelial cells (Liu et al., 2015). Notably, these

tdTomato+ metastases expressed the epithelial cell markers

E-Cad (Figure 1O), suggesting the epithelial phenotype of

the cells in lung metastases. Thus, Kit+ mammary luminal

epithelial cell contributes to tumor cells in primary tumor

and lung metastasis (Figure 1P). In this study, we used these

mouse strains to explore EMT activity during mammary tumor

development and metastasis.
A Genetic System for Fate Mapping of EMT by
Temporally Seamless Tracing
Conventional lineage tracing is based on an inducible Cre-loxP

system, in which tamoxifen treatment leads to CreER transloca-

tion into the nucleus and results in permanent genetic labeling

(Figure 2AI). Since the gene activity or expression could be tran-

sient and reversible, such as in EMT genes that are transiently

expressed during metastasis, tamoxifen-induced Cre-loxP sys-

tem may not capture these transient EMT gene activities (Fig-

ure 2AII). Therefore, it is technically challenging to capture tran-

sient and reversible EMT gene activity using this previously used

lineage tracing strategy (Figure 2A).

To seamlessly trace and permanently record gene activity in a

defined time window (i.e., from primary tumor to remote metas-

tasis), we took advantage of two orthogonal recombination sys-

tems, Cre-loxP and Dre-rox (He et al., 2017), to monitor EMT

gene activities over time. We first generated Kit-CreER;EMT-

gene-LSL-Dre;NR1 triple knock-in mice, which were referred to

as EMTracer mice throughout this study (Figure 2B). EMTgene-

LSL-Dre was composed of a constitutive Dre recombinase

driven by an EMT gene promoter, and there was a transcriptional

Stop cassette (Stop) flanked by two loxP sites (LSLs) before Dre.

For nested reporter 1 (NR1) (He et al., 2017), Cre-loxP recombi-

nation first resulted in ZsGreen labeling, and Dre-rox recombina-

tion switched the genetic labeling from ZsGreen to tdTomato
rker K14. Data are mean ± SEM; n = 5.

omato;MMTV-PyMT mice. Insert indicates bright-field image.

t metastasis to lung.
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Figure 2. Generation of Dual Recombinases-Mediated Tracing System for Temporally Seamless Recording of Transient EMT Status

(A) Schematic showing strategy for Cre-loxP mediated conventional lineage tracing of transient EMT status. Labeling efficiency depends on inducible CreER

activity; temporal activation of CreER by pulse induction of tamoxifen may not capture transient mesenchymal gene activity.

(B) Schematic showing strategy for Cre-loxP mediated Dre generation and subsequent Dre-rox recombination that switches ZsGreen to tdTomato on NR1

reporter (left). After pulse Tam induction, constitutive Dre recombinase genotype is generated and driven by EMT gene promoter to monitor transient EMT gene

activity (right top). After Tam, the systemwould switch ZsGreen to tdTomato labeling on Kit+ cells that have expressed EMTmarker gene (Dre recombinase) (right

bottom).

(legend continued on next page)
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(Figure 2B). After tamoxifen treatment, Kit-CreER efficiently and

specifically labeled luminal epithelial cells with ZsGreen by NR1

in mammary glands (Figures 2B and S1). Meanwhile, Kit-CreER

also removed the Stop in the EMTgene-LSL-Dre allele, placing

the constitutively active Dre directly under the control of the

EMT gene promoter (i.e., EMTgene-Dre, Figure 2B). Thereafter,

Drewould be expressedwhen the EMT genewas activated, sub-

sequently switching the labeling from ZsGreen to tdTomato (Fig-

ure 2B). Thus, after removal of loxP-flanked Stop cassette, the

activity of the constitutively active Dre would no longer depend

on tamoxifen treatment, and EMTgene-Dre could seamlessly

monitor and record EMT gene activity, even if the EMT gene ac-

tivity was transient, with the permanent genetic marker tdTo-

mato after Dre-rox recombination (Figure 2B).
Generation and Characterization of Vim-EMTracer

We first established a genetic lineage tracing system for EMT

characterized by the activation of vimentin (hereafter abbrevi-

ated as Vim+ EMT). We generated a Vim-CreER knock-in mouse

strain, and by labeling Vim+ cells, we found that Vim was actively

expressed in both fibroblasts (mesenchymal cell lineage) and

endothelial cells in multiple tissues, such as the heart valve,

breast, and lung (Figures S2A–S2C), which was consistent with

previous reports (Kalluri and Zeisberg, 2006; Franke et al.,

1979). In the mammary and lung, Vim was active mainly in

CDH5+ endothelial cells, and a subset of PDGFRa+ fibroblasts,

but not in E-Cad+ epithelial cells (Figures S2D–S2F). We then

generated a Vim-LSL-Dre knock-in mouse allele (Figure S3A)

and then crossed this strain with Kit-CreER;NR1 mice to make

Kit-CreER;Vim-LSL-Dre;NR1 triple knock-in mice to trace Vim+

EMT in Kit+ mammary epithelial cells (hereafter referred to as

Vim-EMTracer, Figure S3B). As internal positive control, mesen-

chymal cells in the endocardial cushion were tdTomato+ cells, as

they were mainly derived from endocardial cells after EMT in the

early developing heart (Figure S3C). In the normal mammary tis-

sues of the adult Vim-EMTracer mice, 0% and 75.42% ± 3.19%

of mammary luminal epithelial cells were tdTomato+ and

ZsGreen+, respectively (Figures 2C and S3D), demonstrating

that there was no Vim+ EMT occurring in normal Kit+ mammary

epithelial cells during homeostasis. As positive control, TGF-

beta addition induced a substantial number of ZsGreen+ mam-

mary tumor cells to switch into tdTomato+ (Figure S3E), indi-

cating these ZsGreen+ epithelial cells were responsive to some

EMT inducers. In the lungs of the same mouse, CDH5+ or

PECAM+ endothelial cells, but not E-Cad+ epithelial cells or

PDGFRa+mesenchymal cells, were efficiently labeled with tdTo-

mato by Vim-EMTracer (Figures 2D and S3F), indicating that

there was vimentin expression in a subset of lung endothelial

cells that also expressed Kit (Liu et al., 2015).

As technical controls, we performed the following three exper-

iments. First, in Vim-EMTracermice without tamoxifen induction
(C, E, G, and I) Whole-mount fluorescence images of mammary and immunostai

week adult mouse. EMTracermousewith tamoxifen treatment (C) andwithout tam

with tamoxifen treatment. Tamoxifen or oil (No Tam) was induced at 6–7 weeks.

(D, F, H, and J) Whole-mount fluorescence images of lung and immunostaining fo

mouse with tamoxifen treatment (C) and without tamoxifen treatment (E), Vim-LSL

indicates signals from dotted lines on z stack images in (D and J).

Scale bars, yellow, 2 mm; white, 100 mm.
(No Tam), no detectable fluorescence signal was found in the

mammary or lung tissues (Figures 2E and 2F), indicating that

there was no leakiness of Vim-EMTracer. Second, in Vim-LSL-

Dre;NR1 mice treated with tamoxifen, no ZsGreen or tdTomato

signal was detected in the mammary or lung tissues (Figures

2G and 2H), indicating that Dre was tightly controlled by

CreER-mediated recombination. Third, in Kit-CreER;NR1 mice

induced with tamoxifen, mammary luminal epithelial cells were

ZsGreen+tdTomato– (Figure 2I), demonstrating that Cre targeted

loxP sites but not rox sites in NR1 and confirming that Cre-loxP

and Dre-rox were orthogonal systems for recombination (Anas-

tassiadis et al., 2009; Zhang et al., 2016). In the lungs of the

samemouse, Kit+ endothelial cells but not E-Cad+ epithelial cells

were ZsGreen+tdTomato– (Figure 2J). These data confirmed the

establishment of Vim-EMTracer mice and demonstrated that

there was no vimentin activity in Kit+ mammary epithelial cells

in normal mammary tissues.
Assessment of Vim+ EMT in Tumor Growth and
Metastasis
To test if a Vim+ EMT program was activated during tumor

growth and metastasis, we crossed Vim-EMTracer mice with

MMTV-PyMT mice to generate Vim-EMTracer;MMTV-PyMT

mice. Tamoxifen induction was performed when these mice

were 6–7 weeks old, and tissue samples were collected at early

(8–12 weeks old) or late (18–24 weeks old) stages of tumor for-

mation (Figure 3A). We could readily detect ZsGreen+tdTomato–

tumor nodules in the mammary tissues but not in the lung

metastases in the early stage of tumor development (Figure 3B).

Immunostaining for PyMT, ZsGreen, and tdTomato onmammary

sections from early stage of tumor formation showed that

76.22% ± 3.54% of PyMT+ tumor cells were ZsGreen+, and

only 0.11% ± 0.049% of PyMT+ cells were tdTomato+ (Figures

3C and 3D), indicating that very few, if any, tumor cells ex-

pressed vimentin in the early stage of tumor progression.

In the late stage of tumor formation, mammary primary tumors

exhibited robust ZsGreen and tdTomato fluorescence (Fig-

ure 3E). Immunostaining for PyMT, ZsGreen, and tdTomato in

mammary sections showed that 74.42%± 3.40% of PyMT+ cells

were ZsGreen+, and 2.06% ± 0.48% of PyMT+ cells were

tdTomato+ (Figures 3F and 3G), indicating that a subset of tumor

cells exhibited Vim+ EMT during tumor growth. Immunostaining

for tdTomato, ZsGreen, and Vimentin on mammary tumors

showed that as subset of tdTomato+ exhibited spindle shape

and expressed Vimentin in the tumor (Figure 3H). In the lung,

we could readily detect ZsGreen+ nodules that ranged from a

small (<100 mm) to a large (>0.5 mm) size (Figure 3I). During

metastasis, we focused on the Kit-derived fluorescent tumor

nodules in the lung for the subsequent analysis of potential

Vim+ EMT. In small metastasis, all PyMT+ cells were ZsGreen+,

and no tdTomato+ tumor cells were found (Figures 3J and 3K).
ning for ZsGreen, tdTomato, and E-Cad on mammary gland sections from 20-

oxifen treatment (E), Vim-LSL-Dre;NR1mouse (G) andKit CreER;NR1mouse (I)

r ZsGreen, tdTomato, and E-Cad on lung sections from same mice. EMTracer

-Dre;NR1mouse (G) and Kit CreER;NR1mouse (I) with tamoxifen treatment.YZ
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Figure 3. Analysis of Vim+ EMT in Primary Tumor and Lung Metastasis

(A) Schematic figure showing experimental strategy. Mammary and lung tissues were collected for analysis at early stage (B–D) and late stage (E–M).

(B) Whole-mount fluorescence image of mammary tissue and lung. T, tumor nodule.

(C) Immunostaining for PyMT, ZsGreen and tdTomato on sections from mammary tissue. Arrowheads indicate tdTomato+PyMT+ tumor cells.

(D) Quantification of percentage of ZsGreen+ or tdTomato+ cells in PyMT+ tumor cells. Data are mean ± SEM; n = 5.

(E) Whole-mount fluorescence image of primary tumor at late stage.

(F) Immunostaining for PyMT, ZsGreen and tdTomato on mammary tumor sections. Arrowheads, PyMT+tdTomato+ tumor cells

(G) Quantification of percentage of ZsGreen+ or tdTomato+ cells in PyMT+ tumor cells. Data are mean ± SEM; n = 5.

(H) Immunostaining for vimentin, ZsGreen, and tdTomato on mammary tumor sections. Arrowheads, Vimentin+tdTomato+ tumor cells.

(I) Whole-mount fluorescence image of lung at late stage. Small size lung metastasis (1, <0.1 mm, arrow) and large size lung metastasis (2, >0.5 mm).

(J and L) Immunostaining for PyMT, ZsGreen, and tdTomato on lung sections. In small size nodules, PyMT+ tumor cells are ZsGreen+tdTomato– (J). In large size

nodule, most PyMT+ tumor cells are ZsGreen+tdTomato–, while a minority of PyMT+ cells are ZsGreen–tdTomato+ (arrowheads, L).

(legend continued on next page)
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In large metastasis, while the majority of PyMT+ cells were

ZsGreen+, a very small number of PyMT+ cells in the periphery

of nodules were tdTomato+Zsgreen– (Figure 3L). These

tdTomato+ tumor cells constituted 0.42% ± 0.083% of PyMT+

cells in the lung metastases (Figure 3M), indicating that very

few, if any, tumor cells exhibited vimentin activity after tumor

colonization.

To demonstrate that these tdTomato+ cells had undergone

Vim+ EMT during tumor growth and expansion after but not dur-

ing metastatic colonization, we also collected lungs before the

mice were 18 weeks old, when there were only small metastatic

colonies (Figure S4A). We found that all tumor metastatic cells in

the lung were ZsGreen+tdTomato– (Figures S4B–S4E). Given

that the tumor cells in small nodules were tdTomato� before

they grew into larger nodules, and considering that very few

tdTomato+ tumor cells were detected in only the large nodules,

usually in the periphery of the nodule (Figures 3L and 3M), it

was likely that ZsGreen+ metastatic cells activated in situ vimen-

tin expression following their colonization, thus, switching from

ZsGreen+ to tdTomato+ labeling in the tumor metastases.

While Vim is not robustly activated during tumor metastasis,

we asked if Vim could be functionally required for tumor metas-

tasis. To address this possibility, we crossed Kit-CreER;Vim-

LSL-Dre;NR1;MMTV-PyMT (heterozygous Vim control mice)

with Vim-LSL-Dre to generate homozygous null allele for Vim.

InKit-CreER;Vim-LSL-Dre; Vim-LSL-Dre;NR1;MMTV-PyMT (ho-

mozygous Vim mutant mice), we could not detect any Vim

expression in mammary tumors collected from Vim null mice,

while Vimwas readily detected in themammary tumors collected

from littermate control mice (Figure 4A). Similarly, we treated

mutant mice with tamoxifen at 6 weeks, and collected mammary

tissues at 18–24 weeks (Figure 4B), and could observe formation

of large mammary tumors exhibiting ZsGreen and tdTomato

(Figure 4C). Immunostaining for ZsGreen, tdTomato, and PyMT

onmutant tumor sections revealed that a subset of PyMT+ tumor

cells had switched from ZsGreen to tdTomato in the primary tu-

mors (Figure 4D). In the lung, many small and large tumor metas-

tases were detected, and virtually all of them were ZsGreen+

(Figure 4E), indicating that lack of Vim did not significantly inhibit

tumor metastasis, nor was the Vim gene promoter activated dur-

ing tumor metastasis. Similar to the control mice, a subset of

tdTomato+PyMT+ cells was detected in the peripheral of some

tumor colonies in the lung (Figure 4F), indicating Vim gene pro-

moter was activated during the growth and expansion of

metastases.

The lack of detectable vimentin activity during the metastasis

process was likely not due to inefficient Stop removal from the

Vim-LSL-Dre allele by Kit-CreER, as vimentin activity could be

readily detected in Kit+ endothelial cells (Liu et al., 2015)

throughout the lung (tdTomato+, Figures 3J and 3L), demon-

strating that the Stop was efficiently removed from the Vim-

LSL-Dre allele by Kit-CreER driver. In addition, we performed

PCR analysis of the Stop DNA cassette in ZsGreen+ cells iso-
(K andM) Quantification of the percentage of ZsGreen+ or tdTomato+ cells in PyMT

mean ± SEM; n = 5.

(N) PCR analysis of genomic DNA from ZsGreen+ cells of tumor. Samples 1–5 we

tamoxifen treatment.

Scale bars, yellow, 2 mm; white, 100 mm.
lated from mammary tumors. ZsGreen+ cells had Stop-removed

DNA signatures in the Vim-LSL-Dre allele (Figure 3N), indicating

that the Kit-CreER-mediated Stop removal in the Vim-LSL-Dre

allele was efficient in tumor cells. Furthermore, all the different

types of internal technical controls confirmed the fidelity of the

EMT genetic tracing in this tumor model (Figure S5). Taken

together, these data demonstrated that there was a lack of Vim

activation during the progression to tumor metastasis, indicating

that breast tumors utilize Vim-independent EMT or an EMT-inde-

pendent mechanism to metastasize.

Generation and Characterization of N-Cad-EMTracer

Wenext employed another commonly used EMTmarker, N-cad-

herin, to generate a lineage tracing system for EMT character-

ized by the activation of N-cadherin (N-cad+ EMT) during tumor

growth and metastasis. We generated the N-cad-LSL-Dre

knock-in mouse strain (Figure S6A) and crossed it with Kit-

CreER;NR1 mice to make the Kit-CreER;N-cad-LSL-Dre;NR1

triple knock-in mouse for the lineage tracing of N-cad+ EMT dur-

ing tumor growth andmetastasis (N-cad-EMTracer, Figure S6B).

As internal control, we could detect tdTomato+ mesenchymal

cells in the endocardial cushion of developing heart (Figure S6C),

demonstrating that endocardial EMT could be genetically traced

by N-cad-EMTracer. Whole-mount fluorescence and immuno-

staining of mammary tissues derived from N-cad-EMTracer

mice showed that the mammary epithelial cells were ZsGreen+-

tdTomato– (Figures 5A, 5B and S6D–S6G), indicating that there

was no N-cadherin activity in Kit+ mammary epithelial cells in

the normal mammary gland during homeostasis. Moreover, no

tdTomato+ cells were detected in the lung (Figure 5A). Immuno-

staining for ZsGreen, tdTomato, and E-Cad on lung sections

verified that there were no tdTomato+ epithelial cells in the lung

(Figure 5B), demonstrating that the N-cad+ EMT program was

not active in normal mammary and lung tissues.

Activity and Requirement of N-cad+ EMT for Tumor
Metastasis
We then crossed N-cad-EMTracermice withMMTV-PyMTmice

to generate N-cad-EMTracer;MMTV-PyMT mice to study N-

cad+ EMT in a tumor model. After tamoxifen induction when

the mice were 6–7 weeks old, we collected mammary tissues

at early (8–12 weeks old) or late (18–24 weeks old) stages of tu-

mor formation for analysis. ZsGreen+tdTomato� tumor nodules

were readily detected at the early stage of tumor development

in the mammary tissues (Figure 5C). Immunostaining for PyMT,

ZsGreen, and tdTomato on mammary sections showed that

77.67% ± 2.63% and 0.22% ± 0.035% of PyMT+ cells in hyper-

plastic lesions were ZsGreen+ and tdTomato+, respectively,

while there were no tdTomato+ epithelial cells in the morpholog-

ically normal glands of the same mammary tissues (Figures 5D

and 5E). These tdTomato+ tumor cells still expressed epithelial

cell marker E-Cad (Figure 5F). Of note, N-cad could be detected

in subset of tdTomato+ tumor cells (Figure 5G). At the late stage
+ fluorescent tumor cells in small (K) or large (M) size lungmetastases. Data are

re from mice with Tam treatment; Sample 0 was lung tissue from mice without
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Figure 4. Analysis of Vim+ EMT in Primary Tumor and Lung Metastasis of Mice with Functional Loss of Vim

(A) Immunostaining for Vim, ZsGreen, and tdTomato on mammary tumor sections.

(B) Schematic figure showing experimental strategy for analysis of mammary tissues and lungs from Vim knockout mice.

(C) Whole-mount fluorescence and bright-field images of mammary tumors.

(D) Immunostaining for ZsGreen, tdTomato, and PyMT on mammary tumor sections. Yellow arrowheads, PyMT+tdTomato+ cells.

(E) Whole-mount fluorescence images of lungs with tumor metastases. Most tumor metastases are ZsGreen+ but not tdTomato+.

(F) Immunostaining for ZsGreen, tdTomato, and PyMT on lung sections. Yellow arrowheads indicate very few PyMT+tdTomato+ tumor cells in the large tumor

metastases in the lung.

Scale bars, yellow, 2 mm; white, 100 mm.
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Figure 5. N-cad+ EMT Program in Primary Mammary Tumor
(A) Whole-mount fluorescence images of mammary and lung of N-cad-EMTracermouse. Inserts are bright-field images. Tamoxifen was induced at 7 weeks and

tissues were collected at 18 weeks.

(B) Immunostaining for ZsGreen, tdTomato, and E-Cad on mammary and lung sections of N-cad-EMTracer mouse. No tdTomato+ cells were detected in

mammary and lung epithelial cells.

(C and H) Whole-mount fluorescence images of mammary tissue collected at early (8–12 weeks) (C) or late (18–24 weeks) (H) stages from N-cad-EM-

Tracer;MMTV-PyMT mouse. Inserts are bright-field images.

(legend continued on next page)
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of tumor formation, when high-grade carcinomas had formed,

the tumor nodules were ZsGreen+ and tdTomato+ (Figure 5H).

Immunostaining for PyMT, ZsGreen, and tdTomato in mammary

sections showed that 73.38% ± 3.76% and 9.46% ± 1.57% of

PyMT+ cells were ZsGreen+ and tdTomato+, respectively (Fig-

ures 5I and 5J). These tdTomato+ tumor cells also expressed

epithelial cell marker E-Cad (Figure 5K), and a subset of

tdTomato+ tumor cells expressedN-cad (Figure 5L). The appear-

ance of tdTomato+ tumor cells at the early stage of tumor forma-

tion and the increase in their number of these cells at the late

stage demonstrated that the N-cad+ EMT program occurred

and increased in frequency over a wide time span during primary

tumor growth and expansion based on a genetic reporter

(tdTomato).

To study tumor metastasis, we collected the lungs of N-cad-

EMTracer;MMTV-PyMTmice at the late stages of tumor devel-

opment to examine N-cad+ EMT (Figure 6A). Whole-mount fluo-

rescence imaging of the lung showed that most tumors were

tdTomato+, while a subset of tumorswere ZsGreen+ (Figure 6B).

These data indicated that most lung metastases (tdTomato+)

had activated EMT gene N-cad, while ZsGreen+ tumor cells

either employed N-cad-independent EMT or an EMT-indepen-

dent mechanism to metastasize. These tdTomato+ cells were

derived from lung metastases labeled by the EMT tracing sys-

tem, as the lungs collected from N-cad-EMTracer siblings re-

mained tumor free and tdTomato� with the same tamoxifen

treatment regime (Figure 6C). In the lung tissues, we focused

on Kit-derived fluorescent tumor metastases for the subse-

quent analysis of N-cad+ EMT. Staining for PyMT, ZsGreen,

and tdTomato in lung sections showed ZsGreen+tdTomato–,

tdTomato+ZsGreen–, or ZsGreen+tdTomato+ hybrid clones

that constituted 21.69% ± 1.72%, 66.28% ± 2.81%, and

12.03% ± 2.61% of the fluorescent tumor colonies in the

lung, respectively (Figures 6D and 6E). We also found that the

majority of small tumor colonies in the lung were tdTomato+-

ZsGreen– (Figure 6F), demonstrating that tdTomato+ tumor

cells were the primary components of lung metastases during

the initial colonization. Of note, we did not detect N-cad expres-

sion in the tdTomato+ tumor cells colonizing the lung (Fig-

ure 6G), suggesting N-cad was less likely to be activated during

colonization. Internal technical controls validated the fidelity of

the EMT fate-mapping results (Figure S7). Taken together,

these data indicated that there was N-cadherin activity and

N-cad+ EMT during tumor growth and metastasis.

To further understand the function of N-cadherin during

lung metastasis, we specifically knocked out the N-cadherin

gene in Kit+ cell lineages by crossing Kit-CreER;N-cad-LSL-

Dre;NR1;MMTV-PyMTmice with mice with a floxed N-cad allele,

N-cad-flox (Kostetskii et al., 2005; Figure 6H). The N-cad allele

would be deleted in Kit+ cells in Kit-CreER;N-cad-LSL-Dre;N-

cad-flox;NR1;MMTV-PyMT mice (mutant). Western immuno-

blotting data showed that the N-cadherin protein was signifi-
(D and I) Immunostaining for ZsGreen, tdTomato, and PyMT on mammary t

tdTomato+PyMT+ cells.

(E and J) Quantification of the percentage of ZsGreen+ and tdTomato+ cells amo

(F and K) Immunostaining for tdTomato, ZsGreen, and E-Cad on tissue sections

(G and L) Immunostaining for N-Cad and tdTomato (tdT) on tissue sections of ea

Scale bars, yellow, 2 mm; white, 100 mm.
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cantly reduced in the primary tumors of mutant mice compared

with that in littermate control mice Kit-CreER;MMTV-PyMT (Fig-

ure 6I). We could readily detect primary tumor formation in the

mammary tissues of N-cad mutant mice (Figure 6J). Notably,

the number of lung metastases in mutant mice was significantly

lower than that in control mice (Figures 6K and 6L). While thema-

jority of tumor metastases in lung were tdTomato in the control

mice, the very few tumor metastases in mutant mice were

ZsGreen+ but not tdTomato+ in the mutant (Figure 6K), which

was confirmed by sectional immunostaining on lung tissues (Fig-

ure 6M). In the mutant mice, while a subset of tumor cells ex-

pressed tdTomato in the primary tumors, cancer cells in the

lung metastases were ZsGreen+ (Figure 6N). These tdTomato+

tumor cells in the mammary tumor also expressed epithelial

cell marker E-Cad (Figure 6O). Taken together, the EMT gene

N-cad was involved during tumor metastasis, and its activity

played a critical role in tumor metastasis.

Finally, we isolated tdTomato+ tumor cells from mammary tis-

sues by FACS and compared the EMT genes with ZsGreen+ tu-

mor cells by qRT-PCR analysis (Figure 7A). While epithelial cell

marker E-Cad was expressed in tdTomato tumor cells, their

expression level was significantly lower than that of ZsGreen+ tu-

mor cells (Figure 7B). Notably, N-cad and Vim were significantly

higher in tdTomato+ tumor cells than ZsGreen+ tumor cells (Fig-

ure 7B). Furthermore, expression of EMT transcriptional factors

Zeb1, Twist, and Snailwas also significantly higher in tdTomato+

cells than those of ZsGreen+ tumor cells (Figure 7B). A transwell

assay revealed increased invasion of isolated tdTomato+ tumor

cells compared with ZsGreen+ tumor cells (Figure 7C). Addition-

ally, immunostaining for Zeb1 and tdTomato onmammary tumor

sections revealed that a subset of tdTomato+ tumor cells ex-

pressed Zeb1 (Figure 7D). To examine if N-cad gene was acti-

vated before extravasation or during colonization into lung, we

used a microwell chip platform to examine the circulating tumor

cells of N-cad-EMTracer;MMTV-PyMT mice. For tumor cells in

circulation, we could find some tdTomato+ EpCAM+ cells, while

ZsGreen+ cells were largely non-tumor cells, as they were he-

matopoietic cells labeled by Kit-CreER (Figures 7E–7G). We

also transplanted the isolated ZsGreen+ cells into littermate

with no fluorescence reporter and examined whether the coloni-

zation into lung would activate N-cad gene (Figure 7H). We found

that these lung metastases were ZsGreen+ (Figure 7I), indicating

that EMT gene N-cad was less likely to be activated during

extravasation and lung colonization.

DISCUSSION

Transient cell fate switch is manifested by transient gene expres-

sion (S€uel et al., 2006; Maamar et al., 2007; Weinberger et al.,

2008). Genetic tracing of transient gene expression in vivo re-

mains technically challenging. The gene of interest could often

be transiently activated in the embryonic stage or earlier stages
issue sections collected at early (D) or late (I) stage. Yellow arrowheads,

ng PyMT+ cells of early (E) or late (J) stage. Data are mean ± SEM; n = 5.

of early (F) or late (K) stage. Yellow arrowheads, tdTomato+E-Cad+ cells.

rly (G) or late (L) stage. Yellow arrowheads, N-Cad+tdT+ cells.



Figure 6. N-cad+ EMT Activity Is Detected in Lung Metastasis with Functional Requirement of N-cad

(A) Schematic figure showing experimental strategy.

(B and C) Whole-mount fluorescence images of lungs collected from N-cad-EMTracer;MMTV-PyMT (B) and N-cad-EMTracer (C) mice.

(D and F) Immunostaining for ZsGreen, tdTomato and PyMT on lung sections shows ZsGreen+ colony (green asterisk), tdTomato+ colony (red asterisk),

ZsGreen+tdTomato+ colony (yellow asterisk), and ZsGreen–tdTomato– colony (white asterisk). Large size lung metastasis (D) and small size lung metastasis (F).

(E) Quantification of the percentage of ZsGreen+tdTomato–, ZsGreen–tdTomato+, or ZsGreen+tdTomato+ colony number among all fluorescent colonies.

(G) Immunostaining for tdTomato and N-Cad on lung sections.

(H) Schematic figure showing experimental strategy for knockout N-cadherin allele by Kit-CreER in tumor model.

(legend continued on next page)
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before the preferred experiment time point. Constitutive recom-

binase directly driven by one gene promoter could seamlessly

trace this gene expression from earliest stages, such as embry-

onic stage, and this loses the resolution to distinguish the exact

time window from other stages when this gene is activated. The

induced seamlessly genetic tracing system reported here not

onlymaintains the advantage of temporal control of initial recom-

bination by tamoxifen-induced Cre, but also relays this inducible

recombination to prime constitutive Dre system for potential

secondary recombination, based on the transient gene expres-

sion related to specific cell fate transition. This genetic system

permits seamless fate mapping of transient cell fate transitions

and could be broadly used in the fields of development, dis-

eases, and tissue regeneration.

In this study, we found the Kit-CreER targeted the majority of

PyMT+ tumor cells in themammary tissue.We also noticed that a

small number of PyMT+ tumor cells remained tdTomato–. This

could be due to the labeling efficiency of Kit-CreER, as it may

not label all Kit+ luminal epithelial cells. An alternative explanation

is that some Kit�mammary epithelial cells may also contribute to

PyMT+ tumor cells. As the majority of tumor cells and their me-

tastases were genetically labeled and traced by our Kit-CreER,

the event of EMT gene activity could be investigated in these

Kit-CreER targeted tumor cells during tumor growth and

metastasis.

Tumor cells may transiently activate an EMT program to ac-

quire a mesenchymal phenotype (Thiery et al., 2009; Nieto

et al., 2016). The reversible activation of EMT also suggests

that there is temporally transient expression of EMT genes dur-

ing tumor growth, metastasis, and disease progression (Yu

et al., 2013). This study provides genetic evidence of the

expression of EMT gene during breast tumor metastasis and in-

dicates that different EMT gene activity or programs can be

used in different tumor types during cancer cell dissemination.

In this study, we first generated a genetic system to seamlessly

trace gene activity in vivo. By using this system, we explored

EMT gene activity in tumor growth and metastasis. In the

MMTV-PyMT mammary tumor model, we found that the EMT

gene N-cadwas activated in and required for tumor metastasis,

while the gene activity of vimentin was not detected during tu-

mor metastasis. Our results suggest that tumor cells may utilize

a distinct EMT gene program to metastasize and colonize

distant organs. Of note, N-cad gene deletion significantly

reduced tumor metastasis in the MMTV-PyMT model. In

many types of solid tumors, the aberrant expression of N-cad-

herin is a hallmark of EMT, resulting in the acquisition of an

aggressive tumor phenotype (Gravdal et al., 2007; Araki et al.,

2011). N-cadherin becomes upregulated in invasive tumor cells

and induces heightened motility, invasion, and metastasis of

breast cancer cells (Nieman et al., 1999; Hazan et al., 2004).

In MMTV-PyMT mouse model of mammary tumorigenesis, N-

cadherin enhanced metastasis by increasing ERK (extracellular

signal-regulated kinase) activation and matrix metallopepti-
(I) Western immunoblotting of N-cadherin protein collected from mutant or litterm

(J and K) Whole-mount fluorescence view of mammary tissues (J) or lungs (K). In

(L) Quantification of the lung metastases (nodules). Data are mean ± SEM; n = 5

(M–O) Immunostaining for tdTomato and ZsGreen (M), or PyMT (N), or E-Cad (O

Scale bars, yellow, 2 mm; white, 100 mm.
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dase-9 expression, and attenuating the Akt pathway to in-

crease cell motility (Hulit et al., 2007; Chung et al., 2013).

Consistently, in our study, N-cad+ tumor cells exhibited higher

EMT gene expression and stronger migratory capacity,

compared with N-cad� tumor cells.

A previous report using an inducible lineage tracing system for

vimentin, Vim-CreER, did not find cells that had activated vimen-

tin in themetastatic outgrowths and concluded that EMTwas not

involved in breast tumor metastasis formation (Fischer et al.,

2015). These negative data could have been due to either a

lack of the Vim gene activity or the insensitivity of the tamox-

ifen-induced Cre-loxP labeling approach for monitoring vimentin

activity during tumor metastasis. In this study, the temporally

seamless lineage tracing strategy showed that the Vim+ EMT

program was involved in MMTV-PyMT tumor growth but not in

metastasis, representing a convincing genetic study of Vim ac-

tivity. Of note, we did observe some tumor cells expressed tdTo-

mato in the peripheral of large-size colonies in the lung, indi-

cating activation of Vim during metastases growth and

expansion. Whether this Vim activation was associated with

chemo-resistance remains to be determined in future. Addition-

ally, we also found that N-cad+ tumor cells expressed higher Vim

compared with N-cad� cells by qRT-PCR analysis. It is possible

that N-cad+ cells are a heterogenous population, and a subset of

N-cad+ cells that metastasize to lungsmay not express vimentin.

As different tumors could utilize different EMT gene programs to

metastasize, it is possible that other types of tumors may utilize

the Vim+ EMT program for metastasis, which merits further

studies using different tumor models and also adding additional

EMT markers for tracing in future.
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Figure 7. Gene Profile of N-Cad+ EMT Cells and Analysis of Circulating Tumor Cells

(A) FACS isolation of ZsGreen+ and tdTomato+ cells from N-cad-EMTracer;MMTV-PyMT mammary tumors.

(B) qRT-PCR of RNA expression of epithelial cell marker E-Cad; EMTmarkers N-cad and Vim; EMT transcriptional factors Zeb1, Twist, and Snail in ZsGreen+ cells

or tdTomato+ cells. Gene expression in ZsGreen+ cells is set as 1. Data are mean ± SEM; n = 5; *p < 0.05.

(C) Cell invasion assay using transwell shows more invasion in tdTomato+ cells than ZsGreen+ cells. Number of relative cell invasion in ZsGreen+ cells is set as 1.

Data are mean ± SEM; n = 5; *p < 0.05.

(D) Immunostaining for Zeb1 and IgG control (left panel) shows specific Zeb1 staining on mammary tumor sections. Immunostaining for tdTomato and Zeb1 on

mammary tumor sections (right panel) shows a subset of tdTomato+ tumor cells expressing Zeb1 (yellow arrowheads).

(E) Schematic figure showing experimental strategy for searching circulating tdTomato+ tumor cells by high-throughput screening.

(F) Image showing a microwell chip platform that accommodates 400 numbered blocks with over 100,000 addressable microwells.

(G) Fluorescence images of ZsGreen+ or tdTomato+ cells in microwells of the chip. Arrowhead indicates tdTomato+ EpCAM+circulating tumor cell that has

undergone N-cad+ EMT.

(legend continued on next page)
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice Generation and Breeding
All mouse studies were carried out according to the Institutional Animal Care and Use Committee of the Institute of Biochemistry and

Cell Biology and Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. The

Kit-CreER, R26-tdTomato, R26-rox-tdTomato, NR1, and MMTV-PyMT were reported previously (Liu et al., 2015; Madisen et al.,

2010; Zhang et al., 2016; He et al., 2017; Guy et al., 1992; Wang et al., 2010). The Vim-CreER, Vim-LSL-Dre, and N-cad-LSL-Dre

knock-in mouse lines were generated by genome editing using CRISPR-Cas9 technology, as described previously (Zhang et al.,

2016). In brief, a cDNA encoding CreER(T2) fusion protein was inserted into the translation start codon of the vimentin, or a cDNA con-

taining loxp-stop-loxp-Dre-polyA (LSL-Dre) cassette was inserted into the translation start codon of the vimentin or N-cadherin gene.

To prevent the leakiness of the stop sequence, multiple polyA sequences were inserted between two loxp loci. To strengthen the

stability of the transcripts, the woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) was also included following

the Dre signal sequence. The Vim-CreER, Vim-LSL-Dre, and N-cad-LSL-Dre knock-in mouse lines were kindly generated by

Shanghai Model Organism Center, Inc. (SMOC). Kit-CreERmice were crossed with R26-tdTomato andMMTV-PyMTmice to obtain

Kit-CreER;R26-loxp-tdTomato;MMTV-PyMT triple positivemice for genetic lineage tracing of c-kit+ cells in mammary tumor and lung

metastases. To generate the genetic tracing system for EMT activity, we crossed Kit-CreERwith EMTgene-LSL-Dre (Vim-LSL-Dre or

N-cad-LSL-Dre) and NR1 mice to acquire Kit-CreER;EMTgene-LSL-Dre;NR1 (EMTracer) triple positive mice for genetic lineage

tracing the epithelial-to-mesenchymal transition in homeostasis. These EMTracer mice were crossed with MMTV-PyMT for genetic

lineage tracing the epithelial-to-mesenchymal transition (EMT) in tumorigenesis and metastasis. Both male and female mice were

used for embryonic study. Female mice were included in this work to study the mammary tumor growth and metastasis in the adult

stage. At least 5 mice were used in each experiment in this study.

METHOD DETAILS

Genomic PCR
Genomic DNA was prepared from embryonic yolk sac or tail of mice. Simply, tissues were lysed in lysis buffer (100 mM Tris HCl (pH

7.8), 5 mM EDTA, 0.2% SDS, 200 mM NaCl and 100 mg/ml proteinase K) overnight at 55�C, followed by centrifugation at maximum

speed (21,130g) for 8 min to obtain supernatants with genomic DNA. Genomic DNA was precipitated by adding isopropanol and

washed by 70% ethanol. PCR primers spanning the genomic DNA and inserted cassette were designed to test for the correct ge-

notype in all mouse lines as described previously. PCR primers for newly generated transgenic mouse lines will be provided if

requested.

Tamoxifen Treatment
To induce Kit-CreER activity in our mouse lines, tamoxifen (Sigma, T5648, 20 mg/ml, dissolved in corn oil) was administered by

gavage at the indicated time points as described previously (Liu et al., 2015). The day of vaginal plug detection was regarded as

E0.5. The dosage of tamoxifen administration was based on the development stage of mice (embryonic experiment, 0.1-0.15mg/

g body weight of pregnant mouse; adult lineage tracing experiment, 4 mg every time every other day, 3 times at the age of 6-7 weeks;

adult expression experiment, 2-3mg tamoxifen for once, and tissues were collect within 48 hours); for N-cadherin protein knockout in

Kit+ cells, mouse was treated with tamoxifen for at least 6 times at the age of 6�8 weeks, 4mg every time every other day.

Whole-mount Fluorescence Microscopy
After mouse was sacrificed, the mouse skin was cut off by scissors and was fixed by needle in place. Then the mammary was

exposed and whole-mount bright-field or fluorescence image was taken using a Zeiss stereo microscope (AxioZoom V16). The third

and fourth mammary glands were usually tested in our experiments. Other tissues, primary tumor and lung were washed in phos-

phate-buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA) at 4�C for 1 hour followed by three times washes with PBS.

Then tissues were placed in PBS on an agar gel for whole-mount bright-field or fluorescence imaging.

Immunostaining and Confocal Fluorescence Microscopy
Immunostaining was performed as according to previously described protocols (He et al., 2016). Briefly, embryos or adult tissues

were collected and washed in PBS to remove excessive blood, and then tissues were fixed in PFA at 4�C for 30 minutes to 1

hour depending on tissue size (embryo: 30 min; adult tissue:�1 hour). After washing in PBS for three times, tissues were dehydrated

in 30% sucrose in PBS overnight at 4�C. Then, embryos or tissues were socked in OCT (Sakura) for 1 hour at 4�C.We embedded the

tissue in block and froze it at -80�C. Usually, 10mm thick cryosections were collected on slides and stored at -20�C until use. For

immunostaining, after air drying for�1 hour at room temperature, tissue section was blocked with blocking buffer (5% donkey serum

and 0.1%Triton X-100 in PBS) for 30min at room temperature and incubated in primary antibody at 4�Covernight. The next day, after

washing out the primary antibodies by washing the section three times with PBS, tissue section was then developed with Alexa Fluor
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fluorescent antibodies (Invitrogen) for 30minutes at room temperature and then fully washing out the antibodies by PBS. Horseradish

peroxidase (HRP)- or biotin-conjugated antibodies (Jackson ImmunoResearch) with a tyramide signal amplification kit (PerkinElmer)

were used for antigens that were hard to detect by Alexa Fluor fluorescent antibodies. We mounted the tissue section with mounting

medium containing the nuclear stain DAPI (Vector Lab). Primary antibodies and dilution ratios are listed below: tdTomato (Rockland,

600-401-379; 1:1,000), ZsGreen (Clontech, 632474; 1:2000), K5 (Covance, PRB-160p; 1:500), K14 (Covance, PRB-155P-100; 1:500),

K8 (DSHB, Troma-I-C; 1:500), K19 (Developmental Studies Hybridoma Bank, TROMA-III; 1:500), E-Cad (R & D, AF748; 1:200), Ep-

CAM (Abcam, ab92382; 1:1000), PyMT (Abcam, ab15085; 1:300), PDGFRa (R & D, AF1062; 1:500), PECAM (BD PHharmingen,

553370; 1:500), CDH5 (R & D, AF1002; 1:100), vimentin (Santa Cruz; sc-7557; 1:100), Estrogen receptor (Abcam; ab32063;

1:300), N-caherin (Thermo Fisher Scientific; 33-3900; 1:300). Images were acquired on an Olympus confocal microscope

(FV1200), a Nikon confocal microscope (A1) or a Zeiss stereo microscope (AxioZoom V16). To obtain z-stack images, we scanned

�6 consecutive XY images on the Z-axis by confocal microscope. The obtained pictures were analyzed by ImageJ (NIH) software.

Mammary Cell Preparation and Flow Cytometry
To analyze the luminal or basal epithelial cells labeled by Kit-CreER, we performed flow cytometric analysis of dissociated tissue after

digestion. The isolation of mammary epithelium cells was performed as previously (Wang et al., 2015). Usually, the third and fourth

mammary glands of female mice were collected and were minced into small pieces. Then the minced tissues were incubated with an

enzyme cocktail (RPMI 1640 with 25 mM HEPES, 5% fetal bovine serum, 1% penicillin-streptomycin-glutamine), 300 U /ml collage-

nase III (Worthington)) at 37�C for 90 min. The fatty waste and most digestive media were removed by centrifugation (1000 rpm,

5 min). The pellets were treated with red blood cell lysis buffer (eBioscience, 00-4333-57) for 5 minutes at room temperature to

lyse the red blood cells. Then a single-cell suspension was obtained by digesting with 0.25% trypsin-EDTA (invitrogen/Gibco/MP)

at 37�C for 5 min and 0.1 mg/ml DNase I (Worthington, LS002139) for 5 min at 37�C with gentle pipetting. The pellet was re-sus-

pended by adding Hank’s Balanced Salt Solution (HBSS) containing 5% FBS and then the cells were filtered through 70 mm cell

strainers (BD Biosciences). The dissociated cells were centrifuged and then were re-suspended by adding 50 ml of Violet dye (Invi-

trogen L34955, 1:1,000 in PBS), incubated at 4�C for 30 min to gate living cells. Afterwards, cells were treated with Fc block solution

(eBioscience, 14-0161-82, 1:100 in Isolation buffer) at room temperature for 5min and then incubatedwith antibody at 4�C for 30min.

The FACS antibodies CD24 (eBioscience, 17-0291; 1:100), CD29 (eBioscience, 13-0291; 1:20) were used to gate mammary luminal,

basal and stromal cells. CD31 (eBioscience, 25-0311; 1:40), CD45 (eBioscience, 25-0451; 1:200), and TER119 (eBioscience, 25-

5921-82; 1:200) were also used to exclude the lineage positive populations. We performed flow cytometric analysis on Aria II

Flow Cytometer (BD Bioscience), and the raw data was processed using Flowjo (TreeStar).

Tumor Cells Isolation and Flow Cytometry
For mammary tumor, cells were isolated as according to a previous protocols (Fischer et al., 2015). Tumor tissues were isolated from

mouse andwashed in PBS to remove excessive blood andwaste. Then tumor tissues wereminced into�1mm3 blocks and digested

in an enzyme cocktail (collagenase A (Roche, 10103578001), elastase (Worthington, LS002279), and DNase I (Worthington,

LS002139)) in HBSS buffer at 37�C for 60 min. The cell suspension was filtered through 40 mm cell strainers (BD Biosciences) and

the cells were treated with red blood cell lysis buffer (eBioscience, 00-4333-57) for 5 minutes at room temperature to lyse the red

blood cells. Then cells were washed with PBS for three times and re-suspended by DMEM/F12. The dead cells were identified by

adding DAPI. We sorted ZsGreen+ and tdTomato+ cells by Aria II cell sorter (BD Bioscience).

Transplantation Experiment
ZsGreen+ and tdTomato+ cells isolated from EMTracer tumor mouse were diluted in sterile PBS. Cells were injected into tail vein of

littermate control that were reporter negative by a dose of 5x 105 for one mouse, the volume of injection was limited to 200ml. About

one month later, lung tissues were collected for analysis.

TGF-beta Induction
To test our EMTracer system could be induced by TGF-beta in vitro cell culture, we isolated ZsGreen+ cells of the mammary tumor of

EMTracer;MMTV-PyMTmouse and cells were cultured in DMEM with 2% FBS and 2ng/ml TGF-beta (Novus Biologicals) for 5 days,

then cells were imaged by a Zeiss stereo microscope (AxioZoom V16).

Transwell Assay
To test the invasion of N-cad positive tumors, ZsGreen+ and tdTomato+ cells isolated from N-cad-EMTracer;MMTV-PyMTmice. We

add 300ml complete medium to each well (24-wells), then we place the inserts in wells and add each insert with 50ml matrigel at a

concentration of 1 mg/ml, then incubate at 37�C for 1 hour. Cells were resuspended in serum-free media at a concentration of 2 x

105 cells/ml. We add 500ml to the top chamber of each well and incubated at 37�C for 24 hours. Imaging and quantification for

the cells attached on each well. Images were acquired by an Olympus XI73 microecope. Each assay was repeated in 5 times.

PCR Analysis of DNA for Recombination Efficiency
We performed PCR analysis to test the efficiency of Stop sequence removal on EMTgene-LSL-Dre allele by Kit-CreER after tamox-

ifen administration. Briefly, ZsGreen+ mammary tumor tissues were collected and the genomic DNA from ZsGreen+ cells was pre-
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pared for PCR. PCR primers spanning the vimentin promoter and inserted Dre cassette were designed (forward:

TTGTCCAGTCCTCTGCCACTCTTG, reverse: TACTCCTTGCCGATGTTCCTCAGG). After the Stop sequence on Vim-LSL-Dre allele

was removed by Kit-CreER, the band size was 295bp; if the Stop sequence was not removed, a larger size band (2057bp) would be

detected.

RNA Extraction and Quantitative RT-PCR
Total RNA was extracted from ZsGreen+ and tdTomato+ cells isolated from EMTracer tumor mouse treated with tamoxifen. Cells

were lysed with Trizol, the total RNA extraction was performed as according to the instructions of Invitrogen. The total RNA was

reverse transcribed in cDNA by a PrimeScript RT kit (Takara). We used SYBR Green qPCR master mix (Applied Biosystems) to

do qRT-PCR and cDNAwas amplified on a StepOnePlus Real-time PCR System (Applied Biosystems).Gapdhwas used as a internal

control.

Western Blot
Mammary tumor tissues were removed from experimental and control group, mammary tumor tissue from MMTV-PyMT was

removed for control. Tissues were washed in 1x PBS to remove massive blood. Then about 20mg tissues were lysed with 400ml

RIPA lysis buffer (Beyotime, P0013B), smashed with refiner and incubated at room temperature for 30min, followed by centrifugation

at 12,000 g at 4�C for 10 min to get the protein superatant. All protein samples were mixed with 5 x loading buffer and boiled for

10�15min. The total proteins were resolved by 10% SDS PAGE and then transferred onto the polyvinylidene fluoride (PVDF) mem-

brane (Immobilon,Millipore) by aMini Trans Blot system (Bio-Rad). Themembraneswere blockedwith PBST (10mMTris-HCl pH 8.0,

150 mM NaCl and 0.5% vol/vol Tween-20) containing 5% BSA at room temperature for 1h. Then, membranes were incubated with

primary antibodies at 4�C overnight. The next day, after washing primary antibodies with PBST for 3 times, membranes were incu-

bated with HRP-conjugated secondary antibodies at room temperature for 1h. Finally, signals were detected by enhanced chemi-

luminescence (Pierce) according to the manufacturer’s instructions. Antibodies and dilution ratios are listed below: anti-N-cadherin

(Santa Cruz, sc-31030, 1:1000), anti-b-actin (Proteintech, 60008-1-Ig, 1:1000), HRP-anti-goat IgG (Jackson ImmunoResearch, 705-

035-147; 1:5000), HRP-anti-mouse IgG (Jackson ImmunoResearch, 715-035-150; 1:5000).

Microwell Chip Assay
To identify the candidate CTCs in whole blood, we performedMicrowell chip assay as previously described (Tang et al., 2017). Briefly,

the mice were treated with 200ml heparin (6.25U/ml) through intraperitoneal injections. 15 minutes later, the mice were anesthetized

with pentobarbital sodium at 80 mg/kg body weight intraperitoneally. We collected �1 ml blood through the right ventricle by a nee-

dle. Then, blood was transferred into EDTA-contained vacutainer (BD, 367841) tubes and processed within 1 hour. Then blood was

treated with red blood cell lysis buffer to lyse the red blood cells and cells were counted by Countless II (Thermo), then incubated with

EpCAM antibody (eBioscience, 17-5791-82; 1:200). The images were acquired on ImageXpress MicroXLS Widefield High Content

Screening System (Molecular Devices) and were analyzed by ImageJ (NIH) software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented means ± SEM. Statistical analyses were performed on the mean values of biological replicates in each group

using unpaired two-tailed Student’s t test for comparison of differences between two groups; while date from over two groups

was analyzed by ANOVA with Tukey’s multiple comparisons test using GraphPad Prism method for multiple comparisons. P <

0.05 was considered statistically significant. In each experiment, 5 biological replicates were used for quantification and statistical

analysis.
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