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Abstract

We developed stromal- and epithelial-specific cre-transgenic

mice to directly visualize epithelial-mesenchymal transition

(EMT) during cancer progression in vivo. Using three different

oncogene-driven mouse mammary tumor models and cell-fate

mapping strategies, we show in vivo evidence for the existence

of EMT in breast cancer and show that myc can specifically

elicit this process. Hierarchical cluster analysis of genome-

wide loss of heterozygosity reveals that the incidence of EMT

in invasive human breast carcinomas is rare, but when it

occurs it is associated with the amplification of MYC . These

data provide the first direct evidence for EMT in breast cancer

and suggest that its development is favored by myc-initiated

events. [Cancer Res 2008;68(3):937–45]

Introduction

The transdifferentiation of epithelial cells to a more mesenchy-

mal state, typically called epithelial-mesenchymal transition (EMT),

is an essential process for normal embryonic development that has

been implicated in the progression toward an advanced cancer

phenotype (1–5). EMT is a multistep process characterized by the

loss of cell-to-cell junctions and reorganization of the cytoskeleton,

which together result in the loss of apical-basal cell polarity and the

acquisition of spindle-shaped morphology (6). This is associated

with a decrease in epithelial-specific gene expression, including

E-cadherin, and a gain in mesenchymal-specific gene expression.

During tumor progression, these changes are thought to ultimately

promote tumor cell migration across the basement membrane and

invasion into the surrounding microenvironment. EMT in cancer,

however, has been inferred predominantly from in vitro studies and

the expression of cell type–specific markers (7–9). From these

studies, epithelial tumor cells that are presumed to undergo EMT

acquire a spindle cell morphology that is histologically indistin-

guishable from normal mammary stromal cells. Because tumor

cells in vivo have not yet been unambiguously marked and their

fate traced during tumor progression, the actual origin of tumor-

associated spindle-shaped mesenchymal cells is not known, and

hence the occurrence of EMT in cancer remains speculative (10, 11).

Tumor-associated fibroblasts are believed to influence tumor

behavior and outcome, and thus understanding their biology is of

importance to the overall understanding of cancer. A fundamental

premise of EMT in the context of cancer implies that a tumor-

associated fibroblast that arises from an EMT event contains a

similar set of genetic and/or epigenetic insults as the epithelial

tumor cell from which it originated. Because of their genetic

differences, fibroblasts that originate from tumor cells would be

expected to affect the behavior of cancers differently than

fibroblasts that originate from normal mesenchymal progenitors.

Whereas results from a large body of work done in vitro points to a

critical role of EMT in cancer progression, its importance in cancer

ultimately rests on whether it actually occurs in vivo . The absence

of direct evidence for EMT in cancer has therefore raised

substantial controversy. To assess the existence of EMT in breast

cancer in vivo , we developed a genetic system to independently

mark epithelial and stromal cells and observe their fate following

cancer progression via the expression of cre and the Rosa26LoxP

reporter allele (12). We also determined genome-wide loss of

heterozygosity (LOH) in both epithelial and stromal cells to assess

the occurrence of EMT in invasive human breast carcinomas.

Materials and Methods

Generation of FSP-cre transgenic mice. The transgene vector for Fsp1-

Cre-BGH was created by inserting the BGH polyadenylate signal and the

multiple cloning site of pcDNA3 (InvitrogenCA) into a modified pBluescript

II plasmid backbone (Stratagene). The 3.1-kb Fsp1 gene promoter (S100a4 ;

refs. 13, 14) extending 1.9 kb upstream of exon 1 to the end of intron 1

(1.2 kb) was long-range PCR amplified (Long Template System) from

C57BL/6NTac genomic DNA and cloned into the multiple cloning site of the

vector. The Cre recombinase open reading frame from pMC-Cre (15) was

PCR amplified and inserted between the Fsp1 promoter and the BGH

polyadenylate signal. Cloning was completed by standard protocols and all

fragments were verified by DNA sequencing. All microinjection constructs

were injected into pronuclear stage FVB/N mouse embryos, as previously

described (16, 17), after the Fsp1-Cre-BGH fragment was excised by PacI

(New England Biolabs) digestion and gel purified.

Genotyping of transgenic mice. DNA was isolated from mouse tail

tips and genotyped by PCR analysis using the following primer sets (5¶ to

3¶): WAP-myc , CACCGCCTACATCCTGTCCATTCAAGC ( forward) and

TTAGGACAAGGCTGGTGGGCACTG (reverse), 240 bp; MMTV-rtTA ,

AGTATGCCGCCATTATTACGAC ( forward) and CGATGGTAGACCCG-

TAATTGTT (reverse), 170 bp; teto-myc , GGAATGGCAGAAGGCAGG

( forward) and GCAGTAGCCTCATCATCACTAGATGG (reverse), 580 bp;
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MMTV-neu , GGAACCTTACTTCTGTGGTGTGAC ( forward) and TAGCA-

GACACTCTATGCCTGTGTG (reverse), 500 bp; MMTV-PyMT, TTCGATCC-

GATCCTAGATGC ( forward) and TGCCGGGAACGTTTTATTAG (reverse),

180 bp; WAP-cre , CCAAGAAGGAAGTGTTGTAGCC ( forward) and

TCCAGGTATGCTCAGAAAACG (reverse), 240 bp; FSP-cre , ATGCTTCTG-

TCCGTTTGCCG ( forward) and CAATGCGATGCAATTTCCTC (reverse),

1,082 bp; teto-cre , ACTTGCAGTTCTTGCAGGC (common), CCGTAGCTC-

CAGCTTCACC (wild-type), 588 bp, and CATTTCGTGATGAATGCCAC

(cre), 668 bp; MMTV-cre , CCTGTTTTGCACGTTCACCG ( forward) and

ATGCTTCTGTCCGTTTGCCG (reverse), 260 bp; and Rosa26LoxP,

AAAGTCGCTCTGAGTTGTTAT (common), GCGGGAGAAATGGATAT

(wild-type), 550 bp, and GCGAAGAGTTTGTCCTCAACC (transgene),

260 bp.

Mammary tumor models. All animals used for this study were in mixed

background of C57BL/6NTac and FVB/NTac, except the MMTV-rtTA/teto-

myc/teto-cre model, which was in a 10th generation FVB/N background.

Pregnancies forWAP-myc andWAP-cre induction were started at 8 weeks of

age. Females with the MMTV-neu andWAP-myc oncogenes completed three

pregnancies; however, due to the rapid tumor onset in the MMTV-PyMT

model, MMTV-PyMT–positive animals were pregnant only once. Animals

were monitored twice a week until tumor onset and sacrificed when the

largest tumor was f2 cm or presented a health problem to the animal,

such as exterior ulceration at the site of the tumor. Induction of the MMTV-

rtTA/teto-myc system with doxycycline water (2 mg/mL final) was started

at 8 weeks of age and continued until animals were sacrificed.

Tissue processing and 5-bromo-4-chloro-3-indolyl-D-galactopyrano-

side staining. Large individual tumors (typically f1–2 cm) were excised

with portions processed for in situ 5-bromo-4-chloro-3-indolyl-D-galacto-

pyranoside (X-gal) staining (below) as well as optimum cutting temperature

(OCT) compound embedding (Sakura). Mammary tissue containing small

nodes was fixed and stained directly. The lungs and liver were also collected

to determine if metastasis had occurred. Tissues were fixed [2%

paraformaldehyde/0.2% glutaraldehyde in a 100 mmol/L sodium phosphate

buffer (pH 7.4)] for 2 to 2.5 h at 4jC, washed for 10 min twice in 1� PBS,

and then stained in an X-gal solution [4 mmol/L potassium ferricyanide

(Sigma), 4 mmol/L potassium ferrocyanide (Sigma), 2 mmol/L magnesium

chloride (Sigma), 0.2% IGEPAL CA-630 (NP40 substitute; Sigma), 0.1%

sodium deoxycholic acid (Calbiochem), and 1 mg/mL X-gal (Gold

BioTechnology) in PBS] for 18 h at room temperature protected from light.

X-gal–stained tissue was washed for 10 min twice with PBS and postfixed in

10% neutral-buffered formalin (Richard Allen) for 48 h at 4jC. Samples were

then paraffin embedded, cut into 5-Am sections, and counterstained with

nuclear fast red and H&E. For each X-gal–positive tumor, three sets of

sections were obtained at 50-Am intervals for analysis. Corresponding OCT-

embedded tissue was sectioned (5 Am) in a similar manner and dried

15 min (room temperature) before fixing [0.2% glutaraldehyde, 1.25 mmol/L

EGTA (pH 7.3), 2 mmol/L magnesium chloride in 1� PBS] for 30 min. The

sections were washed with LacZ wash buffer [2 mmol/L magnesium

chloride, 0.01% sodium deoxycholate, 0.02% IGEPAL CA-630 (Sigma) in PBS]

for 5 min thrice and stained in LacZ solution (4 mmol/L potassium

ferricyanide, 4 mmol/L potassium ferrocyanide, 1 mg/mL X-gal in LacZ

wash buffer) protected from light in a 37jC water bath overnight (f18 h).

Sections were washed in PBS for 5 min thrice and then overnight before

being rinsed with water for 2 min and counterstained with nuclear fast red.

A consecutive section was fixed in 37% formaldehyde for 20 s at room

temperature and H&E stained.

Fluorescent immunohistochemistry. All primary and secondary anti-

bodies were diluted in DAKO diluent (DAKO) and applied in the following

pairs: goat anti-vimentin (1:50, C-20; Santa Cruz Biotechnology) or goat

anti-fibronectin (1:100; Santa Cruz Biotechnology) with donkey anti-

goat-Alexa dye conjugate (1:250; Invitrogen/Molecular Probes); guinea pig

anti–cytokeratin 8/18 (1:150, RDI-PROGP11; Research Diagnostics) with

biotinylated donkey anti–guinea pig (1:500; Jackson Immunochemicals) and

streptavidin-Alexa dye conjugate (1:250; Invitrogen/Molecular Probes); and

mouse anti–E-cadherin (1:700; BD Biosciences) with donkey anti-mouse-

Alexa dye conjugate (1:500; Invitrogen/Molecular Probes). Frozen sections

were cut and dried as above, fixed in cold acetone (4jC) for 10 min, and

washed in PBS for 10 min. The remaining steps were done at room

temperature, rinsing for 1 � 5 min with PBS in between. Sections were

blocked with M.O.M. blocking reagent (Vector Labs) for 30 min and rinsed,

incubated with primary antibody for 30 min and rinsed, and then incubated

with a fluorescently labeled or biotinylated secondary antibody for 15 min

and rinsed. Following the biotinylated secondary antibody use, the

streptavidin-Alexa dye conjugate was applied for 15 min. The primary/

secondary incubations were repeated consecutively for each antibody to

achieve double and triple labeling. Sections were washed for 5 min with TBS

before incubating with 4¶,6-diamidino-2-phenylindole (DAPI; 100 Ag/mL in

TBS) for 2 min. Sections were washed in TBS followed by a brief rinse in

deionized water and coverslipped using Gel/Mount (Biomed).

Images. Photographs of histologic and immunofluorescent sections were

taken with an Axio digital camera (Zeiss) mounted on an Axioskop

microscope (Zeiss). Whole-mount photographs were taken with a Coolpix

5700 digital camera (Nikon). Image files were processed using Photoshop 7.0

(Adobe) or AxioVision 4.3 software (Zeiss).

Laser capture microdissection from human breast carcinomas. One

hundred thirty-one samples originating from 131 women with clinically

sporadic, stage I, II, or III invasive breast carcinomas were subjected to laser

capture microdissection using the Arcturus PixCell II microscope (Arcturus

Engineering, Inc.) to obtain epithelial carcinoma and tumor stromal

fibroblasts as previously described (18). Corresponding noncarcinomatous

tissue for each carcinoma sample was procured from separate blocks, which

were diagnosed by pathologists as containing no carcinomatous tissue (first

choice), or, if not possible, from nonneoplastic tissue at a distance from the

cancer. In the latter cases, noncarcinomatous tissues were separated from

the carcinomatous tissues by normal fat tissue layers. These breast cancer

samples were obtained from archived samples in an anonymous fashion,

unlinked to patient identifiers as approved by the institutional committee

for the protection of human subjects.

Total genome LOH scan. Genomic DNA was extracted as previously

described (18, 19) with the exception that incubation in proteinase K was

done at 65jC for 2 days. PCR was done using DNA from each compartment

of each sample and primer sets, which define 381 microsatellite markers in

72 multiplex panels as recommended by the manufacturer (Research

Genetics). Genotyping was done with an ABI 377xl or 3700 semiautomated

sequencer (Applied Biosystems, Perkin-Elmer Corp.). The results were

analyzed by automated fluorescence detection using the GeneScan

collection and analysis software (GeneScan, ABI). Scoring of LOH was done

by inspection of the GeneScan output. A ratio of peak heights of alleles

between germ-line and somatic DNA z1.9:1 was used to define LOH in this

study, as with previous studies (20).

Statistical analyses. Informative LOH data from the 262 samples (131

epithelial and 131 stromal derived samples) were used for hierarchical

cluster analysis (20). The clustering analysis was based on a dissimilarity

matrix, constructed by computing for each pair of samples the frequency of

concordance of LOH across all markers that are informative for both

samples. Fisher’s exact test was used to compare frequencies of allelic

imbalance at a given marker between two groups. An imbalance is defined

as either amplification or LOH. Therefore, the calculated P value compares

the type of allelic imbalance versus the total number of imbalances

detected. From five imbalances found in the epithelial samples, all were of

amplification type (5 of 5 or 100%). Among the 42 imbalances found in the

remaining 117 samples, only 20 were of the amplification type (20 of 42 or

48%). Thus, when we used the Fisher exact test to compare 5 of 5 versus 20

of 42, it resulted in P = 0.05.

Results

Generation of a genetic system to mark mammary epithelial

and stromal cells in vivo . To assess the existence of EMT in breast

cancer in vivo , we used the Rosa26LoxP reporter mouse to

genetically mark tumor epithelial and stromal cells independently

and determine their fate during tumor progression. The condi-

tional Rosa26LoxP reporter locus contains a ‘‘floxed stop cassette’’

located in front of the LacZ gene. Cre-mediated deletion of the

Cancer Research

Cancer Res 2008; 68: (3). February 1, 2008 938 www.aacrjournals.org



upstream floxed stop cassette leads to the induction of LacZ

expression, which can be easily visualized as blue cells by

histochemical staining with X-gal. Activation of the Rosa26LoxP

reporter in mammary epithelial cells was achieved by cre

expression under the control of either the whey acidic protein

(WAP-cre) or the mouse mammary tumor virus (MMTV-cre)

promoters (21). Expression from the WAP promoter is strictly

induced by pregnancy, whereas expression from the MMTV

promoter is relatively independent of pregnancy. Cre expression

in mammary stromal cells was driven by the fibroblast specific

protein-1 (Fsp-1) promoter (FSP-cre ; ref. 22). Expression of Fsp-1

has been associated with the early steps of EMT before the point

that the characteristic morphologic changes take place (23).

Because the expression of Fsp-1 is an early event during EMT, we

reasoned that FSP-cre mice could represent an effective tool to

rigorously monitor the initiation of EMT in vivo . X-gal staining of

mammary glands revealed the expected epithelial-specific expres-

sion of cre in virgin MMTV-cre (Fig. 1; blue-stained tissue) and

pregnant WAP-cre mice (Supplementary Fig. S1). In contrast, the

expression of cre in FSP-cre mice was observed in the majority of

stromal cells surrounding the epithelial ducts of the mammary

gland (Fig. 1A and B). Cross sections of X-gal–stained glands from

FSP-cre mice revealed blue cells that had the characteristic

morphology of adipocytes and fibroblasts (Fig. 1B). Cell-specific

marker analysis for epithelial (cytokeratin 8/18) and mesenchymal

(vimentin) cells showed that expression of cre in pregnant WAP-cre

mice was restricted to cytokeratin-positive epithelial cells (Fig. 2A).

Conversely, the expression of cre in virgin and pregnant mammary

glands of FSP-cre mice was restricted to vimentin-positive cells,

with no detectable expression in cytokeratin-positive cells (Fig. 2B

and C). The generation and characterization of the temporal and

tissue-specific expression of cre in this FSP-cre mouse model will

be presented elsewhere.8

EMT occurs in myc-initiated tumors. We used these WAP-cre

and FSP-cre transgenes to label epithelial and stromal cells in the

mammary gland to assess the occurrence and frequency of EMT in

Figure 1. Analysis of epithelial and stromal cre expression in the mouse mammary gland. Mammary tissue obtained from virgin MMTV-cre;RosaloxP or
FSP-cre;RosaloxP mice were attached to glass slides and stained for h-galactosidase activity in situ. Images of the glands were acquired with a handheld digital camera,
whereas the mammary duct structures (insets ) were captured by digital microscopy using the same gland (A). Higher magnification of whole mount tissues and
stained histologic sections from other glands vividly illustrate the different staining patterns for MMTV-cre and FSP-cre mammary tissue (B). For better visualization,
h-galactosidase–stained tissue sections were counterstained with the nuclear specific dye, nuclear fast red.

8 Trimboli et al., in preparation.
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three mouse models of breast cancer: WAP-myc (24), MMTV-neu

(25), and MMTV-polyoma middle T antigen (MMTV-PyMT ; ref. 26).

Although not representative of all known genetic abnormalities

in breast cancer, these three models have unique molecular,

cellular, and clinical features that can be used to evaluate different

aspects of this heterogeneous disease. In neu-initiated mammary

tumors, cells are uniformly undifferentiated with small nuclei, fine

chromatin, and abundant eosinophilic cytoplasm (27). These cells

form solid tumors with little stroma that are locally invasive in the

absence of myoepithelial cells and squamous metaplasia. The

PyMT tumors tend to have more stroma, with some glandular

differentiation or cyst formation (28). In contrast, myc-induced

Figure 2. h-Galactosidase and immunofluorescence
staining of frozen mammary tissue sections.
To determine the cellular location of the cre
transgenes using the LacZ marker, h-galactosidase
activity was visualized by X-gal staining (blue
precipitate) and nuclear fast red dye counterstaining.
Identification of cell types was determined with
antibodies to vimentin (green ; mesenchymal) and
cytokeratin 8/18 (red ; epithelial) to carry out
immunofluorescence staining on a consecutive
frozen section counterstained with the nuclear
fluorescent dye DAPI. The tissues shown are
pregnant mammary gland from a WAP-cre;
Rosa26loxP mouse (A) and nonpregnant (B)
and pregnant mammary glands from FSP-cre;
Rosa26loxP mice (C ).
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tumors contain larger cells with pleomorphic nuclei, coarse

chromatin, and amphophilic cytoplasm. Importantly, these tumors

are glandular in nature and have abundant stromal cells that

surround the invasive tumors. Triple transgenic female mice

possessing one of the three oncogenes,WAP-cre or FSP-cre , and the

Rosa26LoxP reporter were generated by appropriate interbreeding.

Tumor-bearing females were harvested when the largest tumor was

2 cm in diameter. The frequency of EMT in each of the mammary

tumor models was initially evaluated by the expression of WAP-cre

in the tumor stroma and by expression of FSP-cre in the tumor

epithelium. Epithelium- and stroma-specific expression was

subsequently confirmed by immunofluorescent staining with

epithelial- and mesenchymal-specific antibodies.

When WAP-cre was used to mark epithelial tumor cells,

approximately half of the WAP-myc tumors stained positive for

X-gal, indicative of the characteristic heterogenous pattern of

expression from the WAP-cre transgene (ref. 21; data not shown).

Strikingly, more than half of myc-initiated tumors contained

considerable amounts of stromal tissue that stained blue (Fig. 3A ;

Supplementary Fig. S2A and B). In each case, the X-gal–positive

stroma was located immediately adjacent to the tumor site and

extended at least five cell layers deep. Histologic analysis of H&E

sections revealed that the X-gal–positive cells had the character-

istic morphologic features of mesenchymal tissue, including

spindle-shaped cells with elongated nuclei and undefined cell

borders, which were indistinguishable from other X-gal–negative

Figure 3. Immunofluorescent staining for cellular markers in EMT and non-EMT tumors. Frozen sections from WAP-cre;WAP-myc ;Rosa26loxP–labeled tumors
were stained with X-gal. Note the blue staining in the stromal (ST ) compartment surrounding the tumor (T ); the stroma-tumor boundary is demarcated by the
dotted-yellow line (A ). Frozen mammary tumor sections from WAP-myc (myc ) and MMTV-PyMT (PymT ) mice were stained with two epithelial-specific markers,
cytokeratin 8/18 (blue ) and E-cadherin (green ), and with a mesenchymal-specific marker, fibronectin (red ; B). The left column contains low-magnification
images from the WAP-myc tumor; the stroma-tumor boundary is demarcated by the dotted-yellow line. The center column contains higher-magnification images from
the region in the left column outlined by the yellow rectangle. X-gal staining of tumors from the MMTV-neu (neu ) and MMTV-PyMT (PymT ) models (C ).

EMT in Breast Cancer
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mesenchymal tissue in the vicinity. We then used epithelial-

(cytokeratin and E-cadherin) and mesenchymal- ( fibronectin)

specific cell markers to confirm the identity of the X-gal–positive

spindle shaped cells adjacent to the primary tumor. Immunoflu-

orescence staining of consecutive sections revealed that some of

these blue spindle-shaped cells expressed fibronectin only, whereas

others expressed either fibronectin and cytokeratin or all three,

fibronectin, cytokeratin, and E-cadherin (Fig. 3B, left and center

columns), indicating a spectrum of late EMT stages within the same

tumor microenvironment. In contrast to WAP-myc–initiated

tumors, pathologic examination of MMTV-neu and MMTV-PyMT

tumors revealed no blue cells displaying mesenchymal morphology,

suggesting that late-stage EMT had not occurred in these tumor

models (Fig. 3C ; Supplementary Fig. S2A). Indeed, epithelial tumor

cells staining positive for E-cadherin or cytokeratin 8/18 were

distinctly separated from stromal cells staining positive for

fibronectin (Fig. 3C, right column), confirming the absence of

EMT in neu- and PyMT-initiated tumors.

To identify early EMT events in myc-initiated breast cancer,

tumor-bearing WAP-myc ;FSP-cre;Rosa26LoxP mammary glands were

analyzed by X-gal and H&E histochemical staining. As expected,

the mammary gland stroma stained positive for X-gal. Importantly,

distinct areas of blue staining were observed within the epithelial

tumors (Fig. 4A). These areas contained blue cells that were

cuboidal in shape and arranged into the characteristic glandular

structures that form in response to myc overexpression (Fig. 4A

and B ). The X-gal–positive tumor epithelial cells retained

cytokeratin and E-cadherin expression, confirming the presence

of early-stage EMT in myc-initiated tumors (Fig. 4B and data not

shown). Therefore, FSP-cre expression could identify EMT events

that have not yet gone to completion. The frequency of EMT

observed in tumor mice with the FSP-cre transgene was slightly

higher than in mice with the WAP-cre transgene (64% versus 50%,

respectively), consistent with the concept that Fsp-1 expression is

an early step in the EMT process (23). From the combined analysis

of epithelial and stromal marked cells, we conclude that myc

overexpression in mammary glands induced tumor epithelial cells

to undergo the full extent of EMT.

We also evaluated tumors in MMTV-neu;FSP-cre;Rosa26LoxP and

MMTV-PyMT;FSP-cre;Rosa26LoxP triple transgenic mice for possible

Figure 4. Evidence of early EMT in
WAP-myc tumors. X-gal–stained
sections of mammary tumors derived
from WAP-myc ;FSP-cre;RosaloxP mice
illustrate early EMT events (blue
epithelial cells); stromal (ST ) and
epithelial (T ) compartments of tumor
tissue are indicated (A ). Consecutive
frozen sections from WAP-myc;
FSP-cre;RosaloxP tumors were stained
with H&E, X-gal, or cytokeratin
8/18 (green ) and DAPI (blue ).
Immunofluorescent staining confirms
the epithelial nature of X-gal–positive
(blue ) cells within the epithelial
compartment of tumors (B ). The
dotted-yellow line demarcates the tumor
boundary through the series of images.
X-gal–stained sections of mammary
tumors derived from MMTV-neu;
FSP-cre;RosaloxP and MMTV-PyMT;
FSP-cre;RosaloxP models (C ).
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early signs of EMT. Pathologic analysis revealed the absence of FSP-

cre expression in the epithelial tumor masses of these mice (Fig. 4C).

As expected, LacZ-positive blue stromal cells in these tumor-

bearing mammary glands were positive for vimentin and fibronec-

tin expression and negative for both cytokeratin and E-cadherin

expression (data not shown), indicating the absence of EMT in neu-

and PyMT-driven tumor models. Table 1 lists the number of tumors

surveyed for the four breast cancer models. This analysis indicates

that EMT is a common event observed in myc-initiated tumors but

is rarely found in neu- and PyMT-initiated mammary tumors.

One difference between these three tumor models is that myc

expression is driven by the pregnancy-inducible WAP promoter

whereas neu and PyMT expression is driven by the MMTV

promoter. This difference raised concern that the EMT observed

in the WAP-myc model could be, in part, due to the use of different

promoters to drive oncogene expression. We therefore turned to a

doxycycline-inducible bitransgenic system developed by Chodosh

and colleagues to drive the overexpression of myc in mammary

glands of mice (29, 30). In this system, the MMTV promoter drives

the expression of the rtTA protein (MMTV-rtTA), which, in the

Table 1. EMT events observed for each tumor model

Tumor group Animals Animals with lung metastasis Tumors with EMT/X-gal (+) tumors %EMT

MMTV-neu + WAP-cre 14 9 0/54 0

WAP-myc + WAP-cre 9 5 11/22 50

MMTV-PyMT + WAP-cre 3 3 0/13 0

MMTV-rtTA + teto-myc 8 0 3/12 25

MMTV-neu + FSP-cre 6 3 4/78 5

WAP-myc + FSP-cre 5 3 7/11 64

MMTV-PyMT + FSP-cre 2 2 0/15 0

Figure 5. Hierarchical clustering of LOH data. Unsupervised hierarchical analysis was based on the occurrence of LOH or allelic imbalance (LOH/AI) at 381 informative
loci from 131 stromal-epithelial paired patient tumor samples (262 total samples). LOH/AI values from each sample were compared with the entire epithelial and
stromal data set. The relatedness of samples was estimated based on close LOH/AI relationships. Samples formed clusters at different levels in a hierarchical fashion,
ultimately ending in pairs. These final pairings usually occurred between samples of the same cell type (not matching to a single individual; i.e., epithelium/
epithelium or stromal/stromal pairings between different patients’ samples). However, 14 pairs consisted of epithelium/stromal samples derived from the same
patient (red and blue ovals ), indicating possible occurrence of EMT in that tumor. Blue ovals, the five epithelial samples that were determined to contain MYC
amplification using the polymorphic marker (D8S1128).
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presence of doxycycline, binds the tet-operator and activates the

expression of myc or cre (teto-myc and teto-cre). Addition of

doxycycline to tetra-transgenic mice (MMTV-rtTA;teto-myc;teto-

cre;Rosa26LoxP) results in coexpression of myc and cre . These mice

developed tumors that were h-galactosidase positive (Table 1 and

data not shown). Of the 12 tumors analyzed, 3 tumors had

morphologic features of EMT as assessed by histologic analysis of

X-gal–stained sections (Supplementary Fig. S2C). These results

show that myc can promote EMT irrespective of the promoter used

to drive its expression.

Low frequency of EMT in invasive human breast cancer. To

determine whether EMT is a common mechanism promoting the

invasiveness of human cancers, we measured LOH events within

the epithelial and stromal cells of invasive human breast cancers

and statistically analyzed their occurrence by hierarchical

clustering. Identification of an identical set of LOH events

between these compartments would represent unambiguous

evidence for a common cellular progenitor. Because of genomic

instability in cancer, however, it is unlikely that any two cellular

compartments having a common progenitor would retain an

identical genetic makeup as the disease progresses. A high degree

of genetic similarity between tumor epithelial and stromal cells

would nonetheless indicate the likelihood of a common

progenitor for these cells. Laser-captured DNA samples from

the tumor epithelium and the adjacent stroma of 131 tumors

were analyzed using a panel of microsatellite markers that

covered all 23 chromosomes. The percentage of informative LOH

reactions of a total of 381 markers was 36.7% for the epithelium,

28.4% for the stroma, and 32.6% combined, indicating that

epithelial samples display higher frequencies of LOH on a per

marker basis. Hierarchical cluster analysis of data from all 262

epithelial and stromal samples (131 tumors) was done based on

the frequency of concordance of LOH across markers. This

analysis depicted in the histogram (Fig. 5) revealed that only 14

epithelial-stromal pairs (indicated using red and blue ovals) of the

131 tumors (10.7%) clustered immediately together, indicating

that tumor-associated stromal cells originate infrequently from

epithelial tumor cells. Thus, our observations in human patients

and animal models indicate that EMT is rare in breast cancer. A

comparable study that evaluated nuclear polymorphisms between

tumor epithelial and stromal cell populations also suggested that

stromal cells did not frequently originate from an epithelial cell

lineage (31).

The observation that EMT occurred in f25% to 50% of myc-

driven tumors in mice prompted us to assess the status of MYC

using the adjacent polymorphic marker (D8S1128) in the 131

patient samples analyzed for genome-wide LOH. Of the 14

epithelial-stromal pairs that clustered immediately together, 5 had

an allelic imbalance (marked with blue ovals , Fig. 5) for the

D8S1128 marker in the epithelial sample and all of the

imbalances were determined to represent amplification events

(5 of 5 or 100%). On examination of the remaining 117 tumor

epithelial samples, we found that 42 had imbalances present at

the D8S1128 marker; 20 of these represented amplification events

(20 of 42 or 48%) and the remaining represented LOH. These

results suggest that MYC amplification is associated with the

occurrence of EMT in human breast cancer [100% versus 48%;

P = 0.05, epithelium only (Fisher’s exact test)]. Indicating the

possibility that whereas myc amplification could predispose the

epithelium to undergo EMT, clearly, additional genetic insults are

most likely involved in this process.

Discussion

Generation of a genetic system to mark mammary epithelial

and stromal cells in vivo . EMT has been postulated as a

mechanism by which tumor cells can acquire an invasive

phenotype (32). Yet most of the evidence for the existence of

EMT in cancer is derived from in vitro experimental systems using

cancer cell lines. Direct in vivo evidence for EMT in cancer is

lacking. Here, we developed two complementary systems to

genetically manipulate the genome of stromal and mammary

epithelial cells of mice. By genetically marking mammary epithelial

and stromal cells and following their fate as tumors develop in vivo ,

we provide direct evidence for EMT events in cancer. In addition,

these results begin to define the genetic components contributing

toward EMT by showing that the myc oncogene, and not neu or

PyMT, has the ability to induce EMT in breast cancer.

Evidence for EMT in breast cancer. The FSP-cre mouse model

described here can be used to target the ablation of genes in the

stromal compartment of mammary glands in vivo , and thus can

provide a means to discriminate between gene function in stromal

and epithelial compartments during breast cancer progression. We

used the FSP-cre and WAP-cre mouse models to genetically and

permanently activate expression of the LacZ reporter gene from

the RosaLoxP locus in stromal and epithelial cell compartments

of the mammary gland, respectively. Two sets of observations

from the use of these systems have led us to conclude that myc can

induce EMT during mammary tumorigenesis. First, by introducing

the WAP-cre model into three established models of breast cancer,

we tracked the fate of epithelial marked cells during mammary

tumorigenesis. From these studies, we could unambiguously

determine that stromal fibroblasts associated with myc-induced

tumors were of epithelial origin. Many of these cells lacked

cytokeratin and E-cadherin expression and instead expressed the

mesenchymal-specific makers of vimentin and fibronectin. Second,

introduction of FSP-cre into the same tumor models confirmed

these results and illustrated the clonal nature of early EMT events

induced by myc . In these cases, detection of early EMT events was

characterized by FSP-cre transgene expression in patches of cells

that were imbedded in tumor masses coexpressing epithelial-

specific genes. The fact that FSP-cre and WAP-cre are never

expressed in normal epithelial and fibroblast cells, respectively,

has led us to conclude that these two sets of observations are a

manifestation of EMT in cancer.

EMT is specifically associated with myc-initiated tumors.

Several lines of evidence presented here suggest that EMT in breast

cancer can be specifically facilitated by the myc oncogene. Myc

overexpression, whether driven from theWAP orMMTV promoters,

resulted in mammary tumors that typically had an abundance of

adjacent stromal fibroblasts. In many cases, these fibroblasts could

be shown to originate from the tumor epithelial cells. Over-

expression of neu or PyMT also resulted in mammary tumors, but

these had little stromal contribution and the small amount of

stroma present lacked any evidence of EMT. Consistent with

morphologic differences among these mouse tumor models, myc-

derived tumors have a global expression profile that is distinct from

that of neu and PyMT tumors (33). Analysis of 131 patient samples

also suggests the occurrence of EMT in human breast cancer.

Clustering analysis of genome-wide LOH analysis on invasive

human breast cancer patient DNA samples revealed that only 14 of

the 131 epithelial and stromal samples were similar to each other,

indicating that EMT occurs but is infrequent. Further evaluation of
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this data using the polymorphic marker (D8S1128), which resides

near theMYC locus, established that those 14 samples were twice as

likely to have MYC amplification compared with the 117 remaining

samples, supporting an association of MYC with EMT.

Our data also suggest that myc overexpression is not sufficient

for EMT to occur because only f50% of the 45 myc-initiated

tumors analyzed had evidence of EMT. In other words, myc

overexpression does not necessarily lead to EMT. Moreover, early

events of EMT observed in myc-initiated tumors expressing the

FSP-cre;RosalLoxP reporter were visualized as discrete clonal

patches of cells within epithelial tumor masses. As discussed

above, 5 of 14 human breast cancer samples had allelic imbalance

(amplification) for the D8S1128 marker residing next to the MYC

locus. These mouse and human data would suggest that additional

genetic or epigenetic events are likely required to collaborate with

myc for the full manifestation of EMT. These could include the

alteration of components that function downstream or in parallel

to MYC signaling. It will be important in the future to identify the

select cadre of genomic alterations (genetic or epigenetic) that

collaborate with myc and contribute to EMT in cancer, and to

elucidate their mechanism of action in this process.

EMT is not a prerequisite for invasiveness and metastasis in

breast cancer. The observation that EMT is specifically detected

in myc-initiated tumors in mice and is associated with amplifica-

tion of MYC in human patients is consistent with the highly

invasive nature of these types of tumors. However, these data also

suggest that EMT is not required for metastatic progression

because tumors analyzed in mice and humans lacking EMT clearly

had metastatic potential. Indeed, half of the mice bearing myc-

initiated tumors and essentially all mice bearing neu- and PyMT-

initiated tumors lacked any evidence of EMT, and yet many of these

animals had significant amounts of lung metastases (data not

shown).

Although not a prerequisite for invasive behavior, EMT may

nonetheless represent one mechanism to facilitate progression

toward a more aggressive metastatic cancer. In addition, the

occurrence of EMT may affect other aspects of cancer biology. For

example, EMT might provide tumor cells with the ability to adapt

to physiologically relevant stresses such as low oxygen or nutrient

levels. EMT might also have a profound consequence in the

responsiveness of tumors to various therapeutic treatments. Thus,

our data support the hypothesis that genetic alterations in the

epithelium initiate tumorigenesis and that EMTcould contribute to

the microenvironment and modulate interpatient biological

behavior (34).
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