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Abstract Mammosphere culture has been used widely

for the enrichment of mammary epithelial stem cells and

breast cancer stem cells (CSCs). Epithelial-to-mesenchy-

mal transition (EMT) also induces stem cell features in

normal and transformed mammary cells. We examined

whether mammosphere culture conditions per se induced

EMT in the epithelial MCF-7 breast cancer cell line. MCF-

7 cells were cultured as mammospheres for 5 weeks, with

dispersal and reseeding at the end of each week. This

mammosphere culture induced a complete EMT by

3 weeks. Return of the cells to standard adherent culture

conditions in serum-supplemented media generated a cell

population (called MCF-7M cells), which displays a stable

mesenchymal and CSC-like CD44?/CD24-/low phenotype.

EMT was accompanied by a stable, marked increase in

EMT-associated transcription factors and mesenchymal

markers, and a decrease in epithelial markers and estrogen

receptor a (ERa). MCF-7M cells showed increased motility,

proliferation and chemoresistance in vitro, and produced

larger tumors in immunodeficient mice with or without

estrogen supplementation. MicroRNA analysis showed

suppression of miR-200c, miR-203, and miR-205; and

increases in miR-222 and miR-221. Antisense hairpin RNA

inhibitor targeting miR-221 resulted in re-expression of

ERa in MCF-7M cells. This study provides the first

example of mammosphere culture conditions inducing

EMT and of EMT regulating microRNAs that target ERa.
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Introduction

‘‘Luminal A’’ represents the predominant form of invasive

breast cancer (IBC) and expresses ERa GATA3 and

FOXA1, [1, 2]. Luminal A cells also display hallmarks of

epithelial organization, including intercellular junctional

complexes and apico-basal polarity. Luminal A cells are

poorly invasive or metastatic, resulting in a more favorable

prognosis in most patients [1, 2].

Nevertheless, Luminal A tumors can progress to higher

grades and metastasize. This progression is likely driven by

a subset of cells that shed epithelial constraints and acquire

an invasive, mesenchymal phenotype through the process
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of type 3 epithelial-to-mesenchymal transition [3–8];

referred to herein as EMT. A broad range of extracellular

factors induces EMT, including growth factors, inflam-

matory cytokines, hypoxia, and cell–matrix interactions.

EMT is driven by several transcription factors, including

members of the Snail, Twist, and Zeb families. EMT

results in diminished expression of junctional proteins

(e.g., E-cadherin), loss of apico-basal polarity, and the

acquisition of a mesenchymal phenotype with back/front

polarity and vimentin expression. In addition, EMT results

in increased invasiveness and is likely an antecedent to

metastasis.

EMT confers another unwelcome trait to IBC cells—

expansion of the cancer stem cell (CSC) fraction [9–12].

The CSC subpopulation retains tumorigenic and self-

renewal potential and is relatively insensitive to anti-tumor

therapies [10]. Thus, EMT increases cancer metastasis and

the probability of recurrence. EMT has recently become

the object of intense scrutiny, and the molecular compo-

nents of EMT might serve as prognostic markers and

represent high-impact therapeutic targets in IBC.

Several epithelial/luminal-promoting factors that antag-

onize EMT in Luminal IBC have been identified. ERa
opposes EMT by suppressing Snail 1 and Snail 2 (Slug)

[13, 14]. ERa stimulates GATA3 expression [15], which

opposes EMT [16, 17]. ERa also interacts with FOXA1

[15], which inhibits EMT in pancreatic cancer [18]. Thus,

ERa, GATA3, and FOXA1 appear to be pivotal in main-

taining epithelial differentiation in Luminal IBC, in part by

providing a molecular firewall to EMT progression. This

raises the possibility that anti-estrogen therapies, while

reducing the bulk of Luminal A tumors, might degrade

safeguards against EMT. In fact, recurrent IBC in Letroz-

ole-treated patients exhibited the mesenchymal, CSC-

related, Claudin-low phenotype [19].

A second recently discovered mechanism that maintains

epithelial differentiation and opposes EMT comprises

several microRNAs, including the miR-200 family, miR-

203, and miR-205 [20–22]. These microRNAs target

mRNAs encoding the EMT effectors Zeb1 and Zeb2. Thus,

ERa suppresses transcription of EMT effectors, while mi-

croRNAs provide a post-transcriptional block. This model

also includes several double-negative feedback loops, by

which EMT effectors suppress transcription of ERa and

genes encoding EMT-opposing microRNAs [23]. EMT

effectors also probably cooperate with EMT-promoting

microRNAs, whose expression is increased during EMT.

This is particularly likely for ERa, which is also targeted

by several microRNAs [24]. However, the identity of ERa-

targeting microRNAs during EMT remains undetermined.

Mammosphere culture has been utilized to enrich for

normal adult stem cells and for CSCs [25, 26]. Since both

mammosphere culture and EMT expand the CSC fraction,

we examined whether mammosphere culture could induce

an EMT. We demonstrate that prolonged serial mammo-

sphere culture of ERa-positive MCF-7 cells results in a

persistent EMT, with the expression of microRNAs that

target ERa mRNA.

Materials and methods

Cell culture and drug treatments

MCF-7 and MDA-MB-231 breast carcinoma cells (ATCC,

Manassas, VA) were propagated in DMEM/F12, 10% fetal

bovine serum (FBS), 1% penicillin/streptomycin (Gibco,

Carlsbad, CA). For mammosphere culture, MCF-7 cells

were seeded at 2.5 9 104 cells/ml in 6-well Ultralow

Adherence plates (Corning Inc., Corning, NY) in DMEM/

F12 with 5 lg/ml bovine insulin (Sigma, St. Louis, MO),

20 ng/ml recombinant epidermal growth factor (Sigma-

Aldrich), 20 ng/ml basic fibroblast growth factor (Gibco),

19 B27 supplement (Invitrogen, Carlsbad, CA), 0.5 lg/ml

cortisol (Sigma), and 1% penicillin/streptomycin (Gibco),

as described in [26]. Prolonged mammosphere culture was

achieved using weekly trypsinization and dissociation with

a 21-gauge needle followed by reseeding in mammosphere

media at 2.5 9 104 cells/well into Ultralow Adherence

6-well plates. Each generation was designated by the week

of culture in mammosphere media (M1, M2, etc.).

Cells were treated with Docetaxel or Tamoxifen (Sigma)

at the noted concentrations and durations. Docetaxel-

treated cells were cultured in regular growth medium

(RGM). Tamoxifen-treated cells were cultured in hormone-

depleted medium (HDM) (phenol-red free DMEM/F12

with 10% charcoal-dextran treated FBS, and 1% penicillin/

streptomycin) (Gibco). Cell viability was assayed by trypan

blue staining done in triplicate in three independent

experiments.

cDNA synthesis and endpoint PCR

Total RNA was isolated using Trizol Reagent (Invitrogen,

Carlsbad, CA) and reverse transcribed using 250 ng ran-

dom hexamers (or 2 pmol of a gene-specific primer)

according to directions for Superscript III (Invitrogen). In

general, 2 ll of cDNA was amplified in standard PCR

reactions and detected by standard methods. Primer

sequences are listed in Supplemental Table 1.

Semi-quantitative endpoint PCR analysis of mature

microRNAs

Mature microRNAs were detected by RT-PCR using a

stem-loop gene-specific primer for reverse transcription
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[27]. For cDNA synthesis, 1 lg of total RNA, 2 pmol

gene-specific primer, and 0.5 mM of dNTPs were incu-

bated at 65�C for 5 min. SuperscriptTM III Reverse

Transcriptase (100 units; Invitrogen, Carlsbad, CA) and Kit

reagents were added (final volume 20 ll) and incubated at

55�C for 60 min, followed 70�C for 15 min. PCR was

performed with 0.2 lM primers, and 2 ll cDNA in 50 ll,

using 95�C/5 min; 95�C/30 s, 55�C/30 s, 72�C/30 s for 30

cycles. Products were resolved on 10% nondenaturing

acrylamide gels, stained, and imaged. Primer sequences are

listed in Supplemental Table 2. miR-98 was used as a

loading control, as its levels were constant in all samples

(i.e., MCF-7 cells, early and late mammospheres, and

MCF-7M cells).

Western blotting

Cell lysates were processed for standard Western blotting.

Primary antibodies to ERa and GAPDH (Abcam Inc.,

Cambridge, MA) were diluted in 5% milk/TBST and

incubated overnight at 4�C (GAPDH 1:10,000 and ERa
1:1000). IgG horseradish peroxidase-conjugated secondary

antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)

was diluted 1:5000. Blots were processed for enhanced

chemiluminescence and exposed to chemiluminescence

film (Eastman Kodak Company, Rochester, NY).

Immunofluorescence and microscopy

Images of adherent MCF-7 parental cells and MCF-7M

cells were taken using a Zeiss Axio Observer A1 micro-

scope at 109. Images of non-adherent mammospheres

were taken using a Zeiss Pascal microscope at 409 with a

NA 1.2 water immersion objective. Immunofluorescence

was done in cells grown on glass coverslips and fixed in

ice-cold methanol for 5 min. Primary antibodies were used

against E-cadherin (Santa Cruz Biotechnology, Santa Cruz,

CA) and vimentin (Thermo Scientific, Fremont, CA), with

Alexa-conjugated secondary antibodies (Invitrogen).

Chromatin was stained with DRAQ5 (Biostatus, Leices-

tershire, UK). Imaging was performed with a TE2000-U

microscope (Nikon Instruments, Melville, NY) using a

Yokogawa CSU-10 spinning disk confocal head (Perkin

Elmer, Wellesley, MA) and an Orca AG CCD camera

(Hamamatsu Photonics, Bridgewater, NJ). Image acquisi-

tion and analysis were controlled by MetaMorph software

(Molecular Devices Corp., Sunnyvale, CA).

Scratch wound and cell motility assays

Scratch wounds were made with a p200 pipette tip on

confluent cells on glass coverslips. Coverslips were sealed

in modified Rose chambers using pre-equilibrated media,

and wound closure was imaged by phase contrast at 209

magnification using shuttered light at 15 min intervals;

temperature was maintained at 36�C by an air curtain

incubator (ASI 400; Nevtek, Burnsville, VA). Three inde-

pendent migration assays were performed for each cell line.

Flow cytometry

MCF-7, MDA-MB-231, and MCF-7M cells were trypsini-

zed, washed in 0.1% BSA in PBS, counted, and resus-

pended in 2% FBS/0.01% NaN3 at 1 9 106/100 ll. Cells

were labeled with CD24-PE (BD Biosciences, Mississauga,

ON, Canada; 555428) and CD44-FITC (BD Biosciences;

555478), and incubated at 4�C according to the supplier’s

protocol. Cells were washed, fixed in PBS with 10% for-

malin, and analyzed on a FACSCalibur (BD Biosciences).

Unstained or single antibody-stained cells were analyzed

for each cell line.

MicroRNA expression array

Human Cancer RT2 microRNA PCR arrays were obtained

from SA Biosciences (Frederick, MD). RNA was isolated

from adherent MCF-7 cells, M2 and M4 mammospheres,

and MCF-7M cells by Trizol. cDNA was synthesized using

the RT2 microRNA First Strand Kit (SA Biosciences) from

1 lg of total RNA. PCR arrays were run on an Applied

Biosystems 7900 HT Fast Real-time PCR system according

to the manufacturer’s protocol (Applied Biosystems,

Carlsbad, CA). Data was analyzed using online software at

SA Biosciences (http://pcrdataanalysis.sabiosciences.com/

pcr/arrayanalysis.php).

AntagomiR treatments

MCF-7M cells were transfected with miRIDIANTM micr-

oRNA Hairpin Inhibitor (Dharmacon/Thermo Fisher Sci-

entific, Lafayette, CO) directed against miR-221 (40 nM)

in 12-well plates. Inhibitor was combined with OPTI-

MEM� (Invitrogen, Carlsbad, CA) and 2 ll Lipofectamine

2000 (Invitrogen) per sample in a volume of 100 ll for

20 min and added to cells in 400 ll of OPTI-MEM�. Cells

were incubated for 4 h, after which time antibiotic-free

media was added, and cells harvested 24 h later.

Mouse tumor xenografts

MCF-7 and MCF-7M cells were harvested with trypsin-

ization, resuspended in DMEM, and mixed with Matrigel

(BD Biosciences, Mississauga, ON, Canada) to obtain

5 9 105 cells in 250 ll, and injected into two subcutane-

ous mammary fat pad sites on SCID mice implanted with

90-day slow-release estradiol pellets (Innovative Research
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of America, Inc.) or sham implanted for estradiol-negative

animals (n = 10/group). Tumors were allowed to grow for

21 days (MCF-7M tumors) or 42 days (MCF-7 tumors) and

measured with external calipers. At the indicated time

points, tumors were harvested and weighed. Histological

and immunohistological analyses for E-cadherin, cleaved

Caspase-3, and Ki67 were performed as described previ-

ously [28].

Results

Serial mammosphere culture of MCF-7 cells induces

EMT

In prolonged mammosphere culture of MCF-7 cells, we

observed that tightly adherent spheroids switched to

loosely aggregated spheroids (Fig. 1a). Upon transfer back

to adherent flasks, cells from the M5 aggregates showed

reduced cell–cell interactions and a fibroblastic morphol-

ogy (Fig. 1a). The reduction in cell–cell adhesion was

paralleled by a marked decrease in E-cadherin expression

and a gain in vimentin expression (Fig. 1b), two classic

features of EMT. This phenotype was stable in culture for

at least ten cell passages. The EMT cells were designated

as MCF-7M to highlight their mesenchymal properties.

We next tested functional characteristics of the EMT,

including migration and proliferation rates. In scratch

wound assays, the parental MCF-7 cells migrated into the

wound at an average rate of 4.9 microns/h, often failing to

close the wound after 24 h (Fig. 1c). In contrast, MCF-7M

cells migrated rapidly, with a mean rate of 10.6 microns/h.

Interestingly, MCF-7M cells demonstrated spontaneous

non-directional migration, which was not observed in the

parental MCF-7 cells (not shown).

To assess proliferation, equal numbers of MCF-7 and

MCF-7M cells were plated, and viable cells counted after

96 h. The number of MCF-7M cells was approximately

threefold higher than MCF-7 cells in either RGM or HDM

(Fig. S1). Thus, MCF-7M cells display increased migratory

capacity and proliferation rate compared to MCF-7 cells.

MCF-7M cells show EMT-related changes in gene

expression

EMT typically involves changes in gene expression [7, 20,

21, 29]. To test this, we assayed the expression of luminal

breast cancer, mesenchymal breast cancer, and EMT genes

in parental MCF-7 cells, M1 through M4 mammospheres,

and MCF-7M cells. This showed that luminal-associated

gene expression was progressively suppressed in the M1

and M2 mammospheres; conversely, mesenchymal-asso-

ciated mRNA expression was induced in M2–M4 samples

(Fig. 2a, b). There was also a striking increase in the

expression of four EMT-related transcriptional factors:

Snail 1 and Slug (Fig. 2c), and ZEB1 and ZEB2 (Fig. 2d).

We also observed expression of the inflammatory cytokine

interleukin-6 (IL-6) and the receptor tyrosine kinase Axl

(Fig. 2c, d), both of which have been shown to induce

EMT in MCF-7 cells [30, 31]. The enhanced expression of

ZEB1, ZEB2 and AXL in MCF-7M cells (Fig. 2d) suggests

the acquisition of a mesenchymal and stem cell-associated

‘‘Basal B’’ phenotype [32].

MCF-7M cells display the CSC-associated CD44?/

CD24-/low phenotype and chemoresistance

Mammosphere culture and EMT enrich for a CD44?/

CD24-/low stem cell phenotype in normal mammary epi-

thelial and breast cancer cells [9, 10, 33, 34]. Thus, we

compared CD44/CD24 expression in MCF-7 and MCF-7M

cells. The majority of MCF-7 cells sorted into the CD44low/

CD24hi fraction, whereas most MCF-7M cells sorted into

the CD44?/CD24low/- fraction, consistent with a CSC

phenotype (Fig. 3a).

Resistance to cytotoxic chemotherapy has also been

associated with both EMT and CSCs [10]. We tested

chemotherapy resistance in MCF-7 and MCF-7M cells, and

found that while MCF-7 cells showed a 60% decrease in

viability after treatment with Docetaxel for 24 h, MCF-7M

cells only showed a 20% decrease in viability (Fig. 3b).

MCF-7M cells were also insensitive to tamoxifen. Whereas,

10 lM tamoxifen decreased the growth rate of MCF-7 cells

by 58%, MCF-7M cells showed no growth reduction

(Fig. 3c).

MCF-7M cells are highly tumorigenic

We performed orthotopic injection of cells into the mam-

mary fat pad of athymic nude mice to assess the degree of

tumorigenicity and the stability of the MCF-7M cell mes-

enchymal phenotype in vivo. While the parental MCF-7

cells took more than 40 days to expand beyond the Ma-

trigel plug, and required estradiol supplementation to do so,

MCF-7M cells exceeded the plug by 3 weeks, and their

growth was estradiol independent (Fig. 4a). MCF-7M-

derived tumors were at least double the weight of parental

MCF-7 tumors with estradiol and nearly five times the

weight of parental tumors without estradiol (Fig. 4b).

To assess the stability of the EMT in vivo, tumors were

excised and immunohistochemistry performed. This

showed abundant E-cadherin in parental MCF-7 cell-

derived tumors, with marked reduction in MCF-7M-derived

tumors (Fig. 4d). By RT-PCR, MCF-7 cell-derived tumors

displayed robust ERa, E-cadherin, and GATA-3 mRNA
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expression, while MCF-7M cell-derived tumors were

devoid of luminal marker gene expression, and displayed

significant levels of EGF receptor and vimentin mRNAs

(Fig. 5).

To assess the mechanism of increased growth of MCF-

7M tumors, cell proliferation and apoptosis were evaluated

using Ki67 and cleaved caspase-3 immunostaining

(Fig. 4e–g). There were no significant differences in Ki67

Fig. 1 MCF-7 cells cultured as mammospheres undergo a stable

EMT. a Morphological changes. Images of MCF-7 parental cells

grown as monolayers (left), stages of spheroid culture that are

representative of M1 and M2 mammospheres, and M3 through M5

mammospheres (center panels) and MCF-7M cells as monolayers

(right), showing progressive loss of cell cohesion. This phenomenon

was observed in four independent experiments over the course of

several months. b Loss of E-cadherin and gain of vimentin

expression. Immunofluorescence shows that parental MCF-7 cells

express E-cadherin at cell–cell junctions and do not express vimentin.

MCF-7M cells show lack of E-cadherin and gain of vimentin. c Gain

of migratory ability. Representative panels from a scratch wound

assay imaged by time-lapse microscopy show slow migration of

MCF-7 cells with failure to close the wound by 6 h, whereas MCF-7M

cells migrate faster and completely fill the wound. Black lines above

panels show size of the remaining wound. Data are representative of

three independent experiments. Scale bars 50 lm in (a) and 20 lm in

(b)
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staining, but apoptosis was significantly lower in the MCF-

7M tumors as compared to parental MCF-7 tumors. This

demonstrates that decreased apoptosis contributed to the

expansion of MCF-7M tumors.

MicroRNAs contribute to a stable EMT phenotype

MicroRNA expression was assessed by a quantitative RT-

PCR array representing 88 microRNAs previously impli-

cated in cancer. Of these 88 microRNAs, 11 displayed a

more than tenfold change over parental MCF-7 cells in at

least two mammosphere samples (M2, M4) or MCF-7M

cells (Fig. 6a).

Two classes of microRNAs might contribute to mam-

mosphere-induced EMT, by a direct role in suppressing

EMT (miR-200c, miR-203, and miR-205); [20, 21, 29, 35]

or by targeting ERa mRNA (miR-221/222) [36]. miR-

200c, miR-203, and miR-205 were found to be decreased

by 380-fold, 50-fold, and 2500-fold, respectively, in MCF-

7M cells compared to parental MCF-7 cells (Fig. 6a). These

decreases were confirmed by semi-quantitative endpoint

PCR (Fig. 6b). miR-200c was also repressed in MCF-7M

cell-derived tumors (Fig. 7b). The strong repression of

these microRNAs further establishes that a stable EMT had

occurred.

The direct suppression of ERa by specific microRNAs

has been previously demonstrated [36–39], but no studies

have shown an increase in ERa-targeting microRNAs

during EMT. The array revealed that miR-222, known to

target ERa mRNA [36], was increased more than 20-fold in

MCF-7M cells (Fig. 6a; arrow).The sustained increase in

miR-222 and its bicistronic partner, miR-221, was also

confirmed by endpoint PCR analysis in MCF-7M cells

(Figs. 6b, 7a), and MCF-7M cell-derived tumors (Fig. 7b).

A functional relationship between increased miR-221

and reduced ERa was examined by treating MCF-7M cells

with antisense hairpin inhibitor. Transfection of MCF-7M

cells with antisense RNA to miR-221 increased ERa pro-

tein several-fold (Fig. 7c). This suggests that the miR-221-

mediated repression of ERa mRNA contributed to the

induction of a stable EMT in this system. Consistent with

previous findings that miR-221 or miR-222 does not affect

ERa mRNA levels [36], anti-miR-221 did not lower the

level of ERa mRNA in the studies (data not shown).

ERα

GATA-3

E-cadherin

Claudin-3

- P 1 2 3 4 231MCF-7

GAPDH

Luminal Markers

M

Vimentin

α6-integrin

Moesin

EGFR

RPL-P0

- P 1 2 3 4 231

Mesenchymal Markers

MCF-7M

IL-6

Slug

Snail-1

Ezrin

- P 1 2 3 4 231

EMT Markers

MCF-7M

CDH1

AXL

ZEB1

ZEB 2

A B

DC Basal Markers
MCF-7MMCF-7

GAPDH

Fig. 2 Messenger RNA

expression changes parallel

EMT. RT-PCR assay of mRNA

samples for luminal/epithelial

markers (a), mesenchymal

markers (b), and EMT markers

(c) for parental MCF-7 cells (P),

M1 through M4 mammospheres

(1–4), two independent

populations of MCF-7M cells

(MCF-7M), and mesenchymal

MDA-MB-231 cells (231),

- indicates no reverse

transcriptase control. GAPDH,

RPL-P0, and ezrin are loading

controls. Data are representative

from three independent

experiments. d Assay for

markers of Basal cells.

Duplicate samples from MCF-7

(MCF-7) and MCF-7M cells

(MCF-7M), samples were

analyzed using endpoint

RT-PCR
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Discussion

Mammosphere culture was first used to enrich for adult

mammary stem cells under non-differentiating culture con-

ditions [26]. Cells from these mammospheres were capable

of self-renewal and differentiation into complex mammary

tree-like structures. Subsequently, mammospheres from

primary breast cancer specimens and MCF-7 cells have been

generated [33]. Consistent with other reports [34], the

majority of these cells were CD44?/CD24-/low and highly

tumorigenic. Since these landmark papers, numerous studies

have utilized mammosphere culture to enrich for CSCs from

primary IBC and cancer cell lines [40]. Here, we have

demonstrated that prolonged mammosphere culture of MCF-

7 cells ultimately generates a stable population of mesen-

chymal cells through an EMT process.

In support of this conclusion, we observed increased

migratory capacity and proliferation rate of MCF-7M cells,

and persistent induction of EMT effector genes (Snail 1,

Slug, Zeb1, Zeb2, and Axl). These effects presumably lead to

the suppression of epithelial/luminal genes (ERa, E-cad-

herin, GATA3, claudin 3, miR-200c, miR-203, and miR-

205) and increased expression of mesenchymal genes

(vimentin, EGFR, a6 integrin, and moesin). MCF-7M cells

retained their mesenchymal appearance and gene expression

through many passages in vitro and through tumor formation

in vivo. MCF-7M cells gave rise to tumors with reduced

apoptosis, increased expansion, and estradiol independence.

Mammosphere-induced EMT is further supported by the

observation that MCF-7M cells display several features

indicative of an increased CSC population. These include

expansion of the CD44?/CD24-/low fraction [9, 33, 34, 41],

similar to the more stem-like ‘‘Basal B’’ subgroup [32], and

increased resistance to tamoxifen and docetaxel.

Other studies have induced EMT in breast cancer cells

using ectopic gene overexpression [9, 31] or uninterrupted

exposure to an EMT-inducing growth factor [42]. In contrast,

our model of EMT induction did not involve ectopic gene

expression, and MCF-7M cells retained their mesenchymal

phenotype long after removal from mammosphere culture.

Fig. 3 MCF-7M cells acquire a CD44?/CD24-/low phenotype and

display chemoresistance. a–c Flow cytometric analysis of CD24 and

CD44 surface markers in MCF-7, MCF-7M, and MDA-MB-231 cells.

b Resistance to docetaxel. Cells were treated with 10 or 100 nM

docetaxel or vehicle control (VEH) for 24 h and viable cells counted.

Error bars represent the SEM for three independent experiments.

Statistical significance between comparable treatments, *P B 0.05.

c Resistance to tamoxifen. Effects 10 lM tamoxifen, -/?1 nM E2,

on viable cell counts after 48 h. Data are presented as the percentage

of viable cells in tamoxifen-treated samples compared to vehicle for

each condition and cell type. Error bars represent the SEM for three

independent experiments. Statistical significance between comparable

treatments, *P B 0.05, **P \ 0.01
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Thus, the EMT induced in the study appears to be due to a

stable epigenetic switch. Such a switch was recently dem-

onstrated in human mammary epithelial cells in response to a

transient stimulus, and required the NFJB/IL-6 positive-

feedback loop [43]. EMT in the study was also associated

with IL-6 mRNA expression. IL-6 overexpression has been

shown to induce EMT in MCF-7 cells [31], and IL-6

positive-feedback loops have been observed in lung [44] and

breast cancers [45]. A threshold of IL-6 secretion may

explain the apparent wave of EMT that occurred at week 3 of

mammosphere culture. We speculate that growth factors in

mammosphere medium (EGF, bFGF, and insulin [46–48])

induced a progressive positive-feedback loop that ultimately

became self-sustaining.

Fig. 4 MCF-7M cells are tumorigenic in vivo and estradiol indepen-

dent. a MCF-7 and MCF-7M cells were injected within Matrigel

matrix into SCID mice with or without E2 supplementation. Tumor

volumes were measured twice weekly and plotted over time. Note:

MCF-7M tumors were harvested at 21 days due to rapid growth.

b Tumors for each group were excised and weighed at harvest

(n = 10). c Histological analysis of tumors from MCF-7 and MCF-7M

injected animals. Hematoxylin and Eosin (H&E) stained viable tumor

areas and E-cadherin staining in similar location. d Quantitative

image analysis of E-cadherin staining in the different tumors (n = 3).

e Analysis of tumor cell proliferation and apoptosis by Ki67 and

cleaved caspase-3, respectively. f Quantitative image analysis of Ki67

staining in the different tumor groups (n = 3). g Quantitative image

analysis of tumor cleaved caspase-3 staining (n = 3). Bar graphs

represent average and error bars SEM Statistical significance for

indicated comparisons, *P B 0.05, **P B 0.01, ***P B 0.001
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ERa represses Snail 1 and Slug expression [13, 14], and

GATA3 blocks or reverses EMT in MDA-MB-231 cells

[17]. Thus, unlike EMT in other cancers, EMT in luminal

breast cancers must involve a breach of the EMT-opposing

actions of ERa and GATA3. We found massive increases

in miR-221/miR-222 that might account for such a breach.

Consistent with this model, miRs-221/222 are upregulated

in ERa-negative breast cancers and directly target sites

within the 30 UTR of ERa mRNA [36]. miRs-221/222 were

1 2 3 1 12 23 3

ERα

E-cadherin

GATA-3

EGFR

Vimentin

RPL-P0

MCF-7M
+ E2

MCF-7M
- E2

MCF-7
+ E2

Fig. 5 MCF-7M cells retain the mesenchymal phenotype in vivo.

Total RNA was isolated from three frozen tumor samples for each

group and endpoint RT-PCR from 30 cycles shown for ERa,

E-cadherin, GATA-3, vimentin, EGFR, and control RPL-P0

Fig. 6 EMT-induced changes in microRNA expression. a Results

from four ‘‘Cancer microRNA’’ RT2 microRNA PCR arrays

performed on parental MCF-7 cells, M2 and M4 mammospheres,

and MCF-7M cell RNA samples. Values are presented as fold-change

(increased, left; decreased, right) in the latter three groups relative to

parental MCF-7 cells (note log scale). MicroRNAs from the array that

showed a [ tenfold change in at least two of the three samples are

shown except for miR-205 (M2, black; M4, white; MCF-7M, gray).

Solid arrow points out miR-222. b EMT suppressed epithelial-

associated microRNAs, miR-220c, miR-203, and miR-205. RT-PCR

of miR-98 (loading control), miR-200c, miR-203, and miR-205

performed in duplicate on RNA samples from MCF-7 and MCF-7M

cells which validate the PCR array results

miR-222

-RT

miR-200c

miR-221

miR-222

Mock 221

ERα

GAPDH

A
1 2 3 1 12 23 3

MCF-7M
+ E2

MCF-7M
- E2

MCF-7
+ E2B

C
AntagomiRs

MCF-7 MCF-7M

miR-221

miR-98

miR-221

miR-222

Fig. 7 ERa is downregulated by ERa-targeting microRNAs in MCF-

7M cells. ERa-inhibitory microRNAs miR-221 and miR-222 are

increased in MCF-7M cells (a), and maintained expression in tumors

(b). c miRIDIANTM microRNA hairpin inhibitor to miR-221 induced

ERa protein expression in MCF-7M cells. GAPDH is a loading control
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elevated in tamoxifen-resistant MCF-7 cells and Her-2-

positive breast cancer, and ectopic expression of miRs-221/

222 conferred tamoxifen-resistance to MCF-7 cells [45].

The anti-estrogen Fulvestrant induced miR-221/222

expression that was essential for the growth of fulvestrant–

resistant cells [49].

Zhao et al. [36] demonstrated that anti-miR-221 and

anti-miR-222 induced the appearance of detectable ERa
protein in MDA-MB-468 and MCF10A cells, in which

ERa mRNA is normally present. Similarly, MCF-7M cells

display barely detectable ERa protein and mRNA levels.

The finding that treatment of MCF-7M cells with antisense

hairpin RNA against miR-221 induced a large increase in

ERa protein indicates that miR-221 reduces ERa expres-

sion MCF-7M cells. Thus, in luminal IBC, EMT and loss of

ERa expression could be linked, through transcriptional

repression of ERa by Snail, and concomitant translational

inhibition of ERa mRNA by miR-221/222. Since ERa
antagonizes EMT through GATA3 and FOXA1, this loss of

ERa would ultimately remove further blocks to EMT.

In summary, serial mammosphere culture of MCF-7

cells induced a persistent EMT and generated a population

of cells with several properties of CSCs. Unlike most

cancers, EMT in epithelial (luminal A) IBC is associated

with reduced ERa signaling, and we show herein that

specific microRNAs that target ERa are stably upregulated

during EMT. We anticipate that mammosphere-induced

EMT will be a useful model to study interactions between

ERa signaling, EMT, and expansion of CSCs within a

tumor, as well as other aspects of cancer-associated EMT

mechanisms.
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