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Abstract

We describe here the regulation of ABCG2 expression and side
population (SP) abundance in MCF7 human breast cancer
cells. The level of ABCG2 mRNA and protein were increased in
purified MCF7 SP relative to non-SP cells, and incubation with
an ABCG2-specific inhibitor or ABCG2 short interfering RNA
eliminated the MCF7 SP. The purified MCF7 SP could generate
a heterogeneous population containing both SP and non-SP
cells in culture. In vivo tumorigenicity experiments showed
that the purified MCF7 SP has an increased ability to colonize
the mouse mammary gland. Importantly, the MCF7 SP was
depleted by a transforming growth factor-B (TGFB)–directed
epithelial-mesenchymal transition (EMT), and this effect was
associated with a strong down-regulation of ABCG2 gene
expression, and an increased sensitivity to mitoxantrone.
ABCG2 expression and SP abundance were restored upon the
removal of transforming growth factor-B and reversion of the
cells to an epithelial phenotype. Knock-down of E-cadherin
also reduced SP abundance, but this effect was not accompa-
nied by the loss of ABCG2 mRNA or protein. We conclude that
ABCG2 expression in MCF7 cells is regulated during an EMT,
and that the EMT effect reflects posttranslational regulation of
ABCG2 function by E-cadherin as well as transcriptional
repression of the ABCG2 gene. [Cancer Res 2008;68(3):800–7]

Introduction

The ABC transporter family contains f50 members which use
the hydrolysis of ATP to pump toxins from cells (1, 2). ABC
transporters probably play a physiologic role in detoxification, but
the pathologic consequence of their action is that many
chemotherapeutic agents are also effluxed by these transporters
(3, 4). Two of the best studied ABC transporters are the multidrug
resistance protein (called MDR1 or ABCB1) and the breast cancer
resistance protein (called BCRP or ABCG2). These transporters
have overlapping specificities for drug efflux. ABCG2 effluxes mito-
xantrone, doxorubicin, certain camptothecins (topoisomerase
inhibitors), and methotrexate (1, 5–8). One report indicates
that ABCG2 may also protect cells from death associated with
hypoxia (9).

ABC transporters also efflux Hoechst 33342 (10, 11). This
property allows for the facile identification and sorting of ABC

transporter-positive and transporter-negative cells by flow cyto-
metry. In most cases, cells expressing ABC transporters comprise a
very small percentage of freshly isolated cells, appearing as a ‘‘side
population’’ (SP) relative to the majority of ABC transporter-
negative cells (the non-SP) in Hoechst-based flow cytometry
profiles (11–13). SPs, and especially ABCG2-dependent SPs, are
seen in stem/progenitor cells (2, 3).

A hallmark of stem cells is that they can undergo symmetrical
and asymmetrical cell division (14, 15). In symmetrical cell division,
two identical daughter cells are produced (self-renewal), whereas
asymmetrical cell division results in one daughter stem cell and
one more differentiated progenitor cell. Asymmetrical cell division
therefore results in a heterogeneous population of progeny. The
epithelial compartment of the mammary gland is comprised of
luminal epithelial cells and myoepithelial cells, and several studies
have identified normal stem-like cells that can generate these
different cell types in culture and in vivo (16–21).

In contrast to their accepted role in drug efflux (see above), the
importance of ABCG2 or the SP as a marker of normal or cancer
stem cells is controversial. Evidence against the marker function
of SP include the findings that steady-state hematopoiesis is
functionally normal in ABCG2 knockout mice (11), that purified
mouse mammary SP cells do not efficiently repopulate the
mammary gland after injection into cleared fat pads (16), and
that normal mammary stem cells in mice do not contain a SP
(22, 23). Evidence supporting a marker role for SP cells include
the observations that progenitor cells are restricted to the SP
fraction of cultured mammospheres (18), that SP abundance is
elevated during Wnt-induced mammary oncogenesis in the mouse
(24), and that the SP purified from several cancer cell lines show
enhanced tumorigenicity in vivo relative to their non-SP cohorts
(4, 25).

SPs are detectable in several cancer cell lines (4, 10, 25–28),
supporting the notion that certain cancers may arise from a cancer
stem/progenitor cell. In this report, we characterize the SP in
MCF7 breast cancer cells. We show that ABCG2 is responsible for
the MCF7 SP, and that the MCF7 SP has properties resembling
progenitor cells. Interestingly, ABCG2 expression and SP abun-
dance is strongly repressed during a transforming growth factor-h
(TGFh)–directed epithelial-mesenchymal transition (EMT) and is
restored upon reversion of the cells to an epithelial phenotype. The
TGFh-directed EMT also renders MCF7 cells more sensitive to
mitoxantrone cytotoxicity. These effects on ABCG2 expression and
function result from the EMT-associated repression of ABCG2 gene
expression and a posttranslational inhibition of ABCG2 function
mediated by the loss of E-cadherin. Although the extrapolation of
results from immortalized cancer cell lines to bone fide stem/
progenitor cells must be made with caution, our data suggest that
partial EMTs associated with metastasis may control progenitor
cell abundance.
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Materials and Methods

Cell culture. The human breast cancer cell lines MCF7 and MDA-

MB-231 were purchased from American Type Culture Collection and

maintained in DMEM supplemented with 10% fetal bovine serum (FBS). For

extractions, cells were washed once with ice-cold PBS, split 9:1 into separate

tubes for protein and mRNA analysis, collected by centrifugation, quick-

frozen, and stored at �80jC prior to analysis.

Flow cytometry and fluorescence-activated cell sorting. SP abun-

dance was determined similarly to the procedure described (13). Cells were

trypsinized and washed twice with DMEM supplemented with 2% FBS and

10 mmol/L of HEPES (pH 7.4; DMEM+). For each SP analysis, f106 cells

were resuspended in 1 mL of DMEM+. Hoechst 33342 (1 mg/mL in water;

Sigma) was added to a final concentration of 5 Ag/mL, and the cells were

incubated at 37jC in a water bath for 100 min protected by light and mixed

by vortexing every 20 min. To confirm the specificity of the SP signal,

duplicate samples were incubated in the presence of fumitremorgin C (FTC;

10 mmol/L in DMSO; Alexis Biochemicals) at a final concentration of

1 Amol/L. At the end of the incubation, all samples were chilled on ice

and transferred into microcentrifuge tubes. Cells were washed once with

cold HBSS supplemented with 2% FBS and 10 mmol/L HEPES (pH 7.4;

HBSS+), resuspended in 1 mL of HBSS+ and transferred to prechilled

5 mL polystyrene tubes (BD Falcon). To assess viability, propidium iodide

(1 mg/mL in water; Sigma) was added to a final concentration of 2 Ag/mL

immediately before running the samples on an LSRII flow cytometer

(Becton Dickinson). For cell sorting, f50 to 100 � 106 cells were collected

and stained as described above and sorted using a FACS Vantage cell sorter

(Becton Dickinson). Sorted SP and non-SP fractions were immediately

re-analyzed for purity without further staining.
For surface marker analysis, cells stained with Hoechst 33242 were

further incubated (30 min at 4jC) with a 100-fold dilution of anti–ESA-FITC

(Biomeda), anti–CD29-FITC (Chemicon), anti–CD24-PE (BD PharMingen),

anti–CD44-APC (BD PharMingen), or anti–CD49-PE-Cy5 (BD PharMingen)

and then stained with propidium iodide before analysis on the LSRII. For

intracellular marker analysis, purified SP and non-SP cells (105 cells per

0.1 mL DMEM+) were fixed with 3.7% formaldehyde for 30 min, permeabi-

lized with 0.02% Triton X-100 in PBS (20 min at 4jC), and then incubated

(60 min at 4jC) with either anti-cytokeratin 14-FITC (100:1 dilution; Abcam)

or anti-cytokeratin 18-FITC (100:1 dilution; Abcam). After washing, the

samples were analyzed using a FACS-CALYBER (Becton Dickinson) flow

cytometer.

In vivo tumorigenicity. MCF7 cells were infected with a lentivirus

encoding green fluorescent protein (GFP) under conditions resulting in

f95% infection. Cells were cultured in DMEM with 10% FBS for several

passages and then sorted into GFP+ SP and GFP+ non-SP cells by

fluorescence-activated cell sorting (FACS). The purified cells were allowed

to recover overnight in DMEM with 10% FBS. A selected number of sorted

GFP+ SP and GFP+ non-SP cells (ranging from 102 to 105) were resuspended

in 25 AL of a DMEM/Matrigel (Matrigel Basement Membrane Matrix;

Becton Dickinson) mixture (3:1 v/v) and injected into the fourth mammary

fat pad of 8-week-old female nonobese diabetic/severe combined immuno-

deficiency (NOD/SCID) mice (Jackson Laboratory) that had been anesthe-

tized with Avertin (2.5%, 0.15–0.17 mL/g body weight) by i.p. injection. The

animals received a sulfamethoxazole and trimethoprim oral pediatric

suspension (5 mL/100 mL of drinking water; Hi-Tech Pharmacal) for 1 week

after the surgery. The animals were sacrificed 6 to 7 months after tumor cell

injection, and whole mounts of freshly harvested mammary tissue were

carefully analyzed by immunofluorescence microscopy for GFP signals as

described below but using a Nikon 10�/0.3 Plan Fluor objective. Animal

procedures were approved by the University of Pennsylvania Institutional

Animal Care and Use Committee.

TGFB-directed EMT. MCF7 cells in DMEM-10% FBS were seeded at low
confluence (3 � 105 cells) in 100-mm dishes containing autoclaved glass

coverslips. An incomplete EMT was induced by incubating the MCF7 cells

for 3 days in maintenance medium with 10 ng/mL of human recombinant
TGFh1 (R&D Systems). Duplicate cultures were incubated in parallel

without TGFh. Samples were collected for analysis by flow cytometry,

immunofluorescence microscopy, Western blotting, and quantitative real-
time RT-PCR (QPCR). The amount of TGFh needed and the duration of

treatment was determined by assessing stress fiber formation and loss of

E-cadherin–mediated cell-cell adhesion. To reverse the EMT, the transi-

tioned cells were washed, trypsinized, and reseeded into two 100-mm dishes
in DMEM-10% FBS, for 10 days. The cells were trypsinized and reseeded at

50% confluence every 3 days.

Mitoxantrone cytotoxicity assay. Exponentially growing MCF7 cells

were trypsinized, and replicate cultures were plated in the absence (Ctrl) or
presence of TGFh (to induce the EMT) as described above. Control and

transitioned cells were then trypsinized and seeded in quadruplicate in

96-well plates at densities of 1,500 and 2,000 cells per well, respectively, in

0.1 mL of DMEM-10% FBS with or without 10 ng/mL of TGFh.
Mitoxantrone (Sigma) was added to the plates at the time of seeding at

final concentrations of 0 to 100 nmol/L, and the cultures were incubated at

37jC for 7 days. Sensitivity to the cytotoxic effect of mitoxantrone was
assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide assay (Millipore) according to the instructions of the manufacturer.

Absorbance was measured at a test wavelength of 570 nm and a reference

wavelength of 630 nm for each well using a microplate reader (Dynex
Technology). Background absorbance (staining in the absence of cells) was

subtracted from each sample before calculating the absorbance ratio

(treated cells/untreated cells).

Short interfering RNA knock-down. For short interfering RNA
(siRNA) experiments, MCF7 cells (1 � 106 cells) were seeded in 35-mm

dishes in maintenance medium without antibiotics the day before trans-

fection. The cells were washed thrice with serum/growth factor–free
Optimem (Invitrogen), and then transfected with siRNAs (Ambion) for

human ABCG2 (200 nmol/L; GGCAAAUCUUCGUUAUUAGtt or GCCUA-

CAACUGGCUUAGACtt), human E-cadherin (150 nmol/L; GAGUGAAUU-

UUGAAGAUUGtt or GCACGUACACAGCCCUAAUtt), or irrelevant controls
(mouse LIMK1; Ambion GGUAUUGACAGGGAUCUGAtt or mouse Rac1;

Ambion CCGUCUUUGACAACUAUUCtt) using 10 AL LipofectAMINE 2000

(Invitrogen) per well. After an overnight incubation, the cells were

trypsinized and reseeded from 35- to 100-mm dishes in DMEM-10% FBS
for 2 days before analysis.

Immunofluorescence microscopy. Cells were seeded in 100-mm dishes

containing autoclaved glass coverslips and cultured in DMEM with 10%

FBS. Cells were washed twice with PBS, fixed with 3.7% formaldehyde for

10 min, and then incubated with 50 mmol/L of ammonium chloride for

10 min. Cells were permeabilized and blocked with 0.5% Triton X-100 in PBS

with 0.2% bovine serum albumin and 2% goat serum for 30 min at room

temperature prior to immunostaining (1 h at 25jC) with anti–E-cadherin at

4 Ag/mL (Invitrogen), followed by Alexa Fluor 594 donkey anti-mouse IgG

(1:1,000). Filamentous actin (F-actin) was detected using 1.5 units/mL of

FITC-conjugated phalloidin, and nuclei were stained with 4,6-diamidino-2-

phenylindole (DAPI). Images were obtained by epifluorescence microscopy,

captured using a Nikon Eclipse 80i microscope, Leitz 40/0.7 PL FLUOTAR

objective, and a Hamamatsu C4742-95 digital camera and camera

controller. Images were acquired and converted to TIFF files using Openlab

(Improvision) or Image-Pro (Media Cybernetics) software and assembled

using Photoshop (Adobe).

QPCR. Total RNA was extracted from cell pellets (10% of sample;

f4–6 � 105 cells per 100-mm dish) using 0.5 mL of TRIzol (Invitrogen) as
directed by the manufacturer’s instructions. Reverse transcription was done

in 10-AL reactions on 100 to 150 ng total RNA from each sample using

Applied Biosystems Reverse Transcription Reagents (5.5 mmol/L MgCl2,

2 mmol/L deoxynucleotide triphosphate, 2.5 Amol/L random hexamers,
0.4 units/AL RNase inhibitor, and 1.25 units/AL Multiscribe Reverse

Transcriptase) as directed by the manufacturer’s instructions. For QPCR,

duplicate aliquots of cDNA for each sample (2 AL) were then subjected to
40 amplification cycles of PCR (Applied Biosystems Prism 7000 sequence

detection system) using TaqMan Universal PCR Master Mix and primer-

probe sets for 18S rRNA (29) or human ABCG2 (900 nmol/L forward primer

TGC AAC AGG AAA CAA TCC TTG T, 900 nmol/L reverse primer AGA TCG
ATG CCC TGC TTT ACC, and 250 nmol/L probe 6FAM CAA CAT GTA CTG

GCG AAG A-MGBNFQ). RNA expression was quantified by a standard curve
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using ABI Prism 7000 sequence detection system software. QPCR results are
plotted as the relative levels of ABCG2 mRNA normalized to 18S rRNA and

expressed as mean F SD of the duplicate PCR reactions.

Western blot analysis. Western blotting was done as described (30)

using 50 Ag (1.5 � 8 � 7.3 cm gel) or 100 Ag (1.5 � 14 � 15 cm gel) of total
cellular protein and the following antibodies: ABCG2 (Chemicon), cdk4

(AHZ0202; Biosource), and E-cadherin (13-1700; Invitrogen). Western blots

were visualized using enhanced chemiluminescence (Amersham), digitized

by scanning, and assembled in Photoshop.

Results

ABCG2 is responsible for the MCF7 SP. Others have described
a SP in MCF7 cells which expresses ABCG2 mRNA (25). We
confirmed the presence of a SP in MCF7 cells (Fig. 1A; MCF7) and
found enhanced expression of both ABCG2 mRNA and protein in
purified SP cells relative to non-SP cells (Fig. 1B and C ,
respectively). Semiquantitative RT-PCR showed that MCF7 cells
did not express MDR1 mRNA, and 25 to 50 Amol/L of verapamil
which inhibits MDR1—but not ABCG2 (6, 8)—did not affect the
abundance of the MCF7 SP (data not shown). In contrast, 1 Amol/L
of the ABCG2-specific inhibitor, FTC (31, 32), eliminated the MCF7

SP (Fig. 1A ; FTC). Similarly, two distinct ABCG2 siRNAs strongly
reduced SP abundance (Fig. 1A ; siRNA1 and siRNA2), to 13.5 F
2.8% (mean F SE, n = 8) of that seen with an irrelevant siRNA. We
conclude that ABCG2 is responsible for the SP in MCF7 cells.
Purified MCF7 SP cells generate a heterogeneous popula-

tion of both SP and non-SP cells. We purified MCF7 SP and
non-SP cells and assessed their ability to regenerate SP and non-
SP fractions during their time in culture. The initial SP and non-
SP fractions were 93% and 96% pure as determined by flow
cytometry (Fig. 2A). We then grew both purified populations in
culture for 2 weeks and re-analyzed them for Hoechst 33342
efflux by flow cytometry. The SP gave rise to a mixed population
of SP and non-SP (Fig. 2B ; 2.55% SP) which closely resembled
the percentages of SP and non-SP cells seen in unsorted MCF7
cells (0.7–2.0%, n = 12). In contrast, the purified non-SP cells did
not generate SP cells during the experiment (Fig. 2B ; NSP). The
ability of the purified MCF7 SP to generate both SP and non-SP
cells has also been observed for the SPs of certain neuroblas-
toma, glioma, and lung cancer cell lines (4, 10, 28) and may be
related to the asymmetrical cell division that is characteristic of
stem and cancer stem cells (see Discussion).

Figure 1. ABCG2 is responsible for the MCF7 SP.
A, exponentially growing MCF7 cells were stained
with Hoechst 33342 in the absence (top left ) or
presence (top right ) of 1 Amol/L of FTC. MCF7 cells
were also transfected with control siRNAs (data not
shown, but refer to Fig. 5B ) or two distinct ABCG2
siRNAs before staining with Hoechst (bottom left and
bottom right ). Refer to Fig. 5D for representative
knock-down efficiencies. The cells were analyzed
by flow cytometry as described in Materials and
Methods. The SP regions are encircled. B and C,
exponentially growing MCF7 cells were collected,
lysed, and analyzed by QPCR and Western blotting,
respectively, for ABCG2 mRNA and protein in
purified SP and non-SP (NSP ) cells. ABCG2 mRNA
levels are plotted relative to 18S rRNA. CDK4 serves
as a loading control for the Western blot.
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We then compared the expression of lineage markers in SP
and non-SP MCF7 cells (Supplemental Fig. S1A). Both the SP
and non-SP fractions displayed a luminal mammary epithelial
phenotype as determined by expression of ESA and cytokeratin
18, and the absence of cytokeratin 14 (19, 20). Expression of the
putative stem cell markers CD24, CD44, CD29, and CD49 (22, 23,
33) was also similar in the two subpopulations with both cell
populations being CD24+/CD44low/CD29low/CD49+ (Supplemental
Fig. S1B). Thus, the difference in the cell division properties of
SP and non-SP cells does not reflect a fundamental difference in
their cell lineage.
Tumorigenic potential of the MCF7 SP. To compare the

tumorigenic potential of the MCF SP and non-SP, MCF7 cells were
infected with a lentivirus encoding GFP and pure GFP-positive SP
and non-SP fractions were purified by FACS. A selected number of
cells were injected into the fourth mammary fat pad of 8-week-old
NOD/SCID female mice and were monitored for tumor develop-
ment. Consistent with the weak tumorigenicity of MCF7 cells (34),
we did not detect palpable tumors in the mice. However, when
whole mounts of collected mammary glands were analyzed by
fluorescence microscopy, it became clear that the MCF7 SP cells
efficiently colonized the mammary glands (11 occurrences of 26
total injections). In contrast, non-SP cells colonized the mammary
gland in only 2 of 25 injections. Representative images are shown in
Fig. 2C , and the complete analysis is summarized in Supplemental
Table S1.
Repression of ABCG2 gene expression and SP abundance by

a TGFh-directed EMT. The EMT is a reprogramming of epithelial
cells that results in their modulation to a mesenchymal phenotype
(35–37). This change in phenotype is typically accompanied by loss
of E-cadherin–mediated cell-cell adhesion and an increase in

mesenchymal markers such as actin stress fibers (a marker of
increased cellular tension). The EMT has an established role in
promoting cell migration during development, and it may also
promote migration during the metastasis of cancer cells (35–37).
EMTs have been categorized as either incomplete (reversible) or
complete (irreversible; refs. 36, 37). TGFh is a well-characterized
inducer of the EMT (38–41), and previous studies have indicated
that exposure of cells to TGFh (in the absence of a cooperating Ras
oncogene) results in a reversible EMT (42).

To determine if ABCG2 gene expression and SP abundance are
regulated during the EMT, we treated MCF7 cells with TGFh and
induced an EMT-like phenotype as assessed by loss of cell sur-
face E-cadherin, disruption of cell-cell contacts, and acquisition
of fibroblast-like morphology with increased cell spreading and
detectable stress fibers (Supplemental Fig. S2). These transitioned
cells had a striking decrease in SP abundance (Fig. 3A ; MCF7; Ctrl
versus EMT). Reduction of the SP was accompanied by repres-
sion of ABCG2 mRNA (Fig. 3B, MCF7 ; Supplemental Fig. S2) and
protein expression (Fig. 3C, MCF7 ; Supplemental Fig. S2). The
same effects were seen when purified MCF7 SP cells were treated
with TGFh (Fig. 3A–C ; SP). Moreover, when TGFh was withdrawn
from the transitioned cells, they reverted to the epithelial pheno-
type (also called a mesenchymal-epithelial transition) over a
10-day period as assessed by the reappearance of E-cadherin–
based cell-cell adhesions (Fig. 4A). Reversion to the epithelial
phenotype restored full expression of ABCG2 (Fig. 4B) and the
SP (Fig. 4C). Thus, ABCG2 gene expression and SP abundance are
strongly inhibited during the partial EMT induced by TGFh in
MCF7 cells.

The presence of an ABCG2-dependent SP is associated with
increased resistance to certain chemotherapeutic drugs, one of

Figure 2. Properties of MCF7 SP and non-SP cells. A, exponentially growing MCF7 SP and non-SP (NSP ) fractions were purified by FACS as described in Materials
and Methods and then immediately re-analyzed by flow cytometry for purity (% SP and non-SP). B, purified SP and NSP MCF7 cells were seeded (7 � 105 cells
in 60-mm dish) and incubated in DMEM-10% FBS for 14 d (trypsinizing and reseeding at f50% subconfluence as needed to avoid confluence). The cells were
then re-stained with Hoechst 33342, and re-analyzed by flow cytometry. The SP regions are encircled. C, GFP-positive MCF7 SP and NSP cells were purified by
FACS and injected into the mammary glands of NOD/SCID mice as described in Materials and Methods. Representative images of GFP-positive cells in whole mounts
prepared 7 mo after injection of 1 � 104 cells (GFP+ SP, GFP+ NSP) and vehicle (Matrigel) alone.
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which is mitoxantrone (2). To assess the functional consequence
of the EMT-associated decrease in ABCG2 expression and SP
abundance, we compared the resistance of MCF7 cells to mito-
xantrone toxicity before and after the TGFh-induced EMT. The
IC50 of mitoxantrone was decreased 5-fold after the EMT (Fig. 3D),
with an average decrease in IC50 of 7 F 1.5 (mean F SE,
n = 3). Thus, the EMT-associated decrease in ABCG2 expression
and SP abundance results in an increased sensitivity to
mitoxantrone.
E-cadherin depletion reduces SP abundance without affect-

ing ABCG2 expression. To assess the mechanism by which the
TGFh-directed EMT regulates ABCG2 expression and SP abun-
dance, we first assessed the potential effect of altering cellular
tension. We plated MCF7 cells on a malleable collagen-coated
surface which allowed us to manipulate substrate stiffness and
thereby alter cellular tension (29, 43). We then examined the effect
of changes in cellular tension on SP abundance. However, changes
in cellular tension did not affect SP abundance (Supplemental
Fig. S3).

We then asked if E-cadherin depletion in control MCF7 cells
would phenocopy the effects seen after the TGFh-directed EMT.
E-cadherin knock-down with siRNA (Fig. 5A and D) decreased
SP abundance, although the magnitude of this effect was less
than that seen after the EMT or after knock-down of ABCG2
itself (Fig. 5B). In eight determinations with two distinct siRNAs,
E-cadherin knock-down reduced SP abundance to 44 F 3.4%
(mean F SE) of control (irrelevant siRNA), whereas the TGFh-
directed EMT reduced SP abundance to 3.8 F 1.5% (mean F SE,
n = 8) of control (untreated) cells. Importantly, the effect of E-
cadherin knock-down on SP abundance occurred despite a
minimal effect on ABCG2 mRNA and protein expression (Fig. 5C
and D , respectively). Thus, in contrast to the repression of
ABCG2 gene expression seen during the TGFh-directed EMT,
E-cadherin knock-down exerts a posttranslational inhibitory
effect on ABCG2 function.

The distinct effects of the TGFh-directed EMT and E-cadherin
depletion in MCF7 cells strongly suggested that SP abundance
could be regulated by posttranslational effects on ABCG2

Figure 3. TGFh-directed EMT down-regulates ABCG2 expression, depletes the SP, and results in increased sensitivity to mitoxantrone. A, exponentially growing
MCF7 cells or purified SP cells were cultured at 3 � 105 cells per 100-mm dish in DMEM with 10% FBS in the absence or presence of 10 ng/mL of TGFh for 3 d
to induce the EMT. The cells were then stained with Hoechst 33342 and analyzed for SP abundance as described in Materials and Methods. B and C, control
and transitioned MCF7 cells or purified SP cells were analyzed for ABCG2 mRNA and protein, by QPCR and Western blotting, respectively. ABCG2 mRNA levels were
plotted relative to 18S rRNA (B ). CDK4 serves as the loading control (C ). D, exponentially growing MCF7 cells were trypsinized and replicate cultures were plated
at 3 � 105 in 100-mm dishes in DMEM with 10% FBS in the absence (Ctrl ) or presence of TGFh for 3 d. The control and transitioned cells were then treated
for 7 d with mitoxantrone in the continued absence or presence of TGFh. The medium for each culture condition was replaced at day 4. The cultures were incubated with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, and the results were plotted as the absorbance ratios of treated cell/untreated cells (see Materials
and Methods). Points, mean from an experiment done in quadruplicate; bars, SD. Mitoxantrone concentrations are plotted on log scale.
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function as well as by effects on ABCG2 gene expression. To
determine if posttranslational regulation of ABCG2 function was
specific to MCF7 cells, we examined several breast cancer cell
lines. Consistent with the report by others (25), we found that
MDA-MB-231 cells also lacked a SP (Fig. 6A), despite the
expression of ABCG2 (Fig. 6B and C). Importantly, MDA-MB-
231 cells lack E-cadherin as determined by Western blotting
(Fig. 6C) and immunofluorescence microscopy (Fig. 6D). Thus,
posttranslational regulation of ABCG2 function is linked to
E-cadherin expression in at least two distinct experimental
settings.

Discussion

Properties of the ABCG2-dependent SP in MCF7 cells. Our
study describes the properties and regulation of the ABCG2-
dependent SP in MCF7 cells. The analysis of purified MCF7 SP and
non-SP fractions showed that the MCF7 SP alone has the ability to
generate both SP and non-SP cells and thereby reconstitute the
heterogeneous distribution of these subpopulations that is
characteristic of the original culture. Further studies will be
required to determine how the generation of heterogeneity within
this immortalized cell line relates to the stem cell and cancer stem
cell property of asymmetrical cell division. Another characteristic
of cancer stem cells is enhanced tumorigenicity in vivo (44), and we
found that only the SP fraction efficiently colonized the mammary
gland. Others have reported increased tumorigenicity of the MCF7
SP as compared with the non-SP fraction but used i.p. injection

(25). Our study shows enhanced colonization by the SP in vivo
when injected in the orthotopic site.
Regulation of ABCG2 and SP abundance by a TGFB-

directed EMT. TGFh is thought to be a suppressor of early
tumor formation, but it is also thought to promote the late stages
of cancer by stimulating an EMT which, in turn, is associated
with extravasation and metastasis (40). Our studies show that
ABCG2 gene expression is strongly repressed by the TGFh-
directed EMT. These effects are reversible because ABCG2
expression and the SP reappear when TGFh is removed and
the transitioned cells undergo a mesenchymal-epithelial transition
to regain their epithelial phenotype. Although our results are
consistent with the reversibility of TGFh-directed EMT, we cannot
exclude the possibility that the reduction in ABCG2 expression
seen during the TGFh-directed EMT may reflect a selective
inhibition of cell division within the SP subpopulation. Indeed,
TGFh is thought to regulate stem/progenitor cell differentiation
(45). If this is the case, MCF7 cells subjected to a TGFh-directed
EMT must be less differentiated than purified non-SP cells
because the EMT-like cells can revert to a phenotype that re-
expresses ABCG2 and a functional SP.

Because the EMT is associated with late stages and
aggressiveness of cancer, it may seem counterintuitive for
transitioned MCF7 cells to show decreased ABCG2 expression
and an increased sensitivity to ABCG2-effluxed chemotherapeutic
drugs. Although the extrapolation of results from immortalized
cancer cell lines to bone fide cancer cells must be made with
caution, our results imply that a transient therapeutic window

Figure 4. Withdrawal of TGFh reverses
the EMT and restores the SP in MCF7
cells. Exponentially growing MCF7 cells
were trypsinized, and replicate cultures
were plated at 3 � 105 in 100-mm dishes in
DMEM with 10% FBS in the absence (Ctrl )
or presence of TGFh for 3 d. TGFh was
then removed from the transitioned cells;
reversal of the EMT and restoration of
the epithelial phenotype were monitored.
A, coverslips collected 0 to 10 d after
removal of TGFh (and control MCF7
cells) were analyzed by epifluorescence
microscopy after immunostaining for
E-cadherin, staining for F-actin with
FITC-phalloidin, and staining of nuclei with
DAPI. B, replicate cultures were collected
for analysis of ABCG2 protein levels by
Western blotting. Cdk4 serves as the
loading control. C, replicate cultures
were analyzed by FACS to determine SP
abundance. C, abundance after treating
MCF7 cells with the ABCG2 inhibitor, FTC.
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may exist as tumor cells undergo an EMT and before they revert
to the epithelial phenotype at distal sites. Alternatively, because
ABCG2 inhibits hypoxia-associated cell death (9), down-regula-
tion of ABCG2 during the TGFh-directed EMT may sensitize
tumor cells to hypoxic death signals and thereby contribute to
the low efficiency of metastasis formation (46). Given the poten-
tial relationship between the SP and cancer stem/progenitor
cells (4, 24, 25), our data also raises the possibility that the
cancer stem/progenitor population is transiently repressed during
the EMT and reappears after the colonization of secondary sites
and reversion of tumor cells to the epithelial phenotype. It is

important to emphasize, however, that the ABCG2-dependent SP
is not a consistent marker of stem cells (11, 16, 22, 23), and that
the relationship between the SP and the biology of cancer stem
cells is not well understood.
Posttranslational regulation of ABCG2 function by

E-cadherin. A hallmark of the EMT is loss of E-cadherin–
dependent cell-cell adhesions, and we find that knock-down of
E-cadherin decreases SP abundance as does the TGFh-directed
EMT. The effect of E-cadherin knock-down is less complete
than that seen with TGFh-directed EMT. More importantly,
however, E-cadherin depletion reduces SP abundance despite the

Figure 6. Posttranslational regulation of SP abundance in MDA-MB-231 cells. A, exponentially growing MCF7 and MDA-MB-231 cells were trypsinized and stained
with Hoechst 33342 and then analyzed for SP abundance by flow cytometry. Columns, mean; bars, SE (n = 4). B, exponentially growing MCF7 and MDA-MB-231
cells were analyzed for ABCG2 mRNA by QPCR. ABCG2 mRNA levels were plotted relative to 18S rRNA. C, exponentially growing MCF7 and MDA-MB-231
cells were analyzed by Western blotting for ABCG2, E-cadherin, and CDK4 (loading control). D, MCF7 and MDA-MB-231 cells were stained with anti–E-cadherin,
FITC-phalloidin, and DAPI, and analyzed by epifluorescence microscopy.

Figure 5. Posttranslational regulation
of ABCG2 function by E-cadherin.
Exponentially growing MCF7 cells
(106) were plated in six-well plates and
transfected with control or E-cadherin
siRNAs. A, cultures were incubated
in DMEM-10% FBS for 2.5 d after
transfection; collected coverslips were
analyzed for the expression of E-cadherin
and F-actin by epifluorescence microscopy.
Representative images for control siRNA
(mLIMK1) and E-cadherin siRNA-1.
B to D, MCF7 cells transfected with
control siRNAs, ABCG2 siRNAs, or
E-cadherin siRNAs. Cells transfected with
control siRNAs were also incubated in the
absence (Ctrl ) or presence of 10 ng/mL of
TGFh (Ctrl + EMT ) for the 2.5-d period
after transfection. B, the percentage of SP
cells in each population as determined by
flow cytometry. C, the levels of ABCG2
mRNA as determined by QPCR; ABCG2
mRNA levels are plotted relative to 18S
rRNA. D, Western blots of collected cell
lysates probed for E-cadherin (E-cad ),
ABCG2, and CDK4 (loading control).
In three separate experiments, the two
E-cadherin siRNAs did not have any
reproducible effect on ABCG2 levels.
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persistence of the ABCG2 protein. This posttranslational regu-
lation of ABCG2 function by E-cadherin cooperates with the
transcriptional repression of the ABCG2 gene to prevent ABCG2
transporter function during the TGFh-directed EMT. Interestingly,
MDA-MB-231 cells (which also lack a SP despite the expression of
ABCG2) do not express E cadherin, suggesting that posttransla-
tional regulation of ABCG2 function as a transporter may be a
common effect of E-cadherin signaling. Because ABCG2 is a half-
transporter (2, 6), assembly of the functional homodimer and its
localization to the plasma membrane may be regulated processes.
Posttranslational regulation of ABCG2 function may explain why

purified SP and ABCG2-positive cells have different tumorigenic
potentials in vivo (25).
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