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A major obstacle to cancer treatment is the development of multi-
drug resistance. Cancer that relapses after an initial response or 
that presents as chemotherapy-resistant disease is usually resistant 
to several chemically unrelated drugs in addition to the initial 
compound used in therapy (1). The various mechanisms respon-
sible for multidrug resistance include overexpression of certain 
ATP-binding cassette transporters (2). Cancer stem cells also  
appear to be highly resistant to various chemotherapies (3–8). This 
phenomenon of drug resistance may also result, in part, from the 
high levels of ATP-binding cassette transporters expressed  
by these cells (9). However, the relationship between exposure  
to chemotherapeutic agents and the expansion of drug-resistant  
cancer stem cell–like populations has not been fully explored.

Since the 1980s, investigators have generated many drug-resistant 
sublines to study the mechanisms of multidrug resistance. One line in 
particular, MCF-7/ADR-RES, has recently been the subject of much 
controversy and was finally identified as a doxorubicin-resistant deriv-
ative of OVCAR-8, an ovarian cancer cell line [see http://www.sanger.
ac.uk/genetics/CGP/Genotyping/synlinestable.shtml and (10–12)]. 
Thus, much of the previous information obtained from the MCF-7/
ADR-RES cell line cannot be used for comparison with the parental 
MCF-7 cells. In this study, we used doxorubicin-selected MCF-7/
ADR cells, which have been fully characterized and validated as breast 
cancer cells that are derived from the original parental MCF-7 cells 
(13,14). Our chromosomal analysis of MCF-7/ADR cells verified 
their origin and the parental MCF-7 cells as breast cancer cells (15).
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	Background	 Cancer stem cells are presumed to have virtually unlimited proliferative and self-renewal abilities and to be 
highly resistant to chemotherapy, a feature that is associated with overexpression of ATP-binding cassette 
transporters. We investigated whether prolonged continuous selection of cells for drug resistance enriches  
cultures for cancer stem–like cells.

	 Methods	 Cancer stem cells were defined as CD44+/CD242 cells that could self-renew (ie, generate cells with the tumori-
genic CD44+/CD242 phenotype), differentiate, invade, and form tumors in vivo. We used doxorubicin-selected 
MCF-7/ADR cells, weakly tumorigenic parental MCF-7 cells, and MCF-7/MDR, an MCF-7 subline with forced  
expression of ABCB1 protein. Cells were examined for cell surface markers and side-population fractions by 
microarray and flow cytometry, with in vitro invasion assays, and for ability to form mammospheres. Xenograft 
tumors were generated in mice to examine tumorigenicity (n = 52). The mRNA expression of multidrug  
resistance genes was examined in putative cancer stem cells and pathway analysis of statistically significantly 
differentially expressed genes was performed. All statistical tests were two-sided.

	 Results	 Pathway analysis showed that MCF-7/ADR cells express mRNAs from ABCB1 and other genes also found in 
breast cancer stem cells (eg, CD44, TGFB1, and SNAI1). MCF-7/ADR cells were highly invasive, formed mam-
mospheres, and were tumorigenic in mice. In contrast to parental MCF-7 cells, more than 30% of MCF-7/ADR 
cells had a CD44+/CD242 phenotype, could self-renew, and differentiate (ie, produce CD44+/CD242 and CD44+/
CD24+ cells) and overexpressed various multidrug resistance–linked genes (including ABCB1, CCNE1, and 
MMP9). MCF-7/ADR cells were statistically significantly more invasive in Matrigel than parental MCF-7 cells 
(MCF-7 cells = 0.82 cell per field and MCF-7/ADR = 7.51 cells per field, difference = 6.69 cells per field, 95% con-
fidence interval = 4.82 to 8.55 cells per field, P < .001). No enrichment in the CD44+/CD242 or CD133+ popula-
tion was detected in MCF-7/MDR.

	Conclusion	 The cell population with cancer stem cell characteristics increased after prolonged continuous selection for 
doxorubicin resistance.
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One unanswered question concerning cancer stem cells is 
whether this population is actually expanded by drug therapy. 
Levina et al. (16) evaluated the effects of a 3-day drug therapy 
regimen on lung cancer cells and concluded that the stem cell-like 
cell population was enriched. However, to our knowledge, there 
have been no reports characterizing putative cancer stem cells in 
cultures of highly drug-resistant cells that were established by a 
prolonged, continuous, multistep selection regimen. In this study, 
we investigated whether a population of cells with cancer stem cell 
characteristics (ie, cells that have CD44+/CD242 surface markers, 
are highly invasive, are able to self-renew [able to produce cells 
with the tumorigenic CD44+/CD242 phenotype], are able to 
differentiate, and are tumorigenic) was enriched in a breast cancer 
cell line that was selected with doxorubicin. The purpose of this 
study was to assess whether continuous drug selection could result 
in the expansion of a cancer stem cell–like population.

Materials and Methods
Drugs, Culture Medium, and Antibodies
Doxorubicin was purchased from Calbiochem (San Diego, CA). 
Etoposide was purchased from Sigma Chemicals Co (St Louis, 
MO). Real-time reverse transcription–polymerase chain reaction 

(RT-PCR) reagents were purchased from Roche Applied Sciences 
(Indianapolis, IN). Dulbecco’s modified Eagle medium (DMEM), 
Iscove modified Dulbecco’s medium, l-glutamine, and a solution 
of penicillin and streptomycin were obtained from Invitrogen 
(Carlsbad, CA). Antibodies against ABCB1, CD24, CD44, or 
CD133 protein were purchased from BD Biosciences (San Jose, 
CA). Anti-ABCB1 antibody was conjugated with fluorescein iso-
thiocyanate. Anti-CD44 antibodies were conjugated to fluorescein 
isothiocyanate for double-staining studies and to allophycocyanin 
for triple-staining studies. Anti-CD24 and anti-CD133 antibodies 
were conjugated with phycoerythrin.

Cells and Cell Culture
The MCF-7 breast cancer cell line and the multistep doxorubicin-
selected subline, MCF-7/ADR, were gifts from Kapil Mehta 
(M.D. Anderson Cancer Center, Houston, TX) (14). MCF-7/
ADR cells were cultured in high-dose doxorubicin (860 nM) every 
other passage, as described previously (14). No experiments were 
performed with cells that had been cultured without doxorubicin 
for more than 2 weeks, and all experiments were performed with 
cells grown in the absence of doxorubicin for at least 3 days to 
avoid drug-associated secondary effects. OVCAR-8, a human 
ovarian cancer cell line, and NCI-ADR-RES cells, a human drug-
resistant ovarian cancer cell line, were obtained from the 
Developmental Therapeutics Program, National Cancer Institute. 
Multidrug-resistant MCF-7/MDR cells, which were derived from 
the parental MCF-7 cells that were transfected with ABCB1 
cDNA, were established previously (17).

MCF-7 cells and their sublines (MCF7-FLV1000, which  
expresses wild-type ABCG2, and MCF7-AdVp3000, which  
expresses a mutant ABCG2) were maintained in DMEM supple-
mented with 10% fetal calf serum, penicillin (100 units/mL), and 
streptomycin (100 µg/mL). MCF-7 AdVP3000 (T482-ABCG2) 
cells were maintained in the presence of doxorubicin at 3 µg/mL 
and verapamil at 5 µg/mL, and MCF-7 FLV1000 (R482-ABCG2) 
cells were cultured in the presence of flavopiridol at 1 µg/mL 
(18,19). MCF-7/VP-16 cells, which overexpress ABCC1, were 
cultured as described previously (20). Briefly, the cells were gen-
erated by use of a stepwise selection with etoposide (from 200 nM 
to 10 µM) and maintained in 4 µM etoposide in DMEM supple-
mented with 10% fetal calf serum, penicillin (100 units/mL), and 
streptomycin (100 µg/mL). The estrogen-independent breast can-
cer cell line, MB-MDA-231, and its ABCB1-overexpressing sub-
line, MDA-MB-231 VB100, were cultured as previously described 
(21). Briefly, MDA-MB-231 cells and MDA-MB-231 VB100 were 
grown in Iscove modified Eagle medium supplemented with 10% 
fetal bovine serum, 2 mm glutamine, penicillin (100 units/mL), 
and streptomycin (100 µg/mL). Medium for MDA-MB-231 
VB100 cells was also supplemented with vinblastine (100 ng/mL).

The human cervical epidermal carcinoma cell line, KB-3-1, and 
its doxorubicin-resistant subline, KB-A1, which were established 
in the Gottesman laboratory, were cultured in DMEM with 10% 
fetal calf serum supplemented with 2 mM glutamine, penicillin 
(100 units/mL), and streptomycin (100 µg/mL) (Invitrogen) at 
37°C in a humidified atmosphere of 5% CO2 and 95% air. The 
drug-resistant subline KB-A1 was kept under constant selection in 
doxorubicin (1 µg/mL) (22).

CONTEXT AND CAVEATS

Prior knowledge
Cancer stem cells (ie, CD44+/CD242 cells that can self-renew, dif-
ferentiate, invade, and form tumors in vivo) are characterized as 
having virtually unlimited proliferative and self-renewal abilities 
and being highly resistant to chemotherapy. It is unclear whether 
the population of cancer stem cells is actually increased by drug 
therapy.

Study design
Long-term doxorubicin-selected MCF-7/ADR cells, weakly tumori-
genic parental MCF-7 cells, and MCF-7/MDR, an MCF-7 subline with 
forced expression of ABCB1 protein, were studied in culture and in 
xenograft tumors in mice.

Contribution
MCF-7/ADR cells expressed mRNAs from ABCB1 and other genes 
also found in breast cancer stem cells. In contrast to parental 
MCF-7 cell cultures (with a cancer stem cell phenotype in <0.05% of 
cells), more than 30% of cells in MCF-7/ADR cell cultures had a 
cancer stem cell phenotype (ie, could self-renew, differentiate, and 
overexpress various multidrug resistance–linked genes) and were 
more aggressive as shown in Matrigel assays, which measure  
invasiveness, and tumorigenesis assays in mice.

Implications
Prolonged continuous selection for doxorubicin resistance 
appeared to increase the population of cells with cancer stem cell 
characteristics.

Limitations
Only one highly drug-resistant breast cancer cell line, MCF-7/ADR, 
and its parental line MCF-7 were studied. Immunodeficient mice 
were used in tumorigenesis studies. The exact mechanism of can-
cer stem cell enrichment in MCF-7/ADR cultures is unclear.

From the Editors
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The human large-cell lung tumor line, COR-L23P, and its 
doxorubicin-selected MRP1-overexpressing multidrug-resistant 
variant line, COR-L23R, as previously described by Barrand et al. 
(23), were cultured in RPMI 1640 medium supplemented with 
10% fetal calf serum, penicillin (100 units/mL), and streptomycin 
(100 µg/mL) (Invitrogen) at 37°C in a humidified atmosphere of 
5% CO2 and 95% air. The COR-L23R cells were also maintained 
in doxorubicin (0.2 µg/mL) (23).

RNA Isolation
RNA was isolated from approximately 1 million MCF-7 and 
MCF-7/ADR cells grown in two six-well plates to characterize 
ATP-binding cassette transporter expression, as described previ-
ously (24). Briefly, the medium and any detached cells were first 
removed from the wells, and total RNA was isolated from the cells 
that remained attached to the culture dish by use of the Qiagen 
RNeasy kit (Qiagen, Valencia, CA) by the manufacturer’s proto-
col. RNA was quantitated by use of a NanoDrop micro-volume 
spectrophotometer (Thermo Scientific, Wilmington, DE), and 
then the integrity of the mRNA was verified with an Agilent 
BioAnalyzer (Agilent Technologies, Santa Clara, CA).

GeneChip Eukaryotic Expression Arrays
Isolated total RNA from the MCF-7 parental cells and MCF-7/
ADR cells was used with the GeneChip Sample Cleanup Module 
to prepare biotinylated eukaryotic complementary RNA to hy-
bridize to the GeneChip expression probe arrays, according to the 
manufacturer’s protocol (Qiagen). Briefly, double-stranded cDNA 
was prepared from the isolated RNA by use of the SuperScript 
system (Invitrogen Life Technologies) with a T7-(dT)24 primer. 
This double-stranded cDNA was used to make the biotin-labeled 
complementary RNA by in vitro transcription with a labeling kit 
from Enzo (Farmingdale, NY). The biotinylated complementary 
RNA was fragmented for 35 minutes at 94°C in fragmentation 
buffer in the kit and then hybridized to the Affymetrix GeneChip 
U133A 2.0 arrays (Affymetrix, Santa Clara, CA) for 16 hours at 
45°C. Each probe array was then washed and stained before being 
scanned twice with the GeneArray Scanner, according to the man-
ufacturer’s procedures (Affymetrix). Experiments with the arrays 
were performed in duplicate for each sample type (25). The raw 
microarray data have been posted online at http://cebs.niehs.nih.gov.

Microarray Analysis
The CEL files for hybridizations of the MCF-7/ADR cells and the 
MCF-7 cells were log2 transformed by use of RMA Express (26,27). 
Microarray data for the expression of 14 500 genes from MCF-7 
and MCF-7/ADR were filtered with BRB-ArrayTools (version 
3.8.0) (developed by Dr Richard Simon and the BRB-ArrayTools 
Development Team from the Biometric Research Branch at the 
National Cancer Institute, National Institutes of Health, Bethesda, 
MD). The array data were filtered by use of the exclusion parame-
ters, spot intensities that were less than 10 and genes with a P value 
for the log-ratio variation that was greater than .01, and a total of 
4976 genes were identified for further analysis. These 4976 genes 
were clustered by use of the Euclidean distance and complete 
linkage (Supplementary Figure 1, available online). The resulting 
dendrogram indicated that, for all experimental conditions, the 

duplicate microarrays form clusters, suggesting that the results 
were reproducible. A two-sample t test (with random variance 
model) was used to perform a class comparison and determine the 
statistically significant changes in gene expression between the 
MCF-7 and MCF-7/ADR cells. The univariate test random vari-
ance model parameters were a equals 1.68165, b equals 14.3422, 
and Kolmogorov–Smirnov statistic equals 0.03998. The nominal 
statistical significance level of each univariate test was .001. The 
first 419 genes listed were statistically significant at the nominal 
.001 level in the univariate test with a spot intensity fold change of 
10. Genes with a spot intensity fold increase of greater than 10 are 
shown in Supplementary Table 1 (available online), and genes with 
spot intensity fold decrease of greater than 210 are shown in 
Supplementary Table 2 (available online). Parametric P values, 
false discovery rate, and the fold change as determined by the BRB-
ArrayTools software are shown in Supplementary Tables 1 and 2 
(available online). These genes were then analyzed by Ingenuity 
Pathways Analysis software (Ingenuity, Redwood City, CA) to de-
termine which biological relationships exist between the genes 
present in this list. The reference set for this analysis was the 
Ingenuity Knowledge Base (Genes only), and the network analysis 
was set to direct relationships. All data sources were used to obtain 
data from patients and all human cell lines and tissues. The strin-
gent filter was also used. Seventy molecules per network and 25 
networks were used for this analysis. A numerical value was deter-
mined by the software to rank networks according to relevance to 
the genes in the input dataset. This score took into account the 
number of focus genes (genes in the original input dataset) in the 
network and the size of the network to approximate relevance of 
the network to the original list of focus genes. These calculations 
were based on the hypergeometric distribution that was calculated 
with a Fisher exact test for 2 × 2 contingency tables. The top three 
networks are shown in Supplementary Figure 2 (available online). 
Annotation was retrieved from the Affymetrix Netaffx site (www 
.affymetrix.com/analysis/index.affx) by use of DAVID (http://david
.abcc.ncifcrf.gov/). The biological functions of genes with altered 
expression in the MCF-7/ADR cells are presented in Supplementary 
Table 3 (available online).

Quantitative RT-PCR Analysis
The mRNA expression levels of the selected genes showing statis-
tically significant changes in the microarray analysis were validated 
with real-time quantitative RT-PCR. The LightCycler RNA 
Master SYBR Green Kit and LightCycler 480 instrument (Roche 
Biochemicals, Indianapolis, IN) were used in these studies as 
described previously (15). Specific PCR primer sequences for all 
validated genes and the reference gene (Supplementary Table 4, 
available online) were designed by use of LightCycler Probe 
Design (version 2) software, unless otherwise indicated. Crossing 
points (ie, cycle at which the fluorescence from a sample crosses 
above the background also known as the threshold) for each tran-
script were determined through second-derivative maximum 
analysis with arithmetic baseline adjustment (Roche LightCycler 
480 software). Crossing point values for each transporter were 
normalized to the respective crossing point values for mRNA  
expression of the reference gene, plasma membrane calcium 
ATPase 4 (PMCA4) (28). Fold change in gene expression for 
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drug-resistant cell lines compared with parental cells was deter-
mined from the same amount of total RNA by use of the delta, 
delta threshold cycle (Ct) method. A Ct of 40 was used for calcula-
tions when the gene expression was not detected.

Drug Resistance Gene Expression Analysis with the 
TaqMan Low-Density Array
The cDNA was synthesized from 1 µg of total RNA that had been 
isolated from CD44+/CD24+ and CD44+/CD242 MCF-7/ADR 
cells in a 20-µL reaction volume with a high-capacity cDNA kit 
and RNase inhibitor (Applied Biosystems, Foster City, CA) by the 
manufacturer’s instructions. The reverse transcription conditions 
were as follows: 10 minutes at 25°C, 120 minutes at 37°C, and 5 
seconds at 85°C. After reverse transcription, cDNA was stored at 
4°C. Cells from two separate cell sortings were evaluated.

Expression levels of genes linked to drug resistance were measured 
with custom-made TaqMan low-density arrays (Applied Biosystems) 
that test for a total of 381 genes (Supplementary Table 6, available 
online), including all known ATP-binding cassette transporters and 
many other genes that are involved in drug resistance (From the 
Laboratory of Cell Biology, Center for Cancer Research, National 
Cancer Institute, [  J.-P. Gillet, A. M. Calcagno, S. V. Ambudkar,  
M. M. Gottesman]; Bioinformatics and Computational Biosciences 
Branch, National Institute of Allergy and Infectious Diseases,  
[S. Varma], NIH Bethesda, Maryland; Division of Pathology, 
Norwegian Radium Hospital, Oslo University Hospital, and The 
Medical Faculty, University of Oslo, Oslo, Norway [B. Davidson]; 
Section for Gynecologic Oncology, Division of Obstetrics and 
Gynecology, Norwegian Radium Hospital, Oslo University Hospital, 
Oslo, Norway [ M. Bunkholt Elstrand]; Cleveland Clinic Taussig 
Cancer Institute, Cleveland, Ohio [R. Ganapathi]; Departments of 
Gynecologic Oncology and Cancer Biology, and Center for RNA 
Interference and Non-Coding RNA, University of Texas M. D. 
Anderson Cancer Centre, Houston, Texas [A. A. Kamat,  A. K. Sood ]; 
Fox Chase Cancer Center, Philadelphia, Pennsylvania [M. V. Seiden ]; 
Vincent Center for Reproductive Biology, Vincent Obstetrics and 
Gynecology Service, Massachusetts General Hospital, Boston, 
Massachusetts [ B. R. Rueda], unpublished results). The cDNA (1 µg) 
was mixed with 2× TaqMan Universal PCR Master Mix (Applied 
Biosystems) and loaded on the TaqMan low-density array. Expression 
was analyzed with an ABI Prism 7900 HT Sequence Detection 
System (Applied Biosystems) by the manufacturer’s instructions.

Expression data from the TaqMan low-density array were 
analyzed with RQ documents and the RQ Manager Software for 
automated data analysis (Applied Biosystems) to provide Ct values, 
which were median normalized (28). Two-dimensional hierar-
chical cluster analysis, by use of the Manhattan distance with the 
complete linkage algorithm, was performed with the CIMminer 
tool (http://discover.nci.nihl.gov) to group expression data for 
the 381 genes (including genes linked to multidrug resistance  
on the basis of their expression profiles) from two biological  
replicates of the CD44+/CD24+ and CD44+/CD242 MCF-7/
ADR cells.

Surface Marker Analysis by Flow Cytometry
We assessed expression of CD44, CD24, CD133, and ABCB1 
surface markers on MCF-7, MCF-7/ADR, MCF-7/MDR, 

OVCAR-8, OVCAR-8/ADR, KB-A1, MCF7-FLV1000, MCF7-
AdVp3000, MCF-7/VP-16, COR-L23P, COR-L23R, 
MDA-MB-231, and MDA-MB-231 VB100 cells. Cells were 
washed with phosphate-buffered saline (PBS) before they were 
removed from the culture dish with trypsin and EDTA, counted, 
resuspended in 5 mL of fresh medium, incubated at 37°C for 30 
minutes, and then transferred to Eppendorf tubes (1 × 106 cells per 
tube). After a wash with a solution of PBS and 0.5% bovine serum 
albumin, cells were centrifuged at 500g, and the supernatant was 
removed. The appropriate fluorochrome-conjugated antibody 
against a surface marker was added at 1:10 dilution (5–50 µL) in 
PBS and 0.5% bovine serum albumin and incubated on ice in the 
dark for 30 minutes. All antibodies were used at a dilution of 1:10. 
Cells were washed with PBS and 0.5% bovine serum albumin. 
7-Amino-actinomycin D (7-AAD) was added to all samples, except 
for the unstained and single-stained cells, to exclude dead cells 
from the analysis. Cells were analyzed by flow cytometry with an 
LSRII flow cytometer (BD Biosciences). Data were collected with 
FACSDiVa software (BD Biosciences) from no fewer than 30 000 
cells. The following laser filters were used: fluorescence detector 
FL1, for fluorescein isothiocyanate; fluorescence detector FL2, for 
phycoerythrin; fluorescence detector FL3, for 7-AAD; and fluo-
rescence detector FL5, for allophycocyanin (red laser). If compen-
sation to adjust for spectral overlap was required, compensation 
beads were used. Briefly, 50 µL of the positive control beads  
and 50 µL of the negative control beads (BD Biosciences) were 
added, followed by 5 µL of the specific fluorochrome-conjugated  
antibody, and cells were processed as described above.

Mammosphere Formation and Limiting Dilution Assay
We used MCF-7 and MCF-7/ADR cells as well as the CD44+/
CD242 and CD44+/CD24+ MCF-7/ADR cells to assess mam-
mosphere formation in the absence of culture-plate attachment. 
Mammosphere identification was performed as described (29) and 
formation frequency for each cell line was determined by a limiting 
dilution assay (30) in which various numbers of cells (500 cells to 
one cell) per well were plated in 96-well low-binding plates (six 
wells per dilution; Fisher Scientific, Hampton, NH). The number 
of mammospheres was scored 10–14 days later, depending on the 
spheroid growth rates. Cells were cultured in serum-free DMEM/
F12 medium supplemented with fibroblast growth factor (10 ng/
mL) and epidermal growth factor (10 ng/mL) (Preprotech, Rocky 
Hill, NJ); insulin (50 µg/mL) (Sigma Chemical Co); and B27 (100 
units/mL), N2 supplements (100 units/mL), penicillin (100 units/
mL), and streptomycin (100 µg/mL) (Invitrogen).

Invasion and Motility Assays
We used MCF-7, MCF-7/ADR, and MCF-7/MDR cells for inva-
sion and motility assays. For invasion assays, cells were removed 
from the culture dish with trypsin and EDTA, resuspended in 
DMEM with 10% fetal calf serum, centrifuged at 500g, washed in 
Dulbecco’s PBS, and resuspended in serum-free DMEM at 50 000 
cells per milliliter. The Biocoat Matrigel invasion chamber (BD 
Biosciences) was used after a 2-hour rehydration step at 37°C with 
serum-free DMEM. The invasion chamber has six cell culture 
inserts, each of which contains a polyethylene terepthalate mem-
brane with 8-µm pores that has been coated with Matrigel (one  
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invasion chamber per well in a six-well plate). A total of 100 000 cells 
in 2 mL of serum-free DMEM was added to the apical side of an 
insert, and then 2.5 mL of DMEM plus 10% fetal calf serum was 
added to the basal side of the insert as the chemoattractant. Cells 
were kept at 37°C overnight. The next morning medium was poured 
off, and cells that had not invaded through the pores of the insert 
were scraped off the apical side of the inserts with a sterile cotton 
swab and discarded. Cell culture inserts were then placed into a Diff 
Quik staining set (Dade Behring, Newark, DE) and treated with 
fixative (triarylmethane and methanol, 1:1 vol/vol) for 2 minutes, 
with stain 1 (xanthenes dye) for 2 minutes, with stain 2 (thiazine dye) 
for 2 minutes, and then with two 2-minute water washes. For each 
insert, cells in five different fields were counted at a magnification of 
×10, and values were averaged. Invasion of MCF-7 cells was com-
pared with that of MCF-7/ADR and MCF-7/MDR cells. Wells used 
for invasion assays were photographed at ×40.

For motility studies, we used invasion chambers with control 
inserts that contained the same type of membrane but without the 
Matrigel coating (one chamber per well of a six-well plate). A total 
of 100 000 cells in 2 mL of serum-free DMEM was added to the 
apical side of each insert, and 2.5 mL of serum-free DMEM (ie, 
with no chemoattractant) was added to the basal side of each insert. 
The inserts were processed as described above for the invasion 
assay. Motility of the MCF-7 cells was compared with that of 
MCF-7/ADR and MCF-7/MDR cells.

Analysis of the Side-Population Cell Fraction
MCF-7 and MCF-7/ADR cells were used in the side-population 
assay to identify stem cells (ie, the side-population fraction) that 
overexpress an ABC transporter, such as ABCB1, and so can trans-
port Hoechst 33342 dye. Briefly, cells were suspended in prewarmed 
RPMI 1640 medium containing 2% fetal bovine serum and 2 mM 
HEPES buffer at 1 × 106 cells per milliliter and then incubated at 
37°C for 20 minutes; Hoechst 33342 dye (Invitrogen) was added to 
a final concentration of 5 µg/mL (8.1 µM) from a stock solution at 
1 mg/mL and incubated with cells for 90 minutes in a 37°C shaking 
bath. Control cells were incubated with 50 µM verapamil or 10 µM 
cyclosporine A (Sigma Chemicals Co) for 15 minutes at 37°C before 
Hoechst 33342 dye addition to inhibit the ABCB1 transporter. All 
cells were immediately placed on ice, washed, and resuspended in 
ice-cold Hanks buffered salt solution containing 2% fetal bovine 
serum and 2 mM HEPES buffer (pH 7.4). 7-AAD (BD Pharmingen, 
Lexington, KY) was added to the cells at 20 µg/mL and red-stained 
dead cells were detected with FL3 detector and excluded from the 
analysis. Hoechst 33342-labeled cells were analyzed on a LSRII flow 
cytometer (BD Biosciences), and cell aggregates were discarded 
from the analysis by doublet discrimination. Side-population cells 
were visualized or sorted by use of red (FL8) vs blue (FL7) ultravi-
olet channels both in linear mode, as described previously (31).

Analysis of Aldehyde Dehydrogenase Activity
The expression of aldehyde dehydrogenase (ALDH) is enriched in 
cancer stem cells (32,33). For this reason, ALDH activity in MCF-7 
and MCF-7/ADR cells was determined by use of an Aldeflour kit 
(StemCell Technologies, Inc, Vancouver, BC, Canada) as per the 
manufacturer’s instructions. Briefly, 1 × 106 cells were suspended in 
the Aldeflour buffer containing the ALDH substrate dipyrrometh-

ene boron difluoride aminoacetaldehyde at 1 µM and incubated for 
40 minutes at 37°C. A specific ALDH inhibitor, diethylaminoben-
zaldehyde, was used at 50 µM as a negative control and to establish 
the gate for ALDH-positive cells. Aldeflour fluorescence was 
detected by use of the FL1 detector in a LSRII flow cytometer.

Xenograft Tumor Studies in Mouse Models
We used 6- to 8-week-old female nonobese diabetic/severe com-
bined immunodeficient (NOD/SCID) mice aged 6–8 weeks (NCI 
Frederick animal facility) for these experiments. All mouse studies 
were conducted in an Association for Assessment and Accreditation 
of Laboratory Animal Care International–accredited facility, in 
compliance with the US Public Health Service guidelines for the 
care and use of animals in research. Mice received estrogen supple-
mentation by subcutaneous implantation of a 90-day pellet because 
MCF-7 cells require estrogen supplementation for growth in vivo. 
Sham-sorted or MCF-7 and MCF-7/ADR cells sorted for indi-
cated cell surface markers were resuspended in 100 µL of 
Dulbecco’s PBS and injected into the inguinal mouse mammary 
pad (pad 4) to generate one tumor per mouse. A total of three or 
four mice per experimental group were used in three independent 
experiments. Thus, for all experiments in this study, we used a total 
of 52 mice selected at random. Mice were housed at five mice per 
cage on arrival. These mice were selected at random and placed 
into new cages for each experimental group. The other eight mice 
died because of fight wounds or had complications after estrogen 
pellet implantation. They were not used in any experiment. The 
mice were labeled specifically with an ear tag to identify each 
tumor type. The growth of tumors was monitored with a caliper 
twice a week, and the weight (in milligrams) of each mouse was also 
monitored twice a week. Tumor growth was measured biweekly, 
and the weights (in milligrams) were calculated by use of the 
formula for a prolate ellipsoid and by assuming a specific gravity of 
1.0 g/cm3, as described by Plowman et al. (34): L × W2 × 0.5.

Statistical Methods
Statistical significance was determined with unpaired Student t 
tests, except as noted for analyses of microarray data below. P 
values of less than .05 were considered statistically significant. All 
statistical tests were two-sided. Means and 95% confidence inter-
vals (CIs) are reported. A power calculation was not performed 
before the start of the experiments.

The microarray data were filtered by use of BRB-ArrayTools 
by excluding spot intensities of less than 10 and genes with a  
P value for log-ratio variation of greater than .01. Genes that 
remained in the analysis were then used to determine class com-
parisons. This class comparison analysis yielded 419 genes with the 
fold change of greater than plus or minus 10 and a P value of less 
than .001, as determined in a univariate test that compared gene 
expression of MCF-7/ADR cells with that of the MCF-7 cells. To 
identify which genes were statistically significantly overexpressed 
or underexpressed in the MCF-7/ADR CD44+/CD242 cells (in 
comparison with the MCF-7/ADR CD44+/CD24+) via data from 
the TaqMan low-density array, we used class comparisons with 
two-sample t tests and 10 000 random permutations (BRB-
ArrayTools, version 3.7.0). Results were considered statistically 
significant at a P value of less than .05.
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For the invasion and motility assays, a t test was performed for 
each pair to determine whether the number of cells that invaded 
the Matrigel or moved through the pores, respectively, was statis-
tically significantly different between cell types. The mean, differ-
ence, and 95% confidence interval for the difference of means 
were calculated for each pair assayed.

Results
Microarray Analysis of Global Gene Expression in MCF-7/
ADR Cells and Parental MCF-7 Cells
The MCF-7/ADR cells that have been selected in increasing con-
centrations of doxorubicin have a drug-resistance phenotype 
because they overexpress ABCB1 transporters (14). We investigated 
whether MCF-7/ADR cultures that have been subjected to long-
term continuous drug selection contain an expanded cancer stem 
cell–like population. We first used microarray analysis of mRNA 
isolated from parental MCF-7 and MCF-7/ADR cells to evaluate 
the global differences in gene expression. We found that expression 
data from 4976 genes were clustered (Supplementary Figure 1, 
available online) into two distinct groups (ie, one from MCF-7 cells 
and the other formed from MCF-7/ADR cells). Using a class com-
parison analysis, we identified 419 differentially expressed genes 
between these two cell types by a univariate test (Supplementary 
Tables 1 and 2, available online). As expected, ABCB1 mRNA ex-
pression was higher in long-term doxorubicin-selected MCF-7/
ADR cells than in parental MCF-7 cells. We also found statistically 
significant lower mRNA expression of estrogen receptor (ESR1) 
(2126.03-fold, 95% CI = 2121.73 to 2130.32-fold; P < .001), 
E-cadherin (2289.15-fold, 95% CI = 2252.68 to 2325.63-fold; 
P < .001), and CD24 (235.6-fold, 95% CI = 29.9 to 261.3-fold; 
P < .001) but higher mRNA expression of ALD1A3 (4.84-fold, 95% 
CI = 4.12 to 5.56-fold; P = .005) and N-cadherin (18.99-fold, 95% 
CI = 13.01 to 24.97-fold; P = .028) in MCF-7/ADR cells than in 
parental MCF-7 cells. The gene expression profile of MCF-7/ADR 
cells thus mimics that of breast cancer stem cells (4,6,33). We also 
found a non-statistically significantly higher (1.99-fold, 95% CI = 
1.26 to 2.72-fold; P = .095) expression of SNAI1 mRNA in MCF-7/
ADR cells than in parental MCF-7 cells. It should be noted that the 
loss of E-cadherin expression followed by an increase in N-cadherin 
expression is a hallmark of the epithelial-to-mesenchymal transition 
and a more invasive phenotype that has been linked to cancer stem 
cells (35– 37).

The 419 genes that were identified as being differentially 
expressed between MCF-7/ADR cells and parental MCF-7 cells 
by the microarray analysis were further examined with Ingenuity 
Pathway Analysis software to identify biological networks that 
were active in these cells. In MCF-7/ADR cells, the highest 
scoring network was the transforming growth factor b (TGFB1) 
network, which is involved in regulating cell proliferation, apo-
ptosis, and induction of the epithelial-to-mesenchymal transition 
(Supplementary Table 3, available online) and includes ESR1 and 
p53 proteins (Supplementary Figure 2, available online). This 
result was consistent with the microarray analysis because SNAI1 
protein has recently been reported to mediate the TGFB1 sig-
naling pathway and to decrease expression of E-cadherin and the 

estrogen receptor in breast cancer cells (35). Other high scoring 
networks (Supplementary Table 3, available online) were related 
to survival (ANXA1, TGFB1, and SERPINE1), loss of adhesion 
(CDH2, EGFR, and LOX), and the epithelial-to-mesenchymal 
transition (eg, TWIST1) (36,38). Cancer stem cells have been as-
sociated with an invasive phenotype (ie, MMP1, CDH2, and 
CDH1) and increased survival (ie, TGFB1 and ALDH1), similar 
to the characteristics that were found in the pathway analysis (39).

We used real-time RT-PCR to validate the expression profiles 
for 10 genes (ABCB1, ABCB4, CDH1, CDH2, CXCL12, EMP1, 
ESR1, NRCAM, SERPINE2, and VIM) that were associated with 
drug resistance and stem cell characteristics in both the MCF-7 
and MCF-7/ADR cells (Supplementary Table 4, available online). 
Patterns of gene expression were similar between the microarray 
analysis and real-time RT-PCR analysis (Figure 1), although the 
fold change varied between the real-time RT-PCR analysis and 
the microarray analysis. Thus, after the long-term drug selection 
process, gene expression patterns observed in MCF-7/ADR cells 
are similar to those in breast cancer stem cells (4,6,33).
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Figure 1.   Differential gene expression in long-term doxorubicin-
selected MCF-7/ADR cells and parental MCF-7 cells. A) Six genes with 
higher expression in MCF-7/ADR cells than in parental MCF-7 cells. B) 
Four genes with lower expression in MCF-7/ADR cells than in parental 
MCF-7 cells. Real-time quantitative reverse transcription–polymerase 
chain reaction was used to measure the mRNA expression levels of 
genes with statistically significantly different expression, as detected in 
the microarray analysis, between MCF-7/ADR and MCF-7 cells. * = Not 
detected in parental MCF-7 cells; ** = not detected in MCF-7/ADR cells; 
*** = not detected in either cell line. Data are the average fold change 
values in MCF-7/ADR cells compared with MCF-7 cells and are from at 
least two independent experiments, with at least two replicates per 
gene. Error bars = 95% confidence intervals.
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The CD44+/CD242 Cell Population in MCF-7/ADR and 
MCF-7 Cell Cultures
We further investigated whether MCF-7/ADR and parental 
MCF-7 cells possessed the putative breast cancer stem cell 
markers, CD24 and CD44, which have been reported in BRCA1-
mutated murine cancer stem cells (29,30). Virtually all cells in 
parental MCF-7 cultures expressed both CD44 and CD24 (ie, 
CD44+/CD24+ cells) (Figure 2, A), with a negligible fraction 
(<0.05%) expressing only CD44 but not CD24 (ie, CD44+/
CD242 cells). In contrast, cultures of MCF-7/ADR cells had a 
substantial fraction (32.4%) of cells that expressed CD44 but not 
CD24 (ie, CD44+/CD242 cells), consistent with the decreased 
expression of CD24 observed in the gene expression analysis. In 
addition, cultures of MCF-7/ADR cells, but not of parental 
MCF-7 cells, had a substantial side-population cell fraction. 
Treatment of MCF-7/ADR cultures with verapamil or cyclo-
sporine A, which inhibit ABCB1 transporters, eliminated the side 
population in these cultures (Figure 2, B), which indicates that the 
function of ABCB1 transporter can be used to identify the side 
population. These results indicate that cultures of drug-selected 
MCF-7/ADR cells contain a substantial population of cells with 
the CD44+/CD242 phenotype and a side-population fraction 
with functional ABCB1.

We also compared cell surface expression of ABCB1 protein 
between populations of CD44+/CD242 and CD44+/CD24+ 
MCF-7/ADR cells by flow cytometry. ABCB1 protein has been 
shown previously to be overexpressed on the cell surface of MCF-7/
ADR cells (14), and cell surface expression of ABCB1 protein has 
been shown to be associated with hematopoietic stem cells (40) and 
solid tumor cancer stem cells (39). As expected, nearly all MCF-7/
ADR cells expressed ABCB1 protein, with essentially no difference 
between the CD44+/CD242 and CD44+/CD24+ cell populations, 
but ABCB1 was not detected on MCF-7 parental cells. In addition, 
MCF-7/ADR cell cultures had a higher fraction of ALDH-positive 
cells (5.6%, average of two independent experiments), a characteris-
tic that has been previously associated with cancer stem cells 
(29,32,33), than in the parental MCF-7 cells (0.9%) (difference = 
4.7%, 95% CI = 21.4% to 10.8%). Aldeflour-positive cells were 
found to be lower in MCF-7 cell cultures than in MCF-7/ADR cell 
cultures (Supplementary Figure 3, A, available online). Previously, 
we reported that breast tumors with BRCA1 mutations contain 
CD133+ cells (30). In this work, we also evaluated cell surface ex-
pression of CD133 in MCF-7 and MCF-7/ADR cell cultures. 
Neither culture expressed CD133 (Supplementary Figure 3, B, avail-
able online). Thus, only CD44+/CD242 cells were associated with 
the drug-resistant phenotype; however, the role played by CD44+/
CD242 cells in the development of drug resistance is not clear.

We then examined cultures of other drug-selected cells for cell 
surface expression of CD24, CD44, and CD133 proteins, in-
cluding doxorubicin-resistant and verapamil-resistant MCF-7 
AdVP3000 cells, doxorubicin-resistant KB-A1 cells, doxorubicin-
resistant NCI-ADR-RES cells (also known as OVCAR-8/ADR 
cells), doxorubicin-resistant COR-L23R cells, the estrogen  
receptor-negative breast cancer cell line MDA-MB-231, and vin-
blastine-resistant MDA-MB-231 VB100 breast cancer cells and 
their respective parental cell lines, but found none that were 
enriched in CD44+/CD242 cells. We also evaluated another 

drug-selected breast cancer cell line, MDA-MB-231 VB100 (21) 
and found that approximately 50% of the parental MDA-MB-231 
and MDA-MB-231 VB100 cells had the CD44+/CD242 pheno-
type, and so drug-selected MDA-MB-231 VB100 cells were not 
enriched in CD44+/CD242 cells. In addition, cultures of all other 
cell lines examined (ie, MCF-7 AdVP3000, KB-A1, NCI-ADR-
RES, COR-L23R, and MDA-MB-231 VB100) were not enriched 
in CD133+ cells (data not shown). In particular, no enrichment of 
CD133+ cells was found in drug-resistant ovarian cell cultures, in 
contrast to a recent report that identified CD133 as a cancer stem 
cell marker in ovarian tumors (41).

To further examine whether the presence of ABCB1 protein 
alone could enrich for cancer stem cell markers, we examined 
MCF-7/MDR cells, which had previously been derived from 
parental MCF-7 cells by transfection with cDNA for the ABCB1 
transporter (17). We found that MCF-7/MDR cell cultures were 
not enriched in CD44+/CD242 cells and that the invasion ability 
of MCF-7/MDR cells was not enhanced (data not shown). Thus, 
ABCB1 protein expression alone does not appear to stimulate the 
expression of cancer stem cell markers.

Formation of Mammospheres by MCF-7/ADR Cells
Formation of nonadherent spherical clusters of cells or mammo-
spheres in three-dimensional culture is a characteristic of cancer 
stem cells (42). We found that MCF-7/ADR cells had a high ca-
pacity to form mammospheres, with approximately one in five cells 
capable of forming mammospheres. The MCF-7/ADR mammo-
spheres were large and grew more rapidly than MCF-7 mammo-
spheres, which were small cell clusters that adhered to the culture 
dish and were difficult to score in the limiting dilution assay 
(Figure 3, A). Although the CD44+/CD242 cell population iso-
lated by flow cytometry from MCF-7/ADR cells had a tendency to 
form mammospheres more efficiently than the CD44+/CD24+ 
cell population, the two types of cells gave similar results in the 
limiting dilution assay (Figure 3, B).

Invasiveness and Morphology of MCF-7/ADR Cells in 
Culture
It has been shown (39) for other mammary cancer cells (ie, 
MCF7-S and B3R cell lines and primary cells isolated from the 
human breast cancer tissue) that the ability of cancer stem cells to 
migrate in cell culture and to metastasize in NOD/SCID mice is 
enhanced, compared with cell populations that do not contain 
cancer stem cells. In vitro Matrigel assays in culture dishes that 
contain Matrigel-coated membrane inserts have been used to 
investigate the invasive properties of various cell types including 
breast cancer cell lines (43). We used this assay system to assess 
motility (without Matrigel-coated membranes) and invasiveness 
(with Matrigel-coated membranes) between MCF-7/ADR cells 
and their parental MCF-7 cells. MCF-7/ADR cells were statisti-
cally significantly more motile than parental MCF-7 cells (MCF-7 
cells = 0.96 motile cells per field and MCF-7/ADR cells = 4.72 
motile cells per field; difference = 3.76 motile cells per field, 95% 
CI = 2.41 to 5.11 motile cells per field; P < .001) (Figure 3, C) and 
statistically significantly more invasive (MCF-7 cells = 0.82 inva-
sive cells per field; MCF-7/ADR = 7.51 invasive cells per field; 
difference = 6.69 invasive cells per field; 95% CI = 4.82 to 8.55 
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Figure 2. Analysis of mammary stem cell markers in cultures of MCF-7/
ADR cells and parental MCF-7 cells. We used CD44, CD24, and ABCB1 ex-
pression as stem cell markers and transport of Hoechst 33342 dye to indi-
cate ABCB1 function. Cells were sorted for these markers by flow 
cytometry. A) Analysis of the cell surface expression of CD44 and CD24 
protein on MCF-7 parental cells and multistep doxorubicin-selected MCF-7/
ADR cells. CD44 and CD24 protein were detected with fluorochrome- 
conjugated antibodies. Flow cytometry was used to sort cells into CD44+/
CD242 and CD44+/CD24+ populations, and the expression of ABCB1 
protein was assessed in each population, also by flow cytometry. 
Histograms from a representative experiment of a total of four experi-
ments are shown. Percentages indicate the amount of cells in that  

quadrant. Side scatter is reflected and refracted light intensity related to 
cell granularity and complexity. B) Analysis of the side-population cell 
fraction in MCF-7 and MCF-7/ADR cell cultures. Left) Hoechst 33342 dye 
treatment only. Middle) Verapamil treatment. Right) Cyclosporine A treat-
ment. All cells were incubated with Hoechst 33342 dye, which was excited 
at 357 nm and its fluorescence was analyzed at two wavelengths (blue = 
402–446 nm; and red = 650–670 nm), both in linear mode. Cells were incu-
bated with 50 µM verapamil or 10 µM cyclosporine A before addition of 
Hoechst dye; dead cells were excluded by incubation with 7-AAD (20 µg/
mL) immediately before analysis. Cell aggregates were discarded from the 
analysis by doublet discrimination. Side-population cells are shown by the 
outlined area. a.u. = arbitrary units.
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Figure 3.  Characterization of MCF-7 and MCF-7/ADR cells in three-
dimensional culture. Mammosphere formation by unsorted and sorted 
(CD44+/CD242 and CD44+/CD24+) cell populations of MCF-7/ADR cells 
and parental MCF-7 cells was assessed by the limiting dilution assay. 
A) Morphologic appearance of mammospheres. A representative 
mammosphere from a total of 50 countable mammospheres from 
each experimental condition is shown. B) Spheroid formation by 
sorted cells in anchorage-independent culture. Long-term spheroid 
assays were performed by limiting dilution with 500 cells to one cell 
per well of a 96-well low-binding plate. The number of colonies was 
scored at the end of 14 days. This experiment was performed twice, 
with six wells per cell dilution. Error bars = 95% confidence intervals. 
C) Motility and invasiveness of MCF-7/ADR cells and parental MCF-7 

cells. Cell culture inserts were used for both assays. Membranes 
coated with Matrigel were used for invasion assays, and membranes 
without a Matrigel coating were used for motility assays. For each 
insert, cells in five different ×10 fields were counted. Cell numbers 
from two experiments were averaged. Number of replicates (wells) for 
each bar is four. Differences in motility or invasiveness were com-
pared with a two-sided t test (both P < .001). D) Representative inserts 
from invasion assays for MCF-7/ADR cells and parental MCF-7 cells. 
White circles are pores. MCF-7 cell in the field captured on the left 
contains only one cell (arrow). MCF-7/ADR cells in the right panel are 
more numerous and elongated, as indicated by arrows, with a mesen-
chymal appearance. Cultures were photographed at a magnification of 
×40. Scale bar = 50 µm.

invasive cells per field; P < .001) (Figure 3, C and D). The mor-
phology of MCF-7/ADR cells was elongated (which has been as-
sociated with increased invasiveness and increased motility) and 
cultured cells did not form the cobblestone pattern, that is charac-
teristic of MCF-7 cells (Supplementary Figure 4, available online).

Tumorigenicity of MCF-7/ADR Cells in Mice
MCF-7 cells are weakly tumorigenic in NOD/SCID mice and 
require estrogen supplementation to generate a tumor (44). In 
preliminary studies, we found that 2.8 × 106 MCF-7 cells could 

form tumors in two of four mammary fat pad injection sites after 
65 days (data not shown) but that 0.5 × 106 or 1.0 × 106 MCF-7 
cells injected in a single mouse could form tumors in only one of 
the four sites after 85 days (Table 1). However, these MCF-7 
tumors did not grow larger during the 120-day observation  
period, probably because the estrogen source (ie, pellets) had 
been exhausted. In contrast, MCF-7/ADR cells were more  
tumorigenic, and 1 × 106 cells injected in fat pad 4 could form a 
tumor after a mean of 45 days and 0.5 × 106 cells could form 
tumors after a mean of 66 days. At a constant number of cells per 
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injection, MCF-7/ADR cells formed larger tumors in a single 
mouse (Table 1) in less time than MCF-7 parental cells. In ad-
dition, by 94 days after injection, tumors were formed by 0.05 × 
106 MCF-7/ADR cells in two of the three injection sites and 
after 108 days a tumor was formed by 0.005 × 106 MCF-7/ADR 
cells in one of the three injection sites, but no tumors were 
formed by the same number of parental MCF-7 cells. Although 
tumorigenicity of CD44+/CD242 and sham-sorted MCF-7/ADR 
cells was similar, no tumors were formed by CD44+/CD24+ or 
CD442/CD24+ MCF-7/ADR cells, indicating that the increased 
tumorigenicity of MCF-7/ADR cells could be attributed to the 
CD44+/CD242 MCF-7/ADR cell population (Table 1).

We found decreased ESR1 mRNA expression in MCF-7/ADR 
cells, compared with MCF-7 cells, in a global gene expression 
analysis and in an RT-PCR analysis, and so we examined whether 
MCF-7/ADR cells had become estrogen independent during the 
course of these experiments by studying their ability to form 
tumors in mice without estrogen supplementation. Indeed, 
MCF-7/ADR and CD44+/CD242 MCF-7/ADR cells formed 
tumors without estrogen supplementation (Table 1). In addition, 
as few as 0.1–0.2 × 106 MCF-7/ADR cells could form a tumor 
within 60 days of injection (at four sites per mouse) without estro-
gen supplementation. Thus, cultures of MCF-7/ADR cells not 
only were enriched in cells with the CD44+/CD242 phenotype 
but the MCF-7/ADR cells also became estrogen independent.

Self-renewal of CD44+/CD242 and CD44+/CD24+ MCF-7/
ADR Cell Populations
We assessed the ability of CD44+/CD242 and CD44+/CD24+ 
MCF-7/ADR cell populations to self-renew (ie, able to produce 
cells with the tumorigenic CD44+/CD242 phenotype) and to 
differentiate (ie, capacity to generate the phenotypically diverse 
nontumorigenic CD44+/CD24+ MCF-7/ADR cells) in vitro in 
the absence of doxorubicin by culturing each cell type for 14–16 
days in low-attachment cell culture flasks so that mammospheres 
could be formed. We then determined cell surface expression of 
CD44 and CD24 proteins on these mammospheres to assess 
self-renewal. The CD44+/CD242 MCF-7/ADR cells were able to 
self-renew and differentiate into CD44+/CD24+ cells (Figure 4, 
Left), but the CD44+/CD24+ MCF-7/ADR cells essentially did 
not change, with nearly all cells remaining CD44+/CD24+ cells 
(Figure 4, Right). Similar results were obtained when cells were 
sorted for CD44 and for CD24 and grown as a monolayer for 14 
days in the absence of doxorubicin (results not shown).

Gene Expression in CD44+/CD242 MCF-7/ADR Cells and 
Drug Resistance
We evaluated CD44+/CD242 and CD44+/CD24+ MCF-7/ADR 
cells for the expression of 380 genes that have been associated  
with drug resistance (J.-P. Gillet, A. M. Calcagno, S. Varma,  
B. Davidson, M. Bunkholt Elstrand, R. Ganapathi, A. A. Kamat,  

Table 1. Evaluation of tumorigenicity in vivo*

Cell line and estrogen  
supplementation

No. of cells  
injected

No. of tumors/ 
No. of mice

Mean latency,  
days (95% CI)

Maximum tumor  
volume, mm3

Day of tumor  
harvest

With estrogen supplementation     
  MCF-7/ADR 1 × 106 4/7 45 (38.3 to 53.2) 1160 74

0.5 × 106 2/3 66 (54.2 to 77.8) 180 74
0.05 × 106 2/3 94 (83.7 to 105.3) 470 120

0.005 × 106 1/3 108 190 120
  MCF-7 1 × 106 4†/7 85 (64.7 to 105.3) 80 120

0.5 × 106 2†/3 116 (108.2 to 123.8) 20 120
0.05 × 106 0/3 ‡ ‡ ‡

0.005 × 106 0/3 ‡ ‡ ‡
  MCF-7/ADR CD44+/CD24– 1 × 106 1/2 65 670 88

0.005 × 106 1/2 120 200 120
  MCF-7/ADR CD44+/CD24+ 1 × 106 1/3 ‡ 20 120
  MCF-7/ADR CD44–/CD24+§ 0.005 × 106 0/2 ‡ ‡ ‡
Without estrogen supplementation     
  MCR-7/ADR SHAM 0.25 × 106 2/4 90 (80 to 100) 520 100

0.1 × 106 0/4 ‡ ‡ ‡
  MCF-7/ADR CD44+/CD24– 1 × 106 1/2 75 1630 120

0.2 × 106 1/2 65 320 74
  MCF-7/ADR SHAM p2 0.2 × 106 1/1 60 180 100

0.1 × 106 1/1 65 80 74

*	 Nonobese diabetic/severe combined immunodeficient mice (n = three to four mice per group; some mice died from unrelated causes, such as bite wounds, etc, 
and were not scored for this reason; some groups as indicated had only one and others had two, three, or four mice) with or without estrogen supplementation 
in the form of estrogen pellets were used for these experiments. Tumor cells, as indicated, were injected in 100 µL of phosphate-buffered saline bilaterally into 
mouse mammary fat pads (one tumor per mouse). Data are from three independent experiments, except as noted. MCF-7/ADR sham-sorted cells (SHAM) p2 
were cells from one tumor injected with 0.5 × 106 MCF-7/ADR cells. Sham-sorted cells (SHAM) and cells sorted by use of CD44 and CD24 expression were 
injected within 1–2 hours after sorting. The mean latency was calculated as the time from tumor cell injection to appearance of measurable tumors (at least  
5 mm × 5 mm). The 95% confidence interval (CI) was calculated for each tumor group with more than one tumor. Day of tumor harvest was determined from 
the day of cell injection into the mouse fat pad.

†	 Palpable tumors only; no further growth.

‡	 No palpable tumors were present after 120 days.

§	 Because there were few CD44–/CD24+ MCF-7/ADR cells, tumorigenicity assays with these cells could be performed only once.
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A. K. Sood, S. V. Ambudkar, M. V. Seiden, B. R. Rueda, and M. 
M. Gottesman, unpublished results) by use of a custom-made 
TaqMan low-density array. Values for the differential expression of 
each gene between these cell types were then averaged between 
replicate samples, and class comparisons were obtained with BRB-
ArrayTools, version 3.6.0, software and two-sample t tests, with 
10 000 random permutations. Results were considered statistically 
significant at a P value of less than .05. From this analysis, we devel-
oped a 16-gene signature that could distinguish between CD44+/
CD242 and CD44+/CD24+ cells (Table 2); six of the 16 genes 
encoded ABC transporters (including the ABCA1 transporter) and 
five encoded members of the solute carrier superfamily of trans-
porters. Another study (31) has reported increased ABCA1 mRNA 
expression in murine primitive hematopoietic cells. TRAF1 (45) 
and FAS (46) proteins are activators of nuclear factor kB, and 
RAD18 and MLH3 proteins participate in DNA repair. UGCG 
gene expression is of particular interest because it has been linked 
to breast cancer prognosis (47) and multidrug resistance (48).

The 63 genes with a differential expression of greater than 
twofold between CD44+/CD242 MCF-7/ADR cells and CD44+/
CD24+ MCF-7/ADR cells (Supplementary Table 7, available 
online) were also examined via Ingenuity Pathway Analysis  
(Figure 5). This analysis showed that CD44+/CD242 MCF-7/
ADR cells have increased expression of CCNE1 and MMP9 as well 
as activated p53 and p21 (CDKN1A) pathways but decreased ex-
pression of many antiapoptotic genes (including BCL2L1, BAG1, 
BIRC5, and CFLAR). Because cultures of CD44+/CD242 MCF-7/
ADR cells differentiate as shown by their capacity to produce both 
tumorigenic CD44+/CD242 cells and nontumorigenic CD44+/
CD24+ MCF-7/ADR cells, respectively, we examined whether 
specific genes that have been associated with pluripotency (in-
cluding POU5F1, NOTCH1, and NANOG) were differentially 
expressed between sorted CD44+/CD242 MCF-7/ADR cells and 
CD44+/CD24+ MCF-7/ADR cells by use of TaqMan real-time 
PCR. Essentially no changes were observed between these two 
types of cells (Supplementary Table 5, available online).

Figure 4. Self-renewal and differentiation abilities 
of sorted MCF-7/ADR cell population. Self-renewal 
was defined as maintenance of cells with cancer 
stem cell markers, CD44+/CD24–. Differentiation 
was defined as loss of these markers and appear-
ance of CD44+/CD24+ double-positive popula-
tions. Cultures of MCF-7/ADR cells were sorted by 
flow cytometry into CD44+/CD242 or CD44+/
CD24+ populations, each cell type was grown as 
mammospheres for 16 days, and then cells in the 
mammospheres were examined for cell surface 
expression of CD44 and CD24 by flow cytometry. 
Percentages in a quadrant indicate the relative 
numbers of cells in that quadrant at the end of the 
experiment. In both panels, upper left quadrant = 
CD44+/CD24– cells; upper right = CD44+/CD24+ 
cells; lower left = CD44–/CD242 cells, and lower 
right = CD442/CD24+ cells. Data are from one 
experiment with duplicate samples; a total of two 
experiments were performed.

Table 2. Comparison of gene signatures for CD44+/CD24– and CD44+/CD24+ MCF-7/ADR cells*

Gene symbol Parametric P†

Geometric mean expression (95% CI)

Fold changeCD44+/CD242 cells CD44+/CD24+ cells

GSTM4 .001 0.044 (0.041 to 0.047) 0.010 (0.0095 to 0.0105) 4.41
TRAF1 .006 0.027 (0.025 to 0.029) 0.011 (0.01 to 0.012) 2.33
SLC19A3 .013 0.015 (0.012 to 0.018) 0.006 (0.005 to 0.007) 2.66
ABCA1 .013 0.673 (0.483 to 0.863 0.125 (0.094 to 0.156) 5.39
CCND1 .016 26.278 (24.349 to 28.207 13.667 (11.697 to 15.637) 1.92
SLC1A5 .017 12.092 (11.278 to 12.906) 6.345 (5.374 to 7.316) 1.91
FAS .023 0.933 (0.865 to 1.001) 0.379 (0.278 to 0.48) 2.46
GGT1 .029 0.068 (0.043 to 0.093) 0.023 (0.0225 to 0.0235) 2.91
AHR .031 0.354 (0.219 to 0.489 1.101 (0.957 to 1.245 0.32
SLC29A1 .031 0.410 (0.359 to 0.461 0.196 (0.151 to 0.241) 2.09
MLH3 .033 0.318 (0.259 to 0.377 0.144 (0.112 to 0.176) 2.22
UGCG .034 7.153 (4.874 to 9.432 3.017 (2.947 to 3.087) 2.37
RAD18 .037 5.722 (4.292 to 7.152 2.991 (2.971 to 3.011) 1.91
SLC04A1 .042 0.960 (0.77 to 1.15) 0.379 (0.253 to 0.505) 2.53
SLC25A30 .046 0.808 (0.677 to 0.939) 0.418 (0.318 to 0.518) 1.93
CLDN5 .047 0.013 (0.0129 to 0.0131 0.007 (0.005 to 0.009) 1.98

*	 CI = confidence interval.

†	 Class comparisons were performed with BRB-ArrayTools, version 3.7.0, software and two-sample t tests with 10 000 random permutations. Results were 
considered statistically significant at P value of less than .05.
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Figure 5. Analysis of gene expression in CD44+/CD242 MCF-7/ADR 
cell population by TaqMan Low-Density Array and Ingenuity 
Pathway analysis. Genes in CD44+/CD242 MCF-7/ADR cells 
with expression levels that were greater than twofold higher or 
lower than their expression in CD44+/CD24+ MCF-7/ADR cells 
(Supplementary Table 7, available online) were analyzed by 

Ingenuity Pathways software to identify any biological relationships 
among these genes. A) Highest ranked pathway. B) Second highest 
ranked pathway. Green shapes = decreased gene expression; red 
shapes = increased gene expression. Pathways were drawn by use 
of the Path Designer feature in Ingenuity Pathways Analysis soft-
ware, version 8.0 (Ingenuity).
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Discussion
Long-term continuous exposure of MCF-7 cell cultures to doxoru-
bicin not only selects for cells with a drug-resistant phenotype (ie, 
MCF-7/ADR cells), as previously described (14), but also induced a 
cancer stem cell phenotype in a population of the cells. Specifically, 
we found that such MCF-7/ADR cell cultures were enriched in cells 
with the cancer stem cell phenotype (ie, CD44+/CD242 cells), 
which has been associated with a breast cancer stem cell phenotype 
(29), and had a stem cell-like gene expression profile. MCF-7/ADR 
cells also were more invasive than parental MCF-7 cells, formed 
mammospheres, proliferated in three-dimensional cultures, and 
were more tumorigenic in mice than parental MCF-7 cells. Thus, 
cells with cancer stem cell characteristics appear to be generated by 
long-term drug selection in MCF-7/ADR cell cultures. The aim of 
this study was to determine the effects of continuous drug selection 
on the establishment of cancer stem cells in a population of cancer 
cells. The MCF-7/ADR cells were selected by resistance to in-
creasing concentrations of doxorubicin and require selection pres-
sure with exposure to high-dose doxorubicin (860 nM) every other 
passage to maintain their drug-resistant phenotype. MCF-7/ADR 
cells overexpress ABCB1 protein and have been widely used for 
studies of the multidrug-resistant phenotype (13,14,49).

In results from the microarray study of global gene expression, 
we first noted that MCF-7/ADR cells had a lower level of CD24 
gene expression than parental MCF-7 cells. In an analysis of cell 
surface markers, we found that statistically significantly fewer 
MCF-7/ADR cells expressed CD24 and more expressed CD44+/
CD242 cells compared with MCF-7 cells. Although both CD44+/
CD242 and CD44+/CD24+ populations in long-term drug-
selected MCF-7/ADR cultures expressed ABCB1 protein, only 
CD44+/CD242 cells could self-renew (ie, were able to produce 
cells with the tumorigenic CD44+/CD242 phenotype) and differ-
entiate (ie, produce nontumorigenic CD44+/CD24+ cells), an-
other feature that is consistent with the cancer stem cell phenotype 
(33). In addition, we found that the gene expression profile of 
CD44+/CD24– cells was associated with enhanced cell survival 
(Figure 5, Table 1, and Supplementary Table 5, available online) 
and multidrug resistance (as shown by results from the TaqMan 
low-density array). Thus, we have shown that the CD44+/CD242 
cell population has the same phenotype as cancer stem cells. 
However, we were not able to determine whether the CD44+/
CD24– cells with the drug-resistant phenotype were true cancer 
stem cells or were only mimicking the cancer stem cell phenotype. 
We further demonstrated that forced expression of ABCB1 
protein in the same parental MCF-7 cells did not expand the 
CD44+/CD242 cell population (data not shown), indicating that 
long-term drug selection, not ABCB1 gene expression, was likely 
responsible for the emergence of the cancer stem cell phenotype.

Microarray analysis of MCF-7/ADR cells and parental MCF-7 
cells indicated that continuous drug selection, in addition to in-
creasing expression of cancer stem cell–related genes, produced cell 
populations with a more invasive phenotype that have undergone 
the epithelial-to-mesenchymal transition (ie, loss of expression of 
cell-to-cell adhesion genes, including that of E-cadherin genes, and 
increased expression of N-cadherin genes), which occurs during 
tumor invasion (50). During progression of most carcinoma types, 

loss of E-cadherin function and/or expression has also been 
described (51,52). We found that MCF-7/ADR cells were more 
invasive in Matrigel assays than parental MCF-7 cells, results that 
are consistent with these observations (50– 52) and also with those 
in a recent report (36) that the number of breast cancer stem cells 
increases after an epithelial-to-mesenchymal transition is induced.

Stem cells are presumed to be drug resistant because they have 
an enhanced capacity for DNA repair, decreased apoptosis, and 
higher expression of ATP-binding cassette transporters (9). We 
compared expression of a panel of multidrug resistance genes in 
CD44+/CD242 MCF/ADR cells and CD44+/CD24+ MCF/ADR 
cells by use of a TaqMan low-density array. With this array, we 
investigated the expression of a total of 381 genes, including all 
known ATP-binding cassette transporters and many other genes 
that are involved in drug resistance (J.-P. Gillet, A. M. Calcagno, 
S. Varma, B. Davidson, M. Bunkholt Elstrand, R. Ganapathi,  
A. A. Kamat, A. K. Sood, S. V. Ambudkar, M. V. Seiden, B. R. 
Rueda and M. M. Gottesman, unpublished results). The gene  
expression profile of CD44+/CD242 cells had characteristics that 
were consistent with those of cancer stem cells, including activated 
p53 and p21 pathways and expression of genes that are associated 
with slower cell cycle progression and xenotoxic damage (eg, 
RAD18, AHR, and MLH3) (53). Consistent with results previously 
reported by Clarke et al. (54), we found that CD44+/CD242 cells 
expressed approximately twice as much p21 mRNA as CD44+/
CD24+ cells. In addition, the mRNA expression of two other 
DNA repair genes, MLH3 and RAD18, was also higher in CD44+/
CD242 cells, which supports a previous report (55) that cancer 
stem cells have activated DNA proofreading mechanisms that 
include these two genes. Moreover, we observed that CD44+/
CD242 cells had increased mRNA expression of UGCG, which 
has been associated with poor prognosis among patients with 
breast cancer (47) and drug resistance in leukemia patients (48). 
Pathway analysis of these genes showed that increased JUN 
protein expression was associated with the subsequent increased 
expression of MMP9 and CDKN1A proteins (Figure 5). When we 
compared gene expression profiles of CD44+/CD242 cells and 
CD44+/CD24+ cells by use of TaqMan low-density arrays, we 
found that the expression of both MMP9 and CDKN1A mRNAs 
was more than twofold higher in CD44+/CD242 cells. Loss of 
RAD51 expression and increased CCNE1 expression could also be 
linked to the tumorigenic properties of the CD44+/CD242 cell 
population (56,57). Furthermore, the nuclear factor kB signaling 
pathway, which has been associated with resistance to apoptosis in 
tumors undergoing epithelial-to-mesenchymal transition (58,59), 
was activated in CD44+/CD242 cells. Thus, differences in gene 
expression that we observed in CD44+/CD242 cells, compared 
with CD44+/CD24+ cells, are similar to those described previ-
ously in mammary cancer stem cells (4,9,31) and appear to be  
responsible for the substantial differences in tumorigenicity in 
mice between CD44+/CD242 and CD44+/CD24+ cells. When 
we further characterized the cancer stem cell phenotype of drug-
selected MCF-7/ADR cells by comparing gene expression profiles 
of the CD44+/CD242 and CD44+/CD24+ cell populations, we 
found differences in the expression of various genes that could 
account for the ability of these cells to self renew (eg, CCND1 and 
HOXA5) and differentiate (eg, FAS).
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The results with MCF-7 and MCF-7/ADR cells are also consis-
tent with those reported by Li et al. (60). In tumor tissue isolated 
from patients with HER2-negative breast cancer before chemo-
therapy and after 12 weeks of treatment with docetaxel or with 
doxorubicin and cyclophosphamide, they found that the population 
of tumorigenic cells was higher after than before chemotherapy, 
the ability of the cells to form mammospheres was enhanced after 
chemotherapy, and xenograft tumors could be produced by 50% of 
tumor samples obtained after chemotherapy but by only 29% 
obtained before chemotherapy. Unfortunately, the study by Li et 
al. did not allow quantification of tumorigenicity by cell number.

Estrogen receptor–negative breast cancers have poorer clinical 
outcomes, with an increased frequency of metastasis, recurrence, 
and multidrug resistance, than estrogen receptor–positive breast 
cancers (35). We found that estrogen receptor mRNA in MCF-7/
ADR cells could not be detected by real-time PCR, which supports 
the estrogen-independent tumorigenicity that we observed with 
these cells. In contrast, MCF-7 parental cells express estrogen  
receptor mRNA as detected by real-time PCR, have low tumori-
genicity, and produce xenograft tumors only with estrogen supple-
mentation, a well-established characteristic of these cells (61). It 
has been previously reported (35) that forced expression of SNAI1 
protein in MCF-7 cells, a cell line that does not normally express 
SNAI1, resulted in decreased estrogen receptor expression, 
decreased cell–cell adhesion, and a more invasive phenotype (ie, as 
shown by formation of fewer cell aggregates and more cells in-
vading through Matrigel). These characteristics are consistent 
with cells in which the epithelial-to-mesenchymal transition has 
been induced. We also found that MCF-7/ADR cells had a highly 
invasive phenotype, including loss of E-cadherin expression, 
increased N-cadherin expression, and greater Matrigel invasive-
ness. Our microarray data showed that SNAI1 expression was 
higher (1.99-fold, 95% CI = 1.26 to 2.72) in MCF-7/ADR  
cells than in parental MCF-7 cells. The relationship of SNAI1 
expression to estrogen receptor expression and to the epithelial-to-
mesenchymal transition in the MCF-7/ADR cells warrants addi-
tional study.

The ALDHs are a group of NAD(P)1-dependent enzymes that 
are involved in oxidizing aldehydes into their corresponding car-
boxylic acids and in endobiotic and xenobiotic metabolism (62). 
Increased ALDH activity, as measured with the Aldefluor reagent, 
is found in cord blood and leukemia cells (63), lung and neck cancer 
(64), head and neck cancer (65), breast cancer (66), liver cancer (67), 
and other tumor types (68) and is enriched in their respective cancer 
stem cell populations (69). Furthermore, overexpression of HER2 
in human breast cancer cells has been shown to increase the per-
centage of cells with ALDH activity and has been associated with 
the increased tumorigenicity of ALDH-positive cells compared 
with ALDH-negative cells (70). ALDH expression is a characteris-
tic associated with cancer stem cells (32,33). We found that MCF-7/
ADR cell cultures had more ALDH-positive cells than parental 
MCF-7 cells (Supplementary Figure 3, A, available online).

Finally, this study had several limitations. We studied only one 
highly drug-resistant breast cancer cell line, MCF-7/ADR, that was 
established by a prolonged, continuous, multistep selection with 
doxorubicin and its parental line MCF-7. Other drug-resistant  
cell lines isolated from other types of cancers need to be studied  

for the enrichment of cells with characteristics of cancer stem cells. 
Immunodeficient mice were used in tumorigenesis studies. Some 
groups in the tumorigenesis studies had only one mouse and some 
groups had only one tumor for analysis. The exact mechanism of 
cancer stem cell enrichment in MCF-7/ADR cultures is unclear. 
Drug treatment may cause a decrease in the number of differenti-
ated tumor cells, leading to an increase in the total fraction of cells 
with cancer stem cell functional and genomic characteristics. 
Although our findings suggest that enrichment of cancer stem cells 
in response to prolonged treatment with anticancer drugs is asso-
ciated with a phenotype similar to that of cells undergoing an 
epithelial-to-mesenchymal transition, these observations should be 
further validated in several in vivo model systems. Such studies 
would help to establish whether there is a relationship among 
multidrug resistance, epithelial-to-mesenchymal transition, metas-
tasis, and cancer stem cell phenotypes. Our result that a highly 
drug-resistant population of cancer stem cells is generated after 
prolonged drug selection may be helpful for the design of clinical 
trials to increase the efficiency of chemotherapeutic regimens.

In conclusion, we demonstrated that breast cancer MCF-7/
ADR cells overexpressed drug resistance genes and that the pro-
portion of cells with cancer stem cell characteristics increased after 
prolonged selection with doxorubicin. From these findings, we 
speculate that prolonged drug treatment of patients with breast 
cancer may also result in increased numbers of cells with a highly 
chemotherapy-resistant cancer stem cell–like phenotype that may 
even be cancer stem cells.
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