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Abstract. Cancer-initiating stem cells (CISC) represent a 
minor subpopulation of heterogeneous breast cancer. CISC 
are responsible for the acquired resistance to conventional 
chemoendocrine therapy and eventual relapse observed in 
patients with breast cancer. Certain molecular subtypes of 
clinical breast cancer that exhibit differential expression of 
genes coding for hormone and growth factor receptors differ 
in their response to conventional chemoendocrine therapy 
and targeted therapeutic inhibitors. Thus, the development of 
reliable cell culture models for CISC may provide a valuable 
experimental approach for the study of stem cell-targeted 
therapy for the treatment of breast cancer. The present study 
utilized optimized cell culture systems as experimental models 
for different molecular subtypes of clinical breast cancer, 
including luminal A, human epidermal growth factor receptor 
(HER)-2-enriched and triple negative breast cancer. Biomarker 
end points, including control of homeostatic growth, cancer 
risk and drug resistance, were quantitatively analyzed in the 
selected models. The results of the analyses indicated that, 
compared with the non-tumorigenic controls, the cell models 
representing the aforementioned molecular subtypes of clin-
ical breast cancer exhibited aberrant cell cycle progression, 
downregulated cellular apoptosis and loss of control of homeo-
static growth, as evidenced by hyperproliferation. Additionally, 
these models displayed persistent cancer risk, as indicated by 
their high incidence and frequency of anchorage-independent 
(AI) colony formation in vitro and their tumor development 
capacity in vivo. Furthermore, in the presence of maximum 
cytostatic drug concentrations, the drug-resistant phenotypes 
isolated from the parental drug-sensitive cell lines representing 
luminal A, HER-2-enriched and triple negative breast cancer 
exhibited an 11.5, 5.0 and 6.2 fold increase in cell growth, and 
a 5.6, 5.4 and 4.4 fold increase in the number of AI colonies, 
respectively, compared with the drug-sensitive controls. 

Collectively, the data of the present study demonstrated the 
presence of putative CISC in these breast cancer models.

Introduction

Cancer-initiating stem cells (CISC) represent a minor cell 
subpopulation of heterogeneous breast cancer. CISC are 
characterized by a unique self-renewal program, enhanced 
tumorigenic potential and resistance to conventional thera-
peutic interventions (1-4). Thus, reliable cell culture models for 
clinical CISC may constitute useful experimental approaches 
for the development of novel cancer stem cell-targeted therapies 
for the treatment of chemoendocrine therapy-resistant clinical 
breast cancer.

Gene expression profiling has facilitated the use of targeted 
therapy for the treatment of certain molecular subtypes of breast 
cancer that differ in the expression of hormone and/or growth 
factor receptors, including luminal A and B, human epidermal 
growth factor receptor (HER)-2-enriched, triple negative 
(basal-like) and normal-like breast cancer (5). However, the 
long-term use of small molecule inhibitor-based targeted 
chemoendocrine therapy is frequently associated with de novo 
or acquired tumor resistance, which compromises the thera-
peutic efficacy of the treatment and promotes the progression 
of therapy-resistant disease in patients affected by these molec-
ular subtypes of breast cancer (6-9). Therapy-resistant CISC 
are considered to be responsible for the progression of meta-
static disease (2,4). Therefore, experimental approaches that 
enable the isolation and characterization of putative CISC are 
essential for the identification of promising stem cell-targeted 
therapeutic lead compounds. Several in vitro and in vivo 
assays have been previously optimized for the isolation and 
characterization of putative CISC, which are specific for the 
following cell populations: i) Drug efflux positive side popula-
tions; ii) drug-resistant phenotypes; iii) phenotypes expressing 
signature cellular markers, including cluster of differen-
tiation (CD)44, CD24 and aldehyde dehydrogenase (ALDH); 
iv) phenotypes expressing signature nuclear transcription 
factors such as octamer-binding transcription factor 4 (Oct-4),  
homeobox transcription factor NANOG and c-Myc; v) pheno-
types able to form non-adherent tumor spheroids in vitro; and 
vi) phenotypes with enhanced in vivo tumorigenic poten-
tial (10-12).

The aim of the present study was to establish reliable 
cell culture models for several molecular subtypes of breast 
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cancer, in addition to demonstrating the efficacy of prototypic 
chemoendocrine therapeutic agents on the established cell 
models, and isolating putative CISC from these models.

The results demonstrated that the cell models employed in 
the present study, which represent different molecular subtypes 
of clinical breast cancer (namely luminal A, HER-2-enriched 
and triple negative breast cancer), exhibited loss of control 
of normal homeostatic growth, retention of cancer risk and 
sensitivity to growth inhibition by prototypic chemoendocrine 
therapeutic agents. Furthermore, the drug-resistant pheno-
types isolated from the aforementioned breast cancer models 
displayed persistent cell proliferation in the presence of high 
doses of chemotherapeutic agents, suggesting the presence of 
putative CISC in these models.

Materials and methods

Experimental models. The human breast carcinoma-derived 
cell line Michigan Cancer Foundation (MCF)-7 (estrogen 
receptor (ER)+, progesterone receptor (PR)+ and HER-2-) 
(Michigan Cancer Foundation, Detroit, MI, USA), the 
HER-2-transfectant tumorigenic mammary epithelial cell line 
184-B5/HER (ER-, PR- and HER-2+) (Professor CW Welsch; 
Michigan State University, East Lansing, MI, USA) and the 
breast adenocarcinoma cell line MDA-MB-231 (ER-, PR- and 
HER-2-) (American Type Culture Collection, Manassas, VA, 
USA) were selected as representative models for three molec-
ular subtypes of clinical breast cancer, namely luminal A, 
HER-2-enriched and triple negative breast cancer, respec-
tively. The 184-B5 cell line (Professor CW Welsch; Michigan 
State University) was used as the control. The cell lines were 
cultured in Dulbecco's modified Eagle medium (DMEM)/F-12 
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% 
serum (Gibco; Thermo Fisher Scientific, Waltham, MA, USA), 
240 IU/ml insulin (Eli Lilly & Co., Indianapolis, IA, USA), 
1 µM dexamethasone (Sigma-Aldrich), 10 ng/ml epidermal 
growth factor, 0.5 µg/ml hydrocortisone and 10 µg/ml trans-
ferrin (all obtained from Sigma-Aldrich). A total of 1.0x105 cells 
were seeded, incubated at 37˚C in a humidified atmosphere 
with 5% CO2, and routinely subcultured at a 1:4 ratio when the 
culture reached ~70‑80% confluency (13-15).

Growth assays. Population doubling time, satura-
tion density, cell cycle progression, cellular apoptosis, 
anchorage-independent (AI) colony formation and tumorigenic 
potential were evaluated on the aforementioned cell lines, 
following previously published protocols (14-18). Population 
doubling times were determined from the number of viable 
cells counted every 24 h during the exponential growth phase 
of the cell culture, which lasted 7 days. For the saturation 
density assay, 1.0x105 cells were seeded, and the number of 
viable cells counted 7 days later was considered to represent 
the saturation density. The viable cell number for population 
doubling and saturation density was determined via trypan 
blue exclusion test (Sigma-Aldrich) using a hemocytometer 
(Sigma-Aldrich) (14-18). Cell cycle progression and cellular 
apoptosis were determined by flow cytometry analysis of cells 
at G1, S, G2/M and sub G0 phases of the cell cycle. Briefly, cells 
were stained with 50 µg the propidium iodide (Calbiochem, 
La Jolla, CA, USA) and sorted using the EPICS 752 flow 

cytometer (Beckman Coulter, Miami, FL, USA). The data 
from the cell cycle phase distribution was analyzed using the 
multi-cycle MPLUS software (Phoenix Flow Systems, San 
Diego, CA, USA) following published protocols (14,15). The 
data were represented as G1:S+G2/M and S+G2/M:sub G0 
ratios. These ratios provided information about the relative 
proportion of quiescent vs. proliferative cells, and prolifera-
tive vs. apoptotic cells, respectively. To evaluate the capacity 
of the different cell lines to form AI colonies, 1,000 cells/well 
were seeded, and subsequently the cells were suspended in 
0.33% soft agar, overlaid on a 0.6%-agar basement matrix, 
and maintained in culture for 21 days. AI colony forma-
tion was then determined by the number of AI colonies 
derived from these cells. The in vivo tumorigenic potential 
of the different cell lines was determined following subcu-
taneous transplantation of 1.0x106 cells, suspended in 0.2 ml 
phosphate-buffered saline, in 6-8 week old female BALB/c 
athymic ‘nude’ mice (Charles River Laboratories, Newark, 
DE, USA). The mice were sacrificed by CO2 asphyxiation, 
3-5 weeks following transplantation when the tumors had 
reached a diameter of 1 cm. The data were presented as 
tumor incidence and latency rates.

Chemotherapeutic agents. The selective ER modulator 
tamoxifen (TAM), the synthetic retinoid 4-(hydroxyphenyl) 
retinamide (4-HPR) and the anthracycline doxorubicin 
(DOX; all obtained from Sigma-Aldrich) were selected as 
test compounds, based on their efficacy as clinical chemoen-
docrine therapeutic agents (6-8). Stock solutions of these 
agents at 100 mM concentration were prepared by dissolving 
the drugs in 100% ethanol (Thermo Fisher Scientific). In 
order to obtain pharmacologically relevant final concentra-
tions of these compounds, the stock solutions were serially 
diluted in the culture medium. Dose response experiments, 
performed within the pharmacologically achievable ranges, 
identified the values corresponding to the inhibitory concen-
tration (IC)50 and IC90 for these drugs. The IC90 represented 
the maximum cytostatic dose, which was defined as the 
highest concentration of the test compound that resulted in 
a number of viable cells equal to or greater than the initial 
seeding density.

Drug‑resistant phenotype. The drug-resistant phenotypes 
were isolated from the cell subpopulation that survived and 
exhibited progressive growth in the presence of a concen-
tration of the corresponding chemoendocrine therapeutic 
agent equivalent to its IC90. This surviving population 
was expanded in the presence of high doses of the corre-
sponding chemoendocrine therapeutic drug for a minimum 
of five passages prior to the experiments.

Statistical analysis. Cell culture experiments were 
performed in duplicate (N=6/treatment group), while AI 
colony formation experiments were performed in triplicate 
(N=18/treatment group). Cell culture data are presented as 
the mean ± SD. In vivo transplantation experiments were 
performed using 10 mice/cell line. Statistically significant 
differences between the control and the experimental data 
points were assessed by two-sample t-test, using GraphPad 
Prism software, version 5.0 (GraphPad Software Inc., La 
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Jolla, CA, USA). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Status of homeostatic growth control and cancer risk. 
The data summarized in Table I (17,19) compare the values 
obtained for a series of quantitative biomarker end points 
measured in non-tumorigenic 184-B5 cells vs. breast 
cancer-derived MCF-7, 184-B5/HER and MDA-MB-231 cells. 
The tumorigenic cells exhibited a ≥55% reduction in popu-
lation doubling time, 19-47% increase in saturation density, 
39-74% reduction in the G1:S+G2/M ratio and 7.0-9.5 fold 
increase in the S+G2/M:sub G0 ratio. Additionally, unlike the 
non-tumorigenic 184-B5 cells, the tumorigenic cells exhibited 
AI growth in vitro and retained their tumor development 
ability in vivo (Table II) (17,19).

Drug‑resistant CISC. The data presented in Fig. 1A summa-
rize the results of the dose response experiment performed 
with TAM in MCF-7 cells, which identified the IC50 and 
IC90 for TAM as 94.30 nM and 1.25 µM, respectively. 
The data presented in Fig. 1B compare the survival rate of 

TAM-sensitive (TAM-S) vs. TAM-resistant (TAM-R) MCF-7 
cells in the presence of a concentration of TAM equivalent 
to its IC90. The number of viable cells treated with TAM was 
2.0±1.0x105 cells in the TAM-S group, vs. 25.0±1.5x105 cells 
in the TAM-R group. Thus, compared with the TAM-S pheno-
type, the TAM-R phenotype exhibited an 11.5 fold higher 
number of viable cells (P=0.001).

The data presented in Fig. 2A summarize the results 
of the dose response experiment conducted with 4-HPR 
in 184-B5/HER cells. This experiment identified the IC50 
and IC90 for 4-HPR as 0.31 and 0.49 µM, respectively. 
The data presented in Fig. 2B compare the survival rate of 
4-HPR-sensitive (4-HPR-S) vs. 4-HPR-resistant (4-HPR-R) 
184-B5/HER cells in the presence of a concentration of 
4-HPR equivalent to its IC90. The number of viable cells in the 
4-HPR-treated 4-HPR-S group was 4.0±2.0x105 cells, while in 
the 4-HPR-treated 4-HPR-R group the number of viable cells 
was 24.0±1.1x105 cells. Therefore, the 4-HPR-R cells exhib-
ited a 5 fold higher number of viable cells, compared with the 
4-HPR-S cells (P=0.02).

The data presented in Fig. 3A summarize the results 
from the dose response experiment performed with DOX in 
MDA-MB-231 cells, wherein 0.2 and 0.5 µM were identified 

Table II. Gain of cancer risk in cell culture models representing different molecular subtypes of clinical breast cancer.

 Cell culture model
 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Biomarker end point 184-B5 MCF-7 184-B5/HER MDA-MB-231

AI colony formationa

 Incidence  0/18 18/18 18/18 18/18
 Mean colony number - 30.9±2.4 23.0±2.6 38.9±1.6
Tumor formationb

 Incidence 0/10 10/10 10/10 10/10
 Latency (weeks) 24 3-5 3-5 3-5

a, AI colonies counted at day 21 post-seeding of 1,000 cells. Data represent the mean ± SD (N=18/treatment group); b, palpable tumors fol-
lowing subcutaneous transplantation; AI, anchorage-independent; MCF-7, Michigan Cancer Foundation-7; HER, human epidermal growth 
factor receptor. Data has been published previously (17,19).
 

Table I. Loss of control of homeostatic growth in cell culture models representing different molecular subtypes of clinical breast 
cancer.

 Cell culture model
 ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Biomarker end point 184-B5 MCF-7 1 8 4 - B 5 / H E R  
MDA-MB-231

Population doubling time (h)a 34.0 15.2 15.0 15.0
Saturation density (x105 cells)b 22.3±1.2 26.6±1.7 32.8±1.5 32.9±2.3
G1:S+G2/M ratioc  2.3±0.4  1.4±0.2  0.8±0.1  0.6±0.3
S+G2/M:sub G0 ratioc  1.6±0.3 12.8±2.4 10.8±1.6 16.8±3.2

a, determined from the exponential growth phase of the cell culture; b, determined at day 7 post-seeding of 1.0x105 cells. Data represent the 
mean ± SD (N=6/treatment group); c, determined from cell cycle analysis by flow cytometry. Data represent the mean ± SD (N=3/treatment 
group. MCF-7, Michigan Cancer Foundation-7; HER, human epidermal growth factor receptor. Data has been published previously (17,19).
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Figure 2. (A) Dose response of 4-HPR on 184-B5/HER cells. IC50 = 0.31 µM; IC90 = 0.49 µM. (B) Isolation of 4-HPR-R phenotype. In the presence of a 
concentration of 4-HPR equivalent to its IC90, the 4-HPR-R phenotype exhibited a 5.0 fold higher number of viable cells than the 4-HPR-S phenotype. Data 
represent the mean ± SD (N=6/treatment group; P=0.02 vs. control). 4-HPR, 4-(hydroxyphenyl) retinamide; HER, human epidermal growth factor receptor; 
IC, inhibitory concentration; 4-HPR-R, 4-HPR-resistant; 4-HPR-S, 4-HPR-sensitive; ISD, initial seeding density; EtOH, ethanol.

Figure 1. (A) Dose response of TAM on MCF-7 cells. IC50 = 94.3 nM; IC90 = 1.25 µM. (B) Isolation of TAM-R phenotype. In the presence of a concentration 
of TAM equivalent to its IC90, the number of viable MCF-7 cells presenting TAM-R phenotype was 11.5 fold higher than those displaying TAM-S phenotype. 
Data represent the mean ± SD (N=6/treatment group; P=0.001 vs. control). TAM, tamoxifen; MCF-7, Michigan Cancer Foundation-7; IC, inhibitory concentra-
tion; TAM-R, TAM-resistant; TAM-S, TAM-sensitive; ISD, initial seeding density; EtOH, ethanol.

 B
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 A
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as the IC50 and IC90 of DOX, respectively. The data presented 
in Fig. 3B compare the survival ability of DOX-sensitive 
(DOX-S) vs. DOX-resistant (DOX-R) MDA-MB-231 cells in 
the presence of a concentration of DOX equivalent to its IC90. 
The number of viable cells among the DOX-treated DOX-S 
cells was 4.0±2.2x105 cells, vs. 29.0±2.0x105 cells among the 
DOX-treated DOX-R cells. Thus, the DOX-R cells exhibited 
a 6.2 fold higher number of viable cells, compared with the 
DOX-S cells (P=0.02).

The data presented in Table III summarize the results of 
the AI growth assay conducted to compare the AI growth of 
drug-sensitive vs. drug-resistant phenotypes in the presence 
of maximum cytostatic concentrations of the corresponding 

chemotherapeutic agent. The results demonstrated that the 
TAM -R, 4-HPR-R and DOX-R phenotypes, which were 
seeded at an initial cell density ≤10 fold lower than that of their 
corresponding parental cell lines, exhibited a 5.6 (P=0.02), 
5.4 (P=0.02) and 4.4 (P=0.03) fold increase in the number of 
AI colonies, respectively, compared with the drug-sensitive 
controls.

Discussion

The aim of the present study was to develop reliable cell culture 
models for putative CISC in three molecular subtypes of 
clinical breast cancer, namely luminal A, HER-2-enriched and 

Figure 3. (A) Dose response of DOX on MDA-MB-231 cells. IC50 = 0.2 µM; IC90 = 0.5 µM. (B) Isolation of DOX-R phenotype. The DOX-R phenotype 
exhibited a 6.2 fold higher number of viable cells than the DOX-S phenotype in the presence of a concentration of DOX equivalent to its IC90. Data represent 
the mean ± SD (N=6/treatment group; P=0.02 vs. control). DOX, doxorubicin; IC, inhibitory concentration; DOX-R, DOX-resistant; DOX-S, DOX-sensitive; 
ISD,  initial seeding density; EtOH, ethanol.

Table III. Anchorage-independent colony formation in drug-resistant phenotypes.

 Anchorage-independent colony numbera

 ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Chemotherapy status MCF-7 184-B5/HER MDA-MB-231

Drug-sensitiveb  3.8±1.4  3.5±0.9  4.1±1.1
Drug-resistantb 25.3±2.5 22.3±2.5 22.1±1.8
Increase (fold)  5.6  5.4  4.4

a, determined at day 14 post-seeding of 100 cells/well. Data represent the mean ± SD (N=18/treatment group); b, parental and drug-resistant 
MCF-7, 184-B5/HER and MDA-MB-231 cells were treated with maximum cytostatic concentrations of the chemotherapeutic agents TAM 
(1.25 µM; P=0.02), 4-HPR (0.5 µM; P=0.02) and DOX (0.5 µM; P=0.03), respectively. MCF-7, Michigan Cancer Foundation-7; HER, human 
epidermal growth factor receptor; TAM, tamoxifen; 4-HPR, 4-(hydroxyphenyl) retinamide; DOX, doxorubicin.
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 A
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triple negative breast cancer. The results of the experiments 
conducted to determine the status of homeostatic growth 
control and cancer risk in the cell culture models for the 
aforementioned molecular subtypes of clinical breast cancer 
indicated that, compared with the non-tumorigenic triple nega-
tive 184-B5 cells, the tumorigenic ER+/PR+/HER2- luminal A, 
ER-/PR-/HER-2+ HER-2-enriched and ER-/PR-/HER-2- triple 
negative cell culture models exhibited hyperproliferation, 
aberrant cell cycle progression and downregulated cellular 
apoptosis. Taken together, these data suggest that the breast 
carcinoma-derived cell culture models used in the present 
study had lost control of their normal homeostatic growth, as 
evidenced by hyperproliferation, aberrant cell cycle progres-
sion and downregulated cellular apoptosis. These findings 
are consistent with those previously reported in the litera-
ture (13-18,20). In addition, contrary to the non-tumorigenic 
control cells, the breast carcinoma-derived cells appeared to 
have retained an enhanced risk for tumor development, as indi-
cated by their ability to exhibit AI growth in vitro and tumor 
development in vivo following subcutaneous transplantation. 
Thus, AI growth represents a specific and sensitive in vitro 
surrogate biomarker for cancer risk (13,17-20).

Previous studies on luminal A, HER-2-enriched and triple 
negative models of breast cancer have demonstrated that hyper-
proliferation and cancer risk are reduced in these cell models 
by several mechanistically distinct pharmacological agents and 
naturally occurring dietary components, demonstrating the 
susceptibility of these models to effective chemopreventive or 
therapeutic treatment options (13-18). These aspects prompted 
the application of cell culture models for the characterization 
of CISC in the different molecular subtypes of breast cancer 
analyzed in the present study.

Phenotypic resistance to chemoendocrine therapy has been 
effectively used for the isolation of putative drug-resistant 
CISC (2,4,10-12). In the present study, the experiments 
designed to isolate drug-resistant phenotypes from the models 
for luminal A, HER-2-enriched and triple negative breast 
cancer utilized TAM, 4-HPR and DOX, respectively, for the 
selective expansion of the resistant phenotypes, since these 
agents have been used for the clinical management of the 
aforementioned molecular subtypes of breast cancer (6-8). 
The data derived from these experiments clearly demonstrated 
persistent growth of drug-resistant cells in the presence of 
maximum cytostatic concentrations of the corresponding 
chemotherapeutic agents, thereby providing experimental 
evidence for the potential clinical translatability of the in vitro 
data obtained in the present study. Furthermore, the status 
of cellular markers specific for stem cells, including CD44, 
CD24 and ALDH, and nuclear transcription factors such as 
Oct-4, NANOG and c-Myc (10-12), may provide a robust char-
acterization of the putative drug-resistant phenotypes isolated 
from the breast cancer models used in the present study.

Targeted therapy for luminal A, HER-2-enriched and 
triple negative breast cancer, includes selective ER modula-
tors and aromatase inhibitors, HER-2-targeted small molecule 
inhibitors and poly (ADP-ribose) polymerase inhibitors, respec-
tively (21-24). However, these treatment options are frequently 
associated with de novo or acquired tumor drug resistance, 
which has been attributed to the upregulation of survival path-
ways associated with the overexpression of phosphoinositide 

3-kinase/Akt/mammalian target of rapamycin; the upregulation 
of proliferative pathways associated with the overexpression of rat 
sarcoma/rapidly accelerated fibrosarcoma/mitogen-activated 
protein kinases-extracellular signal-regulated kinase; and 
the downregulation of apoptotic pathways associated with 
the modulation of the expression of anti- or pro-apoptotic 
proteins in the aforementioned molecular subtypes of breast 
cancer (2,9,22,23,25,26). Thus, the analysis of the expression 
levels of molecules that have been previously documented to be 
associated with survival, proliferative and apoptotic pathways 
in putative CISC is likely to further aid in the characterization 
of CISC phenotypes.

Long-term chemoendocrine therapy is frequently asso-
ciated with de novo or acquired tumor resistance in breast 
cancer, which compromises the therapeutic efficacy of the 
treatment, and CISC are widely considered to be the cell 
type responsible for recurrence of the metastatic cancer 
phenotype (1-4,9). Previous studies have demonstrated that 
small molecule inhibitors selective for the Wnt/β-catenin 
signaling pathway preferentially inhibit the growth of breast 
CISC by inhibiting the binding of β-catenin to T cell factor 
and downregulating the insulin-like growth factor-1 signaling 
pathway (27). Therefore, further studies on stem cell‑specific 
mechanistic pathways, including the Wnt/β-catenin, notch 
and hedgehog signaling pathways, may aid in the identifica-
tion of novel therapeutic targets for the treatment of breast 
cancer (2,3,27-29).

In conclusion, future studies that employ reliable assays 
for the isolation and characterization of CISC and focus on 
the biology of cancer stem cells (particularly the molecular, 
genetic and endocrine mechanisms responsible for the survival 
of CISC), should collectively represent valuable approaches 
for identifying novel stem cell-targeted therapeutic options for 
the treatment of breast cancer.
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