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Abstract
Background: The aim of this study is to clarify whether cell viability, cell death, and gene expressions
pertaining to self-renewal and pluripotency differ in doxorubicin (DOX) [IC50] treated and untreated human

MCF-7 mammalian cancer cells as well as between their CD44+/CD24¯/low cancer stem cells (CSC).

Methods: Non-tumorigenic human MCF-10A mammalian cells and their CD44+/CD24¯/low stem cells were
used as the control. Cell viability, apoptosis, necrosis and cell death were studied by �ow cytometry. Cell
death pathways, multidrug resistance, pluripotency and self-renewal were studied at Nanog, Oct-4, Sox-2,
p53, Bcl-2 and Bax mRNA gene expression level by qRT-PCR.

Results: IC50 value for DOX treated MCF-7 cells was found to be 3.73 µM. Bax, Bcl-2, p53 genes were
down-regulated while Nanog, Oct-4, Sox-2 genes were up-regulated in DOX [IC50] treated MCF-7 CSCs.
Bax, p53, Nanog, Oct-4 genes were down-regulated while Sox-2, Bcl-2 genes were up-regulated in DOX
[IC50] untreated MCF-7 CSCs.

Discussion: In addition to literature reports on DOX [IC50] treated non-stem MCF-7 cells undergoing

autophagy and DOX [IC50] treated dedifferentiated MCF-7 (CD44+/CD24¯/low) cancer stem-like cells
undergoing apoptosis, our laboratory data strongly suggest that DOX [IC50] treated MCF-7 CSCs also
undergo necrosis as determined by �ow cytometry and necroptosis due to downregulation of Bax, Bcl-2
and p53 genes.

Conclusion: Our �nding suggests that multiple types of cell death pathways, including apoptosis,
necrosis and necroptosis, is involved in DOX [IC50] treated MCF-7 CSCs. DOX [IC50] treated MCF-7 CSCs
become pluripotent with self-renewal capability by up-regulation of Nanog, Oct-4, Sox-2 gene expressions
to possibly survive necroptosis. Nanog, Oct-4, Sox-2 gene expressions are all down-regulated in DOX [IC50]

treated MCF-10A (CD44+/CD24¯/low) stem cells, disabling the self-renewal and pluripotency features.

Background
Standard treatment options for breast cancer cases involve surgery, radiation therapy, chemotherapy (e.g.,
anthracyclines such as doxorubicin and epirubicin, cyclophosphamide, platinum agents such as cisplatin
and carboplatin, 5-�uorouracil, taxanes such as docetaxel and paclitaxel, vinorelbine, gemcitabine, etc.)
[1] and hormone therapy (e.g., tamoxifen for ER+ patients, trastuzumab or pertuzumab for Her2+ patients)
[1]. However, in most of breast cancer cases current conventional chemotherapy regime fails to
completely destroy tumour growth as cancer may recur or even metastasize sometime after
chemotherapy [2]. Only 60–80% of primary breast cancers and about 50% of metastatic patients respond
to chemotherapy treatment [3, 4]. In breast cancer alone, nearly 50% of patients demonstrate primary
and/or secondary resistance to doxorubicin [5]. Statistically, about ~ 7–70% of patients were reported in
the past to relapse within 5 years after chemotherapy [2].
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It has been established that a cancer tumour is comprised of heterogeneous phenotypes [6], enabling
some of the cancer cells in the tumour to gain resistance towards chemotherapy by shifting amongst
nine interconnected growth pathways, [7] which are apoptosis, proliferation, immune evasion, treatment
resistance, metastasis, angiogenesis, differentiation, cell-to-cell communication, and immortality [8]. Even
though targeted drug therapy against eight hallmarks of cancer (namely sustained proliferative
signalling, evading growth suppressors, activating invasion and metastasis, enabling replicative
immortality, inducing angiogenesis, resisting cell death, genomic instability, and tumour-promoting
in�ammation [8, 9] has been recently in development, experimental data show that a cancer cell has the
ability to decrease the phenotype of a hallmark while increasing phenotypes of other hallmarks [10].
Moreover, the presence of crosstalk amongst interconnected signalling pathways further complicates
chemotherapy treatment of cancer. After recognition of the crosstalk amongst different signalling
pathways, Hanahan [11] suggested that ideally all the cancer hallmark capabilities be targeted for proper
treatment of cancer patients.

It was reported by Block et al. [8] that resistance to apoptosis is highly associated with overexpression of
Bcl-2 (B-cell lymphoma) family proteins while resistance to necrosis and autophagy do also exist.
Therefore, strategies not only against Bcl-2 homology domain 3 but also against activation of autophagy,
necrosis and senescence are currently in development [8]. Because highest tolerated doses of
chemotherapy fail to completely eradicate tumour cells, it is suggested that a combined use of
chemotherapeutic agents be used simultaneously to handle obstacles regarding apoptosis, necrosis,
autophagy and senescence [8] and increase therapeutic e�ciency.

The fact that a monotherapy regimen does not completely eradicate tumour and that cancer relapses
sometime after chemotherapy has led to broad-spectrum multi-therapies as well as more intensive
researches to further look into heterogeneous phenotypes of cancer cells in tumour. Accumulating
experimental evidences con�rming the notion that cancer cells originate from cancer stem cells have
shifted the cancer research �eld towards cancer stem cells. It has been well established that anticancer
agents have a sizeable amount of impact on cancer cells but not on cancer stem cells, while they are also
cytotoxic to non-tumorigenic cells [12]. Increasing in vitro �ndings strongly suggest that post-
chemotherapy recurrence emanates from cancer stem cells (CSC) which develop resistance to
chemotherapeutic agents used [13].

CSCs in breast tumours were initially reported in 2003 by Al-Hajj et al. [14], who observed that breast
cancer stem cells enriched in (CD44+/CD24¯/low) and CD44+/CD24¯/low/ESA+ phenotypes, as low as 5000
cells, were highly tumorigenic in SCID mice. Later studies showed that CD44+/CD24¯/low/ESA+ tumour
initiating breast cancer cells are cancer stem-like (CSL) cells that are able to self-renew, differentiate and
become resistant to chemotherapy [15]. For instance; Tsou et al. [16] reported that development of
resistance by doxorubicin (DOX, Adriamycin), an anthracyclin drug that interferes with DNA replication by
both intercalation of DNA and inhibition of topoisomerase II, in MCF-7 invasive breast ductal carcinoma
cells is concentration dependent and associated with mutations in DNA repair system, stem-like cancer
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cell properties, EMT properties as well as increased expressions of ATP binding cassette (ABC)
transporters (P-glycoprotein) [17, 18] and detoxifying genes such as glutathione-S-transferase-π [16].

In a variety of cancer cell lines, DOX has been shown to induce different types of cell death/growth arrest
including apoptosis [19], mitotic catastrophe through inhibition of apoptosis by overexpression of Bcl-2
[20], necrosis [21], drug-induced senescence [22], autophagy [23], differentiation [24] and oxidative stress
[25]. Akar et al. [26] reported that lower concentrations of DOX trigger autophagic cell death in MCF-7 cells
while much higher concentrations of DOX give rise to apoptotic cell death in MCF-7 cells.

At present, it is unclear whether cell death signalling pathways, pathways conferring resistance to
chemotherapy in MCF-7 (CD44+/CD24¯/low) cancer stem cells as well as their mechanisms for becoming
self-renewal and undifferentiated signi�cantly differ from mature MCF-7 cancer cells. Here, we studied
DOX-treated and untreated MCF-7 CSCs in terms of Nanog, Oct-4, Sox-2, p53, Bcl-2 and Bax mRNA gene
expressions to shed light onto cell death pathway, resistance, differentiation and self-renewal.
Information gained here at the genetics level is hoped to help researchers develop novel
chemotherapeutic strategies at the stem cell level against breast cancer.

Methods

Cells and reagents
MCF-7 (ER+/PR+) human breast ductal adenocarcinoma and MCF-10A (ER-/PR-) non-tumorigenic
epithelial (as the control) cell lines were acquired from ATCC (American Type Culture Collection, Rockville,
MD, USA). PBS was purchased from Gibco by Invitrogen of Thermo Scienti�c (Rockford, USA.). Cell
culture media RPMI 1640 was purchased from Biochrome (Bremen, Germany), which was later
supplemented with 10% FCS (fetal calf serum) as well as 1% penicillin (100 U/mL) and streptomycin (100
µg/mL) before use. 0.25% Trypsin-EDTA was purchased from Biochrome (Bremen, Germany). HBSS
buffer was purchased from ThermoFisher Scienti�c (Gloucester, UK), which was supplemented with 2%
FBS as needed. Fluorochrome FITC-conjugated CD44 and �uorescent PE-conjugated CD24 clones of
monoclonal antibodies were purchased from ThermoFisher Scienti�c, (Gloucester, UK). FITC Annexin V
Apoptosis Detection Kit II was purchased from BD Biosciences (Heidelberg, Germany). 0.04% trypan blue
dye (2X) was purchased from ThermoFisher Scienti�c (Gloucester, UK). DMEM/F-12 medium was
purchased from ThermoFisher Scienti�c (Gloucester, UK). Culture plates were purchased from
ThermoFisher Scienti�c (Gloucester, UK). MTT kit was purchased from Promega (Madison, WI, USA).
TRIZOL was purchased from ThermoFisher Scienti�c (Gloucester, UK). Cell culture dishes were purchased
from ThermoFisher Scienti�c (Gloucester, UK). RevertAid First Strand cDNA Synthesis kit was purchased
from ThermoFischer Scienti�c (Gloucester, UK). Binding buffer was purchased from BD Biosciences (San
Jose, CA, USA).

Cell Culture And Cell Stock
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Two cell lines, MCF-7 (ER+/PR+) human breast ductal adenocarcinoma and MCF-10A non-tumorigenic
epithelial (as the control) cell lines, were used to study cell inhibition, cell death and gene expression.
Cells were cultured in 75 cm2 cell/tissue culture �aks, containing 9 mL RPMI 1640 culture medium
(Biochrome, Bremen, Germany), at 37oC in a humidi�ed 5% CO2 + 95% air incubator. Cells grown up to
80% of the culture �asks were washed once with 1x PBS solution (pH 7.4). Cells were then harvested by
addition of 2 mL of 0.25% trypsin-EDTA enzyme solution. The trypsin enzyme activity in the harvested
cell culture was inhibited by addition of equal volume of RPMI 1640 culture medium. The harvested cells
were then used for IC50 and �ow cytometry studies. Harvested cells not in use were added freezing

medium, containing 10% DMSO and 90% FCS, and archived at -80oC for later use.

Cultured Cell Count
100 µL of a suspension of cultured cells was transferred to a 1.5 mL Eppendorf tube to which 100 µL
0.4% trypan blue dye (2x) was added and gently pipetted in and out. After keeping the dyed cell
suspension at room temperature for 5 minutes, 20 µL of the suspension was pipetted onto a
hematocytometric lamina. Cells were then counted in 5 allocated areas under an inverted-microscope at
100x magni�cation. Cell counts in 5 allocated areas were then averaged out. Total viable and dead cell
counts were computed as follows:

Cell count/mL = averaged cell count x 20 (dilution factor) x 104

Isolation Of Stem Cells
DOX [IC50 at optimal incubation time] treated and untreated MCF-10A and MCF-7 cells were harvested,
washed with PBS buffer (pH 7.4), re-suspended in HBSS buffer (containing 2% FBS) followed by addition
of �uorochrome FITC-conjugated CD44 (10 µL per 106 cells) and �uorochrome PE-conjugated CD24
clones of monoclonal antibody (10 µL per 106 cells) solutions (in PBS buffer with sucrose) and
incubation in dark for 40 minutes. Unbound antibodies were then washed out with PBS buffer (pH 7.4).
The remaining antibody-bound cells were centrifuged and re-suspended in HBSS buffer (containing 2%
FBS) for use in �ow cytometry studies.

Fluorochrome (FITC-conjugated CD44 and/or �uorescent PE-conjugated CD24 clone of monoclonal)
antibody tagged MCF-7 (CD44+/CD24¯/low) and MCF-10A (CD44+/CD24¯/low) stem cells were counted
and separated from other cells by a Fluorescence Activated Cell Sorting (FACS/�ow cytometry)
instrument (BD FACSAriaTM III cell sorter, San Jose, CA, USA).

Colony Formation Of Stem Cells
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Colony formation of CD44+/CD24¯/low stem cells was determined by Soft Agar Assay. To prepare base
agar plates, 1% agar pre-heated in a microwave was cooled down in a 40oC water-bath. DMEM/F12 (2x)
medium pre-heated in a 40oC water-bath was mixed with the 1% agar in the water-bath at 40oC (1:1 v/v),
from which 1.5 mL aliquots were transferred to 35 mL petri-dishes. To culture cells, a top agar was
prepared by heating 0.7% agar in a microwave and then cooling it down in a 40oC water-bath. DMEM/F12
(2x) medium was pre-warmed in the same 40oC water-bath. Five-thousand (CD44+/CD24¯/low) stem
cells/1 mL DMEM/F12 (2x) pre-warmed in a culture medium, �ve-thousand harvested cells/1 mL
DMEM/F12 (2x) pre-warmed in a culture medium (as the positive control), and 1 mL pre-warmed
DMEM/F12(2x) culture medium (as the negative control) were separately mixed gently with 0.7% agar,
from which 1.5 mL aliquots were poured onto the base agar in dishes. Inoculated plates were incubated
in a humidi�ed incubator at 37oC for 10–14 days. Incubated plates were then stained by 0.005% Crystal
Violet 0.5 mL per well) for more than 1 hour to count colonies under a dissecting microscope.

Determination Of Ic Concentration
Inhibition of MCF-7 human breast adenocarcinoma cells by doxorubicin was determined by the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] Cell Proliferation Assay kit as described by
company protocol (Promega, Madison, WI, USA). 5x103 cells were pipetted into the wells of a group of 92-
well plates (5x103 cells/well), followed by incubation at 37°C for 24 h, 48 h, 72 h and 96 h. After
incubation, 10 µL of MTT solution was added to each well on the 92-well plates, followed by incubation
for 2.5 hours under CO2 atmosphere at 37oC. Then, 200 µL of solutions from each wells were transferred
to the wells of fresh 96-well plates, whose absorbances were colorimetrically measured at 490 nm by an
Elisa Microplate Reader. Plates with the least apoptosis values under optimal condition were selected to
be used for MTT inhibition studies. Increasing concentrations of doxorubicin were added sequentially
into the wells of selected plates, followed by incubation for 72 h at 37oC. Wells on the plates were then
added 10 µL of MTT solution, whose absorbances were colorimetrically measured at 490 nm by an Elisa
Microplate Reader. Percent inhibition values (EQ.1), averaged out of three determinations, were then
plotted versus corresponding concentrations of doxorubicin followed by generation of the best-�t trend
line to determine the IC50 concentration at 50% cell inhibition.

Inhibition % = [1-(averaged OD490 [DOX+MCF-7] / averaged OD490 [MCF-7])]*100 EQ.1

Flow Cytometry Studies
FITC Annexin V Apoptosis Kit II (BD Pharmgen, USA) was used to determine percent apoptosis/necrosis
on the MCF-7 and MCF-10A and their CD44+/CD24¯/low stem cell lines, all treated with DOX [IC50], by a
Fluorescence Activated Cell Sorting (FACS/�ow cytometry) instrument (BD FACSAriaTM III cell sorter).
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DOX [IC50] treated cells were �rstly harvested and washed with PBS buffer (pH 7.4), which were then re-
suspended in HBSS (including 2% FBS) culture medium and incubated in dark for 40 minutes in
�uorochrome FITC-conjugated CD44 (10 µL per 106 cells) and �uorochrome PE-conjugated CD24
monoclonal antibody (10 µL per 106 cells) solutions. Unbound antibodies were then washed out with PBS
buffer (pH 7.4). The remaining antibody-bound cells were centrifuged, re-suspended in HBSS (including
2% FBS) culture medium and transferred to FACS tubes for �ow cytometry studies.

In order to determine percent cell ratios undergoing cell death, apoptosis or necrosis, DOX [IC50] treated
cells were harvested and transferred into FACS tubes, which were then washed with phosphate buffered
saline (PBS, pH 7.4) solution and centrifuged at 1500g for 5 minutes. Cell pellets were then dissolved in 5
µL Annexin-V and 5 µl propidium iodide (PI) solutions followed by incubation for 20 minutes at room
temperature. In order to facilitate antibody binding, incubated cell solutions were diluted with 1 mL
binding buffer [BD Biosciences (San Jose, CA)] and 9 mL PBS buffer (pH 7.4), from which 400 µL
aliquots were transferred to FACS tubes for �ow cytometry analysis. 10,000 events were implemented for
each Flow Cytometry experiment. Events for the Annexin-V-/PI+ cells were gated in Q1 quadrant for
necrotic cells, events for the Annexin-V+/PI+ cells were gated in Q2 quadrant for late apoptotic (dead)
cells, events for the Annexin-V-/PI- cells were gated in Q3 quadrant for viable cells, events for the Annexin-
V+/PI- cells were gated in Q4 quadrant for early apoptotic cells.

Gene Expression Studies

Total RNA acquisition from cultured cells
Into the wells, containing about 5–10 x 106 cells, of cell culture dishes were added 1 mL TRIZOL
(Invitrogen) and mixed by pipetting in and out. Cell lysates were then transferred to 1.5 mL Eppendorf
tubes and kept at room temperature for 5–10 minutes. This followed addition of 0.2 mL chloroform and
vigorous shaking of the Eppendorf tubes for 15 seconds. Eppendorf tubes were then let stand for 2–3
minutes and centrifuged at 12000xg at + 4oC for 15 minutes. The upper transparent phase (supernatant)
in the tubes were transferred to 1.5 mL Eppendorf tubes, to which 0.5 mL isopropanol were then added
and �ipped over several times. The mixtures were kept at room temperature for 10 minutes and
centrifuged at 12000xg at + 4 oC for 4–5 minutes. After the supernatant was removed from the Eppendorf
tube, the remaining precipitate was added 75% ethanol followed by centrifugation at 7500xg at + 4 oC for
5 minutes. After the supernatant was removed, the remaining RNA was dried at room temperature for 15–
20 minutes. Dry RNA was then dissolved in 50 µL RNase free ddH2O by pipetting in and out.
Concentration of the total RNA solution, which also includes DNA, were determined using a NanoDrop
2000/2000c spectrophotometer (USA). The total RNA solution (contaminated with DNA) was then stored
at -80oC until use.

cDNA synthesis
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cDNAs were synthesized from puri�ed total RNAs by using the RevertAid First Strand cDNA Synthesis kit
(Thermoscienti�c, USA). In order for the DNA decontamination of total RNA solution, to 1 µg of total RNA
(contaminated with DNA) was added 1 µL of 10X reaction buffer solution including MgCl2, 1 µL of DNase
I solution, and appropriate amount of RNase free ddH2O to adjust the �nal volume to 10 µL. After

incubation at 37oC for 30 minutes, DNase in the mixture was inhibited by addition of 1 µL of 50 mM
EDTA and incubation at 65oC for 10 minutes. Decontaminated and non-degraded RNA was con�rmed by
1% agarose gel electrophoresis as well as its OD260/280 measurement ratio (found to be between 1.8
and 2.2). To each DNA-free and intact RNA solution (~ 50 ng/µL) were sequentially added 20 µL cDNA
synthesis solution with ingredients given in Table 1. The mixture was then consecutively incubated at
65oC for 5 minutes, at 42oC for 60 minutes, and at 25oC for 5 minutes. cDNAs synthesized were stored at
– 20oC until use.

Quantitative determination of gene expression
Gene expressions were determined by quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)
using a LightCyclerR 480 II (Roche, Germany) instrument, which conformed to the MIQE (Minimum
Information for Publication of Quantitative Real-Time PCR Experiments) guidelines [27]. Optimized
RealTime Ready UPL (Universal Probe Library) primer pairs (forward and reverse) for Bax, Bcl-2, p53, Oct-
4, Sox-2, Nanog, GAPDH (the reference) gene speci�c probes were purchased from Roche (Germany), see
Table 2 for primer sequences. LightCycler® 480 Probes Master kit, which includes Taq DNA Polymerase
as well as dNTPs and probes, was purchased from Roche (Germany). A Universal Probe Library (UPL) RT-
qPCR procedure provided by Roche® (Germany), was adapted for normalization of quanti�cation cycle
(Cq) as well as ampli�cation of the genes of interest. E�ciencies of the primer pairs as well as the
reference gene were con�rmed by running RT-qPCR for �ve different logarithmic dilutions of each primer
pairs and the reference gene in presence of equal amount of cDNA, where Cq increments were found to
be consistent with dilution ratios. RT-qPCR experiments were implemented, in presence of a primer pair of
the target gene and the LightCycler® 480 Probes Master solution, in two steps as follows: 1) a
denaturation step at 95oC for 10 minutes followed by 2) a 40 cycles of ampli�cation step, each cycle
running consecutively at 95oC for 15 seconds (for denaturation), then at 63oC for 15 seconds (for
annealing) and lastly at 72oC for 15 seconds (for extension).

Table 1.

ΔCq values for the target genes (in DOX [IC50] treated stem cells) and the control genes (in DOX [IC50]
untreated stem cells) were determined by EQ.2, where CqTARGET/CONTROL is the Cq value for the target
or the control gene, and CqREFERENCE is the Cq value for GAPDH, the reference gene. Cq values for each
target and control genes were averaged out of six RT-qPCR determinations. -ΔΔCq values were
determined by EQ.3. This followed the computation of fold regulation values as in EQ.4.

ΔCqTARGET/CONTROL = (CqTARGET/CONTROL – CqREFERENCE) EQ.2
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-ΔΔCq = - [(ΔCqTARGET – ΔCqCONTROL)] EQ.3

Fold-regulation = 2(–ΔΔCt) EQ.4

Statistical analysis
Data were analysed by GraphPad PrismR v.5 software (http://www.graphpad.com) to determine P values
using Fisher's exact test. P values lower than 0.05 were interpreted as statistically signi�cant. Data were
averaged out of at least three determinations and presented as the mean ± S.D.

Results
Two cell lines, MCF-10A (ER-/PR-) non-tumorigenic human breast epithelial (as the control) and MCF-7
(ER+/PR+/HER2+) human breast ductal adenocarcinoma (MCF-7), were used to study the effect of
doxorubicin (DOX).

Ic Concentration Of Dox
Inhibition concentration of DOX leading to 50% cell-death (DOX[IC50]) in MCF-7 cells was found to be 3.54
µM (at 72 h incubation time) by MTT assay [20]. The IC50 concentration and incubation time determined
for MCF-7 cells were also used to study the inhibition of MCF-10A cells by DOX.

Effect Of Dox [ic] Treatment On Cell Viability
Using the IC50 concentration of DOX and the optimal incubation time given in the previous section, the

effect of DOX on MCF-7 and MCF-10A cell death as well as on their CD44+/CD24¯/low stem cells was
determined by �ow cytometry. As seen in Table 2, without DOX treatment, viable MCF-10A
(CD44+/CD24¯/low) non-tumorigenic stem cells and MCF-7 (CD44+/CD24¯/low) cancer stem cell percent
ratios are 0.7% and 2.7%, respectively. Upon treatment with DOX [IC50], viable MCF-10A

(CD44+/CD24¯/low) non-tumorigenic stem cell and MCF-7 (CD44+/CD24¯/low) tumorigenic stem cell ratios
signi�cantly increased up to 3.3% (P < 0.05) and 4.2% (P < 0.05), respectively. It is highly likely that DOX
treatment has given nonstem MCF-7 cancer cells some features of cancer stem-like cell (CSLC) properties
[22, 28, 29] to gain resistance. Increased number of viable MCF-10A (CD44+/CD24¯/low) non-tumorigenic
stem cells is likely due to non-tumorigenic epithelial-to-mesenchymal transition (EMT) which confers
chemo-resistance upon DOX [IC50] treatment [30]. It should be indicated here that the viable stem cell
ratios given in Table 2 do not necessarily inform of cell apoptosis nor necrosis ratios.

Table 2

To what extend DOX [IC50] treatment leads to cell death (late apoptosis), necrosis or apoptosis (early) in
MCF-10A and MCF-7 cells was determined by �ow cytometry utilizing Annexin-V and propidium iodide
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(PI). Phosphatidylserine usually resides on the inner surface of healthy cell membranes. Initiation of cell
death translocates phosphatidylserine to the outer surface of the cell membrane. Annexin-V is 35–36 kDa
Ca2+-dependent protein and exhibits high speci�city and binding a�nity towards phosphatidylserine on
the outer surface of cell membrane in the early stage of apoptosis. Therefore, �uorescent-tagged Annexin-
V is used to detect early apoptosis. In the late stage of cell death, the cell membrane becomes more
permeable. In that case, the PI dye that binds to DNA in cells is used to identify necrotic or late apoptotic
cells. Percent cell death ratios given in Table 3 represent a sum of cells undergoing early and late stages
of apoptosis as well as necrosis.

Annexin-V and PI �ow cytometry results obtained for the MCF-10A non-tumorigenic cell line in Table 3
indicate that the cell apoptosis/necrosis ratio is 16.5% when DOX is not used (the control) while it is
47.1% (P < 0.05, a signi�cant increase) for DOX [IC50]-treated cells. In terms of the MCF-7 cancer cell line,
percent cell apoptosis/necrosis ratios were found to be 25.6% for DOX-free cells (the control) and 55.5%
(P < 0.05) with DOX [IC50] treatment. These data show that DOX is able to kill MCF-7 mammary cancer
cells to some extend while it is cytotoxic to healthy MCF-10A human mammary cells, which questions
serious side effects of the DOX chemotherapy applied in cancer patients.

Viable MCF-10A and MCF-7 cell and their computed viable stem cell (CD44+/CD24¯/low) percent ratios
w/wo DOX [IC50] treatment is also listed in Table 3. As seen in Table 3, DOX [IC50] treatment signi�cantly
decreased the viability of non-tumorigenic MCF-10A cells (52.9%, P < 0.05) as compared to DOX-free MCF-
10A cells (83.5%). Likewise, DOX [IC50] treatment signi�cantly decreased the viability of MCF-7 cancer
cells (45.5%, P < 0.05) as compared to DOX-free (the control) cells (74.4%). In terms of stem cell viability,
DOX [IC50] treatment increased viable MCF-10A (CD44+/CD24¯/low) non-tumorigenic stem cells (1.75%, P 
< 0.05) as compared to the control (0.58%), while DOX [IC50] treatment decreased viable MCF-7

(CD44+/CD24¯/low) cancer stem cells (1.87%, P < 0.05) as compared to the control (2.01%).

Stem Cell Separation And Colony Formation

DOX [IC50] untreated (DOX-free) and treated MCF-10A (CD44+/CD24¯/low) non-tumorigenic stem cells and

MCF-7 (CD44+/CD24¯/low) cancer stem cells were separated from the corresponding cell line by �ow
cytometry using �uorescently labelled CD44 and CD24 antibodies. Isolated CD44+/CD24¯/low stem cells
were then con�rmed by culturing in soft-agar dishes followed by observation of colonies as exempli�ed
in Fig. 1. As seen in Fig. 1, colonies are observed in soft-agar dishes cultured with DOX [IC50] untreated

MCF-10A and MCF-7 cells (the positive control), and DOX [IC50] untreated MCF-10A (CD44+/CD24¯/low)

and MCF-7 (CD44+/CD24¯/low) stem cells, while no colonies are present in soft-agar dishes cultured with
culture medium (the negative control).

Figure 1
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Isolation Of Total Rna From Stem Cells
To prevent stem cells from differentiation, it is essential that stem cells not be allowed to stand alone for
some time. Therefore, RNA isolation was carried out immediately after CD44+/CD24¯/low stem cells were
separated by �ow cytometry out of DOX [IC50] treated/untreated MCF-10A and MCF-7 cells. A 1% agarose

gel electrophoresis picture for total RNAs extracted from DOX-free MCF-10A (CD44+/CD24¯/low) and DOX-
free MCF-7 (CD44+/CD24¯/low) stem cells is shown in Fig. 2, in which intact 5S, 18S and 28S ribosomal
RNAs are clearly seen while no trace of contaminated DNA is observed.

Figure 2

Gene Expressions
In RT-qPCR studies, GAPDH (gylceraldehyde-3-phosphate dehydrogenase) gene, an autophagy gene that
triggers glycolysis to increase survival of mammary cancer cells [31, 32], was selected as the
housekeeping gene. Bcl-2, Bax, p53, Nanog, Sox-2, Oct-4 gene expressions were quantitatively determined
by RT-qPCR. cDNAs of target genes were synthesized from RNAs of CD44+/CD24¯/low stem cells, which
were isolated by FACS out of DOX [IC50] untreated/treated MCF-10A and MCF-7 cells. Fold regulation
charts for gene expressions are shown in Fig. 3 for DOX-free cells and Fig. 4 for DOX [IC50] treated cells. In
RT-qPCR experiments, Cq values for the expression of the Bcl-2 gene in DOX [IC50] treated and untreated

MCF-10A CD44+/CD24¯/low stem cells were omitted due to values lower than the threshold set by the
qPCR instrument, which disabled quanti�cation of fold regulation for the down-regulation of the Bcl-2
gene (marked in asterisk in Fig. 3A & 4A).

Gene expressions in DOX-free stem cells
For control studies, Bax, Bcl-2, p53, and Oct-4 gene expressions in DOX-free MCF-10A (CD44+/CD24¯/low)
and DOX-free MCF-7 (CD44+/CD24¯/low) stem cells were determined by RT-qPCR. As seen in Fig. 3A, Bax
gene expression is higher while Bcl-2 gene expression is lower in DOX [IC50] untreated MCF-10A

(CD44+/CD24¯/low) stem cells. On the other hand, Bax gene expression is lower while Bcl-2 gene
expression is higher in DOX [IC50] untreated MCF-7 (CD44+/CD24¯/low) human mammary
adenocarcinoma stem cells (Fig. 3B). As illustrated in Fig. 4A&B, p53 gene expression seems to be low in
DOX [IC50] untreated MCF-10A (CD44+/CD24¯/low) and MCF-7 (CD44+/CD24¯/low) stem cells, respectively.
Considering that the p53 gene expression in this study was referenced to GAPDH gene expression, the
p53 gene expression is regarded as (2.5 times) higher in DOX [IC50] untreated MCF-7 (CD44+/CD24¯/low)

tumorigenic stem cells (Fig. 3B) as compared to the DOX [IC50] untreated MCF-10A (CD44+/CD24¯/low)
non-tumorigenic stem cells (Fig. 3A). It was also found that the Oct-4 gene expression is lower in intact
MCF-7 (CD44+/CD24¯/low) stem cells while expression of the Oct-4 gene is relatively higher in intact MCF-
10A (CD44+/CD24¯/low) stem cells.
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Gene expressions in DOX [IC50] treated stem cells
Bax, Bcl-2, p53, Oct-4, Sox-2, and Nanog gene expressions in DOX [IC50] treated MCF-10A

(CD44+/CD24¯/low) and MCF-7 (CD44+/CD24¯/low) stem cells were determined by RT-qPCR. It was found
that DOX [IC50] treated MCF-10A (CD44+/CD24¯/low) stem cells gave rise to down-regulation of the Bcl-2
gene and up-regulation of the Bax gene expressions, Fig. 4A. DOX [IC50] treatment in MCF-7

(CD44+/CD24¯/low) stem cells down-regulated Bax, Bcl-2, and p53 gene expressions, Fig. 4B.

Nanog, Oct-4, and Sox-2 gene expressions were all down-regulated in DOX [IC50] treated MCF-

10A(CD44+/CD24¯/low) stem cells (Fig. 4A), while DOX [IC50] treatment in MCF-7 (CD44+/CD24¯/low)
cancer stem cells up-regulated Nanog, Oct-4 and Sox-2 gene expressions (Fig. 4B).

Discussion
Approximately 0.00001-1% of cancer cells are comprised of cancer stem cells [33]. MCF-7 (ER+/PR+)
cancer stem cells and MCF-10A (ER¯/PR¯) stem cells express mainly CD44 cell surface protein (CD44+)
and none/low CD24 cell surface protein (CD24¯/low), while MCF-7 cancer cells possess mainly CD24 cell
surface marker (CD24+) and no CD44 cell surface marker (CD44¯).

One of the main futures of a cancer tumour is its heterogeneity, that is, cancer cells as well as CSCs in a
tumour have heterogeneous phenotypes (luminal and/or basal) and they have been shown to
interconvert [34]. For instance; breast cancer cells such as MCF-7 and MDA-MB-231 without CSC
phenotype (CD44+/CD24+) produces breast CSCs with CD44+/CD24¯/low phenotype in-vitro and in-vivo.
[35]. Also, cancer cells undergo epithelial-to-mesenchymal transition (EMT) [34] and exhibit cancer-stem-
like phenotype, gaining more invasive, metastatic and chemo-resistant properties [36]. Mesenchymal-to-
epithelial transitions (MET), the reversion process of EMT, also exist in CSCs and is known to participate
in the stabilization of distant metastasis by allowing cancerous cells to regain epithelial properties and
integrate into distant organs [37].

Interestingly, stem-like basal and luminal subpopulations of breast cancer stem cells interconvert [38].
Therefore, it is really hard to say what ratios of the subpopulations of cancer cells will exist after isolation
of cancer stem cells (or cancer stem-like cells) using additional speci�c markers by FACS as the isolated
cancer stem cells will interconvert into a phenotypic equilibrium-state. MCF-7 (CD44+/CD24¯/low) CSCs
indeed represent subpopulations of CSCs that interconvert, as do MCF-7 (CD44+/CD24¯/low/ESA+) or
MCF-7 (CD44+/CD24¯/low/ALDH+) CSCs.

As mentioned before, Al-Hajj et al. [14] reported that both CD44+/CD24¯/low and (CD44+/CD24¯/low/ESA+

CSCs are highly tumorigenic and that (CD44+/CD24¯/low/ESA+ CSCs could maintain their tumorigenic
potential when serially passaged for long-term. Therefore, the major difference between MCF-7
(CD44+/CD24¯/low) and MCF-7 (CD44+/CD24¯/low) CSCs is about how long they maintain their durability
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and their distributions in tumour. It is clear that MCF-7 (CD44+/CD24¯/low) CSC phenotype interconvert
and undergo MET much faster than that of the MCF-7 (CD44+/CD24¯/low/ESA+) CSC phenotype. It was,
for instance, reported that breast cancer stem cell (CD44+/CD24¯/low) phenotype can differentiate into
ALDH+ CSC phenotype and vice versa [39], showing bi-directional differentiation process associated with
EMT-TME transition. Furthermore, basal-like breast carcinomas are rich in CD44+/CD24¯/low CSCs and are
mainly located on the invasive front of tumour, while luminal breast carcinomas mainly contain ALDH+

CSCs and are rather located in the central part of the tumour [39, 40]. It is for this reason that the MCF-7
(CD44+/CD24¯/low) CSCs used in this study were lysed immediately (within 3 minutes) after they were
sorted out by FACS machine. In our study, the idea behind immediate cell lysis after cell sorting was to
prevent interconversions amongst different subpopulations as much as possible.

As mentioned in the section entitled “Effect of DOX [IC50] treatment on cell viability”, increased number of

viable MCF-10A (CD44+/CD24¯/low) non-tumorigenic stem cells upon DOX [IC50] treatment is likely due to
non-tumorigenic epithelial-to-mesenchymal transition (EMT) which confers chemo-resistance [30]. It is
interesting that DOX treatment is toxic to non-tumorigenic MCF-10A mammary cells while it increases
MCF-10A (CD44+/CD24¯/low) stem cells, suggesting that DOX treatment may have a rejuvenating effect
after its chemotherapeutic application.

As seen in Fig. 3A and outlined in the section entitled “Gene expressions in DOX-free stem cells”, high Bax
and low Bcl-2 gene expressions in DOX-free MCF-10A (CD44+/CD24¯/low) stem cells suggest that healthy
MCF-10A (CD44+/CD24¯/low) non-tumorigenic human mammary stem cells are prone to apoptosis. On
the other hand, low Bax and high Bcl-2 gene expressions in DOX [IC50] untreated MCF-7

(CD44+/CD24¯/low) human mammary adenocarcinoma stem cells (see Fig. 3B) suggest that these stem
cells are likely to turn-on non-apoptotic cell-death pathways such as necroptosis [41] or autophagy [42], a
�nding that is consistent with statistical information that the Bcl-2 gene is up-regulated to prevent cancer
cells from apoptosis in more than 60% of the mammary cancer cases [43]. As shown in Figs. 4A and 4B,
p53 gene expressions in DOX-free MCF-10A (CD44+/CD24¯/low) and DOX-free MCF-7 (CD44+/CD24¯/low)
stem cells, respectively, are relatively low. Considering that the p53 gene expression in this study was
referenced to GAPDH gene expression, the p53 gene expression is regarded as (2.5 times) higher in DOX
[IC50] untreated MCF-7 (CD44+/CD24¯/low) tumorigenic stem cells (Fig. 3B) as compared to the DOX [IC50]

untreated MCF-10A (CD44+/CD24¯/low) non-tumorigenic stem cells (Fig. 3A). The greater expression of
the p53 gene in MCF-7 (CD44+/CD24¯/low) stem cells further supports the likelihood of caspase-
independent necroptosis or autophagy cell death pathways [42]. As compared to the GAPDH gene level,
low expression of p53 suppresses autophagy [44], ultimately turning on apoptosis in DOX-free MCF-10A
(CD44+/CD24¯/low) stem cells (as Bcl-2 gene expression is low) as well as necroptosis in DOX-free MCF-7
CD44+/CD24¯/low stem cells (as Bcl-2 gene expression is high). Indeed, relatively lower expressions of
p53, as compared to the GAPDH gene expression level, in the intact stem cells studied here is a result of
the pluripotent feature of the stem cells [45–50]. In addition, lower Oct-4 gene expression in DOX-free
MCF-7 (CD44+/CD24¯/low) stem cells and relatively higher Oct-4 gene expression in DOX-free MCF-10A
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(CD44+/CD24¯/low) stem cells suggest that MCF-10A (CD44+/CD24¯/low) non-tumorigenic stem cells have
a greater tendency for cell-survival and differentiation in comparison to the MCF-7 (CD44+/CD24¯/low)
tumorigenic stem cells.

Looking at the gene expression pro�les in DOX [IC50] treated stem cells in Fig. 4(A&B), DOX [IC50]
treatment in MCF-10A stem cells led to low Bcl-2 and high Bax gene expressions (Fig. 4A), triggering
apoptosis, a �nding that is similar to its DOX [IC50] untreated counterpart, Fig. 3A. Down-regulation of the

Bax and Bcl-2 gene expressions in DOX [IC50] treated MCF-7 (CD44+/CD24¯/low) stem cells is thought to
trigger caspase-independent autophagy or necroptosis cell death pathways [42].

Furthermore, it was determined that p53 gene expression was severely down-regulated in DOX [IC50]

treated MCF-7 (CD44+/CD24¯/low) stem cells, proving that necroptosis is preferred over autophagy upon
DOX [IC50] treatment, as down-regulation or low levels of p53 suppresses autophagy [44]. The necroptosis

cell death pathway preferred by DOX [IC50] treated MCF-7 (CD44+/CD24¯/low) stem cells turns out to be a
novel �nding that has not been reported in literature before. It is known that very low levels of caspase-3
expression increase the threshold for apoptosis in MCF-7 human mammary adenocarcinoma cells as
well as in 45–75% of all mammary cancer cases [51, 52]. As cited in the introduction section, lower
concentrations of DOX treatment trigger autophagy in MCF-7 cells while much higher concentrations of
DOX give rise to apoptosis in MCF-7 cells [26]. It was also reported that DOX as well as tamoxifen
treatment leads to autophagy in mammary cancer cells [33, 53], which is thought to be an alternative
pathway adopted by cancer cells for protection from apoptosis [54]. Thus, autophagy is more likely to be
adopted by mature MCF-7 cells. It is concluded here that DOX treatment in mature MCF-7 cells leads to
autophagy based on literature reports [26] while our laboratory data indicate that DOX [IC50] treated MCF-

7 (CD44+/CD24¯/low) stem cells are likely to undergo necroptosis in addition to the apoptosis and
necrosis presented in the section entitled “Effect of DOX [IC50] treatment on cell viability”.

Cancer stem cells (CSC) constitute a small fraction of a tumour mass, which are endowed with self-
renewal, pluripotency and multi-drug resistance. Nowadays, the hierarchical CSC model is established on
CSC being tumorigenic and differentiated into a tumour which mainly comprises of non-tumorigenic cells
[34, 55–57]. Because they possess similar features as normal stem cells, they are more frequently called
cancer stem-like (CSL) cells [34, 55–57]. Currently, there are two known possible ways to form CSCs. One
is through the formation of CSCs from normal stem cells [34, 55–57] and the other is by dedifferentiation
of transformed (differentiated) cancer cells into CSCs [34, 55–57].

It should be pointed out here that data presented in literature regarding autophagy cell death in MCF-7
cells are all based on laboratory studies in mature (non-stem-like) MCF-7 cancer cells. On the other hand,
our laboratory �ndings were all produced from CD44+/CD24¯/low stem cells isolated out of MCF-7 human
mammary ductal adenocarcinoma cell line. Perhaps the most relevant research �ndings ever published
belong to Tsou et al. [16, 9], whose gene expression results were based on DOX-induced multidrug
resistant MCF-7 cell line exhibiting stem-like features along with epithelial-to-mesenchymal transition
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(EMT). In other words, Tsou et al. [16] studied DOX-induced dedifferentiated MCF-7 (CD44+/CD24¯/low)
cancer stem-like cells. In Tsou et al. Work [16], the DOX-induced dedifferentiated MCF-7
(CD44+/CD24¯/low) CSL cells, which over-express p-glycoprotein, were generated by many repeated
exposures of wild type MCF-7 cells to sequentially increased concentrations of DOX (11 increments from
1 nM to 1024 nM by doubling concentrations at each increment, which took 3–5 days of incubation time
at each increament), ultimately giving rise to a very high resistance index against DOX. On the other hand,
the gene expression results presented in this manuscript were collected directly from natural abundance
MCF-7 (CD44+/CD24¯/low) cancer stem cells treated only once with DOX [IC50 (at 72 h incubation time)].
Tsou et al. [16] reported that application of DOX [1024 nM] on DOX-induced dedifferentiated MCF-7
(CD44+/CD24¯/low) CSL cells gave rise to down-regulation of Bcl-2 and p53 and slightly up-regulation of
Bax expression, leading to a decrease in apoptosis that could not be addressed by the authors. In our
laboratory study, DOX [IC50] treated MCF-7 (CD44+/CD24¯/low cancer stem cells undergo apoptosis and
necrosis as determined by Flow Cytometry as well as necroptosis due to down-regulation of Bcl-2, Bax
and p53 gene expressions. Therefore, based on our laboratory work we hypothesize that although DOX-
induced dedifferentiated MCF-7 (CD44+/CD24¯/low) CSL cells reported by Tsou et al. [16] and the MCF-7
(CD44+/CD24¯/low) cancer stem cells reported here share some similarities in stemness (i.e. over-
expression of p-glycoprotein, expression of CD44 marker, etc.), they may differ in their gene expressions
depending on what induces dedifferentiation into CSL cells.

As seen in Fig. 4A, down-regulation of Nanog, Oct-4, and Sox-2 gene expressions in DOX [IC50] treated

MCF-10A(CD44+/CD24¯/low) stem cells indicate that non-tumorigenic CD44+/CD24¯/low stem cells lose
their self-renewal and pluripotent features although the number of viable MCF-10A (CD44+/CD24¯/low)
stem cells increase (Table 2) due possibly to non-tumorigenic epithelial-to-mesenchymal transition (EMT)
[58]. On the other hand, DOX [IC50] treated MCF-7 (CD44+/CD24¯/low) cancer stem cells gave rise to a
pro�le of up-regulation with the Nanog, Oct-4 and Sox-2 gene expressions, Fig. 4B, suggesting that the
tumorigenic mammary stem cells become highly pluripotent and gain a self-renewal feature leading to an
increase in the number of viable stem cells (Table 2). It is highly likely that DOX [IC50] treated MCF-7

(CD44+/CD24¯/low) stem cells increase Oct-4 and Nanog gene expressions to survive necroptosis. Here,
down-regulation of p53 in DOX [IC50] treated MCF-7 (CD44+/CD24¯/low) stem cells is to increase Nanog
gene expression for survival [59].

Conclusion
We implemented �ow cytometry and qRT-PCR experiments to determine the effect of DOX [IC50 (at 72 h
incubation time)] treatment on viability and gene expressions in non-tumorigenic MCF-10A
(CD44+/CD24¯/low) and tumorigenic MCF-7 (CD44+/CD24¯/low) stem cells. It is reported in literature [26]
that DOX treated non-stem MCF-7 cells undergo autophagy. Currently, there is no clear information in
literature regarding the type of cell deaths MCF-7 (CD44+/CD24¯/low) stem cells undergo upon DOX
treatment.
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Here were report that treatment of MCF-7 (CD44+/CD24¯/low) stem cells with DOC[IC50] turns-on a cross-
talk between apoptosis, necrosis and necroptosis. We also compared our laboratory data on MCF-7
(CD44+/CD24¯/low) stem cells with those of Tsou et al. [16] laboratory data on dedifferentiated MCF-7
(CD44+/CD24¯/low) CSL cells and found out a difference at gene expression level in that Bax was reported
to be upregulated with a decrease in apoptosis in Tsou et al. [16] work, which was found by our laboratory
data to be inconsistent because Bax was down-regulated, highly possibly leading to necroptosis in
addition to apoptosis and necrosis determined in our laboratory work.

In terms of pluripotency and self-renewal, DOX [IC50] treated MCF-10A (CD44+/CD24¯/low) stem cells do
not possess self-renewal and pluripotency features while DOX [IC50] treatment leads MCF-7

(CD44+/CD24¯/low) cancer stem cells to highly gain pluripotency and self-renewal features to survive
necroptosis.

Abbreviations
DOX = doxorubicin, adriamycin ; DOX [IC50] = doxorubicin applied at IC50  concentration; CSC = cancer
stem cells; CSLC = Cancer stem-like cells; EMT =   epithelial-to-mesenchymal transition; PI = propidium
iodide
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Figure 1

Sample pictures of colony formation (in soft-agar dishes) of DOX-untreated CD44+/CD24-/low stem cells
isolated by �ow cytometry. Positive control: DOX-untreated MCF-10A and MCF-7 cell lines. Negative
control: culture medium.



Page 23/24

Figure 2

1% agarose gel electrophoresis picture of decontaminated RNA isolate. L1 & L2: Duplicates of a total RNA
sample extracted from DOX untreated MCF-10A CD44+/CD24-/low stem cells, L3: Marker [1 kb DNA Ladder
(Vivantis, Coast Highway, USA)], and L4 & L5: Duplicates of a total RNA sample extracted from DOX
untreated MCF-7 CD44+/CD24-/low stem cells

Figure 3

Fold regulation charts for Bax, Bcl-2, Nanog, Oct-4, p53 and Sox-2 gene expressions in DOX[IC50]

untreated (A) MCF-10A CD44+/CD24-/low stem cells and (B) MCF-7 CD44+/CD24-/low stem cells. All gene
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expressions were referenced to the GAPDH gene expression. * : Fold regulation value for down-regulation
can not be computed by EQ.4.

Figure 4

Fold regulation charts for Bax, Bcl-2, Nanog, Oct-4, p53 and Sox-2 gene expressions in DOX[IC50] treated

(A) MCF-10A CD44+/CD24-/low stem cells and (B) MCF-7 CD44+/CD24-/low stem cells. All gene
expressions were referenced to the GAPDH gene expression. * : Fold regulation value for down-regulation
can not be computed by EQ.4.
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