
INTRODUCTION

Chemotherapy is a significant modality of cancer manage-
ment used alone or in combination with other therapies to
treat various tumours (Gottesman et al., 2001; Holohan et

al., 2013). Tumour cell resistance is a major cause of che-
motherapy failure, and therefore it constitutes a major prob-
lem in cancer therapy (Rivera and Gomez, 2010; Holohan et

al., 2013). Tumour chemoresistance can be intrinsic or ac-
quired (adaptive). Intrinsic resistance manifests as a low
sensitivity of tumour cells to the chemotherapeutic com-
pound due to pre-existing resistance mechanisms, whereas
acquired resistance develops in chemo-sensitive tumour
cells during treatment (Holohan et al., 2013). Cancer recur-

rence after chemotherapy may be a result of the regenera-
tion of the cancer cell population by a few cancer cells that
have become less sensitive to the cytotoxic compound dur-
ing therapy (Dean et al., 2005). Another hypothesis for can-
cer resistance is based on tumour heterogeneity, i.e. chemo-
therapy may exert a selection pressure on naturally resistant
cells that eventually are capable of restoring the cancer cell
population (Holohan et al., 2013). This mechanism may in-
volve cancer stem cells (CSCs) that possess an intrinsic po-
tential to escape the effects of chemotherapy. The transfer
of chemoresistance properties from CSCs or similar cells to
daughter cells has been observed in several studies (Dean et

al., 2005; Moitra et al., 2011). The survival of some cells
under selective pressure of one chemotherapy compound
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Development of chemoresistance remains a significant limitation for the treatment of cancer and
contributes to recurrence of the disease. Both intrinsic and acquired mechanisms of chemoresis-
tance are characteristics of cancer stem cells (CSCs) or stem-like cells (SLCs). The aim of the
study was to assess the stem-like properties in the breast cancer cell line MDA-MB-231 during
and after pulsed treatment with doxorubicin (DOX) in comparison to the untreated controls.The
experimental cultures were exposed to therapeutic concentration of DOX for 48 hours (treatment
cultures), and subcultured to post-treatment cultures 24 hours after the removal of DOX. Stem-
like properties of the cellular populations in the treatment and post--treatment cultures were as-
sessed by the expression of the stem-cell marker genes (CD24, CD44, ITGA6, ITGB1, POU5F1,
NANOG, ALDH1A1), colony-formation efficiency, growth rates, and sensitivity to DOX,
5-fluorouracil (5FU), cisplatin (CIS), and vinblastine (VBL). Exposure to DOX induced formation of
giant polyploid cells that persisted in the post-treatment culture. The recovery period was charac-
terised by a decrease in the proliferation rate, viability, and cellular adherence. The post-treat-
ment cultures displayed decreased sensitivity to DOX and increased sensitivities to 5FU, CIS,
and VBL. Cells treated with DOX displayed increased expression levels of CD24, CD44, and
ALDH1A, while their expression levels at least partially normalised in the post-treatment culture.
The post-treatment cultures demonstrated significantly increased colony-formation ability. During
treatment with sub-lethal levels of doxorubicin and during the acute recovery period, the survival
mechanisms in the breast cancer cell line MDA-MB-231 may be mediated by formation of the cel-
lular population with stem-like properties.
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may result in chemoresistance to other structurally distinct
chemotherapeutic agents with different modes of action
(i.e., multidrug resistance). Multi-drug resistant cells have
been associated with increased tumour aggressiveness, re-
currence, and metastasis (Saxena et al., 2011), therefore
studies of chemoresistance mechanisms may allow for the
development of effective treatment efficiency biomarkers
and new therapeutic approaches to cancer therapy (Tegze et

al., 2012).

Doxorubicin is an anthracycline cytotoxic compound that
has been used in chemotherapy for decades (Cortós-Funes
and Coronado, 2007; Xiang et al., 2017). Doxorubicin inter-
calates between bases in DNS, inhibiting human DNA topo-
isomerase 2-� and inducing the formation of potentially
cytotoxic reactive oxygen species (Gewirtz, 1999). It enters
the cell via a passive diffusion mechanism, and the resulting
intracellular concentration exceeds the extracellular concen-
tration by 50–100 fold (Cortós-Funes and Coronado, 2007).
Depending on dosage levels doxorubicin-induced DNA
damage leads to the arrest of the cell cycle in G1 and G2
phases, apoptosis (Gewirtz, 1999) or senescence (Smith et

al., 2006). Treatment failure due to acquired resistance has
been observed also in doxorubicin treated patients (Smith et

al., 2006). The main mechanisms mediating tumour cell re-
sistance to doxorubicin are: (i) increased expression of drug
transporter proteins, (ii) modifications in target molecule(s),
and (iii) altered cell death signalling (Cox and Weinman,
2016).

According to the clonal evolution theory, a tumour consists
of genetically and phenotypically different cell populations
(Nowell, 1976). Tumour heterogeneity provides cellular di-
versity for resistance, self-renewal capability and growth
adjustments (Liang et al., 2010).

Tissue stem cells possess properties of self-renewal and vir-
tually unlimited proliferation potential, maintain the pool of
undifferentiated tissue cells, and their differentiation poten-
tial may be induced by certain stimuli (Rajaraman et al.,
2006). CSCs possess similar properties (Achuthan et al.,
2011). Although cancer stem cell theory is a controversial
concept of cancer biology, experimental evidence for the
existence of stem cells or stem-like cells in tumours is ex-
tensive. Recently, the expansion of CSCs subpopulations in
cell culture has been associated with the stress-induced (hy-
poxia, chemotherapy, radiotherapy) development of poly-
ploid, multinucleated giant cells that are capable of replen-
ishing the tumour cell population (Mirzayans et al., 2018).
CSCs have been characterised by a particular pattern in the
expression of several marker genes, e.g., ALDH1A, CD24,
CD44, CD133, and so called “stemness” genes of normal
stem cells, e.g., SOX2, OCT3/4, NANOG (Liu et al., 2013;
Zhang et al., 2013), as well as markers related to epithelial-
mesenchymal transition, like ITGB1, ITGB3, and ITGA6

(Brooks et al., 2016).

Experimental studies and clinical trials have shown intrinsic
resistance of CSCs to chemo- and radiotherapy. Positive se-
lection for CSCs during therapy leads to recurrence of more

aggressive and more resistant tumours with increased meta-
static potential (Vinogradov and Wei, 2012).

In this study, we assess the dynamics of stem-like properties
in the breast cancer cell line MDA-MB-231 after single
pulsed treatment with doxorubicin.

The aim of the study was to evaluate the alterations of
stem-like properties in a triple-negative breast cancer cell
line MDA-MB-231 during and after pulsed treatment with
the cytotoxic agent doxorubicin (DOX) in comparison to
untreated controls.

MATERIALS AND METHODS

Cell culture maintenance. The triple negative breast can-
cer cell line MDA-MB-231 (ATCC HTB®-26) was cul-
tured in a DMEM/F12 (1:1) (Thermo Fisher Scientific) me-
dium with 10% foetal bovine serum (FBS) (Sigma Aldrich);
1 x penicillin/streptomycin (Sigma Aldrich) in a humidified
atmosphere containing 5% CO2 at 37 oC. TripLE (Ther-
moFisher Scientific) was used for cell subculturing. During
passaging cell counts and cellular viability were determined
in a haemocytometer chamber (Improved Neubauer) with
exclusion dye Trypan Blue (Sigma Aldrich).

Pulsed treatment with doxorubicin. After treatment group
cultures (duplicate) had reached 50–60% confluence. They
were pulse-treated with 0.26 µM doxorubicin (DOX)
(Ebewe Pharma) for 48 h (treated or DOX cultures). Then
the drug containing the medium was removed, and the cul-
tures were rinsed with Dulbecco’s PBS (D-PBS) (Sigma
Aldrich) and further cultured in a fresh drug-free medium
for another 24 h prior to passaging to post-treatment
(DOX+1) cultures. Untreated cultures were grown in paral-
lel as a control (two sequential cultures: Control and Con-
trol+1). For control, Control+1 and DOX cultures cells were
seeded at a density of 3.5 × 103/cm2 in 75 cm2 flasks
(Sarstedt); reseeding after pulsed treatment with doxorubi-
cin (post-treatment cultures) was performed at a density of
6.0 × 103/cm2 in 75 cm2 flasks.

Sulforhodamine B (SRB) assay. Whole-well surrogate as-
say sulforhodamine B (SRB) assay was performed accord-
ing to Skehan et al., 1990 and Vichai et al., 2006. In brief,
at pre-specified time-points cells on 96-well plates were
fixed with 10% (wt/vol) tricloroacetic acid (Sigma Aldrich)
(final concentration), rinsed four times under slowly run-
ning tap water and air-dried. Then plates were incubated
with a 4 mg/ml SRB (Sigma Aldrich) solution in 1% acetic
acid (vol/vol) (Sigma Aldrich) for 30 min and quickly
rinsed six times with 1% acetic acid. Plates were air-dried
and 10 mM Tris base solution (pH 10.5) (AppliChem) was
added. Plates were shaken on an orbital shaker for 10 min
and the solution was transferred to a fresh plate. Absor-
bance (A) was measured at 565 nm in a microplate reader
(Infinite M200 PRO, Tecan). For each time-point at least
six simultaneous technical replicates of SRB assay were
performed, if not mentioned otherwise. The A value at each
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time-point was calculated as an average of the technical rep-
licates after discarding extreme outlying values (more or
less than three interquartile ranges from upper and lower
quartile, respectively).

Cell growth curves and population doubling times

(PDTs). To obtain cell growth curves, cells were plated on
96-well plates (Cell+, Sarstedt) at a density of 5 × 103 cells
per well (5 × 104/cm2). Cell numbers were measured for
8 days at 24 h intervals starting 24 h after initial plating (8
time-points, 12 technical repeats). There were at least eight
technical replicates for each time-point. Surrogate estimates
for total cell numbers at each time-point were determined as
absorbance values by a whole-well sulforhodamine B
(SRB) assay. Population doubling times (PDTs) were de-
rived from the exponential growth phase of the curves, tak-
ing 48 h (t0) and 96 h (t1) time-point values (time difference
48 h) as starting (A48h) and end (A96h) values for calcula-
tion (Freshney, 2011):

PDT
h

A Ah h

�

�

48

2 96 2 48log ( ) log ( )

Cytotoxicity assay. The sensitivity of the control and post-
treatment (DOX+1) cultures to the chemotherapeutic sub-
stances was measured by a cytotoxicity endpoint SRB as-
say. The tested compounds were doxorubicin (DOX), 5-
fluorouracil (5FU) (both from Ebewe Pharma), cisplatin
(CIS) (Accord Healthcare Ltd.), and vinblastine sulphate
(VBL) (Sigma Aldrich). Cells for the assay were plated on
96-well plates at a density of 5 × 103 cells per well
(5 × 104/ml) during passaging of the respective culture. The
concentration ranges and the particular concentrations for
tested substances were chosen on the basis of pilot experi-
ments (not reported) and are shown in Table 1. Tested sub-
stances in the respective concentrations (in six technical re-
peats) were added to the cells 48 h post-seeding, and the
length of exposure for the cytotoxicity assay was 48 h. At
the beginning of exposure non-treated baseline control plate
cells (t = 0; 60 technical repeats) were fixed for SRB assay,
and at the end of the exposure non-treated positive control
plate cells (t = 48 h; 60 technical repeats) were fixed for
SRB assay.

To estimate inhibitory concentration 50% (IC50) and growth
rate 50% (GR50) the dose-response curves obtained in cyto-
toxicity assay results were analysed with the use of statisti-
cal software R package GRmetrics (Hafner et al., 2016,
https://www.R-project.org). The value of GR50 is normal-

ised and does not depend on the division rates of cultures
during the cytotoxicity assay (Hafner et al., 2016).

Long-term colony formation assay. During passaging
cells were seeded on 24-well plates (1 ml/well) (Cell+,
Sarstedt) in triplicates at a density of 20 cells per well. After
11 days, the cell colonies on the plate were fixed using 10%
TCA, stained with 0.01% (wt/vol) crystal violet (Serva) and
the colonies (� 50 cells) were counted manually. Data were
analysed using statistical software R and RStudio (Anony-
mous, 2018; https://cran.r-project.org). Colony forming
ability (%) was estimated by the equation:

Y
K

�

20
100* ,

where Y – colony forming ability (%), K – number of colo-
nies/well, 20 – number of seeded cells/well. The average
values and standard deviations for each culture were calcu-
lated. The statistical significance for colony-forming unit
counts in different cultures was determined by the Student’s
t-test.

qPCR and gene expression analysis. Isolation of RNA
from 1 × 106 cells was performed using TRIzol reagent
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. Total concentration of RNA was determined by a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scien-
tific). The quality of RNA was determined on 2% agarose
gel electrophoresis. After RNA treatment with DNaseI
(Sigma Aldrich) and purification using NucleoSpin XS
(Macherey Nagel), 2 µg of RNA was used for cDNA syn-
thesis with a High-Capacity cDNA Reverse Transcription
kit (Thermo Fisher Scientific). The quality of synthesised
cDNA was assessed using a FIREPol DNA polymerase
PCR kit (Solis BioDyne) with housekeeping genes ACTB1

and 18SRNA.

We used a 5 ng/reaction of cDNA in triplicate for qPCR
(real-time PCR) with 5x HOT FIREPol EvaGreen qPCR
Plus (ROX) kit (Solis BioDyne). The qPCR was performed
for 40 cycles with the following conditions: 95 C for 15 s,
58 C for 30 s and 72 C for 30 s on a real-time PCR cycler
Viia7 (Thermo Fisher Scientific). The oligonucleotide se-
quences are shown in Table 2.

Quality control was performed for each gene in technical
triplicate followed by analysis of data. Quality control in-
cluded the analysis of product melting and amplification
curves. If there was more than one peak in the melting

T a b l e 1

CONCENTRATION RANGE AND CONCENTRATIONS OF CHEMOTHERAPEUTIC COMPOUNDS FOR CYTOTOXICITY ASSAY

Chemotherapeutic
compound

Concentration
range

Concentrations used for cytotoxicity assay, mol/l [M]

Doxorubicin 0.25 nM – 25 µM 2.5 × 10-5, 2.5 × 10-6, 1.75 × 10-6, 1.0 × 10-6, 2.5 × 10-7, 1.75 × 10-7, 1.0 × 10-7, 2.5 × 10-8, 2.5 × 10-9, 2.5 × 10--10

5-fluorouracil 0.25 µM – 5 mM 5.0 × 10-3, 2.5 × 10-3, 1.0 × 10-3, 5.0 × 10-4, 2.5 × 10-4, 1.75 × 10-4, 1.0 × 10-4, 2.5 × 10-5, 2.5 × 10-6, 2.5 × 10-7

Cisplatin 25 nM – 250 µM 2.5 × 10-4, 1.75 × 10-4, 1.0 × 10-4, 2.5 × 10-5, 1.75 × 10-5, 1.0 × 10-5, 2.5 × 10-6, 1.75 × 10-6, 2.5 × 10-7, 2.5 × 10-8

Vinblastine 0.25 nM – 17.5 µM 1.75 × 10-5, 1.0 × 10-5, 2.5 × 10-6, 1.75 × 10-6, 2.5 × 10-7, 2.5 × 10-8, 1.75 × 10-8, 1.0 × 10-8, 2.5 × 10-9, 2.5 × 10-10
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curve, the product was tested using agarose gel electropho-
resis. Data from samples containing more than one correct
product and from samples that did not reach the threshold of
amplification were excluded from further analysis. Criteria
for data quality were: Ct values that were located more than
three SDs from the average value of the triplicate were not
included in the analysis. As a threshold values for expres-
sion, the gene was assumed to be expressed if the average
Ct value was below 35. The transcription level of the gene
in each culture was normalised against endogenous control
genes (ACTB, 18S rRNA), thus obtaining dCt values.
Changes in gene expression were expressed relative to the
control cultures (without DOX treatment) using the ddCt
value and calculating the number of relative changes (RQ)
(Livak and Schmittgen, 2001). If Ct was undetermined, a
value of 41 was used. A heat map was generated using the
statistical software R programme 3.5.1. package gplots

(Anonymous, 2018; https://cran.r-project.org). The statisti-

cal significance of the expression changes was determined
by a two-tailed unpaired t-test using six values in each
group.

RESULTS

Changes in cell morphology and proliferation rate after

pulsed treatment with doxorubicin. After pulsed treat-
ment of breast cancer cell line MDA-MB-231 culture with
0.26 µM doxorubicin for 48 h the proportion of the giant
cells in DOX cultures increased in comparison to controls
(Fig. 1). Treatment with DOX resulted in lower cell counts
and viability at the passaging in the DOX cultures vs. con-
trol cultures (viability in DOX treated cultures and controls
of 86.6% and 90–95%, respectively).

The growth of the post-treatment (DOX+1) cultures dis-
played two distinct phases: during the recovery period, the

T a b l e 2

OLIGONUCLEOTIDE SEQUENCES USED FOR REAL TIME qPCR

Gene symbol Sequence (5’ � 3’) GenBank accession nb.

ACTB F: TCCCTGGAGAAGAGCTACG
R: GTAGTTTCGTGGATGCCACA

NM_001101.5

RNA18SN1 F: CGGCTACCACATCCAAGGAA
R: GCTGGAATTACCGCGGCT

NR_145820.1

RNA28SN3 F: CAGGGGAATCCGACTGTTTA
R: ATGACGAGGCATTTGGCTAC

NR_146154.1

ALDH1A1 F: GGGGGCGACTATTATACAAG
R: ATTGGTATTGTACGGCCCTG

NM_000689.5

CD24 F: TGCTGCTGGCACTGCTCCTA
R: CCACGAAGAGACTGGCTGTTGA

NM_013230.3

CD44 F: GAAGGGCACGTGGTGATTCC
R: CAAAGGCATTGGGCAGGTCT

NM_000610.3

ITGA6 F: CCACGTCAGAAAGCAAGGA
R: CCCAAAGATGTCTCGGGATT

NM_001079818.3

ITGB1 F: GGCCTCTGGGCTTTACGGAGGA
R: CCTGCACGCGCCACACTCAA

NM_002211.4

NANOG F: ACATGCAACCTGAAGACGTGTG
R: CATGGAAACCAGAACACGTGG

NM_024865.4

POU5F1 F: ACATCAAAGCTCTGCAGAAAGAACT
R: CTGAATACCTTCCCAAATAGAACCC

NM_002701.6

Fig. 1. Cellular morphology of MDA-MB-231 before and after pulsed treatment with 0.26 µM doxorubicin (cultivation days 2 to 4). A, control cultures; B,
treated (DOX) cultures 48 h after exposure to doxorubicin; C, post-treatment (DOX+1) cultures, i.e. one passage after doxorubicin treatment. Arrows indicate
giant cells. Magnification 100×, scale bar 200 µm.
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culture contained an increased proportion of large cells and
dying cells, while further growth was characterised by col-
ony forming and regeneration of the cellular population
(Fig. 2).

During the first two growth weeks, the DOX+1 cultures dis-
played mostly dying (confluence dropped from 40% to
5–10%) cells. On day 10 after passaging to DOX+1 culture,
the formation of new colonies containing morphologically
distinct, smaller cells was observed (Fig. 3, d10, green ar-
row), and further growth was characterised by increased

forming of colonies and regeneration of the cellular popula-
tion (Fig. 3).

Also, the morphology of the cells in the treated culture dif-
fered from the control cultures, and displayed heterogeneity,
including mesenchymal, epithelial, giant and neuronal-type
cells (Fig. 4).

To assess changes of growth parameters in post-treatment
cultures, growth curves were generated and population dou-
bling times (PDTs) were estimated (Fig. 5).

Fig. 2. The dynamics of cellular appearance in post-treatment (DOX+1) cultures of MDA-MB-231 cells. The upper line (d2 – d12) demonstrates increased
cellular size and cell death, the lower line (d12 – d25) displays colony formation and regeneration of the cellular population. d2 – d25 indicate the day of cul-
tivation. Magnification 100×, scale bar 200 µm.

Fig. 3. Heterogeneity of cell morphology in post--treatment (DOX+1) culture of MDA-MB-231 during the acute recovery phase (until day 10 after treat-
ment). d2 – d14 indicate the day after passaging of doxorubicin treated culture. Coloured arrows show diverse morphological characteristics: semi-adherent
and floating aggregates of cells and/or cellular debris (white), cells with more than one nucleus (red), cellular extensions (orange), cells displaying features of
incomplete mitosis or fusion (blue), new cell colony of cells (green). Magnification 200×, scale bar 100 µm.
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The PDT in control cultures were significantly less (p <
0.001) than in post-treatment cultures (27.73 ± 0.36 h and
37.46 ± 0.17 h, respectively), i.e. the cellular population
that survived doxorubicin treatment displayed delayed
and/or slower growth.

Sensitivity of MDA-MB-231 to cytotoxic substances af-

ter doxorubicin treatment. To assess the impact of pulsed
doxorubicin treatment on the sensitivity of MDA-MB-231
cells to doxorubicin, cisplatin, vinblastine and 5-fluoro-
uracil, a cytotoxicity test was performed in control and
DOX+1 cultures (Fig. 6). Based on both GR50 and IC50
values, control and post-treatment cultures were more sensi-
tive to vinblastine and doxorubicin (values in nanomolar
range) than to cisplatin and 5-fluorouracil (values in micro-
molar range) (Table 3). Pulsed treatment with DOX resulted
in increased resistance to doxorubicin in the DOX+1 cul-
tures (GR50 of 285.6 and 543.1 nM in control and DOX+1
cultures, respectively; fold change of 1.9). This increase in
resistance to doxorubicin was accompanied by increased
sensitivity to cisplatin, vinblastine and 5-fluorouracil (sensi-
tivity fold change values of 0.85, 0.53 and 0.69, respec-
tively).

Interestingly, adjustment of sensitivity metrics for growth
rate (GR50) (Hafner et al., 2016) as compared to the tradi-
tional cytotoxicity estimation (IC50) revealed increased sen-
sitivity to the tested substances (by factor of 1.50 to 3.50)
and also showed that the sensitivity of post-treatment cul-
tures to cisplatin, vinblastine and 5-fluorouracil actually de-
creased (Table 3, comparison of GR50 and IC50 values).
The apparent increase of resistance to cisplatin, vinblastine
and 5-fluorouracil as estimated by traditional IC50 values
reflect only delayed or slower growth of post-treatment cul-
tures as compared to controls, i.e. non-specific reduction of
sensitivity.

Changes of the stem-like properties in MDA-MB-231

cell cultures after doxorubicin treatment and in post-

treatment culture. Two methods were used to determine
the effects of pulsed treatment with doxorubicin on stem-
like properties in the studied breast cancer cell line MDA-
MB-231: changes in the transcriptomic expression of
stemness-associated genes and long-term colony formation
assay. Pulsed treatment with doxorubicin led to significant

Fig. 4. Heterogeneity of cellular morphology in post-treatment (DOX+1) culture of MDA-MB-231 during re-growth phase of the culture (after day 10 of the
treatment). Cells were mostly spindle-like (mesenchymal) type; picture (A), some epithelial cell (B) and giant cell colonies (C). Round, irregular (D) and
neuronal-type giant cells could still be observed. Magnification 200×, scale bar 100 µm.

Fig. 5. Growth curves of control (red) and post--treatment (DOX+1) (blue)
MDA-MB-231 cultures as determined by SRB assay. To obtain growth
curves, cells were plated on 96-well plates at a density of 5 × 103 cells per
well. Cells were fixed for SRB assay at 24 h intervals starting 24 h after
initial plating (12 technical replicates for each time-point). A surrogate of
total cell numbers at each time-point was determined as absorbance value
in SRB assay. The error bars show standard deviations.

Fig. 6. The sensitivity of control cultures (red) and post-treatment
(DOX+1) (blue) cultures of MDA-MB-231 to the tested cytotoxic com-
pounds (doxorubicin (DOX), cisplatin (CIS), vinblastine (VB),
5-fluorouracil (FU)) after pulsed treatment with doxorubicin. Auto-
matically calculated R2 for all simulated regressions was � 0.95.
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increase in the transcriptional expression of ALDH1A,
CD24, CD44 genes and decrease in ITGA6, ITGB1 and
POU5F1 genes during the acute post-treatment phase (DOX
treated cultures) (Fig. 7). Recovery phase (DOX+1 cultures)
was characterised by decrease (partial normalization) of the
transcriptomic expression levels for all tested genes. A sta-
tistically significant decrease in the transcriptomic expres-
sion of CD24, ITGA6 and ITGB1 genes was observed also
in the second passage (Control+1 cultures) as compared to
the first passage (control cultures) cells.

Pulsed doxorubicin treatment resulted also in statistically
significant increase of colony formation ability in DOX+1
cultures by 58.4% as compared to control cultures (colony
formation ability of 48.8 ± 12.0% and 30.8 ± 9.5%, respec-
tively) (Fig. 8).

DISSCUSION

Pulsed treatment of MDA-MB-231 with doxorubicin.

Models of cell culture are the standard approach for in vitro

chemotherapy resistance studies. Cell culture allows to de-
termine the cellular response to the effects of chemothera-
peutic compounds, and to develop cells with acquired resis-

tance by single or multiple exposure to the drugs (McDer-
mott et al., 2014). To select for clinically relevant subpopu-
lations and to develop multi-resistant cell lines, cells
cultures are exposed to relatively low concentrations of
cytotoxic compounds in a pulsed or continuous manner,
thus simulating chemotherapy cycles (McDermott et al.,
2014). For this study, a few pilot experiments (data not

T a b l e 3

GR50 AND IC50 CONCENTRATION VALUES (± STANDARD DEVIATION) FOR TESTED SUBSTANCES IN CONTROL CULTURES (UN-
TREATED CELLS) AND POST-TREATMENT CULTURES

Compound Cytotoxicity metric Culture Fold change

control culture post-treatment culture

Doxorubicin GR50 ± SD, nM 285.61 ± 119.74 543.08 ± 115.37 1.90

IC50 ± SD, nM 439.76 ± 162.23 1133.30 ± 300.49 2.58

Cisplatin GR50 ± SD, µM 27.27 ± 9.18 23.30 ± 3.73 0.85

IC50 ± SD, µM 40.97 ± 10.99 43.65 ± 5.58 1.07

Vinblastine GR50 ± SD, nM 28.00 ± 7.01 14.92 ± 5.29 0.53

IC50 ± SD, nM 65.38 ± 44.03 70.98 ± 17.76 1.09

5-fluorouracil GR50 ± SD, µM 46.40 ± 28.71 32.21 ± 10.95 0.69

IC50 ± SD, µM 161.88 ± 103.49 266.92 ± 90.74 1.65

The cytotoxicity assay was performed at the passaging of the respective culture

Fig. 7. Transcriptional expression of genes associ-
ated with stem-like properties using delta Ct ob-
tained after relative quantification with real-time
qPCR. Genes are shown on bottom part of heat
map. On the right part of heat map the names of
samples are indicated. Fold change is transformed
in natural logarithmic scale and is relative to the
control culture (C). Differences in comparison to
the control at significance level p < 0.05 are
marked by (*), p < 0.01 – (**), p < 0.001 – (***),
p < 0.0001 – (****).

Fig. 8. Comparison of colony formation ability in MDA-MB-231 control
cultures and post-treatment cultures after pulsed doxorubicin treatment.
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shown) were conducted to determine the doxorubicin IC50
for untreated MDA-MB-231 cells. The identified inhibitory
concentration (0.26 µM) was used for the pulsed treatment
of MDA-MB-231 cells.

Changes in cellular morphology and proliferation rate

after pulsed treatment with doxorubicin. One of the pri-
mary observations in cultures treated with doxorubicin was
not only the increased numbers of suspension cells, but also
increased numbers of the giant cells. These observations are
in line with the reports showing spontaneous formation of
polyploid giant cells in increasing numbers after treatment
of cancer cell lines with cytotoxic compounds (Mirzayans et

al., 2018). Cytotoxic compounds induce cell death; how-
ever, adaptive response can be initiated in some cells allow-
ing them to survive (Holohan et al., 2013). In our experi-
ment formation of giant cells with one enlarged nucleus or
with multiple nuclei after doxorubicin treatment in MDA-
MB-231 cultures was observed. Other studies have shown
that giant cells possess properties of CSCs — slow prolif-
eration or lack of proliferation, growth arrest due to stress,
and the ability to re-enter the cell cycle afterwards (Weihua
et al., 2011). It has been shown that the giant cells that di-
vide amitotically can promote stemness, giving the rise to
new cells with stem-like features via various mechanisms
— nuclear budding or bursting, depolyploidisation, horizon-
tal transfer of a “sub-genome” between cells. The division
of giant cells, termed neosis (Sundaram et al., 2004), has
been observed in several mammalian cancer, including
breast cancer, cell lines (Fei et al., 2015). Thus, in response
to chemotherapy-induced stress, giant cells may initiate ge-
nomic re-organisation and give rise to new tumour-
initiating cells, contributing to the relapse of the disease
(Niu et al., 2016). Giant cells have demonstrated aggres-
siveness, increased resistance to cytotoxic compounds (in-
cluding doxorubicin), capacity for colony-formation and
metastases (Weihua et al., 2011; Mirzayans et al., 2018).

The growth dynamics of doxorubicin-treated MDA-MB-
231 cultures in our study is similar to the findings of other
in vitro studies. For example, a study with a TP53-mutated
cervical cancer cell line exposed to radiation showed in-
crease in numbers of the giant polyploid cells. However,
only approximately 2% of those cells were capable avoiding
cell death and restoring the cellular population (Erenpreisa
et al., 2008). Similarly, we observed increased numbers of
the giant cells along with increased proportion of dying
cells in our cultures along with the formation and clustering
of small cells on top of the giant cells.

Re-growth of the population of the MDA-MB-231 cells af-
ter treatment with doxorubicin was due to formation of cel-
lular colonies. In the post-treatment cultures (DOX+1),
colonies and cells with mesenchymal-like morphology were
observed. Recovery of the MDA-MB-231 cultures after
treatment with doxorubicin was slow as evidenced by larger
PDTs of post-treatment (DOX+1) cultures, and colony for-
mation in the post-treatment cultures was observed from
day 10 after treatment; on day 16 in the post-treatment
(DOX+1) culture the count of cellular colonies was 55 (cor-

responding to 0.011 % of the seeded cells). This can be
explained by increased numbers of giant polyploid cells.
Several studies have shown the ability of the giant cells to
stimulate epithelial-mesenchymal transition with possible
influence on the development of metastasis and resistance
to chemotherapeutic compounds (Mirzayans et al., 2018).
(Mirzayans et al., 2018).

Alterations of MDA-MB-231 sensitivity to cytotoxic

compounds after doxorubicin treatment. Cell-growth as-
says (such as viability and clonogenicity tests) are used to
detect cellular sensitivity to chemotherapeutic compounds
(McDermott et al., 2014; Mckenna et al., 2017). Multi-
resistance can be induced by various mechanisms (Dean et

al., 2001), therefore the sensitivity of cells is tested against
several chemotherapy compounds. The sensitivity of post-
treatment cultures to several compounds was measured and
compared to the control cultures. In addition to doxorubicin,
we used several additional cytotoxic compounds: vinblas-
tine (VB) that inhibits cell division through microtubule in-
hibition (Gottesman et al., 2002); cisplatin (CIS) that causes
DNA crosslinking inhibiting DNA reparation (Dasari and
Tchounwou, 2014); and 5-fluorouracil (FU) that is a nucleo-
tide analogue inhibiting tymidylate synthase and therefore
DNA and RNA synthesis (Hu et al., 2018). All these com-
pounds are substrates for multi-resistance associated trans-
porters of the ABC family (Gottesman et al., 2002).

The growth rate metrics (GR50) used in this study estimate
the concentration of the compound that inhibits cellular
growth rate by 50 % after adjustment for growth rate, i.e.,
the number of cell divisions and the seeding density has no
effect on this parameter (Hafner et al., 2016; 2017). Based
on GR50 values, our doxorubicin-treated cultures showed an
increase of resistance only to doxorubicin. These data are in
line with the literature (Kibria et al., 2014). The develop-
ment of increased resistance to doxorubicin can be ex-
plained by the selection of the population adapted to a par-
ticular stress and by genetic and/or epigenetic changes
enabling effective survival. Since sensitivity to the other
tested compounds increased, it can be suggested that the
post-treatment cultures were re-generated by a part of the
cellular population exhibiting anti-doxorubicin specific
mechanisms.

The IC50 value is a traditionally used metric of cytotoxicity
estimating concentration of a compound that inhibits the
cell division rate by 50%, and it is not adjusted for growth
rates of the culture. Unlike GR50 values, all IC50 values for
our post-treatment cultures indicated an increase of resis-
tance to all tested cytotoxic compounds. While IC50 values
are traditionally used for assessment of cytotoxicity, they
are difficult to reproduce (Hafner et al., 2017) and depend
on the culture division times (PDTs). PDTs differ for vari-
ous cell types and can be influenced by stress factors and
cellular responses. In our post-treatment cultures PDTs
were higher than in the control cultures; therefore the ob-
tained IC50 values reflect mainly a reduction of culture
growth rates, not the development of multi-resistance. Since
the R programme package GRmetrics does not estimate the
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statistical significance for IC50 and GR50 values, additional
calculations for assessing sensitivity changes could be bene-
ficial. However, the authors of GR50 method have demon-
strated the incompleteness of IC50 values in data from a
large-scale cell line and a chemotherapy compound data
base (Genentech Cell Line Screening Initiative gCSI) and
showed statistically significant (p < 0.001) correlation be-
tween sensitivity to the compound and PDTs (Hafner et al.,
2016, 2017).

In our study sulforhodamine B (SRB) assay was used as a
surrogate whole-well endpoint colorimetric assay to deter-
mine cell counts for population doubling time and cytotox-
icity assessment. SRB binds to cellular proteins and the
amount of bound dye is proportional to the number of cells
if their size in the culture does not change. Morphology of
cells, including their size, in post-treatment cultures differed
not only from the controls, but was heterogeneous within
the same culture. Therefore, we cannot exclude that the
doxorubicin-induced alterations of cellular morphology and
dimensions in post-treatment cultures interfered with the es-
timations and comparisons of PDTs and cytotoxicity due to
the nature of SRB assay. Each tumour cell and/or subpopu-
lation of cells responds to a particular cytotoxic compound
differently (Leggett et al., 2016), therefore a better method
to determine sensitivity and cell counts for cytotoxicity as-
says would be a direct count of cells (and/or nuclei) by im-
munofluorescence microscopy or flow cytometry.

Changes of the stem-like properties in MDA-MB-231

cell cultures after doxorubicin treatment and in post-

treatment culture. The properties of cancer stem-like cells
(sSLC) in cultures exposed to doxorubicin were measured
by long-term clonogenity assay and assessment of transcrip-
tomic expression of several stemness-marker genes. There
are no known unique and specific breast cSLC markers up
to this day, and many studies use potential markers, such as
CD44, CD24, ALDH1A1 (Al-Hajj et al., 2003). Hwang-
Verslues et al., 2009 showed a high variability of stemness-
marker expression in different breast cancer cell lines.
However, their study detected a highly tumorigenic
PROCR+/ESA+ cell population in basal breast cancer cell
line MDA-MB-231.

CD44+/CD24low/- is one of the most studied breast cancer
cell populations that is capable of tumour initiation and me-
tastases, and results in adverse treatment outcomes (Sheri-
dan et al., 2006; Deng et al., 2017). It has been shown
(Deng et al., 2017) that in comparison to other triple nega-
tive breast cancer cell lines, MDA-MB-231 consists mostly
of CD44+/CD24- cells with a relatively high resistance to
doxorubicin and other anthracyclines. Our doxorubicin
treated cultures displayed elevated transcriptional expres-
sion levels of both CD44 and especially of CD24 during the
acute post-treatment period (DOX cultures), and returned to
control levels during the recovery phase (DOX+1). The ef-
fects of various treatment modalities can depend on
CD44/CD24 status of the cells, e.g., radiation-induced
apoptosis was less pronounced in the pancreatic ductal
adenocarcinoma-derived cell line fraction that consisted of

CD44+/CD24+ cells (Wang et al., 2017). Our study indi-
cates that doxorubicin has a short-term effect on the
transcriptional expression of CD44, CD24 and ALDH1A1.

ITGA6 and ITGB1 are genes of the integrin family, and ele-
vated expression of both genes has been associated with the
cSLC phenotype, tissue invasion and capability for metasta-
sis (Brooks et al., 2016; Kim and Ryu, 2017). Vassilopou-
los et al. (2013) showed in vivo the tumour initiation prop-
erties of ITGA6+/ITGB1+/CD24+ cell populations. In our
cultures, transcriptional expression of both genes decreased
after the treatment with doxorubicin. This can be explained
by increasing numbers of suspension cells after treatment,
since both integrins are adhesion molecules. Post-treatment
cultures displayed return of the expression levels of in-
tegrins to pre-treatment levels equivalent to the control cul-
tures.

Changes in transcriptional expression of ALDH1A1 were
observed in treated cultures. ALDH1A is another marker
widely associated with the CSC phenotype; it has been as-
sociated with chemoresistance and has been shown to corre-
late with the outcome of treatment (El-Badawy et al., 2017).
In our control and post-treatment (DOX+1) MDA-MB-231
cultures the expression of ALDH1A1 was reduced, whereas
a high expression was detected in the treated cultures
(DOX). Elevated ALDH1A1 levels along with embryonic
stem cell markers, have been observed in paclitaxel resistant
MDA-MB-231 cells previously (Liu et al., 2013). However,
in our doxorubicin treated cultures, no elevated expression
levels of the embryonic stem cell markers NANOG and
POU5F1 (Oct3/4) were observed.

Embryonic stem cell markers are expressed in breast cancer
cell lines (Ling et al., 2012). Expression of both POU5F1

(Oct3/4) and NANOG has been associated with chemoresis-
tance in a breast cancer stem cell fraction isolated by en-
richment of MDA-MB-231 (Huang et al., 2015). In our
study, the transcriptional expression levels of POU5F1

(Oct3/4) slightly decreased in treated cultures, but returned
to control levels in post-treatment cultures, suggesting that
doxorubicin has no significant effect on the expression of
embryonic stem cell markers, and perhaps putative cancer
stem-like cell population enrichment could be one proce-
dure to obtain an intrinsically chemoresistant fraction of
breast cancer cell lines.

The characteristic ability of CSCs to regenerate the popula-
tion was observed in post-treatment (DOX+1) culture — the
recovery was provided by a relatively small number of cells
(Weihua et al., 2011). During post-treatment (DOX+1) cul-
tures we observed non-adherent cell clusters resembling
CSCs that have been described in several mammosphere
studies (Jia et al., 2016; El-Badawy et al., 2017). Long-term
colony formation assay showed a significantly increased ca-
pability of post-treatment (DOX+1) cultures to form colo-
nies in comparison to control cells, and this observation is
in line with other studies of giant cells with CSC features
(Weihua et al., 2011).
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Overall, transcriptional expression of several genes associ-
ated with CSCs along with the results of long-term colony
formation assay suggest that treatment with doxorubicin se-
lected the fraction of MDA-MB-231 cells exhibiting some
stem-like features and increased ability to regenerate the
cellular population. In the future, perhaps, a CSC enriched
population could be better model to study multidrug resis-
tance mechanisms in vitro.

CONCLUSIONS

In summary, a subpopulation of the doxorubicin resistant
cells along with doxorubicin sensitive cells survived pulsed
treatment with doxorubicin in the breast cancer cell line
MDA-MB-231. Although the transcriptional expression lev-
els of some stemness-associated marker genes increased, it
was difficult to show that the proportion of cancer stem-like
cells in cell culture has increased after the doxorubicin treat-
ment. The heterogeneous culture after the doxorubicin treat-
ment included giant cells along with suspension cells that
had higher capacity to regenerate the population, indicating
a correlation between the development of resistance and the
selection of more aggressive and viable cancer cells.
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PUNKTVEIDA APSTRÂDES AR DOKSORUBICÎNU IETEKME UZ CILMESTÎBAS ÎPAÐÎBÂM KRÛTS VÇÞA ÐÛNU LÎNIJÂ
MDA-MB-231

Vçþa ârstçðanâ bûtiska problçma ir rezistences veidoðanâs pret íîmijterapiju, kâ rezultâtâ var attîstîties atkârtots audzçjs. Vçþa cilmes
ðûnâm vai cilmes ðûnâm lîdzîgâm ðûnâm raksturîga gan dabiska, gan iegûta íîmijrezistence. Pçtîjuma mçríis bija raksturot cilmestîbas
raksturîgâs pazîmes krûts vçþa ðûnu lînijâ MDA-MB-231 pçc punktveida apstrâdes ar doksorubicînu (DOX). Eksperimentâlâs kultûras 48
stundas tika pakïautas DOX iedarbîbai terapeitiskâ devâ un kultivçtas vçl 24 stundas pçc DOX aizvâkðanas. Ðûnu populâcijas cilmestîba
tika novçrtçta pçc cilmes ðûnâm raksturîgo maríiergçnu ekspresijas (CD24, CD44, ITGA6, ITGB1, POU5F1, NANOG, ALDH1A1),
koloniju veidoðanâs spçjas, augðanas âtruma un jutîbu pret DOX, 5-fluorouracilu (FU), cisplatînu (CIS) un vinblastînu (VBL). Apstrâde ar
DOX inducçja gigantisku, poliploîdu ðûnu parâdîðanos kultûrâ, kas saglabâjâs arî nâkamajâ pârsçjumâ un bija atbildîgas par populâcijas
atjaunoðanos. Atlabðanas periodâ ðûnu kultûrâ tika novçrota proliferâcijas, dzîvotspçjas un ðûnu adherences samazinâðanâs. Atjaunotâs
populâcijas ðûnas bija mazâk jutîgas pret DOX. Savukârt, jutîba pret FU, CIS un VBL bija paaugstinâta. DOX ietekmç paaugstinâjâs CD24,
CD44 un ALDH1A1 transkripcionâlâ ekspresija, kas atgriezâs iepriekðçjâ lîmenî ðûnâs pçc pârsçðanas. Ðûnâm pçc DOX apstrâdes bija
paaugstinâta spçja veidot kolonijas. Vçþa ðûnu ar cilmes ðûnâm raksturîgâm îpaðîbâm veidoðanâs (vai selekcija) ir pamatâ ðûnu kultûras
spçjai izdzîvot pçc DOX ekspozîcijas un veidot atjaunotu ðûnu populâciju.
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