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Abstract: Breast cancer is a rapidly evolving, multifactorial disease that accumulates numerous genetic and epigen-
etic alterations. These result in molecular and phenotypic heterogeneity within the tumor, the complexity of which is 
further amplified through specific interactions between cancer cells. We aimed to analyze cell phenotypic sublines 
and the influence of their interaction on drug resistance, spheroid formation, and migration. Seven sublines were 
derived from the MDA-MB-231 breast cancer cell line using a multiple-cell suspension dilution. The growth rate, 
CD133 receptor expression, migration ability, and chemosensitivity of these sublines to anticancer drugs doxo-
rubicin (DOX) and paclitaxel (PTX) were determined. Three sublines (F5, D8, H2) have been chosen to study their 
interaction in 2D and 3D assays. In the 2D model, the resistance of all sublines composition to DOX decreased, 
but in the 3D model, the resistance of all sublines except H2, increased to both PTX and DOX. In the 3D model, the 
combined sublines F5 and D8 had higher resistance to DOX and statistically significantly lower resistance for PTX 
compared to the control. The interaction between cancer stem-like cells (F5) and increased migration cells (D8) 
increased resistance to PTX in cell monolayer and increased resistance against both DOX and PTX in the spheroids. 
The interaction of DOX-resistant (H2) cells with other cell subpopulations (D8, F5, HF) decreased the resistance to 
DOX in cell monolayer and both DOX and PTX in spheroids.

Keywords: Triple-negative breast cancer, cell interaction, drug resistance, phenotypic sublines, MDA-MB-231 

Introduction

Breast cancer is one of the most common 
oncology diseases worldwide. In 2020, the pre-
dicted number of new breast cancer cases  
was 2.3 million and 685,000 deaths globally 
(based on World Health Organization (WHO) 
data) [1]. Over the past few decades, significant 
progress has been made in preventing, diag-
nosing, and treating cancer. TNBC accounts for 
about 15-20% of all biological types of breast 
cancer [2]. Based on the histological classifica-
tion of breast tumors, TNBC is classified as 
invasive ductal, less commonly metaplastic, 
medullary, or adenoid cystic carcinoma. Inva- 
sive ductal carcinoma is the most common (70-
80%) form of breast cancer [3]. These tumors 
begin to develop in the milk ducts from the epi-

thelial cells that line them. Based on molecular 
profiling studies, since 2011, many TNBC sub-
types have been established [4]. Still, there is 
no one unique official classification due to the 
TNBC cell variability [5-8]. Burstein et al. divid-
ed TNBC into four stable, distinct molecular 
subtypes that differentially respond to chemo-
therapy and targeted-therapy agents: basal-like 
immune-suppressed subtype, basal-like immu- 
ne-activated subtype, mesenchymal subtype, 
luminal androgen receptor subtype. This new 
classification was suggested by combined early 
years studies [9]. 

Each molecular subtype has a different re- 
sponse to the treatment [4, 9]. Molecular profil-
ing studies indicate that most TNBCs (approxi-
mately 70%) tumors consist of basal subtype 
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cells. The rest of these tumors consist of vari-
ous molecular subtypes of TNBC cells that are 
biologically distinct. This intratumor cell hetero-
geneity usually is responsible for the failure of 
treatment of disease due to the drug-resistant 
cell populations in tumors. These drug-resis-
tant cell populations lead the tumor relapse 
and cancer progression. Intratumor cell hetero-
geneity is believed to form differently and can 
be detected at the morphological and molecu-
lar heterogeneity [10]. Morphological heteroge-
neity is observed as tumor histology (histotype, 
tissue reaction, differentiation, tissue composi-
tion) and different functional areas (tumor cen-
ter and borders). These differences could cause 
clinical misinterpretation of the future tumor 
treatment strategy [11]. Molecular intratumor 
heterogeneity is divided into two types: first is 
clonal heterogeneity (genetic or epigenetic evo-
lution) and nonclonal heterogeneity (phenotyp-
ic functional plasticity or stochastic (single cell) 
plasticity) [12]. 

TNBC tumor heterogeneity makes the treat-
ment of these tumors very complicated. The 
treatment options for this disease are limited 
because the cells do not have targets on which 
to tailor the treatment. Patients whose tumors 
are in later stages have a very poor survival 
prognosis. TNBC positively responds to chemo-
therapy (anthracyclines or/and taxanes-based) 
[13]. However, more than 50% of patients diag-
nosed with TNBC at an early stage have a re- 
currence of the disease, and 37% of these 
patients die within the first five years, despite 
the treatment being applied [14]. Many drug 
resistance mechanisms are described, such as 
impaired drug influx, enhanced drug efflux via 
multidrug resistance pumps, drug compart-
mentalization away from its target protein, met-
abolic drug inactivation and drug resistance 
due to cancer cell-cell and cancer cell-stromal 
cell interaction [15]. Cell interaction in a tumor 
is one of the objects of target therapy. Due to 
cell interaction via signalling pathways or solu-
ble factors induce tumor growth and drug resis-
tance. Stromal cells, like a fibroblast, secrete 
many cytokines and growth factors [16, 17]. 
These molecules activate phosphatidylinositol-
3-kinase (PI3K)/AKT and nuclear factor kappa 
light chain enhancer of activated B cells (NF-
κB) pathways in cancer cells and cause drug 
resistance in cancer cells [18]. Tumor microen-
vironment could affect drug resistance in can-
cer cells due to cell interaction. So, cell-cell 
interaction in cancer needs to be studied more 

to understand this mechanism to prevent drug 
resistance in tumors.

This study aimed to evaluate cancer cell-cell 
interaction by isolating several phenotypically 
different cell sublines from the MDA-MB-231 
cell line. Investigate the influence of these cell 
sublines interaction on resistance to antican-
cer drugs in 2D and 3D cell culture models. For 
subline characterization, we used immunocyto-
chemistry and stained the cells with stem-like 
cancer cell (CSCs) CD133 antibody to investi-
gate CD133 receptor expression in sublines. To 
assess the sublines’ resistance to anticancer 
drugs, we applied the MTT cytotoxicity assay. A 
wound-healing assay was used to estimate the 
cell’s ability to migrate. The most characteristic 
sublines D8, F5, H2 at drug sensitivity, migra-
tion, and CSCs-like properties, were chosen. 
Cell interaction research is performed by mix-
ing these sublines in many ways: 1) sublines 
with fibroblast cells; 2) MDA-MB-231, fibro-
blasts and sublines; 3) mixing sublines bet- 
ween each other and fibroblasts. Interaction 
studies performed in 2D and 3D models. 

Materials and methods

Cell culturing

Human triple-negative breast cancer cells 
MDA-MB-231 were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA, 
USA). Human foreskin fibroblasts (HF) CRL-
4001 were initially obtained from ATCC and 
kindly provided by Prof. Helder Santos (Uni- 
versity of Helsinki, Finland). Cell lines were cul-
tured in Dulbecco’s Modified Eagle Medium 
(DMEM) GlutaMAX (Gibco, UK) supplemented 
with 10% fetal bovine serum (FBS, qualified, 
heat-inactivated, E.U.-approved, South America 
Origin, Gibco, UK), 10,000 U/ml penicillin, 10 
mg/ml streptomycin (Gibco, UK), 1 µg/ml insu-
lin 27 USP units/mg (Gibco, UK), 1% minimum 
essential medium non-essential amino acids 
(MEM NEAA) (Gibco, UK), 1% sodium pyruvate 
(Gibco, UK). Cells were maintained in a humidi-
fied atmosphere containing 5% CO2 at 37°C. 
The same conditions were used for the MDA-
MB-231 isolated sublines.

Isolation of cell sublines from commercial 
MDA-MB-231 cell line

Cell sublines were isolated from the MDA-
MB-231 commercial cell line by multiple cell 
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suspension dilution in 96-well plates. Using an 
8-channel micropipettor, 100 µl of medium  
was added to all the wells in 96-well plate, 
except well A1. Then 200 µl of cell suspension 
(2 × 104 cell/ml) was added into well A1, and 
using a single channel pipettor, 100 µl of the 
solution was quickly transferred from the first 
well to well B1. This dilution was repeated down 
the entire column, discarding 100 µl from H1, 
so that it ends up with the same volume as  
the wells above it. With the 8-channel micro 
pipettor, 100 µl of medium was added to each 
well in column 1 (giving 200 µl/well). Using the 
same pipettor, 100 µl of the liquid was quickly 
transferred from the wells in the first column 
(A1-H1) to those in the second column (A2-H2). 
This dilution strategy was repeated across the 
entire plate. 

After nine days of incubation, the cell colonies 
in the plate were detected microscopically. 
Based on formed colonies differences (shape, 
density of cells), sublines from the wells A9,  
B7, C7, D8, E7, F5, F7, G5, and H2 were select-
ed (the names of subcolonies were assigned 
according to the name of the well from which 
the cells were taken). Sublines were sub-cul-
tured to 25 cm2 cell culture flasks (TPP, 
Switzerland).

Expression of CD133 receptor by immunofluo-
rescence staining

Cells (4 × 104 cell/ml) were grown for 24 h in a 
24-well plate on collagen-coated oval 13 mm 
diameter cover glasses at standard cell cultur-
ing conditions. After 24 h, cells were fixed in  
4% paraformaldehyde (Thermo Scientific, Wal- 
tham, Massachusetts, USA) for 20 min., per-
meabilized in 0.1% Triton X-100 (Thermo 
Scientific, Waltham, Massachusetts, USA) for 
10 min., blocked in blocking buffer (10 ml of 
phosphate buffer solution + 0.2 ml fetal bovine 
serum + 0.02 g bovine serum albumin) for 30 
min. Immunostaining was performed with pri-
mary antibody 1:50 (anti-CD133 rabbit poly-
clonal, Abcam, Cambridge, UK) against the pro-
tein CD133. Then cells were incubated with 
secondary antibody 1:1000 (goat anti-rabbit 
IgG highly cross-adsorbed secondary antibody, 
Alexa Fluor 594, life technologies, Oregon, USA) 
for 30 min. Cell nuclei were stained with DAPI 
(Thermo Scientific, Waltham, Massachusetts, 
USA) 1 µg/ml, for 10 min. Then cover glass was 

transferred to objective lenses and mounted in 
ProLong Gold Antifade reagent (Invitrogen, 
Carlsbad, California, USA). CD133 expression 
was determined by immunofluorescence using 
confocal microscopy (Olympus FLUOVIEW 
FV1000). Cells were imaged under a micro-
scope at 600 × magnification using DAPI and 
TRITC filters. Images were analyzed using 
ImageJ 1.53K software (National Institute of 
Health, Bethesda, Maryland, USA). In each 
group, at least 20 (from 5 different glass po- 
ints) randomly selected cells were analyzed, 
and the relative fluorescence intensity was 
measured. HF cells were used as a negative 
control.

Wound healing assay 

Cells were seeded in a 24-wellplates (Corning, 
New York, USA) at a density of 20000 cells/ 
well in 500 μL of medium and incubated for  
24 h in a humidified atmosphere containing  
5% CO2 at 37°C. Then the monolayers were 
scratched with a sterile 100 μL pipette tip in 
the center of the well. The media was removed, 
cells were washed twice with PBS, and the 
fresh media was added. Images of the scratch 
were captured immediately and at every 24 h 
for three days at several well points of scratch. 
The percentage of the wound was calculated 
using ImageJ software (National Institute of 
Health, Bethesda, Maryland, USA). Three tech-
nical replicates per experiment were made.

Chemosensitivity assay

Cell susceptibility to anticancer drugs was 
established by MTT assay, as described else-
where [19]. All drug dilutions in media were pre-
pared freshly just before use. DOX (> 98%, 
Abcam, Cambridge, UK) and PTX (> 99.5% Alfa 
Aesar, Kandel, Germany) were dissolved in 
dimethyl sulfoxide (DMSO, Sigma-Aldrich Co, 
St. Louis, MO, USA) and diluted in medium  
(final DMSO concentration did not exceed 
0.5%). Cells (5 × 103 cells/well) were plated into 
96-well flat-bottomed plates and incubated for 
24 h. Then the dilutions of drugs were added to 
each well. The only medium without cells was 
used as a positive control, and the medium 
with 0.5% DMSO served as a negative control. 
After three days of incubation, the medium was 
removed and 100 µl of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazdium bromide (MTT, Life 
technologies, Oregon, USA) solution (0.5 mg/ml 
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in medium) was added. After incubation for 3 h 
at 37°C, the liquid was discarded, and the 
formed formazan crystals were dissolved in 50 
µl of DMSO. Complete solubilization of forma-
zan crystals was achieved by short shaking. 
The absorbance was measured on a plate read-
er at 570 and 630 nm. EC50 values were calcu-
lated using Hill equation. Experiments were 
repeated three times.

Cell doubling time

Prepared cell suspension of 2 × 104 cells/ml 
was seeded in a 24-well plate (8 × 103 cells/
well). After 24, 48, 72, and 96 h, cells were 
washed twice with PBS, trypsinized and centri-
fuged at 1000 rpm for 4 min. Then the cells 
were resuspended in 200 µl of fresh medium 
and counted in duplicates on a hemocytome-
ter. Cell doubling time (DT) was estimated by 
the following formula (1) [18] to calculate each 
line and subline DT, where c1 and c2 are the 
number of cultured cells at the current (t2) and 
previous (t1). 
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Spheroid formation and growth

Spheroids were formed from MDA-MB-231 line 
and sublines by the magnetic 3D Bioprinting 
method [21], as described elsewhere [20]. 
Cancer cells were mixed with human fibroblasts 
(1:1), to create a better-representing tumor 
microenvironment, as the noncancer cells, like 
fibroblasts, endothelial, immune cells (e.g., 
monocytes, neutrophils, and lymphocytes), and 
extracellular matrix components (e.g., proteo-
glycans, glycosaminoglycans, and collagens) 
play an essential role in cell signaling, tumor 
growth, and development [29]. The cells were 
incubated with nanoparticles NanoShuttle 
(Nano3D Biosciences Inc., Houston, TX, USA) 
for 8-10 h. Then cells were trypsinized and 
seeded into ultra-low attachment 96-well 
plates at a volume of 100 μL (2,000 breast  
cancer cells and 2,000 human fibroblasts per 
well). In all cell mixtures, the HF cells composed 
50% of cells. The plate was placed on a mag-
netic drive and incubated in a humidified atmo-
sphere containing 5% CO2 at 37°C until spher-
oids were formed. After two days of incubation, 
the images of spheroids were taken every 48 h. 

Before taking images, the medium was replaced 
by a fresh one containing 0.5 μM of DOX and 
0.05 μM PTX. The spheroid size was calculated 
using ImageJ software (NIH).

Statistical analysis

All experiments were repeated three times, cal-
culating the mean and standard deviation. The 
data were processed using Microsoft Office 
Excel 2016 software (Microsoft Corporation, 
Redmond, WA, USA) and IBM SPSS Statistics 
version 26.0 package. The level of statistical 
significance was set at P < 0.05. An analysis of 
variance (ANOVA) followed by a Tukey post-hoc 
test was performed to determine significant dif-
ferences between values.

Results

Isolation of subpopulations within MDA-
MB-231 cell line and their characterization

We isolated new sublines from the TNBC cell 
line MDA-MB-231 by multiple dilutions of the 
cell suspensions in a 96-well microplate [21]. 
After 7-14 days, colonies were formed, and 
seven colonies (sublines) were selected based 
on differences of colony density, size, and 
shape (Figure 1). These sublines showed a 
spectrum of morphologies ranging from round 
or oval colonies of closely packed cells to irreg-
ularly shaped colonies of loosely packed cells. 
The F5 and E7 sublines were non-elongated, 
shorter, and more oval, and the cells were  
tightly packed, forming colonies during cell 
growth; D8 and F7 - were more elongated in 
shape and comprised of loosely packed cells. 
The H2 subline cells were shorter in shape  
compared to parental cell line. The morphology 
of A9 and G5 was intermediate between the 
first and second groups of sublines. Differenc- 
es in cell morphology are associated with their 
morphodynamics [22] - elongated cell shape 
related to increased migration and more agg- 
ressive cell phenotypes. 

C133 receptor expression in cell sublines 

The CD133 antigen, also known as prominin-1, 
is a single-chain transmembrane glycoprotein 
identified as an important surface marker of 
breast cancer stem cells [23]. The expression 
of CD133 is dysregulated in various solid 
tumors, as well as TNBC and BRCA-1 tumors 
[24]. The specific function of CD133 in cancer 
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cells has not been defined, but 
CD133 is accompanied by in- 
creased malignancy and multi-
drug resistance by enhancing 
PI3K/Akt signalling in breast 
cancer cells [25]. Activating 
the PI3K/Akt signalling path-
way in several human cancers, 
including breast cancer, induc-
es cell proliferation, invasion, 
multidrug resistance, and me- 
tastasis of tumor cells [26-28]. 
The PI3K/Akt signalling was 
shown to promote the expres-
sion of a master transcription 
factor of epithelial-mesenchy-
mal transition (EMT), leading 
to enhance TGF-β receptor si- 
gnalling, which in turn func-
tions to maintain hyperactivat-
ed PI3K/Akt signalling, coop-
eratively driving breast tumor 
metastasis [28]. The expres-
sion of CD133 in cancer-initi-
ating cells has been reported 
in several tumor types, and 
recently CD133 was identified 
in breast CSCs [29]. We aimed 
to figure out this CSCs cell phe-
notype in our isolated cell sub-
lines (Figure 2). For it we chose 
immunofluorescence method 
that can provide valuable com-

Figure 1. Morphological features of MDA-MB-231 cell lines and isolated sublines. The scale bar represents 50 μm.

Figure 2. Immunofluorescence staining of CD133 in indicated cell lines 
and sublines. A. The quantified CD133 expression was different among cell 
(sub-)lines. The highest CD133 receptor expression was determined in sub-
line F5 and the lowest in subline A9. B. Cells were labeled using anti-CD133 
rabbit polyclonal primary antibody and goat anti-rabbit secondary antibody, 
Alexa Fluor 594 (red). Nuclei (blue) were stained with DAPI. The asterisk (*) 
indicates P < 0.05 compared to the control, n = 3, scale bar represents 50 
μm. Abbreviations: M, MDA-MB-231 cell line.
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plementary information, such as subcellular 
localization of CD133, morphological informa-
tion about cells. CD133 receptors were not 
detected in the HF cell line (Figure 2A), which 
was used as a negative control. However, the 
subline F5 exhibited the highest CD133 expres-
sion compared to other sublines. CD133 
expression in subline F5 was 31% higher than 
in the MDA-MB-231 commercial cell line. In 
other sublines: A9, D8, E7, F7, G5, and H2, fluo-
rescence intensity was from 21% to 57% lower 
than in the MDA-MB-231 cell line. 

The cell sublines’ ability to migrate

Tumor cell migration is the most critical trait of 
metastasis. The differences between cell sub-
line migration abilities were examined using  
a wound-healing assay (Figure 3). Analysis  
of the wound area changes shows different 
migration ability of cell sublines (Figure 3A). 
The slowest migration was determined for the 
A9 subline cells. The “wound” area after 72 h 
was 19% larger compared to the MDA-MB-231 
“wound” area (Figure 3B). Furthermore, H2 
subline cells migrated faster and the “wound” 
area after 72 h was 38% smaller than the MDA-
MB-231 “wound” area. The other sublines - D8, 
F7, and G5 cells were also more migrant, and 

the “wound” area after 72 h was from 20 to 
30% smaller than MDA-MB-231 “wound” area.

Susceptibility to anticancer drugs

Cell (sub)lines susceptibility to anticancer  
drugs was evaluated by MTT assay. The results 
are shown in Figures 4 and 5. The subline H2 
was about 1.5 times more resistant to DOX 
than the parent MDA-MB-231 cell line (Figure 
4). EC50 value in H2 after 72 h was 175.4 ± 4.4 
nM, whereas in MDA-MB-231 EC50 value was 
126.7 ± 1.6 nM. Sublines E7, F5, and G5 were 
about twice more sensitive to DOX than the par-
ent cell line (EC50 after 72 h were 77.7 ± 11.2 
nM and 55.9 ± 7.2 nM, respectively). Subline 
D8 sensitivity to DOX was similar to MDA-
MB-231 sensitivity. Among tested cell sublines, 
H2 had the highest resistance to PTX (Figure 
5), EC50 after 72 h was 72.6 ± 2.1 nM, whereas 
EC50 in MDA-MB-231 was 55.2 ± 2.8 nM. 
Subline A9 was slightly more sensitive to PTX 
than the parental cell line, with EC50 43.9 ± 1.8 
nM, though this subline was resistant to DOX. 
The subline F7 was sensitive to PTX (EC50 46.9 
± 4.5 nM). The sensitivity of sublines D8, E7, 
F5, and G5 was comparable to MDA-MB-231 
sensitivity. The most resistant cell subline to 
both DOX and PTX was H2. The most sensitive 

Figure 3. Cell migration differences be-
tween sublines and MDA-MB-231 cell line. 
(A) Images of “wound” area of represen-
tative sublines at 24 and 72 h after the 
scratch; (B) The MDA-MB-231 and sub-
lines “wound” area after 72 h in percent-
ages. The asterisk (*) indicate P < 0.05 
compared to the control, n = 3, scale bar 
in (A) represents 200 µm. Abbreviations: 
M, MDA-MB-231 cell line.
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to DOX were sublines F5 and F7, and PTX - sub-
line F7.

Selection of sublines for the interaction stud-
ies

We observed differences in receptor expres-
sion, migration ability, and their sensitivity to 

than the MDA-MB-231 cell line. These three 
sublines were chosen for further studies of cell 
interaction.

Doubling time of sublines

After the selection of three cell sublines (F5, 
D8, H2), at first, we focused on their cell dou-

Figure 4. DOX effect on cell viability. The EC50 values of DOX after 72 h in 
breast cancer MDA-MB-231 cell line and isolated sublines. Abbreviations: 
EC50, half maximal effective concentration; M, MDA-MB-231 cell line; The 
asterisks (*) indicate P < 0.05 compared to control, n = 3.

Figure 5. PTX effect on cell viability. The EC50 values of PTX after 72 h in 
breast cancer MDA-MB-231 cell line and isolated sublines. Abbreviations: 
EC50 half maximal effective concentration; M, MDA-MB-231 cell line; The as-
terisks (*) indicate P < 0.05 compared to control, n = 3.

anticancer drugs DOX and 
PTX. After all, we summarized 
all results and chose three the 
most characteristic sublines 
for further research (Table 1). 
Subline F5 cells were different 
in appearance compared with 
MDA-MB-231 cells. Cells for- 
med compact colonies with 
typical epithelial polygonal sh- 
apes in close contact with 
each other. This subline was 
characterized by a higher ex- 
pression of the CD133 recep-
tor among all tested sublines 
(31% higher than in MDA-
MB-231). The sensitivity of the 
F5 subline to PTX was not sta-
tistically significant, but the F5 
subline cells were 50% more 
sensitive to anticancer com-
pound DOX than the MDA-
MB-231 cell line. The F5 sub-
line cells migrated slower than 
the parental cell line. 

The expression of CD133 in 
D8 subline cells was the low-
est among all sublines and 
50% lower than in the parental 
cell line. The D8 subline was 
4.2% more resistant to DOX 
and 10% more sensitive to 
PTX than the parental cell line. 
The migration rate of the D8 
subline was about 20% higher 
than that of the parental cell 
line. 

The third subline, H2, was  
different from other sublines. 
The expression of CD133 in 
H2 was 26% lower than in the 
parental cell line. The H2 sub-
line cells were 38% more 
resistant to DOX and 31% 
more resistant to PTX than  
the MDA-MB-231 line. The H2 
subline cells migrated faster 

Table 1. Properties of selected sublines
Properties D8 F5 H2
CD133 expression 50% L1 31% H 26% L
Ability to migrate 20% H2 5% L 38% H
Sensitivity to DOX 4.2% H (NSD3) 54% L 39% H
Sensitivity to PTX 10% L 1.3% L (NSD) 32% H
1L - lower than control, 2H - higher than control, 3NSD - no significant difference. All 
experimental results compared to commercial cell line MDA-MB-231 results.
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bling time (DT) (Figure 6). The DT of MDA-
MB-231 commercial cell line was about 20 h, 
and the DT of HF was approximately 22 h. DT of 
isolated sublines from the MDA-MB-231 com-
mercial cell line was different. The F5 subline 
DT was 21 h, the D8 - 15 h, and H2 subline DT 
was 12 h. In summary, most isolated sublines 
were characterized by faster dividing cell phe-
notypes than the parent cell line.

Cell interaction studies in the 2D model

Cell sublines were selected to study the rele-
vance of cell-cell communication in vitro stud-
ies. We made three cell subline mixtures for 
interaction research (Figure 7). First, we ex- 
plored combinations of sublines and MDA-

types than we found. Additionally, we want to 
look up isolated sublines interaction with all 
populations in MDA-MB-231 cell line. By com-
bining two (combination III) different sublines 
together (D8, F5 or D8, H2 or F5, H2), we 
assess the influence of the interaction of cells 
with different characteristics to evaluate drug 
resistance in these combinations. All tested 
cell combinations showed different responses 
to drugs DOX and PTX (Figure 8). 

We used the same concentration of DOX (0.5 
µM) and PTX (0.05 µM) in all tested cell combi-
nations. Concentrations were chosen based  
on previous experiments of EC50. MTT assay 
was chosen due to its simplicity, and it allowed 
us to assess the overall viability of the cell com-

Figure 6. The doubling time of cell lines and sublines. The asterisks (*) indi-
cate P < 0.05 compared to the control, MDA-MB-231, n = 3. Abbreviations: 
M, MDA-MB-231 cell line; H, HF cell line. 

Figure 7. Combinations of cell lines and sublines used for interaction re-
search. Abbreviations: MDA, MDA-MB-231 cell line.

MB-231 cell line mixed with 
HF (Figure 7, combination I). 
The second group (Figure 7, 
combination II) consisted of 
sublines (D8, F5, H2) com-
bined with HF and MDA-
MB-231 cells. The third group 
(Figure 7, combination III)  
consisted of two sublines  
(D8, F5 or D8, H2 or F5, H2) 
mixed with HF. 

In cell interaction study, we 
used the HF cells to mimic  
the tumor microenvironment. 
It is known that the interac-
tion between breast cancer 
cells and tumor microenviron-
ments is essential for tumor 
growth and progression. Cells 
that support the function of 
epithelial cells, like cancer-
associated fibroblasts (CAFs), 
contribute to therapy resis-
tance via the production of 
several secreted factors and 
direct interaction with can- 
cer cells [30-33]. The MDA-
MB-231 cell line in combina-
tion II was used to evaluate 
the parental cell line and  
isolated sublines’ interaction 
influence on drug resistance. 
The MDA-MB-231 cells are 
phenotypically different from 
each other [34] and have 
much more different pheno-
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binations in rapid manner and evaluate cell 
combination viability as a whole. This method 
in 2D model studies required minimal addi- 
tional optimization. The DOX resistance in D8, 
F5, and H2 sublines (Figure 8A, 8C, 8E) was 
observed, and cell viability after 72 h treatment 
with DOX varied from 72% to 85%. These sub-
lines in combination with HF or MDA-MB-231 or 
each other, possessed lower resistance to 
DOX, it decreased by 9 to 16% compared with 
separate sublines. The opposite results were 

observed in the case of cell combination 
response to PTX (Figure 8B, 8D, 8F). In cell  
sublines combined with HF or MDA-MB-231 or 
with each other, the resistance to PTX increased 
by 18-34% compared to the separate sublines.

Cell interaction studies in the 3D model

Nowadays, 3D cultures are widely used to study 
the effects of new compounds or anticancer 
drugs [35]. Magnetic 3D bioprinting method 

Figure 8. The cell susceptibility to anticancer drugs DOX and PTX. The percentage of cell viability after 72 h treat-
ment in D8 cells combinations with DOX (A) and PTX (B), F5 cells combinations with DOX (C) and PTX (D), H2 cells 
combination with DOX (E) and PTX (F). The “-” symbol on the x-axis indicates that no additional cells were added. 
The asterisk (*) indicate P < 0.05 compared to the control (control group consisted of cells treated with DMSO). 
Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same category. 
Abbreviations: M, MDA-MB-231 cell line; H, HF cell line; n = 3.
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advantages in reproducibility, control over 
spheroid formation, and the ability to incorpo-
rate multiple cell types. The method is also 
simple, scalable, we can use any drug and any 
cell combinations to form spheroids and evalu-
ate cell interaction influence on resistance or 
sensitivity to drugs and a whole spheroid size 
change. We applied 3D model to explore cell-
cell interaction as it better represents the real 
tumor microenvironment. We used the same 
cell combinations as in the 2D model. The sub-
lines alone were not included in these experi-
ments, as TNBC cells without HF did not form 
spheroids. 

The spheroids of the D8 and HF cells combina-
tions (Figure 9A, 9B) were more sensitive to 
PTX treatment, and their size after 12 days  
was about 5% lower compared with the con- 
trol. The spheroids formed from D8, HF and H2 
subline cells were more sensitive to DOX and 
PTX. Spheroid size after 12 days was from 18% 
to 24% lower, respectively, compared to the 
control. The spheroid size of the F5, HF, and 
MDA-MB-231 cell combinations (Figure 9C,  
9D) in the presence of PTX after 12 days was 
7% bigger compared to the control. Spheroids 
composed from F5, HF, and H2 subline cells in 
the presence of DOX or PTX in a medium, were 
from 15% to 29% smaller after 12 days, respec-
tively, compared to control (Figure 9E, 9F). 

In 3D cell interaction study, we established that 
sublines D8, F5 cell interaction with subline H2 
cells reduced their resistance to DOX and PTX 
compared to the control. The spheroids, which 
consisted of subline H2 cells, grew smaller in 
size compared to other tested groups.

Discussion

This study evaluated an interaction influence 
on drug resistance of different cell phenotypes 
isolated from the MDA-MB-231 cell line. We  
isolated seven new sublines from the MDA-
MB-231 cell line, and three of them (D8, F5, 
H2) for cell interaction studies were chosen. 
These sublines differed from the others in the 
expression of the CD133 receptor, susceptibili-
ty to anticancer drugs, and ability to migrate. 

CD133 is an important biomarker to identify 
and isolate the specific cell subpopulation 
named “cancer stem cells” (CSCs) in breast 
cancer. CSCs are a small cell population caus-

ing therapeutic resistance, metastasis, and 
recurrence of tumors, and might be used as  
the target of cancer treatment [36, 37]. CD133-
positive cells have stemness properties such 
as drug resistance, self-renewal, differentia- 
tion ability, and high proliferation, and they are 
more resistant to standard chemotherapy [38]. 
During the immunofluorescence assay, we con-
firmed the existence, in MDA-MB-231 cells, of a 
small subpopulation (named F5) expressing a 
high level of CD133 in both membrane and 
cytoplasm compartments. We are not the first 
who found CD133 positive cell subpopulation 
in the MDA-MB-231 cell line. The first time 
CD133 was identified in 1997 [39], many scien-
tists found some subpopulations of CD133-
positive cells in the MDA-MB-231 cell line. The 
scientist also notes that these subpopulations 
cells showed enhanced cell growth, migration, 
drug resistance and invasion [40-42]. Our study 
found that the F5 subline possesses a 31% 
higher CD133 receptor expression than the 
commercial MDA-MB-231 cell line (Figure 2B). 
We hypothesized that the F5 subline would 
exhibit resistance to DOX and PTX, but it was 
two times more sensitive to DOX than the com-
mercial cell line, and susceptibility to PTX was 
not statistically significantly different from the 
control. Many scientists found CD133-positive 
cells association to drug resistance [44] but 
exist several resistance mechanisms. First, 
CD133 overexpression in cancer cells activates 
PI3K/Akt, AKT/Wnt and other signalling path-
ways and affects the behaviour of CD133 cells, 
thereby playing a major role in cancer therapy 
[43]. Second, CD133 regulates tumor resis-
tance via the AKT/NF-κB/multidrug resistance 
protein (MDR)1 pathway [44]. Third, the high 
expression of CD133 is associated with drug 
resistance due to increased ABC transporter 
ABCG2, resulting in breast cancer resistance 
for platinum, paclitaxel [45] and doxorubicin 
[46].

We have a hypothesis that in our isolated F5 
subline cells the MDR pumps gene was not 
activated and that has been cause cells sensi-
tivity for DOX and PTX. Also, F5 subline cells 
didn’t show increased migration rates com-
pared with the control (Figure 3). It could be 
related to the heterogeneity of CD133 expres-
sion in the MDA-MB-231 cell line, where not all 
subpopulations showed the same expression 
level of CD133 [47]. Moreover, the F5 subline in 
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Figure 9. Effect of cell sublines combinations in 3D cultures. The percentage of spheroid size changes after 12 days 
of incubation with DOX and PTX compared to the control. D8 subline combinations (A, B), F5 subline combinations 
(C, D) and H2 subline combinations (E, F). The asterisks (*) indicate P < 0.05 compared to control (control group 
consisted of spheroids treated with DMSO). Bars marked with different letters indicate statistically significant dif-
ferences (P < 0.05) within the same category. Abbreviations: M, MDA-MB-231 cell line; H, HF cell line; n = 2, scale 
bar 200 µM.
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the 3D model was more resistant to DOX and 
PTX in both alone with HF and in combinations 
with other sublines. Scientists observed that 
due to cell-cell interaction in 3D cultures, sev-
eral molecules (HGF, TGFβ, VEGF, TNFα, FGF2, 
IL-6 and IL-8) are secreted in higher concentra-
tions from fibroblasts cells. Also, scientists 
found that in 3D culture of fibroblasts results in 
an increased secretion of signaling molecules 
compared to stromal fibroblasts cultured in  
2D, which provides that the 3D environment 
affected stromal fibroblasts. The fibroblast 
cells’ functional differences in 2D vs. 3D con- 
ditions were observed, specifically, the expres-
sion of HGF, which increases cancer cell transi-
tion from local carcinoma cells to invasive carci-
noma cells and causes cancer resistance to 
treatment [48]. Another hypothesis could be 
that CD133 expression changes in F5 subline 
over time, we took a CD133 immunofluores-
cence experiments several times and one of 
them was 6 months after subline isolation. The 
significant CD133 expression changes in cell 
sublines were not observed. Also, we check 
publications and found that some genes (ab- 
out 16 different genes), for example TRIM28 
are involved in CD133 expression regulation. In 
cancer cells CD133 expression increased dur-
ing cell proliferation and tumor cell growth [10, 
11]. In other publication we found that CD133 
expression increased in several ovarian cancer 
cells lines during cell spheres formation [12]. 
That could be the explanation why F5 subline in 
2D cultures were more sensitive to anticancer 
compounds compared to the 3D cultures 
results. 

The subline H2 was identified as an increased 
migration and drug-resistant phenotype. H2 
cells showed a more remarkable migration abil-
ity than the MDA-MB-231 cell line, and this 
could be related to faster DT (12 h) than MDA-
MB-231 DT (20 h) (Figure 6). The subline H2 
cells were more resistant to drugs than the 
MDA-MB-231 cell line. Similarly, Amaro and  
colleagues isolated an increased migration 
subpopulation from the MDA-MB-231 cell line. 
This increased migration cell phenotype was 
more resistant to PTX than MDA-MB-231 cell 
line resistance to this compound [41]. In our 
research, we observed increased resistance to 
both DOX and PTX anticancer drugs. Inter- 
estingly, the CD133 marker expression in H2 
subline is not a statistically significant differ-

ence compared with the control. So, resistance 
to drugs was due to other resistance mecha-
nisms, for example, MDR pumps, drug inactiva-
tion, reduced absorption of drugs, changed 
drug metabolism and others [49]. Usually, 
increased cell migration is associated with 
increased expression of MDR pumps, and it 
causes resistance to DOX and PTX [50].

We found that subline D8 was also identified 
with increased migration capacity compared 
with the control. This subline (D8) showed 
decreased sensitivity to PTX and increased 
sensitivity to DOX. The relationship between 
PTX resistance and increased migration could 
explain the D8 subline-specific properties. Sci- 
entists found out that in PTX-resistant cancer 
cells cathepsin L (cysteine protease associated 
with cancer cell migration) undergoes that sub-
sequently mediates mesenchymal phenotype 
of cancer cells via EMT induction and that 
induce cell migration [51, 52]. 

After we chose three phenotypic different cell 
sublines, we moved on to our main aim - the 
influence of cell-cell interaction on drug resis-
tance. It is known that cell-to-cell communica-
tion is critical during tumor development and 
progression, allowing cancer cells to repro- 
gram the surrounding tumor microenvironment 
[53]. Stromal cells usually interact with breast 
cancer cells through IL-6 and chemokine ligand 
7 (CXCL7) secretion [54]. Here, stromal cells 
secrete IL-6 has an important role in acquired 
breast cancer chemoresistance, which pro-
motes cell proliferation and CXCL7 responsible 
for the self-renewal potential of breast cancer 
cells [55]. In addition, IL-6 has proven protec-
tive effects against paclitaxel and doxorubicin 
in breast cancer cells [56]. These cytokines 
(IL-6 and CXCL7) activate PI3K/AKT (induce  
cell proliferation, invasion, multidrug resistan- 
ce [27]) and NF-κB (mediates cancer cell prolif-
eration, survival and angiogenesis [57]) sig- 
naling pathways. Moreover, fibroblast secreted 
chemokine ligand 1, and IL-8 cytokines enhance 
expression of ABCG2 (known as breast cancer 
resistance ATP-binding cassette transporter, 
BRCP) and it is responsible for efflux of doxoru-
bicin and causes resistance to this drug [58, 
59]. The transforming growth factor β (TGF-β)  
is another factor secreted by fibroblasts and it 
signals a pathway that can trigger cell epithelial 
to mesenchymal transition (EMT). Thus, TGF-β 
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contributes to the fibroblast’s drug protective 
effect by inducing EMT. Also, fibroblast secret-
ed factors such as CXCL12, FGF, HGF,IGF,  
PDGF, Wnt, MMPs, VEGF [54, 60] and these 
molecules activate, PI3K/AKT (promote the 
expression of a master transcription factor of 
epithelial-mesenchymal transition (EMT)) and 
NF-κB pathways [61].

Fibroblast and breast cancer cell interaction 
due to various molecular mechanisms cause 
cancer cell drug resistance in both cell lines 
and tumors and disease progression in tumor. 
We found that fibroblasts alter the drug sensi-
tivity of tumor cells in cell sublines-fibroblast-
DOX and H2-fibroblast-PTX combination in 2D 
(Figure 8A, 8C, 8E), where more sensitive to 
drugs compared with sublines resistance al- 

the H2 subline. A largescale study also observed 
that in a 3D model, TNBC cells-fibroblast-drug 
combination strongly altered drug sensitivity 
[62] and subtype-specific responses to treat-
ment are not cell-intrinsic properties but rather 
a product of subtype-specific interactions bet- 
ween tumor cells and microenvironmental fea- 
tures.

Conclusions

Interaction between F5 (stem-like phenotype) 
and D8 (increased migration phenotype) sub-
lines increased resistance to PTX in 2D cultures 
and resistance to both compounds in 3D cul-
tures. The H2 subline which alone is the most 
resistant to DOX and PTX, interaction with other 
sublines decreased resistance to DOX in 2D 

Figure 10. Summary of all cell sublines interaction research. Heatmap rep-
resentation of cell combinations interaction influence on drug presence. Re-
sistance scale (blue decreased resistance, red increased resistance) show 
how much combinations was resistant for drugs in percent. 

one. Moreover, F5-fibroblast-
PTX and D8-fibroblast-PTX 
combinations (Figure 9B, 9D) 
were more resistant to PTX 
compared to sublines viability 
in monoculture. The same 
cancer-fibroblast-drug combi-
nation interaction effect was 
observed in Landry and col-
leagues’ research [62] where 
resistance or sensitivity to 
drugs depends on the cancer 
and fibroblast cell phenotyp- 
es. In several studies, cancer 
cell-fibroblast interaction de- 
creased drug resistance [63, 
64], but in many cases, inter-
action with fibroblast induc- 
ed drug resistance [65, 66]. In 
3D model comparison, at sub-
lines cell-fibroblast-drug com-
binations, drug resistance de- 
creases (Figure 9). We also 
found out drug sensitivity dif-
ferences in between sublines 
cell-drug combinations in 2D 
and 3D models. All sublines’ 
combinations were sensitive 
to DOX but decreased sensi-
tivity to PTX in 2D, especially 
in the combination of D8- 
F5-fibroblast-PTX (Figure 10). 
Moreover, in 3D model sub-
lines cells between-fibroblast-
drug, all combinations decr- 
ease sensitivity to DOX and 
PTX, except combinations with 
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and in 3D to both compounds. In summary, we 
found that different phenotypes cancer cell 
interaction has a value influence of drug resis-
tance and in some combination of cells reduc- 
ed drug resistance. Therefore, future studies 
should aim to understand the mechanisms  
of interaction between cancer subline-subline 
and fibroblast-subline cells. In particular, the 
mechanisms by which different sublines phe-
notypes and fibroblasts alter the priming state 
of cancer cells. 
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