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a b s t r a c t

Recombinant human erythropoietin (rHuEPO) is the erythropoiesis-stimulating hormone that is being
used concurrently with chemotherapeutic drugs in the treatment of anemia of cancer. The effect of
rHuEPO on cancer cells in 3-dimensional (3D) cultures is not known. The objective of the study was to
determine the effect of rHuEPO on the viability of MCF-7 breast cancer cells from 2-dimensional (2D)
and 3D cell cultures. The monolayer MCF-7 cells from 2D culture and MCF-7 cell from 3D culture gener-
ated by ultra-low adhesive microplate technique, were treated with 0, 0.1, 10, 100 or 200 IU/mL rHuEPO
for 24, 48 or 72 h. The effects of rHuEPO on MCF-7 cell viability and proliferation were determined using
the (4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay (MTT), neutral red retention time
(NRRT), trypan blue exclusion assay (TBE), DNA fragmentation, acridine orange/propidium iodide stain-
ing (AO/PI) assays. The MCF-7 cells for 3D culture were also subjected to caspase assays and cell cycle
analysis using flow cytometry. rHuEPO appeared to have greater effect at lowering the viability of
MCF-7 cells from 3D than 2D cultures.
rHuEPO significantly (p < 0.05) decreased viability and down-regulated the caspase activities of 3D

MCF-7 cells in dose- and time-dependent manner. The cell cycle analysis showed that rHuEPO caused
MCF-7 cells to enter the subG0/G1 phase. Thus, the study suggests that rHuEPO has a cytostatic effect
on the MCF-7 breast cancer cells from 3D culture.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Erythropoietin (EPO) receptor (EPOR) is not only expressed on
erythroid progenitors but also on some cancer cells (Acs et al.,
2001; Cao et al., 2010; Ilkovičová et al., 2017; Teo et al., 2020),
including the breast cancer cells (Todaro et al., 2013; Reinbothe
et al., 2014). The EPO pleiotropic effects extend beyond erythro-
poiesis, to include modification of innate immunity to infections
and inflammation (Nairz et al., 2011), growth stimulation of nor-
mal or cancer cells (Fujisue et al., 2013), tissue protection
(Nangaku, 2013), and anti-apoptosis (Wang et al., 2015). In can-
cers, EPO was shown to enhance the proliferation and survival of
tumors (Fujisue et al., 2013; Tankiewicz-Kwedlo et al., 2016); how-
ever, the effect is not the same for all tumors. The effects of EPO
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depend on experimental conditions, target cells and tissues. For
example, in rats with partial hepatectomy, multiple doses of EPO
increased hepatocellular apoptosis and inhibited liver regeneration
(Klemm et al., 2008). On the other hand, EPO inhibited the prolif-
eration of T-cells without causing cell death (Cravedi et al., 2014)
while carbamylated EPO decreased proliferation and neurogenesis
in the sub-ventricular zone of the rat brain (Osato et al., 2018). On
cancer cells, the growth-stimulation effect of EPO is not primarily
through membrane EPORs; in fact, the stimulatory effect of EPO
is still evident in cells devoid of the receptor (Okazaki et al., 2008).

Currently, almost all in vitro cancer studies used 2D cell culture
models to determine the effects of drugs and potential therapeutic
compounds. This is also true for investigations on the effect of EPO
as adjuvant therapy in the treatment cancer-related anemia.
Although many cancer cells possess EPOR, the in vitro effect of
EPO on these cells remains debatable (Debeljak et al., 2014). In
2D cultures, one study showed that EPO had no tumor-
promoting effect on the non-small cell lung cancer cell line
(Frille et al., 2018) while another showed EPO stimulated
epithelial-mesenchymal transition inducing proliferation of renal
cell carcinoma (Morais et al., 2013).

The 3D not the 2D cancer model mimics in vivo tumors (Riffle
and Hedge, 2017). Thus, it is conceivable that the effects of EPO
on cells from 2D and 3D cultures would differ. To the best of our
knowledge, this is the first study that investigated the effect of
rHuEPO on the viability of MCF-7 breast cancer cells grown in 3D
cultures.
2. Materials and methods

2.1. MCF-7 2D culture

MCF-7 cells (passage number < 10) were cultured in T-75 flask
containing 10 mL RPMI1640 medium (GibcoTM cell culture media,
Fisher Scientific), supplemented with 10% heat-inactivated fetal
bovine serum (iFBS) and 1% of penicillin/streptomycin (GibcoTM,
Fisher Scientific). The cells were incubated in 5% CO2 incubator at
37 �C and 95% humidity with medium change every second day.
Upon reaching 85% confluency, the cells were washed with cold
phosphate-buffered saline (PBS) and detached with 5 mL TrypLETM

Express Enzyme (Fisher Scientific). Then TrypLETM was neutralized
with ice-cold culture medium containing 10% FBS and the cells pel-
leted by centrifuging at 200 � g (Eppendorf AG, Hamburg, Ger-
many) for 5 min. The cells were re-suspended and counted,
processed for the seeding of 3D MCF-7 culture to obtain MCF-7 cell
spheroids. The cell suspension containing 4 � 104 and 3 � 105

cells/mL in 200 mL was seeded into a 96-well plate for determina-
tion of cell response to rHuEPO using the MTT and neutral red
retention time (NRRT) assays, respectively. Cell suspensions con-
taining 1.25 � 105 cells/mL were seeded into a 6-well plate for
the determination of cell response to rHuEPO using TBE, caspase
activity, DNA fragmentation, and AO/PI staining assays and cell
cycle analysis.
2.2. MCF-7 3D culture

The MCF-7 cell spheroid from 3D culture used in the study were
generated using the ultra-low adhesion technique (ULAT) tech-
nique. 300 mL cell suspension containing 1.6 � 104 cells/mL were
dispensed in each well of a 96-well conical-bottomed microplate
(Nunc� MicroWellTM 96-well polystyrene plates, USA). The cells
were cultured in RPMI1640 medium (GibcoTM cell culture media,
Fisher Scientific), supplemented with 10% heat-inactivated fetal
bovine serum (iFBS) and 1% of penicillin/streptomycin (GibcoTM,
Fisher Scientific, USA), and incubated in the 5% CO2 incubator at
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37 �C and under 95% humidity. After treatment with rHuEPO, sin-
gle cells obtained from the disruption of MCF-7 cell spheroids were
manipulated similarly to monolayer cells from 2D cultures. The
cells were then subjected to the determination of cell response to
rHuEPO treatment via cell viability assays; MTT, NRRT, TB, DNA
fragmentation, and AO/PI staining caspases and cell cyle analysia.

2.3. rHuEPO treatment

Stock solution was prepared by dissolving rHuEPO (EPREX
10,000 IU/mL, Janssen-Cilag Ltd, Switzerland) in RPMI1640 med-
ium without fetal bovine serum (FBS). Before treatment, the cells
from the 2D and 3D cultures were deprived of FBS for 18 h before
treatment. Then, the 2D and 3D culture cells were maintained in
RPMI1640 medium supplemented with 2% FBS during treatment.
After washing with PBS, single cell suspensions were obtained by
dissociating the attached cells using TrypLETM Express Enzyme
(Thermo Fisher Scientific, USA) according to manufacturer’s
instruction. TrypLE was then neutralized with medium containing
10% FBS. 3D cell spheroids, before disruption, were similarly trea-
ted with rHuEPO at concentrations equal to those used for the 2D
culture.

2.4. MTT assay

2D culture
Single cell suspensions from 2D MCF-7 cell culture in 200 mL

medium containing 4 � 104 cells/mL were seeded into each well
of a 96-well microplate. Then the cells were treated with 0, 1.56.
3.13, 6.25, 12.5, 25, 50, 100 or 200 IU/mL rHuEPO for 24, 48 or
72 h for determination of cell viability. Untreated cells were used
as the control.

3D culture
Each well of a 96-well microplate was seeded with 8 to 10 small

MCF-7 cell spheroids and the spheroids treated with various con-
centrations of rHuEPO, as described for the 2D cells. The spheroids
were incubated with PBS then mixed with TrypLETM Express
Enzyme (Thermo Fisher Scientific, USA) with multiple pipetting
to dissociate the cells and obtain single cell suspensions. 200 lL
of 5 � 105 cells/mL of single cell suspensions were seeded to each
well of 96-microwell plate for MTT assay. The plates were cen-
trifuged at 200 � g (Eppendorf AG, Hamburg, Germany) for 5
min to allow the cells to settle down at the bottom of the well.
The plates were incubated for 3 h to allow for cells attachment.

The MTT assay was conducted according to the method described
by (Mosmann 1983, Kumar et al., 2018) Briefly, the RPMI1640 med-
ium in the single cell suspensions from 2D and 3D cell cultures were
discarded and cells washed gently with PBS. 20 mL of MTT dye in
RPMI1640 medium were added to each well and the plate incubated
in dark for 4 h. The RPMI1640 mediumwas carefully discarded with-
out disrupting the cell colonies and 100 mL DMSO was added to each
well to dissolve the formazan crystals. The plate was incubated for
30 min and read in the ELISA reader (ELx800 Absorbance Microplate
Reader, BioTek, US) at 570 nm. The cell viability was calculated using
the following formula:

Cell viability %of Controlð Þ ¼ OD of treated cells
OD of control cells

where the OD is the optical density that is proportional to the con-
centration of viable cells.

2.5. Neutral red retention time (NRRT) assay

200 mL of 5 � 103 cells/mL of MCF-7 cell suspensions from 2D
and pretreated 3D cultures treated with 0, 0.1, 10, 100 or 200 IU/
mL rHuEPO for 24, 48, or 72 h were seeded in a 96-well microplate.
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The same quantity of untreated cells served as the control. Then
200 lL medium containing of 45 lg/mL neutral red was added to
each well and the plate incubated for 3 h at room temperature.
The plates were centrifuged for 200 � g (Eppendorf AG, Hamburg,
Germany) for 5 min to allow the cells to settle at the bottom of the
well before incubating for 3 h with 45 lg/mL neutral red dye at
room temperature. After discarding the supernatant, 150 mL of fix-
ing solution (1% CaCl2, 0.5% formaldehyde in milliQ water) was
added to each well and the cells allowed to stand for 2 min before
washing twice with PBS. 100 mL dissolving solution (1% acetic acid,
50% ethanol in milliQ water) were added to each well and the plate
incubated at room temperature for 10 min. The absorbance was
determined at 540 nm in the ELISA reader (ELx800 Absorbance
Microplate Reader, US). The cell viability was calculated and
expressed as percentage of the control, as described in the section
2.4.

2.6. Trypan blue exclusion (TBE) assay

200 mL of 5 � 103 cells/mL MCF-7 cell suspensions from 2D and
3D cultures that were treated with 0, 0.1, 10, 100 or 200 IU rHuEPO
for 24, 48 and 72 h and seeded in a 96-microwell plate were sub-
jected to the TBE assay (Louis and Siegel, 2011). Trypan blue solu-
tion (0.4%) (Sigma-Aldrich) was mixed with the cell suspensions at
a ratio of 1:1 and 20 mL was placed on hemocytometer. Dark blue-
stained cells and TBE cells were counted and cell viability deter-
mined using the following formula:

Cell viability %ð Þ ¼ Number of unstained treated cells
Number of unstained non - treated cells

�100
2.7. DNA fragmentation assay

2.5 � 106 single cell MCF-7 cell suspensions from 2D and 3D cul-
tures that were treated with 0, 10, or 200 IU/mL rHuEPO for 72 h
were subjected to DNA fragmentation assay. Diphenylamine (DPA)
stain was used in the quantification of fragmented DNA (Suenobu
et al., 1999; Burton, 1956). The cells were harvested and lysed with
0.4 mL of cellular lysis solution (10 mmol/L Tris, 1 mmol/L EDTA,
and 0.1% NP-40, pH 7.5). Cell lysates were centrifuged at
13,000 � g for 10 min to sediment intact chromosomic DNA and
leaving fragmented DNA in the supernatant. The supernatant were
carefully collected in fresh microfuge tubes. Both tubes containing
sediment and supernatant were incubated in 12.5% trichloroacetic
acid (TCA) overnight at 4℃ to precipitate. The following day, the sed-
iments were centrifuged at 13,000� g for 4 min. The DNA precipitate
was hydrolyzed in 160 mL 5% Trichloroacetic acid (TCA) at 90 ℃ for
10 min. 320 mL DPA solution (15 mg DPA, 150 mL H2SO4, and 50 mL
acetaldehyde per 10 mL glacial acetic acid) was added to each tube.
200 mL aliquots of the solution were obtained and the absorbance
read spectrophotometrically at 600 nm, using 5% TCA as the blank.
The ratio of supernatant absorbance to the sum of supernatant and
sediment absorbance was expressed as percentage relatively to frag-
mented DNA.

2.8. Acridine orange and propidium iodide double staining

200 mL of 3� 106 cells/mL of MCF-7 single cell suspensions from
2D and 3D cell cultures that were treated with 0, 10 or 200 IU/mL
rHuEPO for a period of 72 h were subjected to acridine orange
(AO)/PI double staining assay (Bank, 1988). Briefly, the cells were
washed with cold PBS and pelleted down by centrifugation at
200 � g (Eppendorf AG, Hamburg, Germany) for 5 min and resus-
pended to obtain 1 � 106 cell/mL suspensions. Then, 10 mL of the
cell suspension were mixed with fresh 10 mL AO/PI stain solution
2551
(50 mg/mL) and the cells immediately examined under fluorescence
confocal microscopy (FV1000 viewer Olympus, Japan).

2.9. Cell cycle assay

2.5 � 106 single cell MCF-7 cell suspensions from 3D cell cul-
tures that were treated with 0, 0.1, 10, 100 or 200 IU/mL EPO for
24, 48 or 72 h were subjected to cell cycle analysis (Pozarowski
and Darzynkiewicz, 2004). The cells were washed with PBS con-
taining 0.1% sodium azide and fixed with 500 mL 80% cold ethanol,
dropwise with vortexing to prevent aggregation and incubated
with propiduim iodide (PI) for 30 min in dark. RNAse enzyme
was used to ensure that there was no RNA interference during
the assay. The cells were examined for their DNA content in the
FACS Calibur flow cytometer by laser emitting excitation light at
488 nm (Becton Dickinson, USA) and the graph of gating were gen-
erated to determine the percentage of cells at the various cell cycle
phases (CellQuest software, Becton Dickinson, USA).

2.10. Caspase -3, -8, and -9 activities

The caspase activities were determined on MCF-7 cells from the
3D culture. 200 mL of 3 � 106 cells/mL MCF-7 cell suspensions that
were treated with 0, 1, 10 or 200 IU/mL rHuEPO for 72 h were sub-
jected to caspase assays using the Caspase Colorimetric Assay kits
(Genscript Corporation Inc, Piscataway, NJ, USA). The extinction
values were determined spectrophotometrically in a microplate
reader (ELx800 Absorbance Microplate Reader, US) at 405 nm. Cas-
pases concentrations were expressed as absorbance percentage of
the control.

2.11. Statistical analysis

All experiments were performed in triplicates. Values were
expressed as percentage of controls. When the groups met the sta-
tistical assumptions; ANOVA test was used to determine signifi-
cance difference. Data that did not meet the statistical
assumptions; nonparametric test, Mann-whitney U were used.
p < 0.05 was considered significance. These statistical procedures
were performed using SPSS software program.

3. Results

3.1. Comparison of rHuEPO effect between MCF-7 cells from 2D and 3D
cultures

3.1.1. MTT assay
There was no significant (p> 0.05) difference in viability among

cells of different treatment groups of 2D culture. The results sug-
gest that rHuEPO did not affect viability of MCF-7 cells from the
2D culture (Fig. 1 (A)). In contrast, rHuEPO treatments beginning
at 50 IU/mL, dose- and time-dependently decreased (p < 0.05) via-
bility of MCF-7 cells of the 3D cell culture (Fig. 1 (B)). The greatest
effect was with 200 IU/mL rHuEPO treatment for 72 h with MCF-7
cell viability decreasing to 70.22% of the control cells.

3.1.2. Neutral red retention time assay
The NRRT assay showed that rHuEPO did not significantly

(p > 0.05) affect viability of 2D MCF-7 cells, irrespective of time
or dose of exposure (Fig. 1(C)). In contrast, rHuEPO, in time- and
dose-dependent manner, significantly (p < 0.05) reduced the via-
bility of MCF-7 cells from the 3D cell cultures (Fig. 1 (D)). The most
significant reduction in MCF-7 cell viability was with 200 IU/mL
rHuEPO after 72 h of treatment, at 69.23% viability, in comparison
with the non-treated control.



Fig. 1. (A) Effect of rHuEPO on viability of MCF-7 cells from 2D cultures determined by MTT assay. There is no significant difference among cells treated with various
concentrations of rHuEPO. (B) Effect of rHuEPO on viability of MCF-7 cells from 3D cell cultures determined by MTT assay. rHuEPO at high concentrations, time- and dose-
dependent decreased cell viability. (C) Effect of rHuEPO on viability of MCF-7 cells from 2D cultures determined by neutral red retention time assay. MCF-7 cell viability not
significantly (p > 0.05) affected by rHuEPO treatment. (D) Effect of rHuEPO on viability of MCF-7 cells from the 3D cultures determine by neutral red retention assay. MCF-7
cell viability decreased significantly (p > 0.05) with rHuEPO treatment, even the lowest concentration of 0.1 IU/mL. Viability is expressed as % of control. *For each treatment
period, means significantly different (p < 0.05) from control means. Error bars represent RSE.
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3.1.3. Trypan blue exclusion assay
The TBE assay was also employed to determine the viability of

MCF-7 cells. rHuEPO did not show any difference (p > 0.05) in effect
on the viability between cells form the 2D and 3D MCF-7 cultures
(Fig. 2 (A) and (B)). However, rHuEPO especially at high concentra-
tions and after 48 and 72 h of exposure appeared to bemore effective
at reducing viability of MCF-7 cells from 3D and 2D cultures.

3.1.4. DNA fragmentation
DNA fragmentation assay is a method to determine apoptosis in

treated MCF-7 cells. In this study, there was no significant differ-
ence (p > 0.05) in DNA fragmentation between rHuEPO-treated
and untreated MCF-7 cells (Fig. 2 (C)). The results showed that
rHuEPO treatment did not cause MCF-7 cell apoptosis, irrespective
whether the cells were from 2D or 3D culture.

3.1.5. Acridine orange/propidium iodide staining
With the exception of a few necrotic cells, the MCF-7 cells from

the 2D and 3D cultures treated with rHUEPO showed normal mor-
phology. There is no significant difference (p > 0.05) in morphology
or degree of necrosis between the rHuEPO-treated 3D culture cells
and non-treated control cells (Fig. 3).

3.2. Effect of rHuEPO on MCF-7 from 3D cell culture

3.2.1. Cell cycle
Treatment concentration
The most significant effect of rHuEPO on the cycle of MCF-7

cells from 3D culture was on the SubG0/G1 and G + M2 phases.
The effect was concentration-dependent. rHuEPO especially at
the high concentration of 200 IU/mL, markedly increased number
2552
of MCF-7 cells entering the quiescent SubG0/G1 phase while
decreasing number of cells in the G2 + M phase. After 24 h of treat-
ment, the number of cells in the SubG0/G1 phase was > 600%
higher while those in the G2 + M phase was approximate 100%
lower than in the control (Fig. 4 (A)). After 48 and 72 h, the number
of cells in the SubG0/G1 phase decreased to approximately 140
(Fig. 4 (B)) and 250% of control values (Fig. 4 (C)), respectively.
The number of cells in the S and G0/G1 phases essentially
remained similar to that of the control irrespective of rHuEPO
treatment concentrations and exposure time. The result showed
that rHuEPO especially at high concentrations increased and
decreased the population of MCF-7 cells in the SubG0/G1 and
G + M2, respectively.

Time of exposure
rHuEPO treatment period produced a peculiar effect on the

cycles of 3D culture MCF-7 cells. The populations of MCF-7 cells
treated with rHuEPO at all concentrations were high in the
SubG0/G1 phase, decreased markedly at 48 and increasing again
to high numbers at 72 h of treatment (Fig. 5 (A-D)). The effect of
rHuEPO on the G2 + M phase cell population was the reverse to
that on the SubG0/G1 phase, that is increasing after 48 h and
decreasing again after 72 h. The number of MCF-7 cells that were
in the G0/G1 and S phases after treatment with all concentrations
of rHuEPO were essentially similar to that of the untreated group
of control cells. It appeared that rHuEPO time-dependently affected
the switching of MCF-7 cell population between the SubG0/G1 and
G2 + M phases of the cell cycle. rHuEPO, especially at high concen-
trations, induced MCF-7 cells to enter the SubG0/G1 phase. Treat-
ment with 0.1 to 100 IU/mL rHuEPO after 48 h caused the MCF-7
cells to transiently enter the G2 + M phase before shifting into
the SubG0/G1 phase again after 72 h of treatment. 200 IU/mL



Fig. 2. (A) Effect of rHuEPO on viability of MCF-7 cells from 2D cultures determined by trypan blue exclusion assay. MCF-7 cell viability not significantly (p > 0.05) affected by
rHuEPO treatment. (B) Effect of rHuEPO on viability of MCF-7 cells from the 3D cell cultures determined by trypan blue exclusion assay. MCF-7 cell viability not significantly
(p > 0.05) affected by rHuEPO treatment. (C) Effect of rHuEPO on apoptosis of MCF-7 cells from 2D and 3D cultures determined by quantification of DNA fragmentation. There
is no significant difference in the effect of rHuEPO on 2D and 3D cells and among treatment concentrations (p > 0.05). Values are expressed as % of control. *For each treatment
period, means significantly different (p < 0.05) from control means. Error bars represent RSE.
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rHuEPO treatment had the greatest effect on the MCF-7 population,
affecting the SubG0/G1 phase with 620% more treated than
untreated control MCF-7 cells entering this phase of the cell cycle
after 24 h. The number decreased again to 240% of the control after
72 h of rHuEPO treatment.

Caspases
Treatment with rHuEPO resulted in significant decreases in

caspase-3, �8, and �9 activities of the 3D culture MCF-7 cells
(Fig. 6). This effect became more prominent (p < 0.05) with
increase in rHuEPO concentration.
4. Discussion

The 2D cell cultures, in spite of not approximating the in vivo
form of tumors are still the in vitromodels of choice in cancer stud-
ies. This is primarily due to the fact these models are stable and rel-
atively easy to develop and use. In situ tumors are not 2D or
monolayered, instead they are complex 3-dimensional structures
with depths and components that are not easily accessible by ther-
apeutic compounds. The 3D cell culture systems serve as relevant
intermediates between the in vitro and in vivo cancer models, thus,
they are more appropriate platforms than the 2D systems for the
evaluation of anti-cancer compounds (Mikhail et al., 2013).

In this study, it was shown that rHuEPO affected proliferation of
MCF-7 cells from the 3D not the 2D cultures. The effect of rHuEPO
on MCF-7 cells in cultures is primarily dependent on chance inter-
action between rHuEPO and the EPORs. Since the binding of EPO to
EPOR is not covalent in nature (Harris et al., 1992), the rHuEPO-
EPOR interactions in cultures are expected to be reversible,
depending on equilibrium of reaction and concentration of rHuEPO
in the incubation medium. As spheroids, the MCF-7 cells from 3D
cultures have mass and depth and some amount of scaffold and
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matrix that allow for the cells to form tight aggregates. Therapeutic
compounds like rHuEPO do not only interact with exposed cells on
the surface of the 3D MCF-7 cell mass but may also perfuse into the
matrix to affect the core and produce longer and more sustained
effects (Millard et al., 2017).

rHuEPO time- and dose-dependently reduced viability of MCF-7
cells from 3D but not 2D cultures. rHuEPO also significantly and
dose-dependently reduced the caspase-3, �8, and �9 activities of
MCF-7 cells from the 3D culture. From these observations, it
seemed that rHuEPO either slowed or inhibited proliferation of
3D culture MCF-7 cells; effects that are not associated with induc-
tion of cell death (Koçak et al., 2013). This is obvious because most
apoptotic assays used in the study showed that rHuEPO did not
significantly induce apoptosis of the MCF-7 cells. These findings
suggest that rHuEPO had cytostatic rather than cytocidal or apop-
totic effect on MCF-7 cells from the 3D culture.

While some studies suggested EPO inhibits, others suggested it
activates caspase activities in cancer cells (Chong et al., 2003;
Wang et al., 2009; Liu et al., 2010). Whatever the effect of EPO
on caspases, it is obvious that the results suggest that the anti-
cancer effect of rHuEPO was not caspase-dependent, in fact, it
can be mediated through mechanisms other than induction of cell
death (Lee et al., 2012). However, the antiproliferative effects of
anticancer compounds are not primarily through induction of cell
death; it could be through a number of other mechanisms, includ-
ing autophagy and cell cycle arrest (Semprebon et al., 2015; Mitra
et al., 2018; D’Arcy, 2019). Since apoptosis, especially, the intrinsic
pathway, requires the activation of caspases (McIlwain et al.,
2013), it appears the cell death was not the mechanism of antipro-
liferative effect of rHuEPO on MCF-7 cells from 3D culture. In our
study, rHuEPO increased population of MCF-7 entering the quies-
cent SubG0/G1 phase of the cell cycle. This phenomenon, along
with the down-regulation of caspases, would suggest that the



Fig. 3. Effect of rHuEPO on the morphology of MCF-7 cells from the 2D and 3D cultures determined by acridine orange/propidium iodide double-staining. rHuEPO treatments
did not cause significant (p > 0.05) change in morphology in 2D and 3D culture compared to untreated control cells. (A) representative image of treated and untreated 2D
culture MCF-7 cells. (B) representative image of treated and untreated 3D culture MCF-7 cells. Although, treated 3D MCF-7 cells appeared to show some necrotic cells, there
was no significant difference (p > 0.05) in their numbers between treated and untreated cells. (C) Rate of MCF-7 cell necrosis in treated and untreated of 3D MCF-7 cell
cultures. There was no significant difference (p > 0.05) in necrotic cell number in treated and untreated cells group. The necrotic cells are those from the core of the spheroids.
V: viable cells, N: necrotic cells. Values are expressed as % of control. Error bars represent RSE.

Fig. 4. (A) Effect of rHuEPO on 3D culture MCF-7 cell cycle after 24 h. rHuEPO primarily caused marked increase (p < 0.05) in MCF-7 cells in the SubG0/G1 phase and mildly
decreased (p < 0.05) in those in the G2 + M phase. No significant change in the cells entering the G0/G1 phase (p > 0.05) while in the S phase, cells decreased with treatment.
(B) Effect of rHuEPO on 3D culture MCF-7 cell cycle after 48 h. rHuEPO only at 200 IU/mL primarily caused marked increase (p < 0.05) MCF-7 in the SubG0/G1 phase and
decrease (p < 0.05) in the G2 + M phase. The cells in the G0/G1 and S although appeared to change with treatment, were variably close to the untreated control in number. (C)
Effect of rHuEPO on 3D culture MCF-7 cell cycle after 72 h. At this treatment period, rHuEPO at all concentrations marked increased (p < 0.05) MCF-7 cell population in the
SubG0/G1 phase and decreased cells in the G2 + M phase. Values are expressed as % of control. *For each treatment concentration, means significantly different (p < 0.05) from
control means. Broken line represents control value. Error bars represent RSE.
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Fig. 5. Effect of (A) (0.1 IU/mL, (B)(10 IU/mL), (C)(100 IU/mL) and (D)(200 IU/mL) rHuEPO on 3D culture MCF-7 cell cycle. The subG0/G1 MCF-7 cell population was lowest and
the G2 + M cells highest in number after 48 h of treatment. Values are expressed as % of control. *For each treatment concentration, means significantly different (p < 0.05)
from control means. Error bars represent RSE. Broken line represents control value.

Fig. 6. Caspase activities of 3D culture MCF-7 cells treated with rHuEPO for 72 h.
rHuEPO treatment significantly (p < 0.05) cause decreased in caspases activities in a
dose-dependent manner. The activities of caspase-3, �8 and �9 decreased with
increase in treatment concentration. *For treatment concentrations, means signif-
icantly different (p < 0.05) from control means. Values are expressed as % of control.
Error bars represent RSE. Cas3 = caspase-3, Cas8 = caspase-8, Cas9 = caspase-9.
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rHuEPO induced the MCF-7 cells to enter a state of survival (Xu
et al., 2018). It is possible that the action rHuEPO on cancer cells
is similar to that on the erythroid progenitors in the bone marrow
(Jelkmann, 2011), where cells under the effect of endogenous EPO
are primed for survival and production of erythrocytes.
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One study reported that EPO inhibited the proliferation of T-
cells without inducing cell death (Cravedi et al., 2014), a mecha-
nism proposed to be in effect in the rHuEPO-treated MCF-7 cell
from 3D culture. Previous studies showed that the effect of EPO
on cancer cells are conflicting. This is primarily due to the variabil-
ity in conditions employed, which included cancer cell types and
culture microenvironment such as the oxygen tension. Unlike the
monolayer cells in 2D cultures, the MCF-7 cell spheroids from 3D
cultures have hypoxic cores. Naturally, the effect of EPO on MCF-
7 cells of the 2D will be different from that of the 3D cultures.
Under hypoxic conditions, the hypoxia-inducible factor (HIF1-a)
is activated, leading to over-expression of vascular endothelial
growth factor (Shi and Fang, 2004). HIF1-a and VEGF expressions
are associated with aggressive cancer phenotype (Sa-Nguanraksa
et al., 2015; Nalwoga et al., 2016). High expression of HIF1-a
reflects metastatic potential, loss of apoptotic activity and poor
patient overall survival in breast cancers (Bos et al., 2003;
Semenza, 2009; Zhang et al., 2017). Furthermore, it was suggested
that VEGF production by breast cancer cells promotes cell growth
by an autocrine mechanism (Guo et al., 2003). Thus, targeting
HIF1-a by inhibitory therapeutic agents will reduce aggressiveness
and metastatic and angiogenic activities of breast cancers. Previous
studies showed that under hypoxic condition, EPO inhibited HIF1-
a activities in the ovarian cancer cells (Hale et al., 2006). The
downregulation of VEGF due to HIF1-a inhibition was reported
to reduce cancer cell growth (Wei et al. 2013). Thus, by virtue of
the hypoxic core, rHuEPO is expected to be more effective at
inhibiting proliferation of MCF-7 cells from 3D than the 2D cul-
tures. This effect was evident in our study.

The 2D cell cultures used in cancer research have limitations
such as inappropriate cell–cell and cell-extracellular environment
interactions, expression of cell morphology, polarity, and cell
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division while not representing solid tumors (Kapałczyńska et al.,
2018). With the use of 3D cell cultures, the gap between in vitro cell
cultures and in vivo tumors is partially bridged (Hoarau-Véchot
et al., 2018). Cell spheroids provide better cell–cell and cell-
matrix interactions than monolayer cells. These features are
important in the determination of tumor cell cycle responses to
therapeutic interventions, because cell cycle progression is regu-
lated by cell-to-cell interactions through the integrins, the adhe-
sion cell surface receptors determining cell proliferation
(Moreno-Layseca and Streuli, 2014). In fact, cells under high inter-
cellular tension exhibits greater transition from G1 to S and shorter
G1 and S-G1-M phases (Uroz et al., 2018). We reported that
rHuEPO caused the population of MCF-7 cells to enter the
SubG0/G1 phase. This was evident by the marked increase in this
cell cycle phase with concomitant decrease of cells in the G2 + M
phase. These effects were most significant with high dose rHuEPO
treatments.

Our study showed that rHuEPO down-regulated the caspase
activities in the MCF-7 cells from 3D cultures. rHuEPO under cer-
tain conditions can block mitochondrial membrane depolarization
and the release of cytochrome c (Hou et al., 2011; Shang et al.,
2011), inhibiting downstream activation of the caspases and apop-
tosis. In mammary gland cancer cells EPOR are not only located on
the cell membrane but also intracellularly, surrounding the
nucleus (Arcasoy et al., 2002; Beh et al., 2019). This suggests that
rHuEPO can bypass the surface receptor-mediated action and
directly exert effects on the nucleus and without affecting caspase
activities. This phenomenon seems to fit into the scheme of our
study where rHuEPO is anti-proliferative towards 3D culture
MCF-7 cells and by evidences from cell cycle analysis, may have
induced cytostatic effect via caspase-independent cell death (CICD)
(Dhuriya and Sharma, 2018; Roumane et al., 2018; Gong et al.,
2019) instead of caspase-dependent apoptosis. The cell cycle study
shows that rHuEPO is antiproliferative towards the MCF-7 cells by
inducing the cells to enter the quiescent phase, subG0/G1.

5. Conclusion

To the best of our knowledge, this is the first study that inves-
tigated the effect of rHuEPO on the viability of MCF-7 breast cancer
cells grown in 3D cultures. Based on the evidences in this study,
rHuEPO inhibits MCF-7 cancer cell proliferation in 3D cell cultures.
The primary modulator of the anti-cancer effect of rHuEPO is
hypoxia, a condition that is present in the cancer cell spheroids
of the 3D and not in monolayer cells of the 2D cultures. The study
highlighted the importance of using 3D cultures in determining the
anti-cancer effects of rHuEPO.
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