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Background: The tumor three-dimensional (3D) spheroid model in vitro is effective on
detecting malignant cells and tumorigenesis, and assessing drug resistance. Compared with
two-dimensional (2D) monolayer culture, breast cancer (BC) spheroids more accurately
reflect the complex microenvironment in vivo, which have been extensively reported
in BC research. MDA-MB-231 cells, the triple-negative breast cancer (TNBC) cell line,
display representative epithelial to mesenchymal transition (EMT) associated with BC
metastasis. However, the characterization of MDA-MB-231 spheroids has been largely
unknown at present, which requires further attention.

Materials and Methods: Microwell array was conducted for the formation of MDA-MB-231
spheroids. In addition, H&E staining, immunohistochemistry (IHC), CellTiter-Glo® 3D cell
viability assay, and flow cytometry were performed to investigate the structure and growth
characteristics. Besides, Transwell and scratch healing assays were carried out to detect the
migratory capacities compared with 2D culture. Western blotting and confocal fluorescence were
selected to detect the expression of EMT-associated proteins. Additionally, the half maximal
inhibitory concentration (ICsg) values of antitumor compounds Carboplatin and Doxorubicin
were measured to assess drug resistance.

Results: The MDA-MB-231 spheroids were viable, which maintained a compact structure
with zonation features for up to 9 days. Moreover, those spheroids had a slower growth rate
than those cultured as a monolayer and differential zones of proliferation. The migratory
capacities were significantly enhanced by transferring the spheroids to 2D adherent culture.
Compared with 2D culture, the levels of EMT-associated proteins were significantly up-
regulated in spheroids. Furthermore, toxicity assessment showed that spheroids exhibited an
increased resistance to the antitumor compounds.

Conclusion: This study develops the simple spheroids and demonstrates their structure,
growth and proliferation characteristics. According to our results, the spheroids are asso-
ciated with superior EMT and high resistance to toxicological response compared with the
standard 2D monocultures.

Keywords: triple-negative breast cancer, spheroid, epithelial to mesenchymal transition,

three-dimensional culture

Introduction

Breast cancer (BC) has post a major threat to female health worldwide, and its
morbidity shows an increasing trend year by year.' Recent statistical data suggest
that, 40% BC patients still develop distant metastasis (DM) after standardized
treatment, which eventually leads to death.” Metastasis represents the fundamental

feature of malignant tumor, which is associated with very complex mechanism.
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Traditionally, the mechanisms of metastatic BC progres-
sion have been widely studied in the in vitro two-dimensional
(2D) cultures by exposure to external stimulus and in xeno-
graft models by manipulating various signaling pathways
and molecular targets.>* However, these do not represent
the native events of BC progression. Three-dimensional
(3D) culture systems provide unique opportunities to culture
cancer cells alone or in combination with other cell types in
a spatially relevant manner, and they encourage cell and cell-
that
environment.>® Due to these interactions, the 3D-cultured

matrix interactions closely mimic the tumor
cells acquire morphological and cellular characteristics rele-
vant to those of tumors in vivo. Spheroids are the most
extensively characterized and widely applied models for
various 3D culture systems.” As demonstrated by some stu-
dies, spheroids increase the secretion of vascular endothelial
growth factor (VEGF), a protein known to stimulate vascu-
logenesis and angiogenesis in tumor cells.® At present, tumor
spheroids remain the best characterized and widely applied
3D models for investigating various aspects in cancer biol-
ogy and antitumor drug tests.’”

According to several studies, the BC cell lines cultured
in 3D spheroids have superior relevant functions '®'2. For
instance, the BT-474 spheroids modulate the distributions
of BC stem cell population and human epidermal growth
factor receptor-2 (HER2), and show a higher anti-
apoptotic level than those cultured in 2D monolayer.'*'*
Besides, MCF-7 spheroids reveal the role of tumor micro-
environment in tumor metastasis, and they are more resis-
tant to drug treatments than those cultured as a 2D
monolayer.'”> Metastasis is a multi-step process involving
numerous interactions between a tumor and its microen-
vironment. In the process of metastasis, the first step is the
transient transformation of the typical characteristics of
cancer epithelial cells to those of migrating and invasive
cells, a process also referred to as epithelial to mesenchy-
mal transition (EMT).'® Triple-negative breast cancer
(TNBC), an aggressive phenotype associated with dismal
survival, is considered as the most dangerous among all
types of BC."” TNBC MDA-MB-231 cells show represen-
tative EMT associated with cancer progression. However,
there are no detailed characterizations on the structure and
biological characteristics of MDA-MB-231 spheroids,
which requires further attention.

This study aimed to characterize the structure and pro-
liferation features of the TNBC spheroid model, and to
examine the levels of EMT and whether spheroids showed
higher resistance to drug therapies than those cultured in

the traditional 2D culture. Our results demonstrated the
growth and proliferation characteristics of the MDA-MB
-231 spheroids, as well as their superior EMT and higher
resistance to toxicological response.

Materials and Methods
Preparation of Hydrogel Microwell
Arrays

Our 3D nonadhesive hydrogel microwell plate was mod-
ified to fabricate the spheroid assembly as described
previously.'® In brief, the hydrogen microwell array was
utilized in a microwell mould to form microwell on the
agarose surface. The nonadhesive property of agarose
prevented cells from adhering, and cells settled into the
micropore to form a spheroid due to the action of gravity.
To be specific, the agarose (Sigma) hydrogels were pre-
pared by dissolving the 1.5% (w/v) agarose powders in
water. Then, the autoclaving agarose solution was added
into the cell culture plate after it was cooled to 65 °C.
Afterwards, a sterilized mould was carefully placed on the
top of the liquid agarose. After agarose solidification, the
gels were separated from the mould in the agarose micro-
wells plate.

Cell Culture

MDA-MB-231 cells were obtained from American Type
Culture Collection (ATCC, Wuhan, China), and cultured in
the Roswell Park Memorial Institute 1640 medium supple-
mented with 10% fetal bovine serum (FBS, Biological
Industries, Israel). Meanwhile, the 2D monolayer cells
were seeded into the tissue culture plate. Then, the MDA-
MB-231cells (2x10°ells/mL) were seeded into the micro-
well plate to form spheroids. The culture medium was
replaced once every two days and spheroids were cultured
for up to 14 days. Moreover, images of spheroids in
culture were taken by the phase-contrast microscopy via
the 4x objective.

Histological and Immunohistochemical

(IHC) Analyses

MDA-MB-231 spheroids were collected and washed with
PBS, fixed in the 4% paraformaldehyde for 2 h, embedded
within the 2% histolgel in 4% paraformaldehyde, and
finally embedded in paraffin. Later, spheroids were cut
into 3 um sections and stained with hematoxylin and
eosin (H&E). Thereafter, IHC analysis for Ki67 (1:200,
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Abcam, Shanghai, China) was performed to detect the cell
proliferation makers.

Cell Proliferation and Apoptosis Assays

The CellTiter-Glo® 3D Cell Viability Assay (promega,
Beijing, china), a test system to detect the amount of
present ATP proportional to the cell number, was
employed to estimate the cell proliferation. Later, the
CellTiter-Glo® 3D reagent was added into each well at
the equivalent volume of cell culture medium in the well.
Then, the contents were mixed vigorously for 5 min to
induce cell lysis, and the plate was incubated at room
temperature for an additional 25 min to stabilize the lumi-
nescent signal. Afterwards, 200 pL supernatants were
transferred in technical replicates into the 96-well opaque-
walled plate and the luminescence was measured. In cell
apoptosis assay, both 3D and 2D MDA-MB-231 cells were
cultured in the serum-free medium before trypsin diges-
the annexin
iodide
(PI) kit (Beyotime, Beijing, China) according to the man-

tion. Then, cells were stained using

V-fluorescein isothiocyanate (FITC)/propidium
ufacturer’s instructions. Briefly, after trypsin digestion in
the absence of EDTA, 5x10° cells were collected and
washed twice with the precooled PBS, and then 100 pL
binding buffer was added for cell resuspension. Later, 5
pL annexin V-FITC and 10 pL PI standing solutions were
mixed gently in dark at room temperature for 5 min, and
the apoptosis level was measured by flow cytometry.

Transwell Assay

Migration assay was completed by seeding cells on the
upper chambers with no membrane coating using a 24-
well insert (Corning, USA), followed by overnight incuba-
tion. In invasion assay, cells were planted on the top of
chambers (Corning, USA) covered by Matrigel following
the manufacturer’s instructions. Briefly, the 3D spheroids
and 2D cells were digested using trypsin/EDTA, then cells
were planted (5 x 10* cells) into the 500 pL serum-free
1640 medium and seeded onto the upper chamber. The
lower chamber was filled with 1640 medium supplemen-
ted with 10% FBS as the chemoattractant. The serum-free
medium was added into the upper chamber, while the
medium containing 10% FBS was added into the lower
chamber. At 24 h later, cells on the upper side of the
membrane were wiped off, whereas those on the lower
side were fixed with cold methanol for 10 min, stained
with the 0.1% crystal violet solution for 20 min, and
washed with PBS for thrice. Finally, 10 random fields of

view (FOV) were selected and cells on each insert were
counted using a microscope at x100 magnification (Zeiss,
Germany).

Scratch-healing Migration Assay

After 9 days of culture, the spheroids were removed from
the microwell plate, digested with trypsin/EDTA, and
seeded (1 x 10° cells/well) into the 6-well plates under
the same 2D culture conditions until the cells reached 90%
confluence at 24 h later. Then, cells were scratched using
the 200 pL micropipette tip vertically in the middle of
each well and washed for thrice to remove the suspension
cells. Photographs were captured immediately (0 h) and at
24 h after the scratch assay, and the Image-J software was
employed to measure the width of the scratch. The wound
healing rate (%)=(scratch width at TO h — scratch width at
T24 h/scratch width at TO h) x 100%.

Western Blotting Analysis

2D cells and 3D spheroids were resuspended in the cell lysis
buffer (Thermo scientific) under sonication treatment. After
centrifugation, the protein content in supernatants was deter-
mined using a BCA protein quantification kit. In brief, 60 mg
proteins from spheroids or monolayer cells were added into
the loading sample buffer and boiled for 10 min. Thereafter,
proteins were separated by sodium dodecyl sulfate-
(SDS-PAGE) and
transferred onto the polyvinylidene difluoride (PVDF) mem-

polyacrylamide gel electrophoresis
branes. Afterwards, the membranes were incubated with
primary antibodies, including anti-E-cadherin (1:1000,
Proteintech, Wuhan, China), anti-N-cadherin, and anti-
GAPDH (1:2000, Proteintech, Wuhan, China) antibodies, at
4 °C overnight. After extensive washing, the membranes
were further incubated with the horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 h. Eventually,
the blots were developed using an enhanced chemilumines-
cence detection system.

Confocal Fluorescence Analysis

Spheroids were taken from the microwell plate at 9 days
later. Then, spheroids or cells were fixed with 4% paraf-
ormaldehyde, washed with PBS for thrice, and then
immersed in PBS containing 0.1% Triton X-100 and 1%
normal goat serum for 60 min at room temperature.
Afterwards, samples were incubated with the rabbit anti-
E-cadherin (1:200, Proteintech, Wuhan, China) and mouse
anti-N-cadherin (1:300, Proteintech, Wuhan, China) pri-
mary antibodies at 4 °C overnight, and then washed with
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PBS for thrice. Subsequently, samples were further incu-
bated with FITC-conjugated goat anti-rabbit IgG or FITC
anti-mouse IgG secondary antibody (1:400, Abcam,
Shanghai, China) for 60 min at room temperature in
dark. The nuclear DNA was stained with 4, 6-diamidino-
2-phenylindole (DAPI; Boster, Wuhan, China). Images
were acquired using the Leica confocal microscope
(Zeiss, Germany).

Drug Studies

Both the 2D and 3D MDA-MB-231 cells were cultured for 2
days prior to treatments with antitumor compounds
Carboplatin and Doxorubicin. The CellTiter-Glo® 3D Cell
Viability Assay kit was utilized to assess the cell viability
according to the above-mentioned protocols, which was
plotted as the percentage of untreated control. Measurements
were recorded at 72 h after exposure, and the ICs, values
were determined using GraphPad Prism (GraphPad
Software, USA).

Statistical Analysis

All values were expressed as meant standard deviation
(SD) of at least three independent experiments. One-way
analysis of variance (ANOVA) was adopted for compar-
isons among groups using the Graphpad Prism 7 statistical
software (La Jolla, CA, USA). A difference of P < 0.05
was considered as statistically significant.

Results
Formation of the Morphology and
Internal Structure of MDA-MB-23 |

Spheroids

The MDA-MB-231 cells were assembled into the regular
spheroids in the agarose microwells plate (Figure 1A and B).
To analyze the internal structure, H&E staining was per-
formed on spheroids to visualize the internal cell morphology
and arrangement over 14 days. It has been widely accepted
that, hypoxia is developed at distances beyond the diffusion
capacity of oxygen. Beyond this distance, the innermost cells

Figure | Fabrication of the morphology and structure of MDA-MB-231 spheroids. (A) Agarose microwells. (B) MDA-MB-231 spheroids in microwells. (C and D) H&E

staining of MDA-MB-231 spheroids fixed at day 9 and 14. Scale bars, 100 pum.
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of spheroid may die due to the difficulties in accessing the
oxygen supply and fresh growth medium. In line with the
staining results of MDA-MB-231 spheroids, a compact and
uniform structure with a well-defined outer perimeter was
observed. Cells within the spheroids had organized nuclei
and cytoplasm, with no sign of necrosis, although the forma-
tion of large and multiple cavities was occasionally observed
on day 9 (Figure 1C). However, by day 14, a necrotic core of
cavity was formed (Figure 1D), which might be ascribed
to the cavities in internal cells as a result of hypoxia and

necrosis.

Proliferation Capacity and Apoptosis
Characterizations of the MDA-MB-231

Spheroids

The MDA-MB-231 cells in spheroids showed a slower
growth rate from day 1 to day 14. Notably, day 0 was
defined as the day when cells were digested by trypsin/
EDTA in the flasks and seeded onto the tissue culture
plate or microwells plate. The activity index was defined
as the normalized ratio of luminescence value to that
on day 0. According to our results, the activity index of
spheroids became significantly lower than that of 2D
culture on day 3 after starting seeding. Furthermore, the
activity index of spheroids increased by 1.5-fold on day
9, followed by a 1.3-fold decrease on day 14 (Figure 2A).
To reveal cell proliferation within the spheroid, MDA-
MB-231 cells were stained with Ki-67. As a result, the
number of Ki-67 positive cells declined in spheroid cul-
tures between days 9 and 14 (Figure 2B). Moreover, the
positive cells were mainly located near to the spheroid
periphery, and a necrosis zone appeared in the spheroid
core after 14 days of 3D culture. Beside, this observation
further confirmed the necrotic core upon H&E staining.
In addition, we further measured the ratios of apoptotic
and necrotic cells in 2D and 3D cultures under serum-
free condition according to PI uptake and annexin
V-FITC labeling assay. On days 3, 6 and 9, the percen-
tages of viable MDA-MB-231cells of 2D and 3D spher-
oid origins were high, with no statistical significant
difference among different groups. When cells were cul-
tured to 14 days, 19.643.1% of the harvested cells were
apoptotic or necrotic, which was significantly higher than
the ratio of 2.69+1.6% in the 2D monolayer and those in
others groups (Figure 2C).

The Spheroid Culture Promoted the
Migration and Invasion of MDA-MB-23|
Cells

To explore the 3D spheroid effect on cell migration and
invasion, MDA-MB-231 spheroids were digested with tryp-
sin-EDTA after 9 days of culture, and then transferred onto
the monolayer (2D) for further experiments. Upon seeding
the MDA-MB-231 spheroids back to the 2D monolayer, the
cells in spheroids were adherent to tissue culture plate.
Additionally, results of Transwell assay showed that, cells
obtained from 3D spheroids showed significantly higher
invasion and migration capacities than those in 2D culture
(Figure 3A and B). Meanwhile, wound healing assay also
revealed that, the spheroid-derived MDA-MB-231 cells had
significantly enhanced migration capacity (Figure 3C)

The Spheroid Culture Enhanced the

Expression of EMT-Associated Proteins in

MDA-MB-231 Cells

We further investigated whether the MDA-MB-231 spher-
oids acquired the aggressive phenotype (EMT). EMT
stands for a kind of reversible change in cell phenotype,
which is closely associated with cancer metastasis.
Generally, the epithelial cells in various tissues are con-
nected by tight and adhesive connection, among which,
adhesive connection is formed by E-cadherin molecules on
the cell surface. After the activation of the EMT process,
the expression of E-cadherin is inhibited, resulting in the
loss of typical epithelial polygonal and cobblestone
morphology.'*~° Afterwards, the cells obtain the fusiform
mesenchymal morphology, and express the mesenchymal
markers, in particular for N-cadherin. In this study, we
analyzed the expression of EMT-associated proteins by
Western blotting assay after days of culture. Our data
shown that, the epithelial marker E-cadherin was down-
regulated, while the mesenchymal marker N-cadherin was
up-regulated with the increase in the 3D culture days
(Figure 4A and B). Also, immunofluorescence staining
further verified that, compared with 2D culture, 3D spher-
oids significantly decreased the expression of intracellular
E-cadherin, while increased that of N-cadherin in BC cells
on day 9 (Figure 4C). Taken together, the up-regulation of
mesenchymal marker at protein level, together with the
loss of E-cadherin/gain of N-cadherin expression indicated
that the conventional EMT might account for the promoted
migratory capacity by spheroids.
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Figure 2 The growth characterization of MDA-MB-231 spheroid (3D) cultures. (A) CellTiter-Glo® 3D Cell Viability assays of MDA-MB-231 cells from 3D and 2D cultures.
The activity index is defined as a ratio of luminescence value relative to that on the date of seeding (day 0). (B) Histological examination of spheroids, with the proliferation
marker Ki6é7 (brown) and hematoxylin (blue) being used to stain the nuclei. Scale bars, 100 um. (C) The viability of MDA-MB-23 | cells measured by flow cytometry based on
Pl uptake and annexin V-FITC labeling. The percentage of apoptotic or necrotic cells was significantly higher in the 3D group after 14 days of spheroid culture. Data in (A and
C) are expressed as mean + SD from three independent replicates. *P<0.05,%P<0.01 versus the 2D group; **P<0.01 versus the 3D group.

MDA-MB-231 Spheroids Were More

Resistant to Antitumor Compounds

To investigate whether MDA-MB-231 spheroids might be
used in drug discovery, the toxicities of Carboplatin and
Doxorubicin were assessed during up to 72 h of treatments.
As a result, the MDA-MB-231 cells in spheroid group
showed drug resistance to varying degrees (Figure 5A).
These findings showed the cell viability in the presence of
increasing Carboplatin and Doxorubicin concentrations,
which exhibited the ICsq values for spheroid and 2D cul-
tures, respectively (Figure 5B). The ICsq values were

calculated for Carboplatin and Doxorubicin in 3D spheroids
and 2D monolayer culture, respectively. For example,
Doxorubicin was significantly more cytotoxic to spheroids
than the monolayer cultures, with the ICs, values of 118.70
+1.60 uM in 3D and 87.51+2.35 uM in 2D cultures.

Discussion

For a number of cancers, more effective treatments are
needed at present. However, it remains a great challenge to
replicate the complex microenvironment in vitro so far.
Although numerous drugs have exhibited encouraging
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Figure 3 Spheroid (3D) culture promotes the migration and invasion of MDA-MB-231 cells. (A) Transwell assay showed that transferring the MDA-MB-23 | spheroids to 2D
culture significantly increased the migration and invasion capacities than those of 2D after 9 days of culture. Scale bars, 50 um. (B) Quantitative analysis of the relative
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bars, 50 um. Then, wound healing was analyzed using the ImageJ software. Data are expressed as mean * SD from three independent replicates. *P<0.05, **P<0.01 versus

the 2D group.

results in vitro, most of them can not be transformed into
the in vivo model system, and only about 5% of the newly
approved anticancer drugs show antitumor activity in clin-
ical trials.?' ** Compared with traditional 2D cultures, 3D
cell culture models can better mimic the microenviron-
ment in primary tumors. It has been well documented
that, the 3D microenvironment alters numerous cellular
and functional activities, including the differential zones

of hypoxia, proliferation, viability, migration, differentia-
tion (EMT), and drug sensitivity.>*2®

When cultured in the 3D systems, MCF-7 cells form
spheroids in vitro, up-regulate the expression of EMT
markers both at gene and protein levels, and increase cell
migration capacity. Additionally, MCF-7 spheroids show
more realistic drug responses, and better evaluate tumor
proliferation and morphological changes.'>?° Similar to
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Confocal immunofluorescence staining of 3D spheroids and 2D MDA-MB-231 cells with EMT-associated cell markers E-cadherin and N-cadherin after 9 days of culture, and
the cell nuclei were stained with DAPI (blue). Scale bars, 200 um. Data are expressed as mean * SD from three independent replicates. *P<0.05, **P<0.01 versus the 2D

group.

these studies, MDA-MB-231 spheroids in this model also
showed a variety of malignant tumor characteristics
in vivo, such as hypoxia, reduced proliferation, superior
EMT and elevated resistance to toxicological response.
Hypoxia is a common phenomenon in malignant tumors
and the rapidly developing tumors. Generally, the hypoxic
environment caused by the insufficient blood supply to
tumors is closely related to tumor physiological processes,
including gene regulation, angiogenesis and signal trans-
duction pathways.?*' A spheroid can be divided into three

zones, namely, the necrotic area in the interior, the quies-
cent area in the middle and the proliferating area in the
exterior. Dead cells (quiescent and necrotic zones) can be
resulted from the lack of nutrition and oxygen in the inter-
ior, whereas outer cell proliferation is carried out on the
spheroid surface.'>*? Based on our HE staining and THC
results of the MDA-MB-231 spheroids, there were necrotic
cavities due to hypoxia (Figures 1C and 2B). As demon-
strated in previous literature reports, tumor spheroids have
a slower growth rate than those cultured as a monolayer,
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Figure 5 Drug-induced sensitivity of 2D and 3D cells. (A) Viability of 2D MDA-MB-231 (filled circle) and 3D MDA-MB-231 (filled triangle) cells after 72 h of compound
exposure. The CellTiter-Glo® 3D Cell Viability Assay was performed to assess cytotoxicity. (B) Half-maximal inhibitory concentration (ICso) values of Carboplatin and
Doxorubicin of MDA-MB-23 | spheroids (3D) and monolayer culture (2D) after 72 h of drug exposure. Data are expressed as mean * SD from three independent replicates.

with direct cell-cell contacts similar to the in vivo
structure.®® For most types of cells, the possibilities of
attachment and proliferation depend on their surrounding
extracellular matrix (ECM), which is inherent with the
seeded cell aggregate. Spheroid formation by MDA-MB
-231 cells is attributed to the non-adherent culture condi-
tions, high degree of confluence and nutrient/oxygen depri-
vation. MDA-MB-231 within spheroids have less access to
oxygen and nutrients, and it is of interest to know whether
more cells within the spheroid undergo apoptosis. In fact,
most cells within aggregates are shown to be viable in some
studies,* consistent with our results (Figure 2).

It has been reported that, the hypoxic culture condition
can enhance the metastatic capacity.”> Migration and inva-
sion are the basic characteristics of cancer metastasis, and the
cell migration capacities on 3D and 2D surfaces are distinct.
It is shown in previous studies that, the migratory response of
a cell population within a gradient of oxygen is correlated
with its metastatic potential in vivo, which may be of certain
significance for the angiogenesis-based therapies. This cor-
relation is consistent with the existing literature, indicating
that cancer cell invasion is mainly due to the metabolic needs
of tumors. Our results showed that, MDA-MB-231 cells
within the spheroids had even higher migration and invasion
capabilities after transferring from spheroids to 2D culture
(Figure 3A-C). It was mainly because that, a gradient of
oxygen might be responsible for their migration and invasion
in the MDA-MB-231 spheroids.

EMT represents one of the hallmark of the aggressive and
metastatic phenotypes of TNBC cells. It refers to the process
in which the cell phenotype transits from epithelial to
mesenchymal state, including loss of cell polarity, down-
regulation of E-cadherin expression, up-regulation of
mesenchymal marker gene expression, and enhancement of
invasive capacity.’®>° In line with these studies, we observed
the loss of membranous E-cadherin and the gain of
N-cadherin in spheroids compared with 2D culture, implying
that the MDA-MB-231 cells acquired the aggressive malig-
nant phenotype after spheroid formation (Figure 4). Besides,
Cadherin is a class of intracellular adhesion proteins, which
provide the recognition signals for cell sorting and aggrega-
tion during tissue development. Studies have shown that,
spheroids formation involves the intact cell-cell contact,
since the initial aggregation results in the up-regulated
343738 Thus, it that

N-cadherin, rather than E-cadherin, contributes to the forma-

expression of cadherin. seems
tion of MDA-MB-231 spheroids. Drug resistance is one of
phenotypes of malignant tumor, and tumor cells can easily
lose the drug resistance and function in traditional 2D
culture.* In the previously published studies, MCF-7 spher-
oids and MDA-MB-231 spheroids show enhanced drug
resistance.”” Consistent with this, the ICsy values in 2D
cultures after treatments with Carboplatin and Doxorubicin
were lower than those in 3D cultures (Figure 5), suggesting
that MDA-MB-231 cells were cultured as a spheroid-
acquired drug resistant phenotype. Imamura et al previously
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investigated the utility of 3D-culture models in testing the
activity of chemotherapeutic drugs.*® They discovered that
three BC cell lines (BT-549, BT-474 and T-47D) performed
better than the 2D-cultured cells in simulating the important
tumor characteristics in vivo, including the hypoxia, dor-
mancy and anti-apoptotic features, together with the resulting
drug resistance. Interestingly, EMT also contributes to drug
resistance in advanced tumors. It seems that the better drug
resistance of MDA-MB-231 spheroid than the 2D-cultured
cells is related to its EMT.

Spheroids resemble the avascular tumor nodules, micro-
metastases, or the intervascular regions of large solid tumors,
in terms of their morphological features, microenvironment,
volume growth kinetics and gradients of nutrient distribution,
oxygen concentration, cell proliferation and drug resistance.
Some limitations should be noted in this study. The first one
was that, no human primary tumor was used in our study.
However, histological analysis revealed the tissue cell mor-
phology within the spheroids, with direct cell-cell contacts
similar to the in vivo tumor structure, which was different
from that in 2D BC cell models where cells had altered cell
morphology, including an elongated and flattened structure,
with cell contacts in one plane only, therefore limiting cell
signaling. Additionally, our spheroids recapitulated the zona-
tion of primary original tumor that occurred in vivo due to the
oxygen and nutrient gradients. Moreover, results of HE and
IHC staining also confirmed the above finding, indicating the
similarity compared with human BC. Migration, EMT and
drug resistance are the hallmarks of aggressive and metastatic
phenotypes of in vivo TNBC. This study confirmed that,
spheroid had superior EMT and high resistance to toxicologi-
cal response, which were similar to the TNBC characteristics.

In summary, MDA-MB-231 spheroids in the culture
system described in this study were closely resembled
in vivo with respect to their characteristics, such as struc-
ture and hypoxia. Moreover, our results demonstrated that,
spheroids had the potential to enhance metastasis.
Toxicological analysis of antitumor compounds indicated
that, our spheroid model was able to predict the higher
drug resistance than 2D monolayer cultures.

Conclusions

This study adapts a simple technique to create the MDA-MB
-231 spheroids and demonstrates their structure, growth and
proliferation characteristics over days. According to our find-
ings, MDA-MB-231 cells dissociated from spheroids exhibit
enhanced migration and invasion capacities. Moreover, we
additionally confirm that, the spheroids have acquired the

aggressive malignant phenotype. Compared with 2D mono-
layer cultures, spheroid are more resistant to drug therapies.
Taken together, the MDA-MB-231 spheroid models can serve
as the promising preclinical models to explore the mechanisms
of BC progression and to screen the antitumor drugs.

Abbreviations

3D, three-dimensional; 2D, two-dimensional, TNBC, triple-
negative breast cancer; EMT, epithelial-to-mesenchymal
transition; ICs, half maximal inhibitory concentration.
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