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Simple Summary: Breast cancer is the type of cancer that most affects women worldwide, and
until today, it is difficult to find an effective treatment against this disease. Scientists are exploring
new ways to test treatments using systems in the laboratory capable of mimicking tumors, called
3D models or spheroids. This study aimed to understand how breast cancer spheroids behave and
respond to a common drug used in the clinic to treat cancer, doxorubicin. Understanding these
processes could lead to improved treatments for breast cancer and other types of cancer. We found
that the spheroids showed close features of real tumors and showed changes in proteins associated
with cancer spread (metastasis). When the spheroids were treated with doxorubicin, the size of the
spheroids was reduced, cells died, and the spread of breast cancer cells was also reduced. These
results suggest, for the first time, that doxorubicin could be a good candidate to help stop cancer
metastasis, which can be further studied.

Abstract: Breast cancer is the most prevalent cancer among women worldwide. Therapeutic strategies
to control tumors and metastasis are still challenging. Three-dimensional (3D) spheroid-type systems
more accurately replicate the features of tumors in vivo, working as a better platform for performing
therapeutic response analysis. This work aimed to characterize the epithelial–mesenchymal transition
and doxorubicin (dox) response in a mammary tumor spheroid (MTS) model. We evaluated the
doxorubicin treatment effect on MCF-7 spheroid diameter, cell viability, death, migration and proteins
involved in the epithelial–mesenchymal transition (EMT) process. Spheroids were also produced
from tumors formed from 4T1 and 67NR cell lines. MTSs mimicked avascular tumor characteristics,
exhibited adherens junction proteins and independently produced their own extracellular matrix.
Our spheroid model supports the 3D culturing of cells isolated from mice mammary tumors. Through
the migration assay, we verified a reduction in E-cadherin expression and an increase in vimentin
expression as the cells became more distant from spheroids. Dox promoted cytotoxicity in MTSs and
inhibited cell migration and the EMT process. These results suggest, for the first time, that this model
reproduces aspects of the EMT process and describes the potential of dox in inhibiting the metastatic
process, which can be further explored.
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1. Introduction

Breast cancer is the most prevalent cancer among women worldwide, affecting about
2.3 million women each year [1]. The high mortality rate is mainly due to the occurrence of
metastasis. Ductal and lobular invasive carcinomas are the most prevalent types of breast
cancer and are associated with poor patient prognoses [2–4].

Metastasis is an important parameter associated with tumor progression, a multistep
process wherein tumor cells can reach long distances in the body through blood or lym-
phatic vessels and colonize other tissues. Indeed, it is considered a hallmark of cancer [5–7].
An important initial step of metastasis is the capacity of cells to lose epithelial features and
acquire a mesenchymal phenotype, conferring migratory and invasive properties to tumor
cells in a process known as the epithelial–mesenchymal transition (EMT) [8–11]. A key
feature of this process involves the loss of E-cadherin (E-cad) protein, an adherens junction
protein [12,13], and an increase in vimentin (VIM) expression, a cytoskeleton component,
by mesenchymal cells [9,14,15]. In addition, breast tumor cells can also migrate collectively
(in groups) or through amoeboid movements [16–19].

Major scientific and technological advances have led to the discovery of new subtypes,
mutations, and breast cancer biomarkers and contributed to a better understanding of
tumoral behavior. These discoveries enabled the emergence of novel therapeutic advance-
ments, such as targeted therapy and immunotherapy [20,21], which have improved the
overall survival and disease progression rates [22–24]. However, therapeutic agents that
inhibit the metastatic process are still challenging [25].

The three-dimensional (3D) systems of cell culture better mimic the tumor architecture
and behavior, responding to in vitro treatment more similarly to in vivo treatment than
traditional two-dimensional (2D) cell culture systems [26–29]. Within the 3D culture,
spheroids are the most widely used type for cancer research, including breast cancer, once
they can recapitulate the architecture, molecular, and functional characteristics of tumors
in vivo [30–34]. Furthermore, large spheroids (200 to 500 µm in diameter) can reproduce
avascular tumors and micrometastasis heterogeneity, characterized by a necrotic core and
actively proliferative cells at the periphery [35,36]. Moreover, spheroids are considered the
best model for performing high-throughput drug screening [37–39] and can also be used
for migration and invasion analysis. For example, some studies assessed the invasive or
migratory potential of tumor cells using traditional transwell systems [40,41]. However, in
2015, a 3D model was patented using reversed spheroids produced by ultra-low attachment
conditions in six-well plates that reproduced metastasis features in vivo [42].

Previous studies of our group using multiple non-tumoral cell type spheroids [43–46]
indicate that they are functional and capable of producing vascular structures when co-
cultured with endothelial cells [44,45]. They are also able to generate a complex network of
extracellular matrix and reproduce cardiac tissue fibrosis under stimulus, responding to
distinct drug treatments [47,48].

In this study, we aimed to characterize the epithelial–mesenchymal transition and
doxorubicin response in a mammary tumor spheroid (MTS) model. Our results revealed
that dox promoted cytotoxicity in MTSs, reduced cell migration and inhibited the changes
observed in E-cadherin and vimentin expression, characteristic of the EMT process. These
in vitro results suggest, for the first time, the potential of dox in inhibiting the metastatic
process, which can be further explored.
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2. Materials and Methods
2.1. Reagents and Antibodies

Trypsin and ethylenediaminetetraacetic acid (EDTA) were acquired from Gibco (Carls-
bad, CA, USA). Doxorubicin hydrochloride (DOX HCl), agarose, phosphate-buffered saline
(PBS), fetal bovine serum (FBS), penicillin, streptomycin, RPMI 1640 and bovine serum al-
bumin (BSA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies,
rabbit polyclonal antibodies anti-fibronectin and anti-laminin, mouse monoclonal antibody
anti-vimentin, and rabbit monoclonal antibody anti-E-cadherin were obtained from Sigma-
Aldrich. Rabbit monoclonal antibody anti-Ki-67 was obtained from ABCAM (Cambridge,
MA, USA), and mouse monoclonal antibody anti-GAPDH was acquired from Fitzgerald
(Acton, MA, USA). Secondary antibodies, goat anti-rabbit and goat anti-mouse IgG Alexa
Fluor 488 were purchased from Thermo Scientific (Rockford, IL, USA). Goat anti-rabbit IgG
and goat anti-mouse IgG HRP-labeled were obtained from R&D Systems (Minneapolis, MN,
USA). 7-AAD Ready-Made Solution was purchased from BD Bioscience (Franklin Lakes,
NJ, USA). BCA protein assay reagent (bicinchoninic acid), 4′-6-Diamidino-2-phenylindole
(DAPI), and ProLong™ Gold Antifade Mountant were acquired from Thermo Scientific.
The Protease Inhibitor Cocktail was purchased from Roche Molecular Biochemicals (In-
dianapolis, IN, USA), the phosphatase inhibitor cocktail from Sigma Aldrich, and the
chemiluminescent kit ECL from Pierce (Rockford, IL, USA).

2.2. Spheroid Formation Using Cell Line and Primary Culture of Mouse Tumor Cells

The human breast cancer cell line MCF-7 (ATCC® HTB-22™) was obtained from
the National Cancer Institute in Rio de Janeiro, Brazil. The cells were propagated as
monolayers (2D) before three-dimensional (3D) cell culture. To allow the formation of
multicellular tumor spheroids, or simply spheroids, cells in a monolayer were dissociated
with trypsin/EDTA in HBSS without calcium and magnesium. The isolated cells were
plated at different densities of 3125 to 25,000 cells per well in agarose-coated 96-U-well
plastic plates [46,47]. Spheroids were maintained at 37 ◦C in a 5% CO2 atmosphere in RPMI
1640 supplemented with 10% FBS, 1000 U/mL penicillin and 50 µg/mL streptomycin.
For the migration assay, spheroids were transferred to a 24-well plastic plate without any
scaffold. The 4T1 and 67NR mouse mammary tumors were obtained from the Thymus
Research Laboratory at the Oswaldo Cruz Institute (IOC/Fiocruz, Rio de Janeiro, Brazil).
The tumors were dissociated by mechanical and enzymatic digestion with collagenase
(10 mg/mL) in HBSS at 37 ◦C for 1 h and under agitation. Cells were centrifuged at 200× g
for 5 min, resuspended in RPMI 1640 supplemented with 10% FBS, 1000 U/mL penicillin
and 50 µg/mL streptomycin and maintained at 37 ◦C in a 5% CO2 atmosphere.

2.3. Spheroid Growing and Migration Assays

After 5 days of culture, spheroids were treated with different concentrations of dox-
orubicin (1, 2 and 4 µM) for 72 h. The stock concentration was 10 mM. Cells were retreated
at 48 h. DMSO concentration in the medium did not exceed 0.05%. For the migration
assay, spheroids were transferred to a 24-well plastic plate without a coverslip and any
scaffold before treatment. However, in fluorescence assays, they were transferred to
the 24-well plastic plate with a gelatin-coated coverslip. Untreated cells were used as a
control. Spheroid growth and cell migration were monitored and photographed daily
using phase-contrast microscopy (Nikon Eclipse TS100, Minato-ku, Tokyo, Japan) and the
BELView program, version 7.1. Quantification was performed by measuring the diameter
or area of MTSs and the diameter of spreading cells over time using the Image J software
(https://imagej.net/software/fiji/, accessed on 1 February 2024) (Bethesda, MD, USA).

2.4. Necrotic Core Analysis

For evaluation of the necrotic core, after 7 days of culture, spheroids with distinct
sizes were incubated for 30 min with Propidium Iodide (PI) (BD Biosciences, San Jose,
CA, USA) at a final concentration of 0.5 µg/mL. PI staining was analyzed using the

https://imagej.net/software/fiji/
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inverted LSM 710 Confocal Laser Scanning Microscope (Zeiss, Oberkochen, Germany).
Giemsa staining was also performed to observe the necrotic core of MTSs. Spheroid slices
obtained by cryomicrotomy were fixed using Bouin’s fixative solution (picric acid–formalin–
acetic acid mixture). The samples were stained in Giemsa solution and dehydrated in an
acetone/xylene gradient. Coverslips were mounted with Permount resin, and the images
were acquired using bright-field microscopy (Zeiss, Oberkochen, Germany).

2.5. Cell Death and Viability Analysis

After 5 days of culture, spheroids were treated with different concentrations of dox-
orubicin (1, 2 and 4 µM) for 48 or 72 h. Cell death was determined by flow cytometry
using the DNA dye 7-amino-actinomycin D (BD Via-Probe™) (BD Bioscience, San Jose, CA,
USA). Briefly, after spheroid dissociation with trypsin/EDTA in HBSS without calcium
and magnesium, the isolated cells were resuspended in RPMI 1640, washed with cold PBS,
and incubated for 20 min at 4 ◦C with 20 µL of 7-AAD (ready-to-use solution), following
the manufacturer’s protocol. Heated cells (60 ◦C/10 min) were used as a positive control.
The samples were acquired with an FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA, USA). Data analysis was performed using the software Summit v6.1 (Beckman
Coulter, Miami, FL, USA). For cell viability analysis, a minimum of five spheroids/well
were incubated with AlamarBlue® reagent (Thermo Scientific, Rockford, IL, USA) for 24 h
at 37 ◦C, according to the manufacturer’s instructions. The absorbance was measured at
570 nm and 600 nm using the microplate spectrophotometer reader Spectramax Plus 384
(Molecular Devices, San Jose, CA, USA). Cell viability was defined by calculating the ratio
(in percentage) between each condition treated by the untreated one (control).

2.6. Protein Distribution Analysis Using Immunofluorescence and Confocal Microscopy

After 48 h of treatment (4 µM), spheroids were washed twice with ice-cold PBS,
stained with methylene blue (for better visualization of spheroids), embedded in Tissue-Tek
O.C.T Compound (Sakura Finetek, Chuo-ku, Tokyo, Japan) and frozen in liquid nitrogen
until used. The samples were sliced by cryomicrotomy (5 µm thick) and fixed with 4%
paraformaldehyde (PFA) for 10 min at 4 ◦C. After washing, slices were permeabilized with
0.1% Triton X-100. For performing the migration assay, spheroids were fixed/permeabilized
with ethanol absolute (Merck, Darmstadt, Germany). Then, non-specific antibody binding
was blocked with saline solution (PBS or TBS) containing 4% BSA. The cells were incubated
overnight at 4 ◦C with primary antibodies, including anti-Ki-67, anti-fibronectin, anti-
laminin, anti-E-cadherin and anti-vimentin (Table 1). Cells were washed and incubated with
the appropriate secondary polyclonal antibodies (Table 1) for 1 h at 37 ◦C. DNA staining
was performed with DAPI 0.2 mg/mL, incubated for 10 min at 20 ◦C. Slices and migrating
spheroids were mounted in ProLong™ Gold Antifade Mountant for further analysis using
the inverted confocal microscope described above, and images were processed with the
Zen lite 2.3 program (blue edition).

Table 1. Antibodies used in immunofluorescence assays.

Antibody Manufacturer Catalog Number Antibody Dilution

Anti-E-cadherin antibody, rabbit monoclonal Sigma-Aldrich SAB5500022 1:100

Anti-vimentin antibody, mouse monoclonal Sigma-Aldrich V5255 1:200

Anti-fibronectin antibody, rabbit polyclonal Sigma-Aldrich F3648 1:200

Anti-laminin antibody, rabbit polyclonal Sigma-Aldrich L9393 1:50

Anti-Ki-67 antibody,
rabbit recombinant

monoclonal
Abcam ab16667 1:100

Donkey anti-mouse IgG secondary antibody (Alexa Fluor™ 594) Thermo Scientific A21203 1:800

Donkey anti-rabbit IgG secondary antibody (Alexa Fluor™ 488) Thermo Scientific A21206 1:800
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2.7. Protein Expression Analysis Using Western Blotting

Cells were washed with PBS twice and scraped with 200 µL of RIPA lysis buffer
[50 mM Tris–HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 1% deoxycholate sodium) containing
10% protease inhibitor cocktail (Roche, Indianapolis, IN, USA)] and phosphatase inhibitor
cocktail (Sigma Aldrich, St. Louis, MO, USA), and samples were frozen in liquid nitrogen
until used. Lysates were sonicated, and protein concentration was determined using the
BCA protein quantification kit (Pierce, Rockford, IL, USA). Then, 10 µg of protein was
loaded and resolved in 10% SDS-polyacrylamide gels. The proteins were transferred to
nitrocellulose membranes (Bio-rad, Hercules, CA, USA) and incubated with 5% skim
milk in TBST (TBS and 0.5% Tween 20) for 30 min, followed by incubation with primary
antibodies anti-E-cadherin and anti-vimentin, each diluted in TBST, with 5% skim milk
overnight at 4 ◦C (Table 2). Mouse monoclonal anti-GAPDH antibody was used as a
loading control (Table 2). Membranes were washed with TBST, followed by incubation with
secondary goat anti-rabbit IgG and goat anti-mouse IgG HRP-labeled antibodies (Table 2)
for 1 h at 25 ◦C. Membranes were washed with TBST, incubated with the chemiluminescent
kit ECL (Pierce, Rockford, IL, USA) and exposed to X-ray film (Thermo Scientific, Rockford,
IL, USA). The densitometry of bands was performed with the software Image Studio Lite
4.0 version. The relative expression of the target proteins (antibodies anti-E-cadherin and
anti-vimentin) was determined by the ratio between the values of intensity of its band and
the values of the GAPDH band. Relative expression values from treated samples were
normalized by the values of untreated cultures at the same time point.

Table 2. Antibodies used in Western blotting assays.

Antibody Manufacturer Catalog Number Antibody Dilution

Anti-E-cadherin
antibody, rabbit

monoclonal
Sigma-Aldrich SAB5500022 1:2000

Anti-vimentin
antibody, mouse

monoclonal
Sigma-Aldrich V5255 1:3000

Anti-GAPDH
antibody, mouse

monoclonal
Fitzgerald 10R-G109a 1:80,000

Goat anti-mouse IgG
secondary antibody (HRP) R&D Systems HAF007 1:1000

Goat anti-rabbit IgG
secondary antibody (HRP) R&D Systems HAF008 1:1000

2.8. Statistical Analysis

Statistical analyses were performed by GraphPad Prism software 5.0 using one-way
ANOVA, two-way ANOVA test with Bonferroni post hoc test, or Mann–Whitney test, as
indicated in figure legends. All data were expressed as mean ± SD of at least 3 experiments,
analyzing 5 spheroids per experimental condition. For Western blotting analyses, we
pooled 60 spheroids per condition [49]. Changes were considered statistically significant
when p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***).

3. Results
3.1. Production and Characterization of the 3D Mammary Spheroid Model Using Cell Line

Our initial step was to develop a scaffold-free 3D model aimed at the spontaneous
generation of spheroids without external factors like artificial matrices (e.g., Matrigel). To
do this, we coated 96-U-well plastic plates with a thin layer of warm 1% agarose and then
treated them for 15–30 min under UV light before use. Based on previous studies by our
group [46,47], isolated cells were plated at different densities (3125 to 25,000 cells per well),
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and spheroid formation and morphology were observed for 10 days using phase-contrast
microscopy. In our 3D system, MCF-7 cells adhered to each other and self-assembled,
generating a unique spheroid per well in just one day with uniform size. Spheroids of
varying sizes exhibited spherical geometry and compact shape, with a progressively more
pronounced necrotic core observed over time and concurrent with spheroid enlargement.
Notably, the difference in spheroid size was dependent upon the initial number of cells
introduced into the wells. Also, all spheroids, except the one with an initial inoculum of
25,000 cells, grew over time, showing prominent growth between 5 and 7 days of culture.
The large spheroid phenotype (showing relevant diameter/area increase) was achieved
within 10 days (Figure 1A–C).
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Figure 1. Production of spheroids using MCF-7 cell line. Representative images showing growth
and morphology of spheroids with different densities for 10 days by phase-contrast microscopy.
Differences in spheroid size were observed depending on the initial number of cells introduced into
the wells (A). Quantitative data are shown for area and diameter, respectively; all spheroids, except
the one with an initial inoculum of 25,000 cells, grew over time, with prominent growth between
5 and 7 days of culture (B,C). Data are expressed as mean ± SD of one experiment (n = 10). ** p < 0.01;
*** p < 0.001. One-way ANOVA test and Bonferroni post hoc test were used.
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Two typical features of large spheroids make them similar to avascular tumors: the
necrotic core, as mentioned above, and an outer layer of actively proliferating cells—both
originated mainly from poor oxygen, nutrient and growth factor diffusion through the
cells [37,38]. Thus, we decided to investigate the necrotic core of spheroids by PI and
Giemsa staining, alongside an assessment of cell proliferation status by evaluating Ki-67
expression through immunofluorescence. As expected, we observed PI labeling in the
central region of the spheroid, indicating necrosis cell death (Figure 2A–D). The necrotic
core could also be seen when spheroids were stained with Giemsa solution (Figure 2E). The
Ki-67 expression was most prominent at the spheroid periphery (Figure 2F). These data
show that our spheroid model mimics characteristics of avascular tumors: a necrotic center
and proliferating cells at the periphery.
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Figure 2. Mammary tumor spheroid mimics characteristics of avascular tumors. PI staining showing 
a necrotic core in spheroids with distinct densities: 3125 (A), 6250 (B), 12,500 (C) or 25,000 initial 
cells (D). Giemsa staining showing a necrotic center and a large spheroid (6250) (E). Immunofluo-
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Figure 2. Mammary tumor spheroid mimics characteristics of avascular tumors. PI staining showing
a necrotic core in spheroids with distinct densities: 3125 (A), 6250 (B), 12,500 (C) or 25,000 initial cells
(D). Giemsa staining showing a necrotic center and a large spheroid (6250) (E). Immunofluorescence
showing Ki-67 (F), E-cadherin (E-cad) (G), and laminin (LN) (H) expression, in green. DNA staining
with DAPI can be observed in blue. Ki-67 expression was most prominent at the periphery of the
spheroid (F). Spheroids presented immunoreactivity for E-cadherin, a well-known epithelial marker,
and were able to produce their own matrix, revealed by laminin staining, respectively (G,H).
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For additional characterization, we verified through immunofluorescence that MCF-7
spheroids presented, as expected, immunoreactivity for E-cadherin, a well-known epithelial
marker. Cells demonstrated the ability to produce epithelial-like extracellular matrix,
evidenced by positive laminin staining (Figure 2G,H).

3.2. Production of Spheroids from Mice Mammary Tumors

After generating spheroids from the MCF-7 cell line, we questioned whether it was
possible to produce primary mammary spheroids from mice tumors using the spheroid
model. Therefore, tumors formed from 4T1 and 67NR cell lines were obtained and dissoci-
ated by mechanical and enzymatic digestion with collagenase solution. Importantly, 4T1
tumors are highly metastatic, whereas 67NR tumors are nonmetastatic. Figure 3 shows
spheroids produced from cells directly isolated from tumors (E and F) and primary culture
in monolayer (G and H). It was not necessary to use a substrate for monolayer cultivation
(2D culture), and the cells reached confluence in 72 h (Figure 3A–D). In both cases, spheroid
formation occurred after 24 h of cultivation (Figure 3E–H).
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3.3. Migration Potential of Spheroid Cells In Vitro and Expression of EMT Markers E-Cadherin
and Vimentin

Another important parameter related to tumor progression is the migration/invasion
capacity of tumor cells. In an attempt to evaluate these parameters, 5-day culture spheroids
were transferred to a 24-well plastic plate to allow cell adhesion. Cells were able to
adhere and migrate over time without the use of any scaffold. Furthermore, MCF-7 cells
exhibited migration from the spheroid to the plastic surface in distinct directions, forming
“migration clusters” that suggest collective migration of cells, a very common property
seen in metastatic cancer cells and associated with tumor progression [42] (Figure 4A,B). A
decrease in fibronectin expression was observed in sites where tumor cells had extravasated
(Figure 4C). Moreover, cells observed at the periphery of the migration zone exhibited
typical motility features, such as filopodia and spindle-like morphology (Figure 4A–C).
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Figure 4. Spheroid migration assay reproduces in vitro features of metastasis. Phase-contrast rep-
resentative images showing “migration clusters” (asterisk), suggesting collective migration of cells
(A,B). Cells at the periphery of the migration exhibit typical features of motility, such as filopodia
(arrow) (B). Immunofluorescence staining for fibronectin (FN) (C), E-cadherin (E-cad) (D,F) and
vimentin (VIM) (E), in green. A “migration cluster” (asterisk) with decreased fibronectin expression,
with arrows depicting migrating cells at the periphery with spindle-like morphology (arrow) (C).
EMT representative process (D,E); as cells distance from the spheroid, there is a loss of the E-cadherin
marker (D) and a concurrent acquisition of vimentin (VIM) expression (E). Zoom of a cell with
flatted-like morphology at the spheroid periphery (inset), a typical feature of mesenchymal cells (F).
Nuclei were stained with DAPI.

To verify whether this model reproduces aspects of the metastatic process, such as
the EMT, we analyzed E-cadherin (E-cad) and vimentin (VIM) expression by immunoflu-
orescence. Cells close to the MTS border exhibited E-cad labeling, and this marker was
reduced as the cells reached the periphery of the migration zone (Figure 4D). In contrast,
VIM expression was diminished adjacent to the spheroid border while remaining highly
expressed in cells located at the periphery (Figure 4E). Cells with flatted-like or spindle-like
morphology, a typical feature of mesenchymal cells, were observed at the peripheric zone
(Figure 4C,F). For the first time, aspects of the EMT process in MTSs were reproduced,
mimicking in vitro an important feature of metastasis in vivo.

3.4. Doxorubicin Induces Cytotoxicity in MTSs

Doxorubicin (dox) is a widely used chemotherapeutic drug used in patients for breast
cancer treatment [49]. Our next step was to test the anti-cancer effect of dox on MTSs of
the MCF-7 cell line. From this point on, all experiments were conducted using spheroids
with an initial density of 6250 cells per well. This choice was made because on the fifth
day of culture (also the day chosen to start treatment), spheroids exhibited a necrotic core
and proliferating cells at the periphery (Figures 1 and 2), typical features of large spheroids
and avascular tumors, as previously mentioned. First, we analyzed the effect of distinct
concentrations of dox (1, 2 and 4 µM) on spheroid size in a 72 h time course.

Our results revealed, after 24 h of dox treatment (4 µM), a reduction of 5.7% (p < 0.05) in
spheroid diameter when compared to the untreated control. A decrease of 8.4% (p < 0.001)
in spheroid size using 1 µM dox, 10.3% (p < 0.001) using 2 µM and 12.2% (p < 0.001) with
4 µM was observed after 48 h of treatment. At 72 h, the reduction reached 10.3% (p < 0.001)
(1 µM), 14.2% (p < 0.001) (2 µM) and 18.6% (p < 0.001) (4 µM). These results suggest a
significant cytotoxic effect of dox in MTSs (Figure 5A–E).
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Figure 5. Doxorubicin decreases the spheroid size. Representative images of phase-contrast mi-
croscopy of untreated spheroids (ctr) (A) and dox treated with 1 µM (B), 2 µM (C) and 4 µM (D)
after 48 h of treatment. In addition to a reduction in spheroid size, altered morphology was ob-
served. Graphic representation of spheroid reduction diameter over time along with dox treatment
(compared with the untreated control) (E). Quantitative data are expressed as the mean ± SD of
three experiments, analyzing five spheroids per experimental condition. * p < 0.05; *** p < 0.001.
Two-way ANOVA test and Bonferroni post hoc test were used.

Thereafter, we analyzed cell death by flow cytometry. For this purpose, spheroids
were dissociated with trypsin, and isolated cells were incubated with the 7-AAD dye. All
concentrations of dox induced cell death at all evaluated time points (Figure 6A,B). At
24 h of treatment, the 7-AAD labeling showed a significant increase of 135% (p < 0.01),
223% (p < 0.001), and 268% (p < 0.001) when comparing the control group with the lowest,
intermediate, and highest concentrations of doxorubicin, respectively. Following 48 h
of treatment, we observed an increase of 169% (p < 0.001) in cell death using the lowest
dox concentration (1 µM), 214% (p < 0.001) using 2 µM and 269% (p < 0.001) with 4 µM
(Figure 6A,B). We also investigated cell viability by performing Alamarblue® assay, and
our results corroborated previous data, indicating a decrease in cell viability during dox
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treatment at all analyzed time points (Figure 6C). After 24 h of treatment, there was a
decrease of 20.3% (p < 0.05), 22.4% (p < 0.05) and 21.6% (p < 0.05) in cell viability when
we compared the control condition with 1, 2 and 4 µM concentrations of dox, respectively.
After 48 h, we observed a reduction of 43.3% (p < 0.001) (1 µM), 44.3% (p < 0.001) (2 µM) and
43.6% (p < 0.001) (4 µM). Moreover, at 72 h, the effect was even more robust: the decrease
reached 71.2% (p < 0.001) (1 µM), 73.8% (p < 0.001) (2 µM) and 76.8% (p < 0.001) (4 µM)
(Figure 6C).
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Figure 6. Doxorubicin induces cytotoxicity in spheroids. Representative dot plot of 7-AAD labeling
by flow cytometry (A). Percentage of 7-AAD-positive cells showed an increase in cell death during
dox treatment (B). Alamarblue® assay data revealed reduced cell viability during dox treatment at all
analyzed time points (C). Quantitative data are expressed as the mean ± SD of three experiments,
analyzing five spheroids per experimental condition. * p < 0.05; ** p < 0.01; *** p < 0.001. Two-way
ANOVA test and Bonferroni post hoc test were used.
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3.5. Doxorubicin Inhibits Cell Migration in MTSs

Thereafter, we evaluated the effect of dox treatment on MCF-7 migration/metastatic
potential in vitro. Spheroids with 5 days of culture were transferred to a twenty-four-well plastic
plate to allow cell adhesion and treated with distinct concentrations of dox (1, 2 and 4 µM) for
72 h. We observed a decrease of 16.1% (p < 0.001) in cell spreading from MTSs after 24 h of
treatment (4 µM). At 48 h, a decrease of 7.0% (p < 0.01) in cell spreading was observed with the
lowest concentration of dox, 19.7% (p < 0.001) using 2 µM and 32.8% (p < 0.001) with 4 µM. A
reduction of 20.8% (p < 0.001) (1 µM), 34.4% (p < 0.001) (2 µM) and 43.0% (p < 0.001) (4 µM) was
observed after 72 h. These results indicate that dox inhibited the migration of breast tumor cells
(Figure 7A,B). Interestingly, migration inhibition by dox was not just observed by a reduction in
the diameter of cell spreading—we could also observe a decrease in the “migration clusters”
and the number of cells going out of MTSs (Figure 7C).
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Figure 7. Doxorubicin inhibits cell migration. Representative images of phase-contrast microscopy
of untreated spheroids (ctr) (A) and treated with 1 µM (B), 2 µM (C) and 4 µM (D) of dox at 48 h of
treatment. Graphic showing a decrease in cell spreading from spheroids over time, along with dox
treatment, compared with the untreated control (E). DNA staining with DAPI in blue, showing a
reduction in “migration clusters” (asterisk) (inset) and the number of cells going out of spheroids
in the treated condition (G) compared with untreated (F). Quantitative data are expressed as the
mean ± SD of three experiments, analyzing five spheroids per experimental condition. ** p < 0.01;
*** p < 0.001. Two-way ANOVA test and Bonferroni post hoc test were used.
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3.6. Doxorubicin Inhibits Aspects of the EMT Process in MTSs

Finally, we asked whether the dox treatment could influence the EMT process. We
analyzed the E-cadherin and vimentin profiles of treated and untreated migrating MTSs
by Western blotting and immunofluorescence. Our WB results revealed an increase in
E-cad content (33.8%, p = 0.0087) and a decrease in VIM content (44.0%, p = 0.0043) during
dox treatment (Figure 8A,B, Supplementary Figure S1). Interestingly, immunofluorescence
showed E-cad staining mainly at cells close to the spheroids in the control condition, while
in dox-treated spheroids, this marker was also observed at the peripheral migration zone.
We also observed a decrease in VIM expression in this zone (Figure 8C–F). Taken together,
these results suggest that, in our 3D culture system, dox inhibited the metastatic potential
of breast tumor cells by reducing the collective migration of tumor cells and by inhibiting
the EMT process.
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Figure 8. Doxorubicin inhibits aspects of the EMT process. Immunoblotting for evaluation of E-
cadherin (E-cad) (A) and vimentin (VIM) (B) expression during cell migration after 24 h of treatment.
Densitometric analyses revealed an increase in E-cad content and a decrease in VIM during dox
treatment (A,B). Immunofluorescence assay showing E-cad staining (D) also at the peripheral zone of
migration and a decrease in VIM staining (F) when cells were treated with dox (D,F) compared with
the untreated condition (C,E). Nuclei were labeled with DAPI. Quantitative data are expressed as
mean ± SD of three experiments. ** p < 0.01; Mann–Whitney test.
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4. Discussion

Metastasis is a major problem in the treatment of cancer. It is indicative of poor prognosis
and has dramatic effects on the survival and quality of life of patients [50,51]. Despite scientific
and technological advances that have provided a rise in new markers and therapeutic targets,
there is still a need for new therapies that act against metastasis [25,52,53].

Since the 1970s, 3D cell culture systems have contributed to the understanding of cancer
biology and therapeutic analysis studies in vitro [54]. This cell culture model better mimics
the molecular, morphological and functional features of in vivo tumors [26,31,33], working
as a bridge between the traditional in vitro 2D models and in vivo systems [27,29,32], besides
reproducing the responses of the patients to chemotherapy drugs [55,56]. The 3D cultures
of mammary non-tumor or tumor cells are already well established, and there exist various
methods for their production [29,57–61].

There are a variety of in vitro models used to study the migration and invasion
of tumor cells. The simplest and most practical are the Boyden chamber and wound-
healing methods [40,62,63]. Both can reproduce the migratory/invasive processes but
have some limitations. For example, these models fail to picture the EMT process, an
important hallmark of metastasis [8,9,11,14,64]. Knowing more about the EMT process
makes it possible to design new therapeutic strategies. In 2015, a 3D model of migration
was patented that reproduces metastasis features in vivo, such as the expression of EMT
markers, through the investigation of completely reversed spheroids in monolayers [42].
Interestingly, microfluidic devices, such as tumor-on-a-chip, have recently been contributing
to cancer progression studies [65,66].

Our group has expertise in producing spheroid 3D culture without using an extra-
cellular matrix, including the generation of co-culture systems [44,45,47,48]. Thus, based
on these previous studies, we decided to investigate the metastatic potential of cells and
the therapeutic response using an MTS model. Our system successfully replicated in vivo
metastasis features, like the collective migration of cells and protein expression linked to
the epithelial–mesenchymal transition process. Furthermore, we showed that doxorubicin,
a well-known chemotherapeutic agent used in the clinic, inhibited this process.

Our first step was to establish a 3D model without using external factors, like me-
chanical forces and growing factors provided by artificial matrices, that could influence
spheroid formation. Here, we observed that the cells adhered to each other spontaneously
and formed compact spheroids in just one day of culture, regardless of the initial number
of cells introduced into the wells. In addition, they grew according to the time of culture,
except for the sample generated from a substantial initial cell inoculum characterized by a
large-onset spheroid phenotype. This deviation may be attributed to the extensive hypoxia
induced within it, disrupting its normal growth. Importantly, generating a unique spheroid
per well with uniform size favors reproducible results and makes this system an important
tool for high-throughput screening. Indeed, spheroids produced using the liquid overlay
technique on inert surfaces (the same model used in this study) are recognized as the best
model for this type of test for the reasons mentioned above [38,39,67,68].

Then, as a complementary characterization of the model, we also evaluated proteins
expressed by cells of epithelial origin, such as E-cadherin, an adherens junction protein, and
laminin, an extracellular matrix (EM)/basal lamina protein, through immunofluorescence.
The MTSs exhibited characteristic labeling for E-cadherin and were able to produce their
own EM (laminin). Some studies have already shown that mammary non-tumors and
tumor spheroids express cell junction proteins, such as E-cadherin and ZO-1, in addition to
integrins, in a similar way as happens in vivo [33,69]. Interestingly, changes in some of these
components have been related to loss of cell polarity and tumor development [33,70,71].
The secretion of laminin and other components of EM, such as fibronectin, collagen IV and
tenascin, has already been evidenced in mammary spheroids produced from both non-
tumor and tumor cells [34,72,73] and even in co-cultivation systems with endothelial cells
and fibroblasts [74]. The cell’s ability to produce its own EM is critical to the development of
a functional phenotype and portrays much more reliably the way it occurs in vivo [34,75].
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Avascular tumors, when they reach between 0,5 and 1 mm3 or micrometastasis, are
characterized by having a necrotic core with quiescent cells and a peripheric zone with
cells that are actively proliferative, and they originate mainly due to poor oxygen, nutrient,
metabolite, and growth factor diffusion through the cells. Such features can be achieved by
large MTSs (between 200 µm and 500 µm in diameter) [27,35,76]. In our 3D system results,
the spheroids showed a necrotic core, evidenced by PI labeling. We also observed active
proliferating cells at the periphery zone through Ki-67 staining. Cells at the periphery are
in intimate contact with the medium, consuming more nutrients and oxygen, whereas
the central counterpart has insufficient oxygen and nutrient perfusion, resulting in non-
proliferating, necrotic and hypoxic cells [35,36]. The shared heterogeneity observed in
avascular tumors, micrometastasis and large spheroids renders them relevant models for
pathophysiological studies.

Here, we also demonstrated that besides the generation of spheroids from the MCF-7
cell line, our spheroid model supports the establishment of primary mammary spheroids
from mice tumors induced from cell lines with distinct invasive capacities (4T1 and 67NR).
Using enzymatic protocols previously used for the dissociation of tumors from patients [77],
we confirmed the dissociation of cells from tumors and observed their growth during the
culture period either as a monolayer or in the 3D system, forming compact spheroids in
just one day, as with the MCF-7 cell line. Although there is a lack of studies using this
approach, it could be further explored to enhance our understanding of cancer biology
and the role of the microenvironment on tumor progression, as well as to provide insights
about new therapeutic strategies. Importantly, a work showed that breast cancer spheroids
originating from patient-derived xenografts (PDXs) exhibited similar Ki-67 and caspase-3
expression when compared with the patient’s original tumor and fresh PDX tumor than
traditional 2D culture [78], showing again that 3D culture better recapitulates the tumor
characteristics of experimental models and from patients. Indeed, in the past few years,
studies have shown that mammary tumor spheroids respond to in vitro treatment in a
similar way to their original tumors when treated with the same chemotherapy drug used
by patients or current guideline treatment recommendations for breast cancer [55,56]. Thus,
it is considered a promising model for the evaluation of personalized therapy [55,56,79].

Regarding the migration assay in an adherent surface, our results showed that cells
adhered and migrated over culture time in different directions, forming “migration clusters”
suggestive of collective migration, a very common type of migration in breast cancer [18],
which is characterized by the preservation of functional cell–cell junctions like E-cad.

An in vivo study using spheroids from 4T1 and MMT (murine mammary tumor
cells, E-cad-negative) implanted into the murine mammary fat demonstrated that cells
left the spheroid and migrated collectively, and some of them presented spindle-like or
elongated morphology; cells were able to detach and migrate individually (suggesting an
EMT process), forming micro- and macrometastases in the lung [17]. Here, for the first time,
we demonstrated that the migration model reproduced aspects of the EMT process in MTSs,
confirmed by the reduction in the E-cad marker and the increase in VIM protein as the
cells moved farther away from the spheroid. Cells at the periphery exhibited a flatted-like
or spindle-like shape, typical characteristics of mesenchymal cells. In this study, besides
recapitulating the features of tumors in vivo, we mimicked the migration of cells out of
small cancer clusters that occur in vivo and reproduced the EMT process [8,9,80,81].

Doxorubicin is a widely used chemotherapeutic drug used in the clinic for the treat-
ment of a variety of cancers, such as breast cancer [49]. The main mechanisms of action
of dox include DNA intercalation, topoisomerase II inhibition, and free radical formation
inside cells [82]. In an attempt to validate our 3D culture system, we investigated the dox
effect on MTSs. As expected, we demonstrated that dox induced cytotoxicity in MTSs,
reducing spheroid diameter and cell viability and inducing cell death. Some data from
the literature indicate that dox exhibits cytotoxic effects in 3D spheroids; however, this
effect is less pronounced when compared with cells growing in a monolayer and treated
with the same drug concentration [83–87], possibly because spheroids are more resistant to
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treatment. Interestingly, the complex organization of ECM proteins, as well as the lower
proliferation rate of spheroid cells, has been implicated in promoting the resistance of
mammary cancer cells to dox in a 3D culture model using scaffold matrices [88]. Further-
more, studies have shown that tumor spheroids express genes related to drug resistance,
such as MDR1 [89], and harbor a significant population of cancer stem cells, which are
characterized by a higher metastatic potential and are well-documented for their increased
resistance to therapy [42,90,91]. The characteristic of 3D models being more resistant to
drugs does not reduce its importance or applicability for therapeutic tests; on the contrary,
by better mimicking features of in vivo systems, such as the therapeutic resistance found in
solid tumors, it makes the results much more reproducible and reliable [89].

Although it has excellent anti-tumor activity, dox induces serious side effects, such as
immunosuppression and cardiotoxicity [92,93]. Beyond the side effects, the prolonged use
of dox has also been linked to drug resistance, both factors being the principal challenges
for treatment effectiveness [94,95]. In this regard, new formulations or even combinations of
dox with other drugs that aim to reduce its concentration are effective strategies to mitigate
side effects [96]. However, reducing the drug concentration may lead to the development
of resistance and the induction of metastatic potential [97,98]. Low dox concentrations
have been implicated in favoring the metastatic process of triple-negative breast cancer
cells through activation of TGF-β1 [99] and upregulation of the RhoA/MLC [100] or
Twist1 [101] pathway.

We also investigated the dox treatment effect on the migration and metastatic potential
of MCF-7 cells. Our results demonstrated that dox reduced cell propagation from the
spheroids. Moreover, we observed that dox not only inhibited cell migration but also
interfered with the metastatic potential of mammary tumor cells, reducing collective
migration and the EMT process. Inhibition of the EMT process was observed by expressive
vimentin reduction and E-cadherin increase. Through the immunofluorescence approach,
it was possible to examine this phenomenon in greater detail, depicting the E-cad label in
the peripheral zone of migration and the decrease in VIM expression in that same region.

Discrepancies between our findings and the aforementioned literature data may arise
from the fact that these studies were conducted using very low doses of doxorubicin (max-
imum of 800 nM). A work using a different chemotherapeutic agent, paclitaxel, demon-
strated that low doses (1 mg/kg) of this drug favored mammary tumor cell metastasis
to the liver in a murine model, while high doses (20 mg/kg) reduced this process [102].
Another bias could be the lack of an ideal in vitro model to study the metastatic potential
of cells. In 2015, a spheroid migration assay similar to ours was patented. They showed
that completely reversed spheroids reproduce metastasis features in vivo, such as migra-
tion/invasion, chemoresistance and cancer stem cell marker expression (CD133, CD90,
EpCAM) [42]. Differently, rather than investigate spheroids that had completely reversed
to a monolayer, we aimed to characterize metastasis features during the reversal process.
Transposing into an in vivo situation, we believed it would be more effective to study
and intervene in the metastasis process at its initiation rather than after it had already
been established.

5. Conclusions

In conclusion, our results contribute to advances in the field of precision medicine
in cancer using a spheroid 3D culture system to evaluate therapeutic response using
doxorubicin, a widely used chemotherapeutic agent in the clinic. Our migration assay
reproduced features of metastasis in vivo, thus becoming an essential tool for studying
cancer progression in vitro and testing antimetastatic agents. Furthermore, we showed that
doxorubicin inhibited these processes, suggesting a role of this drug in the inhibition of the
metastatic process, which should be further explored.
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E-cad (A) and VIM (B), related to Figure 8.
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