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ARTICLE INFO ABSTRACT
Keywords: There is no targeted therapy for triple negative breast cancer (TNBC), which presents an aggressive profile and
Triple negative breast cancer poor prognosis. Recent studies noticed the feasibility of breast cancer stem cells (BCSCs), a small population

Three-dimensional cell culture

responsible for tumor initiation and relapse, to become a novel target for TNBC treatments. However, new cell
Polycaprolactone

culture supports need to be standardized since traditional two-dimensional (2D) surfaces do not maintain the

Electrospun scaffolds . . . L
stemness state of cells. Hence, three-dimensional (3D) scaffolds represent an alternative to study in vitro cell

Breast cancer stem cells N X

Fatty acid synthase behavior without inducing cell differentiation. In this work, electrospun polycaprolactone scaffolds were used to
enrich BCSC subpopulation of MDA-MB-231 and MDA-MB-468 TNBC cells, confirmed by the upregulation of
several stemness markers and the existence of an epithelial-to-mesenchymal transition within 3D culture.
Moreover, 3D-cultured cells displayed a shift from MAPK to PI3K/AKT/mTOR signaling pathways, accompanied
by an enhanced EGFR and HER2 activation, especially at early cell culture times. Lastly, the fatty acid synthase
(FASN), a lipogenic enzyme overexpressed in several carcinomas, was found to be hyperactivated in stemness-
enriched samples. Its pharmacological inhibition led to stemness diminishment, overcoming the BCSC expan-
sion achieved in 3D culture. Therefore, FASN may represent a novel target for BCSC niche in TNBC samples.

1. Introduction clinical subtypes, the Triple Negative Breast Cancer (TNBC) is charac-
terized by the lack of estrogen and progesterone receptors and no over-

Breast cancer (BC) is the most common cancer among women expression of human epidermal growth factor receptor-2 (HER2),
worldwide, accounting for 2.1 million diagnoses in 2018 as stated by the contrary to the other subtypes which overexpress at least one of these
International Agency for Research on Cancer [1]. Among the different BC markers [2]. This fact prevents the use of targeted therapies and leaves
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systemic chemotherapy as the sole treatment option for TNBC patients
[3], even though recent efforts have been made in the field of conjugated
drugs and nanoparticles [4,5]. Nevertheless, TNBC accounts for 15-20%
of the BC cases [6] and displays a very aggressive profile. TNBC patients
are younger, present a higher relapse rate, and exhibit a greater incidence
of metastasis and higher mortality among BC subtypes [7]. Unfortu-
nately, despite a very good initial treatment response, there is a 40% of
relapse risk in the case tumor is not properly eradicated [8]. Within TNBC
cells, two main molecular subtypes are represented, basal-like (80%) and
mesenchymal-like (also known as claudin-low; 20%), the latter being
enriched in stem-like features [9].

Relapse appearance and therapeutic failure are caused in part by cells
within the tumor that display stem-like properties, thus termed breast
cancer stem cells (BCSCs). Different studies described this subset as a
tumor-initiating subpopulation which exhibits radio- [10] and chemo-
resistance, showing self-renewal capacity and favoring tumor recurrence.
Since this malignant subpopulation shares some characteristics similar to
mammary stem cells, BCSCs also express pluripotency, self-renewal, and
stemness markers such as SOX2, SOX4, NANOG, and CD49f [11]. Invitro,
BCSCs possess the capacity to grow in non-adherent conditions forming
suspended mammospheres [12] and an enhanced aldehyde dehydroge-
nase 1 (ALDH1) enzyme activity [13]. The CD44"/CD247°Y cell-surface
marker pattern has also been used to isolate BCSCs [14]. Besides,
epithelial-to-mesenchymal transition (EMT) is known to confer stem-like
traits on non-stem cells, facilitating the generation of BCSCs [15]. EMT is
a well-regulated cell program during embryogenesis and is responsible
for the development of many tissues [16]. However, cancer epithelial
cells can undergo EMT losing epithelial cell polarity and acquiring
mesenchymal abilities, such as invasion and migration [17], which can
ultimately lead to metastasis. EMT comprises different molecular alter-
ations including the upregulation of several transcription factors such as
SNAIL, SLUG, ZEB1, ZEB2, and TWIST. During the acquisition of
mesenchymal properties, cells adopt a more invasive phenotype via
downregulation of E-cadherin, as this protein is involved in the estab-
lishment of cell-cell adhesion [18]. This fact is accompanied by the
overexpression of the mesenchymal protein vimentin, which contributes
to cytoskeleton organization and focal adhesion stability [19].

Along with BCSC presence, it is known that cancer cells also suffer
from metabolism deregulation to deal with the high demand of the un-
controlled cell growth. In particular, the enzyme fatty acid synthase
(FASN) is found overactivated in cancer cells in contrast with its low
expression in normal tissue (except in lipogenic tissues such as liver,
adipose tissue [20], and lactating mammary glands [21]), where diet
regulates its expression. In cancer cells, FASN is responsible for the
synthesis of almost all the fatty acids de novo [22], mainly phospholipids
which can act not only as structural pieces but also as signaling molecules
[23]. For this reason, FASN has become a unique oncologic target whose
inhibition has been demonstrated to hinder tumor progression [24-26]
and overcome resistance to chemotherapeutic agents [27,28], by dis-
rupting lipid membrane synthesis, protein palmitoylation, and signaling
of major oncogenic pathways [29]. (—)-Epigallocatechin-3-gallate
(EGCG), the most abundant catechin in green tea, belongs to the early
generation of FASN inhibitors [30]. Despite its effect on EGFR-HER2,
MAPK, and PI3K/AKT/mTOR signaling pathways among others,
apoptosis after EGCG treatment occurs through FASN inhibition [25,31].
The aforementioned off-target toxicity, along with other bioavailability
limitations, led to the production of new FASN inhibitors. For instance,
the EGCG-analogue G28 shows more specificity and enhanced FASN
inhibitory activity [32], even in TNBC models [33]. In fact, mounting
evidence supports that lipid metabolism disorders exert a great impact on
CSC niche. Overexpression of FASN was detected on induced pluripotent
stem cells [34] and its expression has been associated with the level of
stemness markers in glioma stem cells [35]. Its inhibition has led to the
decrease of several stemness features [35-38], indicating a role in
stemness maintenance. Taking all this into account, FASN is suggested to
be a more vulnerable target in CSCs than in normal cancer cells [39].
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Despite the importance of BCSCs in the oncologic research field, their
investigation faces some limitations. They represent a low percentage
within the tumor or cell line [14,40] and, most importantly, in vitro
two-dimensional (2D) cell culture surfaces induce their differentiation,
losing their stem-like state [41]. In 2D supports, cells can only grow by
forming a monolayer, adopting a flattened morphology which results in
cytoskeleton remodeling. Cell shape variations can modify gene and
protein expression [42,43] leading to, for instance, BCSC differentiation.
Aside from the lack of three-dimensionality, stiffness also represents a
significant gap between traditional in vitro cell culture supports and
physiological surroundings. Mammalian cells are generally attached to
soft surfaces such as another similar cell or the extracellular matrix
(ECM), in contrast with the rigidity of 2D surfaces used for in vitro studies
[44]. It has been reported that microenvironment stiffness can have a
great mechanical impact on the cell, including changes in morphology,
motility, proliferation, protein expression, and spreading [45,46]. Be-
sides, ECM stiffness plays a crucial role in regulating stem cell
self-renewal and differentiation. For instance, a soft matrix was proved to
increase the stem-like niche of breast cancer cells, including TNBC cell
lines [47,48]. Three-dimensional (3D) cell culture supports have
emerged as an alternative to reinstate a physiological-like structure and
overcome the above-mentioned issues. Among them, fibrous scaffolds
offer a physical structure made by a network of polymeric filaments,
which mimics ECM architecture, plenty of fibrous proteins such as
collagen and elastin [49]. Over the past decade, electrospinning (ES)
technology has been proposed to fit scaffold manufacturing demands
thanks to its customizability and the capacity to fabricate small diameter
fibers [50,51]. This manufacturing process, combined with the use of
viscoelastic and biocompatible polymers such as poly(e-caprolactone)
(PCL) [52], allows the production of ECM-like structures suitable for 3D
cell culture. Interestingly, a previous investigation revealed that the use
of 15% PCL ES scaffolds enhanced the mammosphere forming capacity
and ALDH activity of the TNBC MDA-MB-231 cell line, indicating a BCSC
expansion [53]. This fact, corroborated by more works which used
scaffolds for expanding cancer stem features [54-56], empowers the use
of PCL scaffolds as a 3D culture support to enrich and study BCSC
subpopulation.

All things considered, the BCSC population could become a potential
target for BC treatment, in particular for TNBC subtype. To overcome in
vitro limitations, the present study validated the stemness-enriching ca-
pacity of 15% PCL ES scaffolds with mesenchymal-like MDA-MB-231 and
basal-like MDA-MB-468 TNBC cells. Furthermore, alterations in common
signaling pathways were analyzed, and FASN expression and inhibition
were evaluated in order to be proposed as a novel biomarker for TNBC
stemness-enriched samples. Obtained results demonstrated a FASN
hyperactivation in BCSC-enriched 3D TNBC samples, and its inhibition
overcame the stemness expansion achieved in 3D culture, suggesting the
possibility to inhibit FASN to treat the TNBC stem-like cells.

2. Materials and methods
2.1. Scaffold manufacture

Scaffolds were manufactured through electrospinning technology, as
previously described [57]. Briefly, poly(e-caprolactone) (PCL; 80,000
g/mol; Sigma-Aldrich, St. Louis, MO, USA) and acetone (PanReac
AppliChem, Gatersleben, Germany) were used to create a 15% w/v PCL
solution. A solution volume of 5 mL was processed through an electro-
spinning apparatus (Spraybase, Dublin, Ireland) and an 18 G needle
emitter located 10 cm above the stationary collector. A voltage of 7 kV
was applied and the flow rate was fixed at 6 mL/h by the Syringe Pump
Pro software (New Era Pump Systems, Farmingdale, NY, USA). Produced
meshes were cut into squares with a scalpel. A previous characterization
revealed that scaffolds exhibited a random pattern of fibers with an
average diameter of 701.13 + 401.89 nm, a surface porosity of 22.48 +
7.57%, and a pore area of 0.84 + 1.82 pm2 [53].
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2.2. Dynamic mechanical analysis

Scaffold mechanical profile was measured by dynamic mechanical
analysis (DMA) employing the Mettler Toledo DMA/SDTA861e instru-
ment (Columbus, OH, USA). Both unsterilized unincubated (UU) and
sterilized PCL scaffolds incubated in medium (SI) were processed. PCL
meshes were sterilized by immersion into 70% ethanol/water solution
overnight, washed three times with phosphate-buffered saline (PBS;
Gibco, Waltham, MA, USA) and finally exposed to germicidal UV light for
30 min. Then, they were incubated with Dulbecco's Modified Eagle's
Medium (DMEM; Gibco) for 12 days, simulating the maximum culture
time performed in the following in vitro experiments. DMEM was sup-
plemented with sterile filtered and heat inactivated 10% fetal bovine
serum (FBS; collected and processed in USA; HyClone Laboratories, GE
Healthcare, Chicago, IL, USA), 1% t-glutamine, 1% sodium pyruvate
(Gibco), and 50 U/mL Pen/Strep (Linus, Cultek, Madrid, Spain). Scaf-
folds were cut into 5.5 mm x 5.5 mm squares with a thickness of
0.33-0.36 mm and a large tension clamp was used as a sample holder.
The storage modulus (E') and tan delta (Tan &) were analyzed and
plotted.

2.3. Three-dimensional cell culture

Mesenchymal-like MDA-MB-231 and basal-like MDA-MB-468 TNBC
cells were used in this study. Sterilized scaffolds were placed onto non-
adherent cell culture microplates (Sarstedt, Niimbrecht, Germany) and
soaked in culture medium for 30 min at 37 °C prior cell seeding to favor
cell attachment. Corresponding cell density was prepared in a small
volume of medium (see Table S1). Cell suspension was pipetted drop by
drop onto the scaffold center. Afterwards, scaffolds were incubated for 3
h at 37 °C and 5% CO, atmosphere to allow cell attachment; supple-
mented DMEM culture medium was subsequently added. For cell
detachment, scaffolds were once washed with PBS and transferred into
new wells to collect only those cells that attached to PCL filaments. Cells
from 2D culture and scaffolds were detached with trypsin-EDTA (Cultek)
at 37 °C and 5% CO;, atmosphere. More details can be found in SI
Appendix.

2.4. Mammosphere forming assay

After cell detachment, 2,000 cells were seeded onto a 6-well non-
adherent cell culture microplate (Sarstedt) and incubated for 7 days at
37 °C and 5% CO,. Cells were cultured with DMEM/F12 medium
(HyClone) supplemented with B27 (Gibco), hEGF and hFGF (20 ng/mL;
Milteny Biotec, Bergisch Gladbach, Germany), 1% 1r-glutamine and 1%
sodium pyruvate (Gibco). After incubation, spherical mammospheres
with a minimum diameter of 50 pm were counted. The following equa-
tion was used to calculate the Mammosphere Forming Index (MFI) of
each culture condition:

n°® mammospheres

MFI (%) = X 100

n° seeded cells
2.5. ALDEFLUOR™ assay

ALDEFLUOR™ kit (STEMCELL Technologies, Vancouver, Canada)
was used to determine the ALDH enzyme activity, following the company
guidelines. Cells were detached from the culture plastic (2D samples) and
PCL scaffolds (3D) as previously described, PBS-rinsed and 200,000 cells
were resuspended in 500 pL of ALDEFLUOR™ assay buffer. Afterwards,
2.5 pL of ALDEFLUOR™ Reagent (BAAA) was added to each cell sus-
pension and 250 pL of the suspension was immediately transferred to a
new tube with 2.5 pL of the ALDH inhibitor diethylaminobenzaldehyde
(DEAB) to consider background fluorescence. All samples were incubated
for 45 min at 37 °C in the dark. Cells were then centrifuged, washed, and
analyzed with a Cell Lab Quanta flow cytometer (Bechkman Coulter Inc.,
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Miami, FL, USA) to quantify the ALDH-positive cell population. More
details can be found in SI Appendix.

2.6. Quantitative real-time PCR analysis

Once trypsinized, 2D- and 3D-cultured cells were suspended with
750 pL of Qiazol (Qiagen, Hilden, Germany). Total RNA from each
sample was isolated using a RNeasy Mini Kit (Qiagen) following the in-
structions provided by the manufacturer. After extraction, RNA amount
and purity were determined by spectroscopy (NanoDrop™ One Micro-
volume UV-Vis spectrophotometer, Thermo Fisher Scientific, Waltham,
MA, USA). RNA was reverse-transcribed into complementary DNA using
High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA,
USA). Gene expression levels were assessed using QuantStudio 3 Real-
Time PCR System (Applied Biosystems) with qPCRBIO SyGreen Mix
Lo-ROX (PCR Biosystems, London, UK). Gene expression levels were
quantified by double delta Ct analysis method and normalized to the
housekeeping gene GAPDH. More details can be found in SI Appendix
and Table S2.

2.7. CD44"/CD247™ analysis

After detachment, cells were washed with PBS containing 10% FBS
and resuspended at a density of 2 x 10° cells/mL in cold PBS with 10%
FBS. Cells were stained with allophycocyanin (APC)-conjugated CD44
and fluorescein isothiocyanate (FITC)-conjugated CD24 (Abcam, Cam-
bridge, MA, USA) for 30 min in the dark at room temperature. Samples
were centrifuged, washed, and passed through a BD Falcon cell strainer
cap tube (BD, Franklin Lakes, NJ, USA) for fluorescence-activated cell
sorting analysis. Samples were analyzed on a fluorescence-activated cell
sorting LSRFortessa flow cytometer (BD) and were gated on an unstained
control. Compensation was performed with single stained cells to
decrease overlaps of fluorophore emission spectrums.

2.8. Western blot

After culture, the cell pellet was PBS-rinsed and lysed in ice-cold lysis
buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) with 100 pg/
mL phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich) by vortexing
every 5 min for 30 min. Total protein content of each lysate was deter-
mined by Lowry-based DC Protein Assay (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Equal amounts of protein (10 pg) were heated in
Lithium Dodecyl Sulfate (LDS) Sample Buffer with Sample Reducing
Agent (Invitrogen, Carlsbad, CA, USA) for 10 min at 70 °C, electro-
phoresed on 7.5% sodium dodecyl sulfate polyacrylamide gels (Bio-Rad
Laboratories, Inc.), and transferred onto nitrocellulose membranes
(Thermo Fisher Scientific). Blots were incubated at room temperature for
3 h in blocking buffer [5% bovine serum albumin (BSA) in tris-buffered
saline with 0.1% Tween (TBS-T)] to avoid non-specific antibody binding.
Afterwards, membranes were incubated overnight at 4 °C with the
appropriate primary antibody diluted in blocking buffer (see Table S3).
Specific horseradish peroxidase (HRP)-conjugated secondary antibody
was incubated for 1 h at room temperature. Immune complexes were
detected using a chemiluminescent HRP Substrate [Clarity™ Western
ECL Substrate (Bio-Rad Laboratories, Inc.) or SuperSignal™ West Femto
(Thermo Fisher Scientific)] and a ChemiDoc™ Imaging System (Bio-Rad
Laboratories, Inc.). Western blot analyses were repeated at least three
times and representative results are shown. Protein bands were quanti-
fied by densitometric analysis using Image Lab™ Software (Bio-Rad
Laboratories, Inc.). The expression ratios were determined after
normalizing against individual GAPDH levels.

2.9. FASN activity

Cells were cultured on 2D wells and 3D scaffolds for 6 days as pre-
viously described in 2.3 section. For the last 6 h, medium was replaced by
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DMEM supplemented with 1% lipoprotein-deficient FBS (Sigma-Aldrich)
and 0.5 pCi/mL (1,2—14C) acetic acid sodium salt (53.9 mCi/mmol;
Perkin Elmer Biosciences, Waltham, MA, USA). Cells were harvested and
washed twice with PBS (500 pL) and once with methanol:PBS (2:3; 500
pL). The pellet was resuspended in 0.2 M NaCl (100 pL) and lysed with
freeze-thaw cycles. Lipids from cell debris were extracted by centrifu-
gation (2000 G, 5 min) with chloroform:methanol (2:1; 350 pL) and KOH
0.1 M (25 pL). The organic phase recovered was then washed with
chloroform:methanol:water (3:48:47; 100 pL) and evaporated in a Speed-
vac Plus SC110A (Savant Instruments Pvt. Ltd., Hyderabad, India). The
dried pellets were resuspended in ethanol and transferred to a vial for
radioactive counting. Total protein content in cell debris was quantified
with the Bradford assay (Thermo Fisher Scientific).

2.10. Cell viability assay

After 6 days of culture on 2D and 3D supports, complete medium
(including serum) along with the corresponding concentrations of
doxorubicin (TEDEC-Meiji Farma, Alcala de Henares, Spain), paclitaxel
(Accord Healthcare Ltd., Thaltej, India), EGCG (Sigma-Aldrich) or G28
were added to the cultures. Following a 48-h treatment, a colorimetric
MTT assay (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide; Sigma-Aldrich) was used to measure cell viability. More details
can be found in SI Appendix.

2.11. Statistical analysis

All data are expressed as mean =+ standard error of the mean (SEM).
Data were analyzed using IBM SPSS (SPSS Inc., Chicago, IL, USA). When
data normality and homogeneity of variances were confirmed through
Shapiro-Wilk and Levene tests, a linear mixed model followed by post-
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hoc Sidak test were carried out. If data did not fulfil with parametric
assumptions, they were tested with Scheirer-Ray-Hare and Mann-
Whitney tests. The level of significance was set at p < 0.05. All obser-
vations were confirmed by at least three independent experiments.

3. Results and discussion
3.1. Stiffness characterization of electrospun PCL scaffolds

Most stiffness studies have been performed using hydrogels, and
viscoelastic features when using nanofiber PCL scaffolds have been
usually neglected. Since stiffness of the cell culture support can have a
great impact on the cell, a dynamic mechanic analysis (DMA) was per-
formed on 15% PCL scaffolds to characterize their viscoelastic behavior.
Unsterilized unincubated (UU) scaffolds were analyzed, as well as ster-
ilized scaffolds incubated with culture medium (SI) in order to consider
the possible effect of EtOH/UV sterilization and incubation processes on
the specimens’ stiffness. Scaffolds were kept in medium for 12 days,
simulating the maximum culture time performed in the following in vitro
experiments.

Elastic response of the material can be defined by the storage modulus
(E'), shown in Fig. 1A and B, which measures the capacity of the material
to store elastic energy. UU meshes showed an E’ value of approximately
9.18 MPa at room temperature (25 °C) and around 7.33 at a physiological
one (37 °C). Besides, measures from SI scaffolds did not show significant
differences, with values of 11.76 MPa (at 25 °C) and 9.68 MPa (at 37 °C).
Meanwhile, E’ values from polystyrene (PS), the main component of 2D
culture surfaces, are reported to range from 1,300 to 3,000 MPa at room
temperature in the literature [58,59]. Hence, lower E' values of PCL
meshes indicate that this material shows reduced solid-like properties
and lower strength and mechanical rigidity. Consequently, produced PCL
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Fig. 1. Dynamic Mechanical Analysis (DMA) for 15% PCL scaffolds. Storage modulus and Tan & of unsterilized unincubated scaffolds (A) and sterilized scaffolds

incubated with culture medium for 12 days (B) were plotted against temperature.
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scaffolds represent a softer cell culture support, although they are stiffer
compared with breast cancer tissue, whose E’ values vary from 10 to 40
kPa [60]. Previous studies using fibroblasts reported that cells generate
more traction force and develop a broader and flatter morphology on stiff
surfaces [45]. In this context, cell responses on PCL nanofibers are likely
influenced by both the stiffness and three-dimensionality of these fibers,
where elongated morphologies have been observed for MDA-MB-231
and MDA-MB-468 cells in previous studies [53,61].

The loss tangent (or tan delta; Tan 8) is the ratio of loss modulus (E")
and storage modulus (E'), which indicate the viscosity of material and
elastic properties, respectively. Interestingly, Tan § curve peak designates
the polymer's glass transition temperature (Tg), the critical temperature
at which the transition between glassy and rubbery state occurs [62]. As
seen in Fig. 1A and B, UU PCL scaffolds exhibited a glass transition point
of —43.91 °C while SI meshes showed a non-statistically different value
of —44.06 °C, similar to the one of neat PCL (—60 °C) [63], and other PCL
structures used in the literature [64,65]. Consequently, when working at
room or physiologically temperature, 3D PCL scaffolds are above their Ty,
exhibiting a more elastic profile compared with PS, whose Ty value is
around 100 °C [66].

Interestingly, UU and SI scaffolds showed a similar behavior through
DMA analyses, indicating that neither the EtOH/UV sterilization process
nor the medium incubation at 12 days maximum modify E’ or tan delta
values and, therefore, their viscoelastic profile.
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3.2. Impact of scaffold culture on MDA-MB-468 BCSC subpopulation

Scaffold-induced enrichment of BCSC population was previously re-
ported by our research group using mesenchymal-like TNBC MDA-MB-
231 cell model, which exhibited an elongated cytoplasm, greater mam-
mosphere forming capacity, and a 3.4-fold increased ALDH activity after
3D culture [53]. Furthermore, basal-like TNBC MDA-MB-468 cells were
proved to adopt a more elongated morphology in ES PCL scaffolds, in
disagreement with the flattened morphology on 2D cultures [61]. For this
reason, we used the same random PCL 700 nm diameter nanofibers
model to culture MDA-MB-468 cell line and analyze the impact on BCSCs
through mammosphere forming assay, ALDH activity, and
CD44*/CD24710% proportion. As shown in Fig. 2A, cells after 3D culture
displayed a significantly higher mammosphere forming index (MFI)
when compared with the pertinent monolayer culture, regardless of cell
culture time. Moreover, no significant differences were observed within
the same cell culture support over time. A time-dependent trend was
observed on the ALDH activity (Fig. 2B). At early time points (3 and 6
culture days) cells from scaffolds possessed a larger ALDH+ subpopula-
tion compared to 2D control. However, after 12 days of incubation the
trend was the opposite due to a hyperactivation of ALDH activity on
monolayer cells. Representative dot plots are given in Table S4. While
mRNA CD44 levels remained broadly stable, lower CD24 expression was
observed in scaffolds culture compared with monolayer control (Fig. 2C),
which is correlated with increased tumorigenicity [14,67]. To confirm
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Fig. 2. MDA-MB-468 stemness features after monolayer (2D) and 15% PCL scaffolds (3D) culture. A mammosphere forming assay (A), ALDEFLUOR assay (B), CD24
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analysis method and normalized to the housekeeping gene GAPDH. Cells were incubated with CD44-APC and CD24-FITC antibodies. Percentage of breast cancer stem-
like cells (CD44*/CD24'°"/) is represented in Q4. Data are representative of three separate experiments. Significant differences of 3D with regard to corresponding 2D
cultures are indicated as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). Significant differences of culture time within same culture support are indicated as # (p

< 0.05).
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these data, the expression of CD24 and CD44 cell surface markers was
assessed through flow cytometry (Fig. 2D). An increase in the
CD44"/CD2471% population was observed after 3 and 6 days of culture
compared with 2D samples. Taking all this into consideration, 3D scaf-
fold culture enlarged the percentage of BCSC-like CD44"/CD2471°V cells,
with decreasing CD24 expression levels, since its basal population was
mainly CD44"/CD24%. Overall, 3D culture on ES 15% PCL scaffolds
caused an enrichment of the BCSC subpopulation in the basal-like
MDA-MB-468 cell model, especially at early culture times, following
the effect previously reported with the mesenchymal-like MDA-MB-231
cells [53].
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3.3. Stemness markers expression and chemoresistance of TNBC models
cultured on scaffolds

More stemness features were further analyzed to confirm the expan-
sion of the breast cancer stem cell population when scaffolds were used
with the MDA-MB-231 and MDA-MB-468 TNBC models. Expression of
the stemness-related genes SOX2, SOX4, NANOG and CD49f were
examined along time in 2D and 3D-cultured cells (Fig. 3). SOX2 is a
transcription factor involved in pluripotency maintenance and self-
renewal capacity [68]. In tumoral tissues, it plays a key role in differ-
entiation, invasion, metastasis, and drug resistance [69]. SOX4 is another
transcription factor related to development processes and progression of
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Fig. 3. Stemness features expression analysis. Fold changes in mRNA levels of stemness-related genes in 3D-cultured cells compared to corresponding 2D control for
MDA-MB-231 (A) and MDA-MB-468 (B) cell models. Gene expression levels were quantified by double delta Ct analysis method and normalized to the housekeeping
gene GAPDH. Cell survival plots for MDA-MB-231 (C) and MDA-MB-468 (D) cell models are also depicted. Cells were cultured on monolayer (2D) or in PCL scaffolds
(3D) for 6 days and then exposed to the chemoagents doxorubicin or paclitaxel for 48 h. Data are expressed as percentage of untreated cells as determined by MTT
assay. Significant differences of 3D with regard to 2D cultures are indicated as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).
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cancer [70], and it is used as a CSC-specific marker [55]. NANOG is a key
transcription factor involved in self-renewal and pluripotency mainte-
nance in embryonic stem cells. Moreover, it is thought to be regulated by
the cooperative action of SOX2 and OCT3/4 [71]. CD49f was found to
possess a key role in stemness maintenance through direct regulation of
OCT3/4 and SOX2 [72]. MDA-MB-231 cells cultured on scaffolds showed
an upregulation of SOX2 after 3 days of culture, and an overexpression of
SOX4 and NANOG after 6 days (Fig. 3A). On the other hand, scaffold
culture led to an upregulation of SOX2 and CD49f levels on MDA-MB-468
cell model (Fig. 3B). Interestingly, SOX2 and SOX4 have been related to
mammosphere forming capacity [73,74]. However, long incubation pe-
riods on scaffolds did not result in the activation of any stemness-related
gene and even a downregulation was observed in the case of the
mesenchymal-like model (Fig. 3A). Therefore, the upregulation of several
stemness-related markers proved the BCSC enrichment found in 3D
culture at early times.

Another intrinsic characteristic of the BCSC niche is the increased
resistance to chemotherapy [75]. Concretely, it has been shown that
BCSCs display resistance to doxorubicin and paclitaxel [76,77], two
therapeutic agents currently used against TNBC [78]. Since the majority
of stemness features were found to be upregulated after 6 days of culture
in 3D scaffolds, chemoresistance was evaluated at this time.
MDA-MB-231 and MDA-MB-468 cells were cultured in tissue culture
plastic and 3D 15% PCL scaffolds for 6 days and they were later treated
with doxorubicin and paclitaxel for 48 h. As seen in Fig. 3C and D, both
cell models exhibited a significant higher cell survival rate when cultured
in scaffolds compared with monolayer culture, after treatment with the
two chemoagents. Greater differences between 2D and 3D samples were
observed when higher drug concentrations were used, in agreement with
other studies [56]. SOX2, whose expression was upregulated in both cell
models when cultured in scaffolds (Fig. 3A and B), was linked to drug
resistance [69]. More specifically, it was found to play a key role in
paclitaxel resistance [79], explaining the greatest cell survival of
3D-cultured MDA-MB-468 cells after paclitaxel addition; since this model
was the one exhibiting the highest SOX2 expression (Fig. 3B). Chemo-
resistance can be partially explained by the overexpression of multidrug
resistance (MDR) pumps [80], previously related to BCSC expression
[81]. Concretely, MDA-MB-231 3D-cultured cells expressed significantly
higher levels of ABCG2, whereas MDA-MB-468 model exhibited an
enlarged gene expression of the ABCB1 pump (whose exogenous sub-
strate is paclitaxel [82]) when seeded on scaffolds (Fig. S1).

3.4. Epithelial-to-mesenchymal transition (EMT) in scaffold culture of
TNBC cells

The induction of EMT in human mammary epithelial cells is known to
increase the BCSC subpopulation [17]. We therefore evaluated the
expression of several transcription factors that execute EMT, such as
SNAIL, SLUG, ZEB1, ZEB2, and TWIST, in 2D- and 3D-cultured cells.
Proteins involved in this process, including E-cadherin and vimentin,
were also analyzed to determine whether EMT was triggered during 3D
culture and may be responsible of the stemness enrichment. In both cell
models, SNAIL was found to be upregulated at early times of 3D cell
culture (Fig. 4A and B). SNAIL is known to be a prominent EMT initiator
since its expression was proven to be sufficient to induce EMT in primary
breast cancer cells [83] and drug resistance [84]. Moreover, SNAIL
expression was also associated with self-renewal through NANOG acti-
vation [85], which was upregulated in 3D-cultured MDA-MB-231 cells
(Fig. 3A). SNAIL is known to bind to and represses its own promoter,
indicating the existence of an autoregulatory loop [86]. This fact, along
with its short half-life [87], proves the time-dependent trend showed in
Fig. 4. In the basal-like cell model, ZEB2 and TWIST were also overex-
pressed during 3D culture, with greater robustness after 6 days of incu-
bation (Fig. 4B). We further measured gene and protein expression of
E-cadherin (encoded by CDH1) and vimentin (encoded by VIM), the two
major proteins involved in EMT (full Western blot membranes displayed
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in Table S5). 3D cell culture led to a downregulation on CDH1 gene levels
in both cell models (Fig. 4C and D). This fact resulted in a decrease of
E-cadherin protein expression on the basal-like cells whereas expression
in MDA-MB-231 model remained stable, probably because these cells are
undergoing an early EMT. SNAIL, whose expression was upregulated in
3D culture (Fig. 4A and B), has been described as a direct repressor of
E-cadherin through histone deacetylase activity [88]. Concerning
vimentin, its gene expression was found upregulated when
MDA-MB-231 cells were cultured on scaffolds for 6 days (Fig. 4C). An
activation trend was described for protein analysis for both cell models as
seen in Fig. 4C and D.

Considering these data, 3D cell culture with ES PCL scaffolds induced
an EMT process to TNBC cells, which acquired a more invasive pheno-
type and led to an increase of the stemness features. Softness reported on
PCL scaffolds could play a key role in this EMT induction, since it was
proven to be an underlying mediator of TGF-p—driven processes such as
EMT through dynamic compression and contraction of cell-matrix
interaction [89]. Although the expression of structural proteins E-cad-
herin and vimentin were altered during scaffold culture, actin and
tubulin levels, the main components of the eukaryotic cytoskeleton, were
proven to be consistent among the different cell culture supports and
incubation period for both cell lines (Fig. S2).

3.5. MAPK and PI3K/AKT/mTOR pathways modulation in scaffold-
cultured TNBC cells

To discern whether cell metabolism is affected during 3D culture and
stemness enrichment, MAPK and PI3K/AKT/mTOR pathways, which
represent key mechanisms for cells to regulate cell survival, division, and
motility, were characterized through Western blot (full membranes dis-
played in Table S5). MAPK pathway is involved in both physiological and
pathological cell functions, including cell proliferation, differentiation,
cell survival, oncogenesis, and tumor progression [90]. To evaluate the
implication of the MAPK pathway in the stem-enriched 3D population,
phosphorylated and total protein levels of MAPK, as well as the down-
stream phospho-S6, were analyzed (Fig. 5). Mesenchymal-like model
MDA-MB-231 showed a pathway activation after 3 culture days within
scaffolds, in accordance with the MAPK phosphorylated levels (Fig. 5A),
which was not maintained at further culture times. On the other hand,
basal-like MDA-MB-468 cell line displayed a clear downregulation of the
MAPK pathway along time, even though total MAPK protein levels
gradually increased during 3D culture (Fig. 5B). We hypothesized that
increased activation level of MAPK at early times in MDA-MB-231 model
was in part a response to cell cytoskeleton rearrangement on the PCL
nanofibers. In fact, MAPK activation was related with cytoskeleton
rearrangements in the same breast cancer model to increase the
morphological plasticity for metastatic purposes [91]. For the other cell
culture conditions, MAPK pathway, which regulates cell proliferation,
seems downregulated in both TNBC cell lines possibly due to their lower
cell growth rate in scaffolds as previously reported in the same 3D model
[53,61]. Moreover, decreased MAPK signaling and activation of a
quiescent profile have been related to decreased matrix stiffness, a con-
dition found in the used ES PCL scaffolds compared to PS surfaces (Fig. 1)
[92]. Phosphorylated levels of the MAPK-downstream S6 ribosomal
protein were found not to be affected by 3D culture (Fig. 5). Therefore,
differences on cell metabolism during scaffolds culture may be not
mediated by p-S6, but probably by MAPK direct modulation of end-point
effectors such as transcription factors.

The PI3K/AKT/mTOR signaling pathways play a key role in many
physiological and pathological conditions, including cell proliferation,
angiogenesis, metabolism, differentiation, and survival [93]. Interest-
ingly, recent studies have demonstrated its importance in self-renew
maintenance and tumorigenicity [94], EMT and radioresistance [95],
mammosphere formation [96], and ALDH activity [97]. Therefore, the
expression and activation of several proteins involved in the
PI3K/AKT/mTOR cascade were analyzed (Fig. 5). MDA-MB-231 cells
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Fig. 4. Epithelial-to-mesenchymal transition (EMT) analysis for MDA-MB-231 (A, C) and MDA-MB-468 (B, D). Fold changes in mRNA levels of EMT-related genes (A,
B) and in gene and protein expression of E-cadherin and vimentin (C, D) of cells cultured on ES PCL scaffolds (3D) compared to corresponding 2D control are depicted.
Gene expression levels were quantified by double delta Ct analysis method. Both gene and protein expression levels were normalized against GAPDH values. Sig-
nificant differences of 3D with regard to 2D cultures are indicated as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). A representative Western blot image for each cell
culture condition is shown.



M. Rabionet et al.

A MDA-MB-231

PEGFR (1o o/ (e o] (%oom o]
EGFR (G | (e e () 0
pHERZ (b geb| [ | (B0 &8
e [ ) WSR2
GAPDH [wee | (B G (S |
pmark [ | (T (S
wark (B0 ol (B T (B
p-s6 (N Dy e e
GAPDH [t st | (W G| (S G
PPISK [ e | [ | [ |
Pi3k | | (- g o
ot () () (8989
AKT [ S| (e S| [

PTEN [ | [ ot | [ et |
T
MTOR [y | (s ot | (s |
GAPDH [wel | (ot (s o

Materials Today Bio 12 (2021) 100155

MDA-MB-468
3 days 6 days 12 days

reorn (wes) [ ) (8 g
EGFR (el mp| (o | (B gy

here (o ) (0 ) (R

HER2 [l ) (B8 B (o =
GAPDH [ b (G tuw| (e amw)
p-MAPK | [ [- ?J [u }
wec B 00 vd 0o
pso (e (e e (0 9
T -
p-PI3K [-Z-E-)- -32] [2— gs-[:J ﬁZI-Du -3-'D'J
PI3K [t St | (et 88| (g |
PAKT [ | (o | [y 0 |
=11
pren [l et | (N (9 &)
p-mTOR ([ | (| (e =
MTOR (M et [ W | | st
GAPDH [ Gt (G | (DO

Fig. 5. Characterization of EGFR/HER2, MAPK and PI3K/AKT/mTOR pathways. Phosphorylation state and total protein levels were determined by Western blotting
for MDA-MB-231 (A) and MDA-MB-468 (B) cells cultured on ES PCL scaffolds (3D) compared to corresponding 2D control. GAPDH was used as a control of protein
loading. Results shown are representative of those obtained from 3 independent experiments.

showed an increasing activation of PI3K along 3D culture against the
stable levels of total protein (Fig. 5A). This activation resulted in higher
levels of total AKT protein and phosphorylated mTOR after 3 and 6 days
of culture within scaffolds, respectively. Regarding the basal-like model
MDA-MB-468, higher levels of activated PI3K and mTOR were found
after 6 days of culture in scaffolds, accompanied by downregulation of
PTEN, the negative regulator of the pathway (Fig. 5B). In the light of
these results, 3D culture with ES PCL scaffolds led to a mild activation of
the PI3K/AKT/mTOR pathway, as proved by the higher phosphorylation
level of the downstream complex mTOR after 6 days of culture in both
cell models.

In addition to their independent signaling programs, MAPK and
PI3K/AKT/mTOR can either positively or negatively intraregulate [98,
99]. For instance, in glioblastoma stem-like cells, inactivation of either
MAPK or PI3K/mTOR pathway triggered activation of the other, sug-
gesting a mutually inhibitory crosstalk between these two pathways [94].
Collectively, hyperactivation of PI3K/AKT/mTOR cascade may inhibit
MAPK signaling, leading to a more quiescent culture. Or vice versa, cells
adopted a less proliferative profile within 3D surroundings, leading to a
MAPK inactivation and triggering PI3K/AKT/mTOR signaling due to a
feedback loop. Contrary to our results, previous works pointed out that
3D culture of HER2+ breast cancer cells in Matrigel or spheres promoted
a shift from PI3K/AKT to MAPK signaling [100-102]. Overall, this may

indicate that cells can adopt different modifications upon 3D culture
depending on their molecular subtype and 3D structure type, among
other variables.

Not only are receptor tyrosine kinases critical regulators of several
cell functions including proliferation, differentiation, and survival [103],
but they also have a critical key role in cancer development and pro-
gression [104]. One of the most important receptors group is the
ErbB/HER family, which includes the Epidermal Growth Factor Receptor
(EGFR, also known as HER1) and the Human Epidermal growth factor
Receptor 2 (HER2) [105]. The signal transduction caused by their acti-
vation promotes a diverse repertoire of cellular signaling pathways
including MAPK or the PI3K/AKT/mTOR pathways [106]. As seen in
Fig. 5A, MDA-MB-231 cells underwent a HER2 overexpression and
activation after 3 days of culture in scaffolds. Alternatively, EGFR
expression seemed stable, with a slight upregulation after 12 days of
culture. About MDA-MB-468 cells, activation of EGFR and HER2 was
observed after 6 days of culture in scaffolds (Fig. 5B). In addition, a
previous study already reported overexpression of HER2 in breast and
ovarian cancer cells following culture in 3D supports but not in 2D
monolayers [100]. Activation of HER2 is associated with BCSCs and
radioresistance in HER2-negative breast cancer cell models [107], as well
as with tight junctions and cell polarity disruption [108].
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Considering all these findings, our hypothesis is that upregulation of
HER2 alone (MDA-MB-231) or in combination with that of EGFR (MDA-
MB-468) may promote PI3K/AKT/mTOR activation during 3D cell cul-
ture, in detriment of MAPK signaling. These signaling alterations could
be behind BCSC expansion within 3D culture, as PI3K pathway was
previously related to the acquisition of CSC-like properties in breast
cancer cells [109]. Besides, metabolism alterations were mainly found at
3 and 6 culture days, time points were BCSC took the greatest expansion
in scaffolds. It is worth noting that HER2 is the preferred dimerization
partner, since it possesses a conformation similar to a ligand-activated
stated [110] and results in greater signal transduction compared with
other family members [111]. Moreover, HER2 is thought to preferen-
tially form homodimers in 3D suspension culture [100], proving its
important role in both cell models. High levels of HER2 are speculated to
promote spontaneous dimerization and causing constitutive HER2 acti-
vation and signaling [112].

3.6. Role of fatty acid synthase (FASN) enzyme in BCSC-enriched TNBC
samples

3.6.1. FASN expression and activity on monolayer and 3D culture

Apart from the relation between stemness and FASN [39], HER2 is
proven to stimulate FASN expression and post-translational activation by
phosphorylation. FASN, in turn, contributes to HER2 activation allowing
its incorporation in lipid rafts on the plasma membrane [113]. Therefore,
gene and protein expression of FASN (encoded by FASN) was evaluated
in 2D and 3D samples to discern a possible role of this enzyme during the
acquisition of stemness features within scaffold culture (full Western blot
membranes displayed in Table S5). As seen in Fig. 6A and B, FASN mRNA
levels of both cell models were found slightly upregulated after 6 days of
culture within PCL ES scaffolds. This moderate increase resulted in
significantly higher protein levels at the aforementioned culture time.
Note, FASN expression had the same trend in both cell models and it was
found upregulated after 6 days of culture in scaffolds, the same incuba-
tion period which showed the maximum expansion of stemness features.
For this reason, the enzyme activity of FASN was also evaluated after 6
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days on monolayer or scaffold culture (Fig. 6C). Both cell models showed
significantly greater FASN activity after their 3D culture. Therefore,
either protein expression or functional FASN activity were determined to
be upregulated in MDA-MB-231 and MDA-MB-468 cells following 6 days
of culture within PCL meshes.

3.6.2. Pharmacological inhibition of FASN on monolayer and 3D culture

In the light of previous results, we wanted to investigate the impact of
FASN inhibition on the BCSC-enriched population. Thus, TNBC cells
were treated with the FASN inhibitors EGCG and G28 after 6 days of 2D
or 3D culture, when both BCSC expansion and FASN hyperactivation
took their maximum within scaffolds. Following a 48 h treatment, cell
viability was assessed in both cell culture supports (Fig. 7A and B).
Samples from 2D and 3D culture supports showed a similar behavior.
There were no differences regarding inhibitory concentration between
the tested TNBC cells cultured on 2D and 3D supports (Fig. S3). This data,
contrary to the chemoresistance previously reported on 3D-cultured cells
(Fig. 3C and D), opens the door to propose FASN as a novel target to treat
3D-cultured quiescent and stem-like TNBC populations.

To evaluate the effect on the BCSC niche, cells were treated with IC3q
and ICsg values of EGCG and G28 (drug concentration that inhibited 30
or 50% of cell viability, respectively) in 2D- and 3D-cultured samples. IC
values calculated with 2D-cultured cells were used since they are statis-
tically similar to the ones from 3D samples (Fig. S3). After 48 h treatment,
the capacity of forming mammospheres was evaluated as a marker of
stem-like population. As seen in Fig. 7C and D, 3D-cultured samples
showed significantly higher mammosphere forming capacity confirming
the expansion of stemness features in untreated cells. The treatment with
EGCG and G28 decreased the MFI values of 3D samples down to similar
values of 2D or even lower. It should be noted that G28 exerted a greater
impact upon the MDA-MB-231 model, in which 3D samples treated with
ICs0 dosage showed a significantly minor MFI value than the corre-
sponding 2D control (Fig. 7C). On the other hand, basal-like MDA-MB-
468 cells in scaffolds underwent a greater MFI decrease when treated
with EGCG, also exhibiting an inferior mammosphere forming capacity
than 2D cells (Fig. 7D). Taking all these findings into account, the
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Fig. 6. FASN expression pattern. (A) Fold changes in gene and protein expression of FASN for MDA-MB-231 and MDA-MB-468 cells cultured on ES PCL scaffolds (3D)
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inhibition of FASN through EGCG and G28 treatment led to a stemness
diminishment, overcoming the BCSC expansion achieved in 3D culture.
In a similar fashion, resveratrol, a natural polyphenolic compound, has
been proven to suppress tumor stem-like cells growth by inducing pro-
apoptotic genes via downregulation of FASN expression, in vitro and
with mice model [114]. Some authors pointed out a possible role of FASN
increasing fatty acid levels during tumor cell migration, invasion, and
metastasis, characteristics of the BCSC niche [115]. Despite this report
and previous links between FASN and cancer stem-like cells, further in-
vestigations are needed to elucidate the mechanism through which
stemness diminishes in response to FASN inhibition.
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4. Conclusions

ES 15% PCL scaffolds used in the present work have been proven to
provide a softer and more elastic 3D network compared with PS surfaces.
As demonstrated in previous [53,61] and current research, 3D culture
with this scaffold model led to an enrichment of the BCSC subpopulation
in TNBC cells, resulting in higher mammosphere forming capacity, ALDH
activity, CD44"/CD24” low el proportion, stemness-related genes
expression, and chemoresistance, specifically at early culture time points.
In addition, EMT was revealed to occur throughout scaffold culture,
which can transform epithelial cancer cells into cancer stem-like cells.
Aside from BCSC expansion within scaffolds surroundings, 3D-cultured
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Fig. 8. Schematic representation of TNBC cell metabolism modulation within 3D ES PCL scaffold culture.

cells displayed a strong MAPK downregulation alongside a mild
PI3K/AKT/mTOR activation, resulting in a quiescent cell profile and the
upregulation of the aforementioned stemness features. As hypothesized
in Fig. 8, this signaling switch may be modulated by the described acti-
vation of EGFR and HER2, which is proven to favor FASN synthesis,
previously related to cancer cells and stemness. To the best of our
knowledge, we are the first to define a FASN hyperactivation in
stemness-enriched TNBC cells cultured on 3D structures. The addition of
two FASN inhibitors led to a similar cell death in monolayer and
scaffold-cultured cells, eluding the cell growth rate dependence of the
chemoagents. Moreover, the inhibition of FASN overcame the BCSC
enrichment achieved in 3D culture in terms of mammosphere forming
capacity, suggesting the possibility to inhibit FASN to treat the cancer
stem-like cells. However, more BCSC markers could be analyzed after
FASN inhibition to confirm stemness diminishment, including ALDH
activity and CD44"/CD2471°" status.

Collectively, ES PCL scaffolds represent a potent tool to maintain the
stemness features of the sample and expand the BCSC niche of TNBC cells
by providing resemblance to a physiological structure. Nanofiber meshes
may facilitate research in the cancer stem-like cell field, since novel
biomarkers and treatments need to be developed to attack not only the
bulk tumor, but also the quiescent and tumor-initiating cells. Notably,
FASN deserves further investigation as a feasible biomarker for BCSC-
enriched TNBC samples, specially within 3D surroundings. Despite the
described links between FASN and stemness, more efforts would be
needed to investigate whether BCSC expansion and signaling switch
alongside FASN activation are two independent events occurred in a 3D
environment, or there is a causal relation.
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