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Abstract: Breast cancer is the most frequent cancer and the second leading cause of death among
women. Triple-negative breast cancer is the most aggressive subtype of breast cancer and is character-
ized by the absence of hormone receptors and human epithelial growth factor receptor 2. Cancer stem
cells (CSCs) represent a small population of tumor cells showing a crucial role in tumor progression,
metastasis, recurrence, and drug resistance. The presence of CSCs can explain the failure of conven-
tional therapies to completely eradicate cancer. Thus, to overcome this limit, targeting CSCs may
constitute a promising approach for breast cancer treatment, especially in the triple-negative form.
To this purpose, we isolated and characterized breast cancer stem cells from a triple-negative breast
cancer cell line, MDA-MB-231. The obtained mammospheres were then treated with the specific
PPARα antagonist GW6471, after which, glucose, lipid metabolism, and invasiveness were analyzed.
Notably, GW6471 reduced cancer stem cell viability, proliferation, and spheroid formation, leading to
apoptosis and metabolic impairment. Overall, our findings suggest that GW6471 may be used as a
potent adjuvant for gold standard therapies for triple-negative breast cancer, opening the possibility
for preclinical and clinical trials for this class of compounds.
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1. Introduction

Triple-negative breast cancer is the most aggressive subtype of breast cancer due to
the lack of hormone receptors commonly found in other types of breast cancer, includ-
ing progesterone and estrogen receptors, and epithelial growth factor receptor 2 [1,2].
This group showed the worst prognosis and highest aggressiveness, compared to other
breast cancers [1,2]. Recent studies suggest that cancer stem cells play an essential role
in tumorigenesis and tumor biology of triple-negative breast cancers [3]. Triple-negative
breast cancer cells show cancer stem cell (CSC) signatures at molecular, transcriptional,
and functional levels. In recent decades, CSC-targeting strategies have shown therapeutic
effects on triple-negative breast cancers in numerous preclinical studies, and some of these
approaches are under clinical trials [4]. CSCs represent a subpopulation of cancer cells
with similar characteristics to normal stem cells: they are characterized by specific surface
markers, self-renewal, the capability to differentiate into multiple cancer cell lineages, and
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tumorigenic potential [4]. It has been proposed that CSCs are responsible for tumor forma-
tion, progression, metastasis, recurrence, and drug resistance [5,6]. The presence of CSCs
may explain the failure of conventional cancer therapies to eradicate cancer completely.
Thus, to overcome this limit, targeting CSCs may constitute a promising approach for
cancer treatment, especially in triple resistant breast cancer.

Peroxisome proliferator-activated receptors (PPARs) are steroid hormone receptors
that, upon ligand activation, heterodimerize with the retinoid X receptor, binding to the spe-
cific promoter sequence (the Peroxisome Proliferator Response Element), thus, inducing the
expression of numerous pathways, comprising those implicated in glucose, lipid, and fatty
acid metabolism. PPAR receptors have important roles, although pleiotropic, in malignancy
given to their multiple functions. PPARs function as tumor suppressors or inducers in can-
cers but may be related to cancer type and/or specific tumor microenvironment. Massive
PPARα activation is related to tumor growth progression in different cancers, including
glioblastoma [7], renal cancer [8], and triple-negative breast cancer [9]. Consequently, this
pathway may be crucial in tumorigenesis, particularly of breast cancers [9].

Solid tumors are initially dependent on glucose but can undergo a metabolic switch
upon detachment from the extracellular matrix, starting to depend on FAO (fatty acid
oxidation) for their survival [10–12]. Also, hypoxia and oncogenic Ras increase fatty acid
uptake by tumor cells [13]. Some evidence points toward a critical role for FAO and the
mevalonate pathway in the viability of cancer-initiating cells [14–16]. The mevalonate path-
way of cholesterol biosynthesis represents a central and well-described metabolic route
that uses mevalonate for isoprenoid synthesis, precursors of cholesterol; and ubiquinone
synthesis, which are also needed for post-translational prenylation of proteins. The meval-
onate pathway’s rate-limiting step is the reduction of 3-hydroxy- 3-methyl-glutaryl-CoA,
which is catalyzed by the HMGCR enzyme [17] notably: the pharmacological target of
statins, the widely prescribed cholesterol-lowering drugs.

Interestingly, the results of epidemiological and clinical trials revealed that statins
might prevent the development of different types of cancer [18]. Nonetheless, earlier studies
showed that statin-induced anticancer effects on MDA-MB-231, mainly mediated by RhoA
(widely reviewed in [19]), pointing to a dominant role of RhoA over Ras in determining
the oncogenic potential of these cells [20]. It is usually well-established that Rho small
GTPases coordinate many cell motility aspects by reorganizing the actin cytoskeleton and
gene transcription changes. In particular, RhoA upregulates the expression of MMP-9 in
some cell types, including MDA-MB-231 cells, thus, enhancing their invasive potential [21].
RhoA is highly upregulated in breast tumors but barely detectable in normal adjacent
tissues [22]. Deregulation of the mevalonate pathway, achieved by ectopic expression of
either full-length HMGCR or its more recently described splice variant, is causally linked
to malignant transformation of the mammary gland, which targets HMGCR as a candidate
metabolic oncogene [23,24].

It is currently well-established that an altered metabolism is a hallmark of cancer
cells compared to their normal counterparts [25–27], with particular emphasis on CSCs.
Thus, understanding the distinctive metabolism of CSCs can offer promising strategies
for targeting them and consequently preventing recurrence and metastasis [27]. However,
how metabolic pathways are interconnected with oncogenic signaling remains mostly
unexplored. We have recently shown in glioblastoma stem cells and glioblastoma primary
cells [7,28] that PPARα inhibition by specific antagonists (GW6471 and AA452) determined
growth arrest, decreased expression of the enzymes of the mevalonate pathway, and
reduced levels of cholesterol and cholesterol esters [7,28]. GW6471 is a competitive PPARα
antagonist acting at nanomolar concentrations. Another research group demonstrated
that GW6471 induced apoptotic death and cell cycle arrest and synergized with glycolysis
inhibition in renal cancer cells [29]. Furthermore, the same research group reported that
the PPARα antagonist significantly reduced renal carcinoma growth in xenograft mice and
inhibited the enhanced glycolysis, with no adverse effects [30].
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Considering the exposed evidence, in the present study, breast cancer stem cells
were isolated and characterized for the stemness markers and the presence of PPARs and
then treated with the potent specific PPARα antagonist, GW6471. The results obtained
point toward using a PPARα antagonist as an adjuvant agent to prevent cancer stem cell
proliferation and invasiveness by altering the energetic metabolic pathways and blocking
cell cycle progression.

2. Materials and Methods
2.1. Cell Culture

Human breast cancer cell line MDA-MB-231 was obtained from the European Collec-
tion of Cell Cultures (ECACC) and cultured as previously described [31]. To isolate breast
cancer stem cells, MDA-MB-231 cells were plated at 1000 cells/mL in DMEM-F12 (Corning,
New York, NY, USA), supplemented with 100 units/mL antibiotics, 2 mM glutamine, 2%
B27 supplement, 20 ng/mL EGF and 40 ng/mL bFGF. The culturing medium used in all
the tested conditions was DMEM-F12 which does not contain lipids and lipoproteins, and
supplement B27 was used, which contains BSA Fraction V IgG-free, fatty acid poor, and
traces of essential fatty acids. Cells were cultured in low-adherent culture flasks at 37 ◦C
in a humidified 95% air, 5% CO2 atmosphere. Primary mammospheres were dissociated
mechanically and cultured for several passages (isolated by clonal selection) [32].

2.2. Flow Cytometer Analysis

To evaluate the stemness markers, mammospheres were dissociated, and the single-
cell suspension (1× 106 cell/tube) was maintained at RT for 15 min, with 2% formaldehyde
diluted in a phosphate buffer solution. For detection of ALDH1A1, the cells were permeabi-
lized with 0.1% Triton-X-100 for 5 min at RT. Cells were rinsed with PBS and then incubated
for 1 h at RT with the following primary antibodies: polyclonal anti-ALDH1A1 (1:200), all
diluted in PBS containing 4% BSA. After washing with PBS, the cells were incubated for
1 h at RT, with secondary AlexaFluor 488-conjugated anti-rabbit IgG antibodies, diluted
1:2000 in PBS containing 4% BSA. A total of 10,000 events were acquired for each sample
by FACSCalibur flow cytometry (BD Instruments Inc., San José, CA, USA) and analyzed by
CellQuest software (BD Biosciences, New Jersey, NJ, USA).

2.3. Cell Viability MTS Assay

To analyze cell viability, dissociated mammospheres were plated at 1 × 106 cells/mL
and after 72 h hours were treated with different concentrations of GW6471 for 72 h. Then,
the MTS assay was performed following the manufacturer’s protocol (Thermo, Waltam,
MA, USA).

2.4. Cell Cycle and Apoptosis Analysis by FACS

For cell cycle and apoptosis analysis, mammospheres untreated and treated with GW6471
for 72 h were collected, dissociated, washed twice with ice-cold PBS, and fixed in 70% ethanol
at 4 ◦C for 30 min as previously reported [32]. Then, fixed cells (1 × 106 cells/mL), were
washed twice with ice-cold PBS and stained with a solution containing 50 µg/mL propidium
iodide, 0.1% Igepal, and RNase A (6 µg/1 × 106 cell) for 30 min in the dark at 4 ◦C. A flow
cytometry system analyzed cell cycle phase-distribution. Data from 10,000 events per sample
were collected and analyzed using a FACS Calibur (BD Instruments Inc., New Jersey, NJ, USA)
instrument equipped with cell cycle analysis software (Modfit LT for Mac V3.0, New Jersey, NJ,
USA). Apoptotic cells were determined by their hypochromic subdiploid staining profiles and
analyzed using CellQuest software (Becton Dickinson Biosciences, San Diego, CA, USA).

2.5. 3D Spheroid Assay

For spheroid formation analysis, IncuCyte 3D (BioTek instrument, Winooski, VT, USA)
single spheroid assay was used: an integrated solution to automatically track and quantify
tumor spheroid formation in real-time. Briefly, mammospheres were seeded following the
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manufacturer’s protocol in U-bottom low-adherence 96-multiwell plates and centrifuged
(125× g, 10 min at room temperature). Then the plate was placed into the IncuCyte live-cell
analysis system and the interval scans were scheduled. Once spheroids reached the desired
size (e.g., 200–500 µm), the cells were treated with a culture media supplemented with a
cell heath reagent (Essen BioScience, Newark, UK) (100 µL) containing GW6471 treatment.
Then, we monitored the spheroids growth for 72 h (scans set at 6 h).

2.6. IncuCyte Cytotox Green Assay

For detecting cytotoxicity in live cells, mammospheres were seeded (100 µL/well)
into a 96-well plate and exposed to GW6471 treatment, and 250 nM of IncuCyte Cytotox
Green Reagent (Essen BioScience, Newark, UK) was added in the experimental culture
medium for counting dead cells. The plates were placed in IncuCyte device (20× objective),
the cytotoxicity was recorded (three images/well, six replicates) every 3 h by both phase
contrast and fluorescence scanning for 72 h at 37 ◦C and 5% CO2. Images were analyzed
using the Incucyte ZOOM software (2020b, Newark, UK), and the data were reported as
mean intensity.

2.7. IncuCyte Caspases 3/7 Assay

To detect apoptosis in live cells, mammospheres were seeded (100 µL/well) into a
96-well plate and incubated overnight following the manufacturer’s instructions. Then,
cells were exposed to GW6471 treatment in a medium containing 1.25 µM Incucyte Caspase
3/7 dyes. The plates were placed in the IncuCyte device (20× objective), the caspase
activation was recorded (three images for each well, six replicates) every 3 h by both phase
contrast and fluorescence scanning for 72 h at 37 ◦C and 5% CO2. Images were analyzed
using the Incucyte ZOOM software, and the data were reported as mean intensity.

2.8. Western Blotting

Control and treated mammospheres were lysed in an ice-cold lysis buffer as previ-
ously reported [33], and centrifuged at full-speed (Eppendorf, Stevenage, UK) at 4 ◦C
for 30 min. Protein lysates (30–50 µg) were run on 12–15% SDS-polyacrylamide gel and
transferred onto PVDF. Non-specific binding sites were blocked by 5% skimmed dry milk
in Tris-buffered saline with 0.1% Tween 20 (TBST) for 30 min at RT. Membranes were
then incubated overnight at 4 ◦C with the following primary antibodies, all diluted in the
blocking solution: rabbit anti-p27 (1:5000), rabbit anti-p21 (1:1000), rabbit anti-Cyclin B2
(1:200), mouse anti-Cyclin D1 (1:500), rabbit anti-phospho AMPK (1:500), rabbit anti-PKM1
(1:500), mouse anti-HKII (1:500), rabbit anti-PPARγ (1:500), rabbit anti-Rac1 (1:500), mouse
anti RhoA (1:500), mouse anti CDC42 (1:500), rabbit anti-cleaved caspase 9 (1:500), rabbit
anti-GLUT1 (1:500), anti-β-actin (HRP-conjugate) (1:10,000), mouse anti-β catenin (1:500),
mouse anti-GAPDH (1:500), and mouse anti-Laminin B1 (1:1000). As secondary antibodies,
peroxidase-conjugated anti-rabbit or anti-mouse IgG (1:10,000) diluted in blocking solu-
tion were used and incubated for 1 h at RT. According to the manufacturer’s instructions,
immunoreactive bands were visualized by enhanced chemiluminescence (Thermo) using
Alliance 4.7 UVITEC (Cambridge, UK). The relative densities of the immunoreactive bands
were determined and normalized with respect to actin or GAPDH, using Fiji software
(1.53c for Windows, NIH, Bethesda, MD, USA). Values were reported as relative units (RU).

2.9. Subcellular Protein Fractionation

To analyze the PPARα cytosolic and nuclear protein levels by Western blotting, the
Subcellular Protein Fractionation Kit for Cultured Cells from Thermo Scientific was used
according to the manufacturer’s protocols. Briefly, at the end of the treatment, cells were
harvested with trypsin-EDTA and centrifuged at 300× g for 10 min. Then, the pellet was
washed with cold PBS and the cell suspension was transferred to a pre-chilled 1.5 mL
microcentrifuge tube and centrifuged at 500× g for 5 min. A cytoplasmic extraction buffer
was added to the pellet and incubated for 10 min at 4 ◦C. Then, samples were centrifuged
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for 5 min at 700× g at 4 ◦C to collect the cytoplasmic component, which was stored at −20
◦C. The remaining pellet was suspended in a membrane extraction buffer and the tube
was vortexed for 10 s. Then, the tube was incubated for 10 min at 4 ◦C with gentle mixing.
Later the tube was centrifuged for 5 min at 3000× g at 4 ◦C and the membrane extract was
collected to a pre-chilled tube and stored at −20 ◦C. Finally, a nuclear extraction buffer
was added to the pellet and vortexed for 20 s and incubated for 30 min at 4 ◦C. Finally,
samples were centrifuged for 5 min at 5000× g at 4 ◦C and the supernatant containing
nuclear extract was collected and stored at −20 ◦C. As housekeeping proteins for the
nuclear component, Lamin B1 was used, while for the cytoplasmic component, actin was
used.

2.10. Immunofluorescence

For immunofluorescence examination, mammospheres were allowed to adhere to
poly-L-lysine (15 µg/mL) coated coverslips and fixed in 4% paraformaldehyde PBS, for
10 min at RT. Non-specific binding sites were blocked with 4% BSA in PBS (blocking
solution), for 10 min at RT. Cells were washed with PBS and then incubated overnight at
4 ◦C, with rabbit anti-cyclin D1 and anti-cyclin B2 (1:200), anti-LC3 (1:500), anti-β-catenin
antibody (1:1000), anti-PPARγ (1:500), and anti-YAP/TAZ antibodies. After washing with
PBS, cells were incubated for 30 min at RT, with AlexaFluor 488 anti-mouse or anti-rabbit
IgG secondary antibody diluted 1:2000 in blocking solution. Controls were performed
by omitting the primary antibody. Coverslips were mounted with Vectashield Mounting
Medium with DAPI (Vector, Oak Brook, IL, USA).

For BODIPY staining, mammospheres were incubated with 1 µg/mL boron dipyrrin
(BODIPY 493/503 Molecular Probes, Invitrogen) for 10 min at RT. Coverslips were mounted
with Vectashield Mounting Medium (Vector) and examined at a Leica TCS SP5 confocal
microscope (Leica, Wetzlar, Germany).

2.11. YAP/TAZ Immunofluorescence Quantification

For quantitative evaluation of cellular YAP/TAZ immunofluorescent signals, cells were
observed and photographed by confocal laser microscopy. Digital images (4 fields/condition,
three replicates) were analyzed by ImageJ software according to image processing package as
recommended by the manufacturer. To provide the signal intensity (in arbitrary units), the
mean gray value was used.

2.12. Lipids Extraction

Mammosphere pellets were put in Tris-HCl 20 mM pH 7.4, 1 µM PMSF, 10 µM
leupeptin, 10 µM pepstatin and 1 µM aprotinin. After the incubation time (5 min at 4 ◦C),
samples were sonicated (5 W, 80% output, 1 min and 50 s, alternating 10 s sonication and
10 s pause) with a Vibracell sonicator (Sonic and Materials Inc., Danbury, CT, USA). Protein
concentration was determined through the BioRad Protein Assay (Hercules, CA, USA)
using BSA standards. Lipids were extracted by the sequential addition of 400 µL methanol,
500 µL chloroform, and 200 µL water. Samples were stirred for 2 min on a vortex mixer and
centrifuged at 10,800× g for 10 min. The extraction and centrifugation steps were repeated
twice. The organic phases, obtained from different extraction steps, were collected, dried
under nitrogen, and then analyzed by TLC.

2.13. Thin Layer Chromatography

Thin layer chromatography (TLC) was performed on 20 cm × 20 cm aluminum silica
plates. Eluent mixture (hexane/diethyl ether/acetic acid, 70:30:1 (80:20:2) v/v) (100 mL)
was introduced into an elution tank to separate neutral lipids. Lipids were put on silica
plates as thin rows at a 2 cm distance above the bottom of the silica plate, air-dried, and
placed immediately in the elution tank. The solvent was allowed to ascend to 1 cm from
the top of the plate, then the plate was removed, air-dried, and stained. Triacylglycerol
(1,2 dimyrystoil-3 palmytoilrac- glycerol), trimyrystin, tripalmytoil (TRI), cholesterol (C),
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and cholesterol-ester (CE) were used as standards. TLC staining was obtained by vaporiz-
ing 10% phosphomolybdic acid solution on plates. Phosphomolybdic acid solution was
prepared by dissolving 10 g in 100 mL ethanol. The plates were dried for 10 min at 80 ◦C.
Silica plates were acquired by densitometer (UVItec Limited BTS-20M, Cambridge, UK)
and then analyzed by Fiji software.

2.14. Quantitative Real Time-PCR

Mammospheres treated or untreated with 8 µM GW6471 were harvested with Trizol
(Invitrogen), and total RNA was isolated using the Nucleo Spin RNA II kit (Macherey-
Nagel) according to the manufacturer’s instructions. cDNA was transcribed using Super
Script II Reverse Transcriptase (Invitrogen) starting from 0.5 µgrams of high-quality, pure
RNA. Mevalonate gene expression profiles were evaluated with specific primer sets, and
using So Fast EvaGreen reagents (Bio-Rad), β2-microglobulin was used as a housekeeping
gene. qRT-PCR protocol steps were a pre-heating step for 3 min at 95 ◦C, 40 cycles at 95 ◦C
for 10 s and 60 ◦C for 30 s, and a final end-step at 65 ◦C for 10 s. Results were analyzed
with the 2-∆∆Ct method [34].

2.15. Glucose Uptake

To monitor the uptake of glucose, control and treated mammospheres (seeded in a 96-
well plate as described above) were incubated with 1 mM of the fluorescent tracer 2-NBDG
(2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose, Sigma, St. Louis, MO,
USA) for 10 min at room temperature (after a gentle washing). At 2 h prior to the analyses,
cells were subjected to starvation (serum free conditions). The fluorescence intensity was
measured at Ex/Em = 485/535 nm. Data are expressed as relative fluorescence.

2.16. L-Lactate Assay

The glycolysis rate of breast cancer stem cells was revealed by measuring the levels
of L-lactate, using the Glycolysis Cell-Based Assay Kit (Cayman, Ann Arbor, Michigan,
USA). The assay was performed according to the manufacturer’ s protocol. Briefly, cells
were cultured in a 96-well plate, and the following day were treated with GW6471 for
72 h while the control cells received only the culture medium. After 72 h, the culture
supernatant was removed from each well and added to the reaction solution. The mixture
was incubated with gentle shaking on an orbital shaker for 30 min at room temperature,
and the absorbance at 490 nm was detected with a microplate reader Infinite F200 (Tecan,
Morrisville, NC). Data were expressed as mM.

2.17. IncuCyte Single Spheroid Invasion Assay

For the detection of invasion in live cells, mammospheres were seeded (100 µL/well)
into a 96-well plate and exposed to GW6471 treatment. Then Matrigel was added on top at
a final assay concentration of 50%. Then spheroids were monitored for 72 h in the IncuCyte
analyzer. The images acquired were analyzed by the Incucyte ZOOM live-cell analysis
system (Essen Bioscience, Newark, UK), and the data were reported as invading cell area,
bright field (BF), and area *104 (µm2).

2.18. Statistical Analysis

For statistical analysis, samples were processed by GraphPad Prism 9 and analyzed
by Student’s t-test (* p < 0.05; ** p < 0.005, *** p < 0.0005). All data are mean ± SE of three
separate experiments run in triplicate. Regarding live cells, IncuCyte time-point assays
were analyzed by 2-way ANOVA and are reported in Supplementary Table S1.

3. Results

Breast cancer stem cells obtained by clonal selection of MDA-MB-231 triple-negative
cells were previously characterized for stemness markers and morphological features [32].
Mammospheres express elevated levels of the specific marker ALDH1, as evaluated by
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cytofluorimetry (Supplementary Figure S1A) and high levels of nuclear PPARα analyzed
by immunofluorescence (Supplementary Figure S1B).

Cells were then treated with a specific PPARα antagonist GW6471 (range 4–16 µM),
and cell viability was evaluated by MTS assay at 72 h. (Figure 1A). Upon treatment, cell
viability was significantly reduced at any concentration considered, as also apparent by the
cytotoxicity assay (Figure 1B) and spheroid formation assay (Figure 1C). Thus, an 8 µM
concentration and 72 h of treatment were chosen as the experimental conditions for the
following experiments. In healthy cells, the antagonist had no effects on cell viability, thus
suggesting its specific effect on tumor cells (Supplementary Figure S1D).
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Cells were then analyzed by cytofluorimetry for cell cycle progression. Upon treat-
ment, a significant percentage of cells was blocked in the G1 phase (Figure 2A). Accordingly,
it is possible to observe, upon GW6471 treatment, a significant reduction of both cyclin D1
and B1, as well as a cytoplasmic localization of these proteins (Figure 2B,C), which resulted
localized inside the nuclei in control cells. Furthermore, the Western blotting analysis for
p21 and p27 was performed and, upon treatment, both proteins appeared significantly
increased, thus supporting a cell cycle arrest in G1. Finally, apoptosis live-imaging for
caspases 7 and 3, and western blotting analysis for caspase 9 were analyzed. It is possible
to appreciate in Figure 2C that, upon treatment, cleaved caspases 3, 7, and 9 are increased,
suggesting an activation of the intrinsic apoptotic pathway.
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Figure 2. (A) Cell cycle analysis evaluated by FACS for control and treated mammospheres. (B) Western Blotting analyses
for Cyclin D1, Cyclin B2, p21, p27 for control and treated cells. A representative Western blot image is shown for each
protein assayed. (C) Immunofluorescence analyses for Cyclin D1 and B2 (green) in control and treated mammospheres. In
blue, the DAPI staining is shown. Scale bar: 25 µm. (D) Live-cell Caspase-3/7 assay for control and treated cells (marked
in green). Scale bar: 300 µm (E) Western blotting for cleaved Caspase9. A representative western blot image is shown.
** p < 0.005; * p < 0.05 vs. CTR (n = 3). For p values relative to IncuCyte assay please see Supplementary Table S1.
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In agreement with cell cycle arrest, AMP-activated protein kinase (p-AMPK), a cellular
energy sensor that mediates metabolic homeostasis under environmental stress condi-
tions [35,36], is significantly increased by treatment with the antagonist (Figure 3A).

In addition to their localization on cellular membranes, fatty acids are stored within
cells as energy-rich triacylglycerols in lipid droplets (LDs) and are mobilized during
nutrient stress [37,38]. LDs are associated with various malignant phenotypes, and in
breast cancer, high cytoplasmatic LD content is associated with malignancy [39]. Therefore,
mammospheres were stained for lipid droplets content by BODIPY and analyzed by
cytofluorimetry (Figure 3A). Lipid droplets abundantly endow control cells; after treatment,
lipid droplets are strongly decreased. The cholesterol content and cholesterol esters, the
main components of lipid droplets, were analyzed by TLC (Figure 3B). GW6471 reduced
cholesterol but had no effects on cholesterol esters. In agreement, the rate-limiting enzyme
of the mevalonate pathway, evaluated by Real-time PCR, appeared strongly reduced by
GW6471 (Figure 3C).
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Figure 3. (A) Western blot and relative densitometric analyses for p-AMPK in control and treated mammospheres. A
representative western blot image is shown. ** p < 0.005 vs. CTR (n = 3). (B) Lipid droplets analyzed by cytofluorimetry
and immunofluorescence. ** p < 0.005 vs. CTR (n = 3). In the cytofluorimetry, in magenta the ctr is shown, while in green
the GW6471-treated cells. In the immunofluorescence figure, in blue the DAPI staining is shown, while in green Bodipy
marked cells. A representative image is reported. Scale bar: 50 µm (C) Analyses of the cholesterol content by thin-layer
chromatography. * p < 0.05 vs. CTR (n = 3). (D) Rate-limiting enzyme of the mevalonate pathway evaluated by real-time
PCR in control and treated mammospheres. * p < 0.05 vs. CTR (n = 3). Dot line indicates the fold of CTR.

Moreover, glucose metabolism appears impaired upon treatment (Figure 4). In fact,
the glucose transporter 1 (GLUT-1), hexokinase (HKII), and pyruvate kinase (PMK) are
significantly downregulated by the antagonist (Figure 4A), as also apparent by the decrease
of glucose uptake (Figure 4B) and by the reduction of lactate release, the end product of
glycolysis (Figure 4C).
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Figure 4. (A) Western blotting analyses for GLUT1, HKII, PKM in control and treated mammospheres. A representative
western blot image is shown. ** p < 0.005; * p < 0.05 vs. CTR (n = 3). (B) Glucose uptake analyses with the fluorescent
tracer 2-NBDG. *** p < 0.0005 vs. CTR (n = 3). (C) L-lactate production in control and treated mammospheres analyzed by
Glycolysis Cell-Based Assay Kit. * p < 0.05 vs. CTR (n = 3). The standard curve obtained in the assay is shown.

In our experimental conditions, the increase in p-AMPK upon GW6471 is paralleled by
a rise in the fatty acid transporter CD36 (PPARγ gene target). (Figure 5A). CD36 has been
associated with activation of PPARγ both in hepatocytes and macrophages [40]. Particularly
in macrophages, activation of PPARγ results in enhanced expression of CD36, a target
gene of PPARγ, thereby delivering ligands to PPARγ. Then, Western blotting analysis for
PPARγ on cytosolic and nuclear protein extracts obtained by subcellular fractionation was
performed. In agreement, in mammospheres, GW6471 triggered an increase in nuclear
PPARγ and its translocation to the nucleus (Figure 5B,C).
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Figure 5. (A) Western blotting and relative densitometric analyses for CD36 in control and treated mammospheres.
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The increase in PPARγ observed is in agreement with an anti-proliferative role of this
transcription factor already reported in different cancers [41,42]. PPARγ agonists such as
the anti-diabetic drug thiazolidinedione suppress the Wnt/β-catenin pathway and cancer-
related proliferation pathways [43]. For these reasons, the active GS3Kβ (responsible for
the control of the Wnt-β-catenin pathway) was assayed by Western blotting (Figure 6A),
and, interestingly, upon GW6471 treatment, increased levels of the active form of GSK3β
were observed. In the same figure, in control mammospheres, β-catenin, besides membrane
localization, is also present in the nucleus and cytoplasm. In treated mammospheres, in
agreement with the activation of GS3Kβ, β-catenin decreases in the cytoplasm and nuclei,
whereas its level increases at membrane level (as indicated by the arrows) (Figure 6B).
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Figure 6. (A) the active form of GSK3β (Tyr216) analyzed in Western blotting for control and treated mammospheres. A
representative western blot image is shown. ** p < 0.005 vs. CTR (n = 3). (B) Immunofluorescence representative figure for
β-catenin (green). In blue, the nuclei are stained with DAPI. The arrows indicate the localization at the membrane level.
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Activated PPARγ also negatively affects growth and cell fate by causing the cyto-
plasmic sequestration of the transcription factor YAP that is required for tumorigenic-
ity [44]. YAP/TAZ are transcription factors involved in the Hippo pathway that induce
cell proliferation when localized to the nucleus [45]. In Figure 7A, YAP/TAZ confocal
immunofluorescence in control and treated mammospheres is reported. GW6471-treated
mammospheres showed a strong reduction in fluorescence intensity compared to control
cells, thus supporting that a decrease of proliferation was occurring. In agreement, the
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members of Rho family, RhoA, Rac1, and Cdc42, involved in migratory capacity, were all
significantly decreased by the treatment (Figure 7B). Finally, as evident from Figure 7C,
GW6471 was able to reduce the invasion capability of mammospheres.
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bright-field images. Scale bar: 1 mm. For p values relative to IncuCyte assay please see Supplementary Table S1.

4. Discussion and Conclusions

Different lines of evidence indicate that mammospheres play an essential role in
metastasis [46]. Breast CSCs display increased cell motility, invasion, and overexpression
of genes that promote metastasis [46]. Although many chemotherapeutics capable of
counteract metastatic breast cancers have been developed, these cancers show recurrence
following chemotherapy treatment. Recent reports highlighted the role of PPARα and FAO
in cancer [12]. PPARα controls the metabolism of fatty acids, i.e., the peroxisomal enzymes
of β-oxidation [47], which cleaves two carbon atoms per cycle to generate acetyl-CoA,
which constitutes the substrate for mevalonate synthesis [48]. Previous investigations
showed higher mevalonate synthesis in tumor cells as a consequence of improved levels
and catalytic efficiency of 3′-hydroxy-3′-methylglutaryl-CoA reductase (HMGCR): the
rate-limiting enzyme of cholesterol biosynthesis that catalyzes the formation of MVA [49].
Moreover, in breast cancer, a significant increase in lipid droplets with malignancy was re-
ported [38,50]. In our experimental conditions, PPARα inhibition determined a substantial
effect on cell viability and proliferation, probably related to the significant impact on ener-
getic metabolism, including the altered mevalonate pathway and a marked impairment of
lipid and glucose metabolism. As a consequence, a substantial decrease of cholesterol and
lipid droplets is observed, thus indicating that, by blocking PPARα activity, the resulting
lipid metabolism perturbation leads to cell death by affecting pathways involved in the
control of proliferation, such as Hippo pathways, involving the Rho family and YAP/TAZ
as well as Wnt/βcatenin signaling.

Several pathways have been implicated in the self-renewal regulation of breast CSCs,
including Notch, Hedgehog, and Wnt [51,52]. The canonical Wnt signal transduction
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pathway is active in different cancers, including breast cancer [53]; moreover, an active
Wnt/β-catenin pathway in breast CSCs is more strongly upregulated than that in bulk
cancer cells [54]. β-catenin is necessary for tumorigenesis of triple-negative mammary
tumors. Nuclear and cytosolic accumulation of β-catenin, but not membrane-associated
β-catenin, is linked with a decrease in overall survival in all breast cancer patients [55].
GS3Kβ regulates the nuclear levels of β-catenin. The active form of GS3Kβ inhibits the
nuclear localization of β-catenin, triggering its phosphorylation and ubiquitination [56].

In agreement with the exposed evidence, in our experimental conditions, a PPARα
antagonist triggered the activation of GS3K and the consequent decrease of nuclear β-
catenin, a downstream effector of Wnt signal, thus decreasing the proliferation potential of
breast cancer stem cells.

Cyclin D1 is necessary for the self-renewal of normal and breast CSCs [57]. Since cyclin
D1 is also a downstream target of Wnt, Stat3, and β-catenin, it represents an important
target governing stem cell expansion [58]. Indeed, in our experimental model, upon
GW6471 treatment, cyclin D1 appeared strongly downregulated, as well as the other
protein controlling cell cycle progression, cyclin B, which was paralleled by a significant
increase in proteins negatively regulating cell cycle progression, p21 and p27.

Metabolic regulation is an essential part of cell transformation and is indicated as
a hallmark of cancer [59]. Tumor cells survive metabolic stress or nutrient impairment;
they must switch toward alternative metabolic pathways to maintain energetic demand.
AMPK responds to changes in energy demands affecting synthetic and energy-consuming
processes [60]. Thanks to the efficient AMPK, cells can overcome metabolic impairment,
while AMPK-deprived cells experience programmed cell death, indicating that AMPK
signaling is crucial for energetic homeostasis [61,62]. Many studies have raised the interest
in compounds activating AMPK in tumors, supporting an anti-tumorigenic role for this
enzyme [62]. Several reports have proposed the use of AMPK agonists for cancer treatment,
and patents describing AMPK activators have increased [63]. The most encouraging data
supporting the use of AMPK-activating compounds as anti-cancer agents arise from met-
formin and phenformin indirect effects [64]. In agreement, in our experimental conditions,
PPARα antagonism activates AMPK and impairs lipid metabolism, and strongly affects
glucose metabolism, thus starving cells that, once they have consumed all the energetic
stores, are condemned to apoptosis. In agreement with the current literature, by blocking
PPARα, an increase and a nuclear localization of PPARγ is observed, paralleled by the
rise of its target gene CD36 (indicative of its possible activation). It has been reported that
the PPAR-γ agonist pioglitazone reduces the survival of mammospheres derived from
breast cancer cells. In contrast, the PPARα agonist Wy14643 promotes mammosphere
formation, revealing that PPARγ agonists decrease the survival of breast CSCs and that
PPARα agonists play opposite effects on this cancer [65].

In agreement with this study, it has been previously demonstrated that PPARγ ligands
attenuate cell growth in tumours of various organs, including the breast, lung, colon,
bladder, pancreas, prostate, and stomach [42,66,67].

Among several cancer types, breast cancers have a crucial lipogenic capacity, and
altered fat metabolism has been associated with cancer growth. PPARγ expression was
reported in human breast cancer cell lines and in primary and metastatic breast carcino-
mas, where PPARγ activation inhibited proliferation and induced the expression of genes
associated with a differentiated, less malignant phenotype, while decreasing lipid accumu-
lation in cultured breast cancer cells [34,68]. In agreement, in a previous work, we have
demonstrated that PPARγ activation resulted in suppressing proliferation and induction of
apoptosis in primary cultures of glioblastoma cells [69]. Consistent with growth inhibition,
a downregulation of cyclin D1 and CDk4 protein levels was observed upon PPARγ agonist
treatment [69].

In summary, we reported that PPARα antagonism resulted in impaired energetic
metabolism (both lipid and glucose metabolism) with consequent modulation of AMPK
and cell proliferation pathways, such as β-catenin and Hippo, paralleled by a decrease in
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lipid droplets, and blocking of the MVA cycle and glycolytic enzymes. It is noteworthy that
PPARα antagonist withdrawal did not abolish the observed effects, thus indicating that its
effects last for more than one week, suggesting that an irreversible death program for the
affected cells occurred (Supplementary Figure S1C). Even if we used only a cell line, our
results are in line with a previous investigation, in which the authors treated other CSCs
(PANC-1, PSN-1, SW620, HT29, WiDr, and SW480) with GW6471 and reported that the
treatment was able to inhibit cancer stem cell properties and suppress the formation of lipid
droplets [70]. Furthermore, the inhibition of PPARα by GW6471 induced cell cycle arrest
and apoptosis and synergized with glycolysis inhibition in kidney cancer cells [29]. There is
also in vivo evidence reporting that PPARα inhibition (by GW6471) modulated numerous
reprogrammed metabolic pathways in kidney cancer and attenuated tumor growth in a
xenograft mouse model, with minimal toxicity and with no adverse reactions [30].

Taken together, these observations point toward the consideration that PPARα, due
to its pleiotropic effects on cellular metabolism, may be an important therapeutic tar-
get for breast cancer and other cancers that use fatty acid oxidation and glucose as a
metabolic strategy.

On these bases, we propose herein the PPARα antagonist GW6471 as a potent adjuvant
for the gold standard therapies for triple-negative breast cancer, opening the possibility for
preclinical and clinical trials for this class of compounds.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-905
9/9/2/127/s1, Figure S1: (A) AldH1 characterized by flow cytometry in mammospheres. In magenta
the control is shown. (B) Immunofluorescence analyses for the marker PPARalpha (in green). The
nuclei are stained with DAPI in blue. Scale bar: 25 µm. (C) Whole Spheroid bright field for control
and treated cells and a representative figure at different time points. (D) MTS assay for CTR and
GW6471 HUVECs cells. GW6471 did not affect HUVECs cell viability. Table S1: Raw data and p
values relative to IncuCyte assays.

Author Contributions: Conceptualization, A.C., M.d., V.C., and E.B.; methodology, M.d.; software,
M.d.; validation, V.C., C.L. and F.L. and M.C.; formal analysis, M.d.; investigation, M.d., C.L., M.A.,
V.C., M.C.; resources, A.C.; data curation, M.d.; writing—original draft preparation, A.C., V.C.;
writing—review and editing, R.I., E.B., M.G.C. and B.C.; visualization, F.L.; supervision, A.C. and
M.d.; project administration, A.C. and M.d.; funding acquisition, A.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by RIA funds of A.C.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: The authors would thank Loredana Cristiano for her expert technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hurvitz, S.; Mead, M. Triple-Negative Breast Cancer: Advancements in Characterization and Treatment Approach. Curr. Opin.

Obstet. Gynecol. 2016, 28, 59–69. [CrossRef] [PubMed]
2. Marra, A.; Trapani, D.; Viale, G.; Criscitiello, C.; Curigliano, G. Practical Classification of Triple-Negative Breast Cancer:

Intratumoral Heterogeneity, Mechanisms of Drug Resistance, and Novel Therapies. NPJ Breast Cancer 2020, 6, 54. [CrossRef]
[PubMed]

3. O’Conor, C.J.; Chen, T.; González, I.; Cao, D.; Peng, Y. Cancer Stem Cells in Triple-Negative Breast Cancer: A Potential Target and
Prognostic Marker. Biomark. Med. 2018, 12, 813–820. [CrossRef] [PubMed]

4. Yadav, A.K.; Desai, N.S. Cancer Stem Cells: Acquisition, Characteristics, Therapeutic Implications, Targeting Strategies and
Future Prospects. Stem Cell Rev. Rep. 2019, 15, 331–355. [CrossRef] [PubMed]

5. Phi, L.T.H.; Sari, I.N.; Yang, Y.-G.; Lee, S.-H.; Jun, N.; Kim, K.S.; Lee, Y.K.; Kwon, H.Y. Cancer Stem Cells (CSCs) in Drug Resistance
and Their Therapeutic Implications in Cancer Treatment. Stem Cells Int. 2018, 2018, 5416923. [CrossRef]

https://www.mdpi.com/2227-9059/9/2/127/s1
https://www.mdpi.com/2227-9059/9/2/127/s1
http://doi.org/10.1097/GCO.0000000000000239
http://www.ncbi.nlm.nih.gov/pubmed/26694831
http://doi.org/10.1038/s41523-020-00197-2
http://www.ncbi.nlm.nih.gov/pubmed/33088912
http://doi.org/10.2217/bmm-2017-0398
http://www.ncbi.nlm.nih.gov/pubmed/29902924
http://doi.org/10.1007/s12015-019-09887-2
http://www.ncbi.nlm.nih.gov/pubmed/30993589
http://doi.org/10.1155/2018/5416923


Biomedicines 2021, 9, 127 15 of 17

6. Akbar Samadani, A.; Keymoradzdeh, A.; Shams, S.; Soleymanpour, A.; Elham Norollahi, S.; Vahidi, S.; Rashidy-Pour, A.; Ashraf,
A.; Mirzajani, E.; Khanaki, K.; et al. Mechanisms of Cancer Stem Cell Therapy. Clin. Chim. Acta 2020, 510, 581–592. [CrossRef]

7. Fidoamore, A.; Cristiano, L.; Laezza, C.; Galzio, R.; Benedetti, E.; Cinque, B.; Antonosante, A.; d’Angelo, M.; Castelli, V.; Cifone,
M.G.; et al. Energy Metabolism in Glioblastoma Stem Cells: PPARα a Metabolic Adaptor to Intratumoral Microenvironment.
Oncotarget 2017, 8, 108430–108450. [CrossRef]

8. Luo, Y.; Chen, L.; Wang, G.; Qian, G.; Liu, X.; Xiao, Y.; Wang, X.; Qian, K. PPARα Gene Is a Diagnostic and Prognostic Biomarker
in Clear Cell Renal Cell Carcinoma by Integrated Bioinformatics Analysis. J. Cancer 2019, 10, 2319–2331. [CrossRef]

9. Suchanek, K.M.; May, F.J.; Robinson, J.A.; Lee, W.J.; Holman, N.A.; Monteith, G.R.; Roberts-Thomson, S.J. Peroxisome Proliferator-
Activated Receptor Alpha in the Human Breast Cancer Cell Lines MCF-7 and MDA-MB-231. Mol. Carcinog. 2002, 34, 165–171.
[CrossRef]

10. Ma, Y.; Temkin, S.M.; Hawkridge, A.M.; Guo, C.; Wang, W.; Wang, X.-Y.; Fang, X. Fatty Acid Oxidation: An Emerging Facet of
Metabolic Transformation in Cancer. Cancer Lett. 2018, 435, 92–100. [CrossRef] [PubMed]

11. De Oliveira, M.P.; Liesa, M. The Role of Mitochondrial Fat Oxidation in Cancer Cell Proliferation and Survival. Cells 2020, 9, 2600.
[CrossRef] [PubMed]

12. Antonosante, A.; d’Angelo, M.; Castelli, V.; Catanesi, M.; Iannotta, D.; Giordano, A.; Ippoliti, R.; Benedetti, E.; Cimini, A. The
Involvement of PPARs in the Peculiar Energetic Metabolism of Tumor Cells. Int. J. Mol. Sci. 2018, 19, 1907. [CrossRef] [PubMed]

13. Kamphorst, J.J.; Cross, J.R.; Fan, J.; de Stanchina, E.; Mathew, R.; White, E.P.; Thompson, C.B.; Rabinowitz, J.D. Hypoxic and
Ras-Transformed Cells Support Growth by Scavenging Unsaturated Fatty Acids from Lysophospholipids. Proc. Natl. Acad. Sci.
USA 2013, 110, 8882–8887. [CrossRef] [PubMed]

14. Gruenbacher, G.; Thurnher, M. Mevalonate Metabolism in Immuno-Oncology. Front. Immunol. 2017, 8, 1714. [CrossRef]
15. Gruenbacher, G.; Thurnher, M. Mevalonate Metabolism in Cancer Stemness and Trained Immunity. Front. Oncol. 2018, 8, 394.

[CrossRef]
16. Mancini, R.; Noto, A.; Pisanu, M.E.; De Vitis, C.; Maugeri-Saccà, M.; Ciliberto, G. Metabolic Features of Cancer Stem Cells: The

Emerging Role of Lipid Metabolism. Oncogene 2018, 37, 2367–2378. [CrossRef]
17. Friesen, J.A.; Rodwell, V.W. The 3-Hydroxy-3-Methylglutaryl Coenzyme-A (HMG-CoA) Reductases. Genome Biol. 2004, 5, 248.

[CrossRef]
18. Fatehi Hassanabad, A. Current Perspectives on Statins as Potential Anti-Cancer Therapeutics: Clinical Outcomes and Underlying

Molecular Mechanisms. Transl. Lung Cancer Res. 2019, 8, 692–699. [CrossRef]
19. Zhang, Q.; Dong, J.; Yu, Z. Pleiotropic Use of Statins as Non-Lipid-Lowering Drugs. Int. J. Biol Sci. 2020, 16, 2704–2711. [CrossRef]
20. Zhang, Y.; Li, J.; Lai, X.-N.; Jiao, X.-Q.; Xiong, J.-P.; Xiong, L.-X. Focus on Cdc42 in Breast Cancer: New Insights, Target Therapy

Development and Non-Coding RNAs. Cells 2019, 8, 146. [CrossRef]
21. Kim, D.; Rhee, S. Matrix Metalloproteinase-2 Regulates MDA-MB-231 Breast Cancer Cell Invasion Induced by Active Mammalian

Diaphanous-Related Formin 1. Mol. Med. Rep. 2016, 14, 277–282. [CrossRef] [PubMed]
22. Fritz, G.; Just, I.; Kaina, B. Rho GTPases Are Over-Expressed in Human Tumors. Int. J. Cancer 1999, 81, 682–687. [CrossRef]
23. Clendening, J.W.; Pandyra, A.; Boutros, P.C.; El Ghamrasni, S.; Khosravi, F.; Trentin, G.A.; Martirosyan, A.; Hakem, A.; Hakem,

R.; Jurisica, I.; et al. Dysregulation of the Mevalonate Pathway Promotes Transformation. Proc. Natl. Acad. Sci. USA 2010, 107,
15051–15056. [CrossRef] [PubMed]

24. Pampalakis, G.; Obasuyi, O.; Papadodima, O.; Chatziioannou, A.; Zoumpourlis, V.; Sotiropoulou, G. The KLK5 Protease
Suppresses Breast Cancer by Repressing the Mevalonate Pathway. Oncotarget 2014, 5, 2390–2403. [CrossRef] [PubMed]

25. Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016, 23, 27–47. [CrossRef] [PubMed]
26. Dang, C.V. Links between Metabolism and Cancer. Genes Dev. 2012, 26, 877–890. [CrossRef] [PubMed]
27. Yadav, U.P.; Singh, T.; Kumar, P.; Sharma, P.; Kaur, H.; Sharma, S.; Singh, S.; Kumar, S.; Mehta, K. Metabolic Adaptations in Cancer

Stem Cells. Front. Oncol. 2020, 10, 1010. [CrossRef]
28. Benedetti, E.; d’Angelo, M.; Ammazzalorso, A.; Gravina, G.L.; Laezza, C.; Antonosante, A.; Panella, G.; Cinque, B.; Cristiano, L.;

Dhez, A.C.; et al. PPARα Antagonist AA452 Triggers Metabolic Reprogramming and Increases Sensitivity to Radiation Therapy
in Human Glioblastoma Primary Cells: RADIO-SENSITIZATION OF GLIOBLASTOMA BY PPARα ANTAGONIST AA452. J.
Cell. Physiol. 2017, 232, 1458–1466. [CrossRef] [PubMed]

29. Abu Aboud, O.; Wettersten, H.I.; Weiss, R.H. Inhibition of PPARα Induces Cell Cycle Arrest and Apoptosis, and Synergizes with
Glycolysis Inhibition in Kidney Cancer Cells. PLoS ONE 2013, 8, e71115. [CrossRef]

30. Abu Aboud, O.; Donohoe, D.; Bultman, S.; Fitch, M.; Riiff, T.; Hellerstein, M.; Weiss, R.H. PPARα Inhibition Modulates Multiple
Reprogrammed Metabolic Pathways in Kidney Cancer and Attenuates Tumor Growth. Am. J. Physiol. Cell Physiol. 2015, 308,
C890–C898. [CrossRef]

31. Castelli, V.; Piroli, A.; Marinangeli, F.; d’Angelo, M.; Benedetti, E.; Ippoliti, R.; Zis, P.; Varrassi, G.; Giordano, A.; Paladini, A.; et al.
Local Anesthetics Counteract Cell Proliferation and Migration of Human Triple-negative Breast Cancer and Melanoma Cells. J.
Cell. Physiol. 2020, 235, 3474–3484. [CrossRef] [PubMed]

32. Brandolini, L.; Cristiano, L.; Fidoamore, A.; De Pizzol, M.; Di Giacomo, E.; Florio, T.M.; Confalone, G.; Galante, A.; Cinque, B.;
Benedetti, E.; et al. Targeting CXCR1 on Breast Cancer Stem Cells: Signaling Pathways and Clinical Application Modelling.
Oncotarget 2015, 6, 43375–43394. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cca.2020.08.016
http://doi.org/10.18632/oncotarget.19086
http://doi.org/10.7150/jca.29178
http://doi.org/10.1002/mc.10061
http://doi.org/10.1016/j.canlet.2018.08.006
http://www.ncbi.nlm.nih.gov/pubmed/30102953
http://doi.org/10.3390/cells9122600
http://www.ncbi.nlm.nih.gov/pubmed/33291682
http://doi.org/10.3390/ijms19071907
http://www.ncbi.nlm.nih.gov/pubmed/29966227
http://doi.org/10.1073/pnas.1307237110
http://www.ncbi.nlm.nih.gov/pubmed/23671091
http://doi.org/10.3389/fimmu.2017.01714
http://doi.org/10.3389/fonc.2018.00394
http://doi.org/10.1038/s41388-018-0141-3
http://doi.org/10.1186/gb-2004-5-11-248
http://doi.org/10.21037/tlcr.2019.09.08
http://doi.org/10.7150/ijbs.42965
http://doi.org/10.3390/cells8020146
http://doi.org/10.3892/mmr.2016.5282
http://www.ncbi.nlm.nih.gov/pubmed/27177153
http://doi.org/10.1002/(SICI)1097-0215(19990531)81:5&lt;682::AID-IJC2&gt;3.0.CO;2-B
http://doi.org/10.1073/pnas.0910258107
http://www.ncbi.nlm.nih.gov/pubmed/20696928
http://doi.org/10.18632/oncotarget.1235
http://www.ncbi.nlm.nih.gov/pubmed/24158494
http://doi.org/10.1016/j.cmet.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26771115
http://doi.org/10.1101/gad.189365.112
http://www.ncbi.nlm.nih.gov/pubmed/22549953
http://doi.org/10.3389/fonc.2020.01010
http://doi.org/10.1002/jcp.25648
http://www.ncbi.nlm.nih.gov/pubmed/27736000
http://doi.org/10.1371/journal.pone.0071115
http://doi.org/10.1152/ajpcell.00322.2014
http://doi.org/10.1002/jcp.29236
http://www.ncbi.nlm.nih.gov/pubmed/31541469
http://doi.org/10.18632/oncotarget.6234
http://www.ncbi.nlm.nih.gov/pubmed/26517518


Biomedicines 2021, 9, 127 16 of 17

33. Antonosante, A.; Brandolini, L.; d’Angelo, M.; Benedetti, E.; Castelli, V.; Maestro, M.D.; Luzzi, S.; Giordano, A.; Cimini, A.;
Allegretti, M. Autocrine CXCL8-Dependent Invasiveness Triggers Modulation of Actin Cytoskeletal Network and Cell Dynamics.
Aging 2020, 12, 1928–1951. [CrossRef] [PubMed]

34. Mueller, E.; Sarraf, P.; Tontonoz, P.; Evans, R.M.; Martin, K.J.; Zhang, M.; Fletcher, C.; Singer, S.; Spiegelman, B.M. Terminal
Differentiation of Human Breast Cancer through PPAR Gamma. Mol. Cell 1998, 1, 465–470. [CrossRef]

35. Zhu, L.; Yu, X.; Xing, S.; Jin, F.; Yang, W.-J. Involvement of AMP-Activated Protein Kinase (AMPK) in Regulation of Cell Membrane
Potential in a Gastric Cancer Cell Line. Sci. Rep. 2018, 8, 6028. [CrossRef] [PubMed]

36. Sanli, T.; Steinberg, G.R.; Singh, G.; Tsakiridis, T. AMP-Activated Protein Kinase (AMPK) beyond Metabolism: A Novel Genomic
Stress Sensor Participating in the DNA Damage Response Pathway. Cancer Biol. Ther. 2014, 15, 156–169. [CrossRef] [PubMed]

37. Olzmann, J.A.; Carvalho, P. Dynamics and Functions of Lipid Droplets. Nat. Rev. Mol. Cell Biol. 2019, 20, 137–155. [CrossRef]
[PubMed]

38. Petan, T. Lipid Droplets in Cancer. In Reviews of Physiology, Biochemistry and Pharmacology; Springer: Berlin/Heidelberg, Germany,
2020.

39. Cruz, A.L.S.; Barreto, E.D.A.; Fazolini, N.P.B.; Viola, J.P.B.; Bozza, P.T. Lipid Droplets: Platforms with Multiple Functions in
Cancer Hallmarks. Cell Death Dis. 2020, 11, 105. [CrossRef]

40. Bujold, K.; Rhainds, D.; Jossart, C.; Febbraio, M.; Marleau, S.; Ong, H. CD36-Mediated Cholesterol Efflux Is Associated with
PPARγ Activation via a MAPK-Dependent COX-2 Pathway in Macrophages. Cardiovasc. Res. 2009, 83, 457–464. [CrossRef]

41. Kim, K.Y.; Kim, S.S.; Cheon, H.G. Differential Anti-Proliferative Actions of Peroxisome Proliferator-Activated Receptor-Gamma
Agonists in MCF-7 Breast Cancer Cells. Biochem. Pharmacol. 2006, 72, 530–540. [CrossRef]

42. Youssef, J.; Badr, M. Peroxisome Proliferator-Activated Receptors and Cancer: Challenges and Opportunities. Br. J. Pharmacol.
2011, 164, 68–82. [CrossRef] [PubMed]

43. Jarrar, M.H.; Baranova, A. PPARgamma Activation by Thiazolidinediones (TZDs) May Modulate Breast Carcinoma Outcome:
The Importance of Interplay with TGFbeta Signalling. J. Cell. Mol. Med. 2007, 11, 71–87. [CrossRef] [PubMed]

44. Basu-Roy, U.; Han, E.; Rattanakorn, K.; Gadi, A.; Verma, N.; Maurizi, G.; Gunaratne, P.H.; Coarfa, C.; Kennedy, O.D.; Garabedian,
M.J.; et al. PPARγ Agonists Promote Differentiation of Cancer Stem Cells by Restraining YAP Transcriptional Activity. Oncotarget
2016, 7, 60954–60970. [CrossRef] [PubMed]

45. Zhang, X.; Zhao, H.; Li, Y.; Xia, D.; Yang, L.; Ma, Y.; Li, H. The Role of YAP/TAZ Activity in Cancer Metabolic Reprogramming.
Mol. Cancer 2018, 17, 134. [CrossRef] [PubMed]

46. Velasco-Velázquez, M.A.; Popov, V.M.; Lisanti, M.P.; Pestell, R.G. The Role of Breast Cancer Stem Cells in Metastasis and
Therapeutic Implications. Am. J. Pathol. 2011, 179, 2–11. [CrossRef]

47. Latruffe, N.; Cherkaoui Malki, M.; Nicolas-Frances, V.; Clemencet, M.C.; Jannin, B.; Berlot, J.P. Regulation of the Peroxisomal
Beta-Oxidation-Dependent Pathway by Peroxisome Proliferator-Activated Receptor Alpha and Kinases. Biochem. Pharmacol.
2000, 60, 1027–1032. [CrossRef]

48. Miziorko, H.M. Enzymes of the Mevalonate Pathway of Isoprenoid Biosynthesis. Arch. Biochem. Biophys. 2011, 505, 131–143.
[CrossRef]

49. Laezza, C.; D’Alessandro, A.; Di Croce, L.; Picardi, P.; Ciaglia, E.; Pisanti, S.; Malfitano, A.M.; Comegna, M.; Faraonio, R.; Gazzerro,
P.; et al. P53 Regulates the Mevalonate Pathway in Human Glioblastoma Multiforme. Cell Death Dis. 2015, 6, e1909. [CrossRef]
[PubMed]

50. Hershey, B.J.; Vazzana, R.; Joppi, D.L.; Havas, K.M. Lipid Droplets Define a Sub-Population of Breast Cancer Stem Cells. J. Clin.
Med. 2019, 9, 87. [CrossRef]

51. Velasco-Velázquez, M.A.; Homsi, N.; De La Fuente, M.; Pestell, R.G. Breast Cancer Stem Cells. Int. J. Biochem. Cell Biol. 2012, 44,
573–577. [CrossRef]

52. Liu, S.; Dontu, G.; Wicha, M.S. Mammary Stem Cells, Self-Renewal Pathways, and Carcinogenesis. Breast Cancer Res. 2005, 7,
86–95. [CrossRef] [PubMed]

53. Zhan, T.; Rindtorff, N.; Boutros, M. Wnt Signaling in Cancer. Oncogene 2017, 36, 1461–1473. [CrossRef] [PubMed]
54. Lamb, R.; Ablett, M.P.; Spence, K.; Landberg, G.; Sims, A.H.; Clarke, R.B. Wnt Pathway Activity in Breast Cancer Sub-Types and

Stem-like Cells. PLoS ONE 2013, 8, e67811. [CrossRef] [PubMed]
55. Khramtsov, A.I.; Khramtsova, G.F.; Tretiakova, M.; Huo, D.; Olopade, O.I.; Goss, K.H. Wnt/Beta-Catenin Pathway Activation Is

Enriched in Basal-like Breast Cancers and Predicts Poor Outcome. Am. J. Pathol. 2010, 176, 2911–2920. [CrossRef] [PubMed]
56. Shang, S.; Hua, F.; Hu, Z.-W. The Regulation of β-Catenin Activity and Function in Cancer: Therapeutic Opportunities. Oncotarget

2017, 8, 33972–33989. [CrossRef] [PubMed]
57. Jeselsohn, R.; Brown, N.E.; Arendt, L.; Klebba, I.; Hu, M.G.; Kuperwasser, C.; Hinds, P.W. Cyclin D1 Kinase Activity Is Required

for the Self-Renewal of Mammary Stem and Progenitor Cells That Are Targets of MMTV-ErbB2 Tumorigenesis. Cancer Cell 2010,
17, 65–76. [CrossRef] [PubMed]

58. Lecarpentier, Y.; Schussler, O.; Hébert, J.-L.; Vallée, A. Multiple Targets of the Canonical WNT/β-Catenin Signaling in Cancers.
Front. Oncol. 2019, 9, 1248. [CrossRef] [PubMed]

59. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef]
60. Hardie, D.G. Sensing of Energy and Nutrients by AMP-Activated Protein Kinase. Am. J. Clin. Nutr. 2011, 93, 891S–896S.

[CrossRef]

http://doi.org/10.18632/aging.102733
http://www.ncbi.nlm.nih.gov/pubmed/31986121
http://doi.org/10.1016/S1097-2765(00)80047-7
http://doi.org/10.1038/s41598-018-24460-6
http://www.ncbi.nlm.nih.gov/pubmed/29662080
http://doi.org/10.4161/cbt.26726
http://www.ncbi.nlm.nih.gov/pubmed/24100703
http://doi.org/10.1038/s41580-018-0085-z
http://www.ncbi.nlm.nih.gov/pubmed/30523332
http://doi.org/10.1038/s41419-020-2297-3
http://doi.org/10.1093/cvr/cvp118
http://doi.org/10.1016/j.bcp.2006.05.009
http://doi.org/10.1111/j.1476-5381.2011.01383.x
http://www.ncbi.nlm.nih.gov/pubmed/21449912
http://doi.org/10.1111/j.1582-4934.2007.00003.x
http://www.ncbi.nlm.nih.gov/pubmed/17367502
http://doi.org/10.18632/oncotarget.11273
http://www.ncbi.nlm.nih.gov/pubmed/27528232
http://doi.org/10.1186/s12943-018-0882-1
http://www.ncbi.nlm.nih.gov/pubmed/30176928
http://doi.org/10.1016/j.ajpath.2011.03.005
http://doi.org/10.1016/S0006-2952(00)00416-0
http://doi.org/10.1016/j.abb.2010.09.028
http://doi.org/10.1038/cddis.2015.279
http://www.ncbi.nlm.nih.gov/pubmed/26469958
http://doi.org/10.3390/jcm9010087
http://doi.org/10.1016/j.biocel.2011.12.020
http://doi.org/10.1186/bcr1021
http://www.ncbi.nlm.nih.gov/pubmed/15987436
http://doi.org/10.1038/onc.2016.304
http://www.ncbi.nlm.nih.gov/pubmed/27617575
http://doi.org/10.1371/journal.pone.0067811
http://www.ncbi.nlm.nih.gov/pubmed/23861811
http://doi.org/10.2353/ajpath.2010.091125
http://www.ncbi.nlm.nih.gov/pubmed/20395444
http://doi.org/10.18632/oncotarget.15687
http://www.ncbi.nlm.nih.gov/pubmed/28430641
http://doi.org/10.1016/j.ccr.2009.11.024
http://www.ncbi.nlm.nih.gov/pubmed/20129248
http://doi.org/10.3389/fonc.2019.01248
http://www.ncbi.nlm.nih.gov/pubmed/31803621
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.3945/ajcn.110.001925


Biomedicines 2021, 9, 127 17 of 17

61. Bungard, D.; Fuerth, B.J.; Zeng, P.-Y.; Faubert, B.; Maas, N.L.; Viollet, B.; Carling, D.; Thompson, C.B.; Jones, R.G.; Berger, S.L.
Signaling Kinase AMPK Activates Stress-Promoted Transcription via Histone H2B Phosphorylation. Science 2010, 329, 1201–1205.
[CrossRef]

62. Garcia, D.; Shaw, R.J. AMPK: Mechanisms of Cellular Energy Sensing and Restoration of Metabolic Balance. Mol. Cell 2017, 66,
789–800. [CrossRef] [PubMed]

63. Arkwright, R.T.; Deshmukh, R.; Adapa, N.; Stevens, R.; Zonder, E.; Zhang, Z.; Farshi, P.; Ahmed, R.S.I.; El-Banna, H.A.; Chan,
T.-H.; et al. Lessons from Nature: Sources and Strategies for Developing AMPK Activators for Cancer Chemotherapeutics.
Anticancer Agents Med. Chem. 2015, 15, 657–671. [CrossRef] [PubMed]

64. Faubert, B.; Vincent, E.E.; Poffenberger, M.C.; Jones, R.G. The AMP-Activated Protein Kinase (AMPK) and Cancer: Many Faces of
a Metabolic Regulator. Cancer Lett. 2015, 356, 165–170. [CrossRef] [PubMed]

65. Papi, A.; Guarnieri, T.; Storci, G.; Santini, D.; Ceccarelli, C.; Taffurelli, M.; De Carolis, S.; Avenia, N.; Sanguinetti, A.; Sidoni, A.;
et al. Nuclear Receptors Agonists Exert Opposing Effects on the Inflammation Dependent Survival of Breast Cancer Stem Cells.
Cell Death Differ. 2012, 19, 1208–1219. [CrossRef] [PubMed]

66. Veliceasa, D.; Schulze-Hoëpfner, F.T.; Volpert, O.V. PPARgamma and Agonists against Cancer: Rational Design of Complementa-
tion Treatments. PPAR Res. 2008, 2008, 945275. [CrossRef]

67. Vella, V.; Nicolosi, M.L.; Giuliano, S.; Bellomo, M.; Belfiore, A.; Malaguarnera, R. PPAR-γ Agonists As Antineoplastic Agents in
Cancers with Dysregulated IGF Axis. Front. Endocrinol. 2017, 8. [CrossRef]

68. Zaytseva, Y.Y.; Wang, X.; Southard, R.C.; Wallis, N.K.; Kilgore, M.W. Down-Regulation of PPARgamma1 Suppresses Cell Growth
and Induces Apoptosis in MCF-7 Breast Cancer Cells. Mol. Cancer 2008, 7, 90. [CrossRef]

69. Benedetti, E.; Galzio, R.; Cinque, B.; Biordi, L.; D’Amico, M.A.; D’Angelo, B.; Laurenti, G.; Ricci, A.; Festuccia, C.; Cifone, M.G.;
et al. Biomolecular Characterization of Human Glioblastoma Cells in Primary Cultures: Differentiating and Antiangiogenic
Effects of Natural and Synthetic PPARγ Agonists. J. Cell. Physiol. 2008, 217, 93–102. [CrossRef]

70. Kuramoto, K.; Yamamoto, M.; Suzuki, S.; Togashi, K.; Sanomachi, T.; Kitanaka, C.; Okada, M. Inhibition of the Lipid Droplet-
Peroxisome Proliferator-Activated Receptor α Axis Suppresses Cancer Stem Cell Properties. Genes 2021, 12, 99. [CrossRef]

http://doi.org/10.1126/science.1191241
http://doi.org/10.1016/j.molcel.2017.05.032
http://www.ncbi.nlm.nih.gov/pubmed/28622524
http://doi.org/10.2174/1871520615666141216145417
http://www.ncbi.nlm.nih.gov/pubmed/25511514
http://doi.org/10.1016/j.canlet.2014.01.018
http://www.ncbi.nlm.nih.gov/pubmed/24486219
http://doi.org/10.1038/cdd.2011.207
http://www.ncbi.nlm.nih.gov/pubmed/22261616
http://doi.org/10.1155/2008/945275
http://doi.org/10.3389/fendo.2017.00031
http://doi.org/10.1186/1476-4598-7-90
http://doi.org/10.1002/jcp.21479
http://doi.org/10.3390/genes12010099

	Introduction 
	Materials and Methods 
	Cell Culture 
	Flow Cytometer Analysis 
	Cell Viability MTS Assay 
	Cell Cycle and Apoptosis Analysis by FACS 
	3D Spheroid Assay 
	IncuCyte Cytotox Green Assay 
	IncuCyte Caspases 3/7 Assay 
	Western Blotting 
	Subcellular Protein Fractionation 
	Immunofluorescence 
	YAP/TAZ Immunofluorescence Quantification 
	Lipids Extraction 
	Thin Layer Chromatography 
	Quantitative Real Time-PCR 
	Glucose Uptake 
	L-Lactate Assay 
	IncuCyte Single Spheroid Invasion Assay 
	Statistical Analysis 

	Results 
	Discussion and Conclusions 
	References

