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Abstract

Background The main mechanism underlying cancer dissemination is the epithelial to mesenchymal transition (EMT). This
process is orchestrated by cytokines like TGFp, involving “non-canonical” AKT- or STAT3-driven pathways. Recently, the
alteration of copper homeostasis seems involved in the onset and progression of cancer.

Methods We expose different breast cancer cell lines, including two triple negative (TNBC) ones, an HER2 enriched and one
cell line representative of the Luminal A molecular subtype, to short- or long-term copper-chelation by triethylenetetramine
(TRIEN). We analyse changes in the expression of EMT markers (E-cadherin, fibronectin, vimentin and aSMA), in the levels
and activity of extracellular matrix components (LOXL?2, fibronectin and MMP2/9) and of copper homeostasis markers by
Western blot analyses, immunofluorescence, enzyme activity assays and RT-qPCR. Boyden Chamber and wound healing
assays revealed the impact of copper chelation on cell migration. Additionally, we explored whether perturbation of copper
homeostasis affects EMT prompted by TGFp. Metabolomic and lipidomic analyses were applied to search the effects of
copper chelation on the metabolism of breast cancer cells. Finally, bioinformatics analysis of data on breast cancer patients
obtained from different databases was employed to correlate changes in kinases and copper markers with patients’ survival.
Results Remarkably, only HER?2 negative breast cancer cells differently responded to short- or long-term exposure to TRIEN,
initially becoming more aggressive but, upon prolonged exposure, retrieving epithelial features, reducing their invasiveness.
This phenomenon may be related to the different impact of the short and prolonged activation of the AKT kinase and to the
repression of STAT3 signalling. Bioinformatics analyses confirmed the positive correlation of breast cancer patients’ survival
with AKT activation and up-regulation of CCS. Eventually, metabolomics studies demonstrate a prevalence of glycolysis
over mitochondrial energetic metabolism and of lipidome changes in TNBC cells upon TRIEN treatment.

Conclusions We provide evidence of a pivotal role of copper in AKT-driven EMT activation, acting independently of HER2
in TNBC cells and via a profound change in their metabolism. Our results support the use of copper-chelators as an adjuvant
therapeutic strategy for TNBC.
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1 Background

Breast cancer is the second most common cancer world-
wide, after lung cancer. It is a highly heterogeneous malig-
nancy, the classification of which is based on histopatho-
logical and molecular features.

Regarding molecular classification, breast cancer com-
prises the following subtypes: Luminal A, expressing both
the estrogen and progesterone receptor (ER + and PR +),
Luminal B that in addition to ER and PR expresses a low
level of the human epidermal receptor 2 (HER2) (ER +,
PR +, HER2Ilow), and the HER2-enriched subtype (ER-,
PR-, HER2 +). The latter can be treated with therapy target-
ing HER2. The most aggressive and highly heterogeneous of
all subtypes is the Triple Negative Breast Cancer (TNBC),
lacking the expression of ER, PR and also of HER2, thus
poorly targetable with chemotherapy, and characterized by
a great metastatic potential and poor prognosis [1].

The mechanisms underlying cancer dissemination
are the epithelial to mesenchymal transition (EMT), the
extracellular matrix (ECM) remodeling and angiogenesis
[2].In particular, during EMT, a dynamic and pleiotropic
program, epithelial cancer cells lose their baso-apical
polarization and, following the disruptions of tight and
adherens junctions acquire a mesenchymal phenotype,
gaining a spindle shape morphology. The fulfillment of
this process confers to cells the ability to detach from the
primary tumor mass becoming highly metastatic. The cru-
cial step of EMT is the expression of EMT transcription
factors (EMT-TFs) SNAII, SNAI2, TWIST1/2 and ZEB1.
They are in charge of the downregulation of the epithelial
marker E-cadherin (Epithelial cadherin) as well as of the
upregulation of N-cadherin (Neural cadherin) (a mecha-
nism also known as the “cadherin switch” [3]) and of the
mesenchymal proteins fibronectin, vimentin and a smooth
muscle actin (aSMA) [4].

The expression of the EMT-TFs can occur because
of a variety of molecular stimuli, such as the transform-
ing growth factor beta (TGFf), the bone marrow protein
(BMP), Wnt / p-catenin, NOTCH, Shh and the activa-
tion of receptor tyrosine kinases (RTKs). The principal
one is TGFp, which binding to its type I or II receptors
(TGFBRI and TGFPRII) induces their autophosphoryla-
tion, thus activating several (canonical or non-canonical)
transduction pathways leading to EMT. The “canonical”
pathway involves SMAD (Small Mothers Against Decap-
entaplegic) homologous proteins 2, 3 and 4. In detail, the
phosphorylation of TGFBRI results in the oligomerization
and phosphorylation of SMAD2 and SMAD3 followed
by the recruitment of SMAD4, with the formation of a
ternary complex. On the other hand, the “non-canonical”
pathway of TGFp, activated upon engagement of the RTKs,
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contributes to the activation of EMT-TFs by the Phosphati-
dylinositol 3-kinase (PI3K)/RAC-alpha serine/threonine-
protein kinase (AKT) and MEK/ERK axes[4, 5]. Addition-
ally, in TNBC it has been recently shown the pivotal role of
glycogen synthase kinase 3 (GSK3p) in the modulation of
EMT [6]. The signaling cascade of GSK3p interconnects
with that of PI3K/AKT: AKT activation results in the phos-
phorylation and subsequent inactivation of GSK3p leading
to the decrease of the ubiquitination of the transcription
factor SNAII and thus in an increase of its level.

Another “non-canonical” TGFf pathway, pursued upon
engagement of RTKSs, involves the activation of the Janus
kinase (JAK)/Signal Transducer and Activator of Transcrip-
tion 3 (STAT3) axis. STAT3, upon phosphorylation, trans-
locates to the nucleus to regulate the transcription of several
genes associated with cancer progression [7].

A key step of EMT is also the remodeling of the ECM,
involving the activation of matrix metalloproteinases
(MMPs). Crucial is the role of MMPs in the promotion of
cell migration. Indeed, the activity of MMP9 and MMP3 is
required for the shedding of the ectodomain of E-cadherin
and thus for disassembling adherens junctions [8—10].

In the latest years, many reports demonstrate that the homeo-
stasis of the essential transition metal copper (Cu) is intrinsically
involved in breast cancer growth and spreading. Brain tumor
cells show much higher Cu levels than corresponding non-can-
cerous cells. Elevated Cu concentrations have been reported in
tumor tissue and serum from both animal models and patients
with breast, lung, thyroid, cervix, stomach and prostate cancers
[11,12]. A growing body of evidence supports the involvement
of Cu-proteins/enzymes as fundamental for the onset and pro-
gression of cancer via EMT and ECM remodeling. Two Cu-
dependent proteins are required for ECM remodelling: LOXL2,
belonging to the lysil oxidase (LOX) family proteins [13] and
the Mediator of ErbB2-driven cell Motility 1 (MEMO1) [14].
LOXL2, after glycosylation, is secreted in the ECM, promot-
ing collagen I fiber alignment and crosslinking [15], whilst
MEMOL, besides activating PI3K/AKT axis leading to EMT
activation, enhances the anchorage independent properties of
TNBC cell lines and the metastatic potential [14, 16].

Furthermore, other findings support the involvement of
additional Cu-linked proteins in cancer. Indeed, Cu homeo-
stasis is a complex and finely tuned process, which must be
functional at its best to ensure cell survival. A net of specific
protein transporters and chaperones, which discretely distrib-
utes the metal to Cu-requiring enzymes and excrete useless
noxious Cu from the cell, orchestrates it. It has been demon-
strated the up-regulation in breast cancer of the Cu-transporter
CTR1, required for the intracellular import of Cu, and of the
copper P-type ATPase pumps ATP7A and B, located in the
trans-Golgi network; they are involved in delivering of Cu the
Cu-proteins with an extracellular destiny (e.g. LOX) and, by
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trafficking to the plasma membrane, to the release of excess
of Cu outside the cells. Furthermore, the cytosolic Cu chap-
erone Atox 1, which loads ATPases with Cu, is up-regulated
in breast cancer [17], and it is also involved in angiogenesis,
acting as a transcription factor for NADPH oxidase, leading
to neo-vascularization [18]. In particular, in TNBC, Atox1/
ATP7A/LOX axis prompts cell migration [19, 20]. Moreover,
the up-regulation of other Cu-chaperones involved in Cu distri-
bution to mitochondria and cytochrome c oxidase, i.e. COX17
and SCO2, was reported in breast cancer [17].

Of note, Cu binds and modulates also the activity of some
members of the MAPK family and of the kinases surveil-
ling the autophagy pathways: MEK1/2 (MAP2K1, Mitogen
Activated Protein Kinase Kinase) and Unc-51 like kinase
1/2 (ULK1/2), respectively [12, 21, 22]. Cu also controls
the activity of the E3 ubiquitin ligase XIAP1, which inhibits
apoptosis and in turn regulates TGFp signaling [2].

Based on all this evidence, Phase II clinical trials aimed
to the reduction of Cu availability, achieved by the use of Cu
chelating drugs, have been linked to the reduction of the meta-
static progression in TNBC [23], as well as in other types of
cancer [24].

However, to date, the role of Cu transporters/proteins in
breast cancer is still unclear, although they may represent
possible therapeutic targets, in particular for TNBC. There-
fore, the present work aimed to gain more insight into the
relationship between Cu homeostasis and the expression of
EMT markers during TGFp-induced EMT. We reduced the
bioavailability of Cu by treating cultured breast cancer cells
with a known Cu-chelator, triethylenetetramine (TRIEN),
a consolidate drug used for the therapy of the genetic Cu
overload disease (Wilson's disease), and more recently in
cancer clinical trials [24]. As cell models, we used several
breast cancer cell lines, including two TNBCs (i.e., MDA-
MB-231 and SUM159), a HER2-enriched breast cancer cell
line (SK-BR-3), and a cell line representative of the molecu-
lar subtype Luminal A (i.e., T47D).

Our data provide evidence of a pivotal role of Cu in
the activation of the “non-canonical” AKT driven EMT
induced by TGFp, acting in a HER2-independent manner
and through the implementation of a profound change in
TNBC cells metabolism. The role of deregulation of Cu
homeostasis in the modulation of EMT offers an additional
opportunity to identify new therapeutic strategies to coun-
teract breast cancer dissemination.

2 Methods
2.1 Cell culture and treatments

The human triple negative breast cancer (TNBC) cell line
MDA-MB-231, the HER2-overexpressing SK-BR-3 cell line

and the HER2™ PR*ER™" T47D cell line, were obtained from
the American Type Culture Collection (ATCC, Manassas,
VA, USA, cat. no. HTB-26™, HTB-30™and HTB-133™,
respectively). The TNBC cell line SUM159 was kindly
provided by Dr. Alessio Ottaviani, Department of Biology,
University of Rome “Tor Vergata”. Cells were grown in
high glucose Dulbecco’s modified medium (DMEM), sup-
plemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM glutamine, 100 U/mL penicillin and 100 pg/
mL streptomycin (EuroClone, Milano, Italy) (complete
medium), and incubated at 37 °C, in a humidified atmos-
phere with 5% CO.,.

For Cu depletion, MDA-MB-231, SK-BR-3, T47D
(0.3 % 10* cells/cm?) and SUM159 (0.1 x 10* cells/cm?)
were seeded in 6 wells plates. The day after plating,
125 uM Cu-chelator triethylenetetramine, TRIEN (Merck
Life Science, Srl, Milano, Italy), was added to the cell cul-
ture medium. Cells were harvested and analyzed after 24
and 48 h. In the 6 days TRIEN treatment protocol, 125 uM
TRIEN was added to the cell culture medium the day after
plating and maintained for 3 days, at which time cells
reached confluence (end of the first passage in culture in
the presence of TRIEN). Afterwards, cells were trypsinized
and plated again in 6 well plates with the same concen-
tration of TRIEN. In some experiments, alternatively to
TRIEN, tetrathiomolybdate (TTM, Merck Life Science,
Srl, Milano, Italy), another Cu-chelator, was added to the
cells at the concentration of 5 pM.

In order to restore Cu bioavailability after its depletion, in
control experiments, the cell culture medium was replaced
with one containing 100 pM copper sulfate (CuSO,, Merck
Life Science, Srl, Milano, Italy) and kept for up to 3 h before
analysis.

To induce EMT, cells were seeded in 6-well plates at
the above reported cell densities and incubated for the next
24 h in DMEM containing only 1% FBS (in order to achieve
cell starvation and cell cycle synchronization), before adding
10 ng/ml of Transforming Growth Factor f (TGFf, eBIO-
SCIENCE, San Diego, CA, USA) for an additional 24 h. In
some experiments, TGFP was added to cells already treated
with TRIEN for 6 days and TRIEN was maintained in the
culture medium together with TGFp for additional 24 h (for
a total of 7 days of treatment with TRIEN).

2.2 Cell viability assessment by MTS assay

Cells viability was measured by the capability of cell dehy-
drogenases to reduce MTS (3- [4,5-dimethylthiazol-2-yl]
-5- [3-carboxymethylphenyl] -2-[4-sulphophenyl] -2H-tetra-
zolium inner salt) (Promega, Madison, USA) to a formazan
chromogenic compound. Cells were plated in 96-well plates
and, at the end of treatment, the culture medium in each well
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was replaced with a medium containing MTS. The change
in color was recorded at 492 nm, by a microplate reader.

2.3 Preparation of samples and Western blot
analysis

After treatments, cells were harvested, washed in PBS, and
suspended in lysis buffer containing 10 mM Tris—HCI (pH
7.4), 1 mM EDTA, 1 mM EGTA, 1% NP-40, 30 mM NacCl,
supplemented with protease inhibitor cocktail (Merck Life
Science, Milano, Srl, Italy). After 20 min incubation on
ice, the samples were centrifuged at 1000 X g for 20 min, at
4 °C. The protein concentration of the suspended pellets was
determined using the Lowry colorimetric assay (DC™ Pro-
teinAssay, BioRad, Hercules, CA, USA). The samples were
diluted in Laemmli Buffer 2X, plus 5% f-mercaptoethanol
and denatured at 95° C for 5 min.

For the evaluation of extracellular LOXL2 and fibronectin
an aliquot of cell medium was centrifuged at 2000 x g for
5 min, supernatant supplemented with a saturated solution
of ammonium sulphate, centrifuged and the pellet suspended
in 100 pl of ddH,0 and 20 pl Laemmli Buffer 5 X was added
and the samples treated as above.

Proteins (20 pg or 25 pl for sample from cell medium)
were separated on 8 or 12% SDS—polyacrylamide gel and

transferred to an Immobilon-PVDF transfer membrane
(Millipore, Billerica, MA, USA). Table 1 reports primary
antibodies used for immunodetection, as well as their
dilutions. Anti-rabbit or anti-mouse secondary antibodies
(Cell Signaling, Danvers, MA, USA) were revealed with the
ECL (ECL Prime Western Blotting Reagent, Cytiva Europe
GmbH, Freiburg, Germany) by the ImageQuant LAS 4000
(Fuji Film, Tokyo, Japan). Densitometric analyses were per-
formed through the ImagelJ software (NIH, Bethesda, MD,
USA). Vinculin or actin were used as loading control for
antigen protein to be evaluated in cell extract, while Ponceau
S staining (Sigma-Aldrich, St. Louis, MO, USA) was used
as loading control for the extracellular LOXL2.

2.4 Immunofluorescence analysis

Cells were grown on coverslips and treated as previously
described (see Cell culture and treatments paragraph). After
treatments, cells were washed three times in PBS and fixed
with 4% paraformaldehyde (Alfa Aesar, Haverhill, MA,
USA), for 10 min, at room temperature. Cells were then
permeabilized by incubation in a solution of PBS/Triton
X-100 0.1% (v/v) for 10 min, blocked for 1 h with PBS/
FBS 5% (v/v) and then incubated overnight, at 4 °C, in a
humidified chamber, with the following primary antibodies:

Table 1 Primary antibodies

used for Western blot analysis Primary Antibody Type Company Diluition
E-cadherin Mouse BD Transduction Laboratories #610,181 1:1000
Fibronectin Rabbit Merck Life Science S.r.1 #F3648 1:5000
Vimentin Mouse Merck Life Science S.r.1 #V6389 1:5000
aSMA Mouse Abcam #ab7817 1:1000
ATP7A Mouse Santa Cruz Biotechnology #376,467 1:1000
ATP7B Mouse Santa Cruz Biotechnology #373,964 1:1000
CCS Rabbit Santa Cruz Biotechnology #517,412 1:1000
Complex IV subunit II Mouse Molecular Probes #A-6404 1:1000
MEMOI1 Mouse Santa Cruz Biotechnology #517,412 1:1000
LOXL2 Mouse Santa Cruz Biotechnology #293,427 1:1000
SMAD2 Rabbit CellSignaling #3122 1:1000
Phospho-SMAD?2 (Ser465/467) Rabbit CellSignaling #3108 1:1000
SMAD3 Rabbit CellSignaling #9513 1:1000
Phospho-SMAD?3 (Ser423/425) Rabbit CellSignaling #9520 1:1000
p44/42MAPK (Erk1/2) Rabbit CellSignaling #4695 1:1000
Phospho-p44/42 MAPK(Erk1/2) Rabbit CellSignaling #9101 1:5000
(Thr202/Tyr204)
AKT Rabbit CellSignaling #4691 1:1000
Phospho-Akt (Ser473) Rabbit CellSignaling #4058 1:5000
Phospho-STAT3 (pSTAT3) Rabbit CellSignaling #9145 1:1000
SNAIl Mouse Santa Cruz Biotechnology #393,172 1:1000
GAPDH Rabbit Merck Life Science S.r.1 #G9545 1:5000
Actin Rabbit Merck Life Science S.r.1 #A2066 1:5000
Vinculin Mouse Santa Cruz Biotechnology #25,336 1:8000
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rabbit polyclonal anti-fibronectin antibody (1:300, Merck
Life Science Srl, Milano, Italy, #F3648), mouse monoclonal
anti-E-cadherin antibody (1:150, BD Transduction Labora-
tories, USA, #610,181) and mouse monoclonal anti aSSMA
antibody (1:300, Abcam, Cambridge, UK, #ab7817). Cells
were then washed with PBS and incubated for 1 h with
fluorophore-conjugated host-specific secondary antibodies:
goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa
Fluor 488 secondary antibodies (Thermo Fisher Scientific,
Waltham, MA, USA). In addition, to label cells cytoskel-
eton, the secondary antibodies solution was supplemented
with anti-Phalloidin-TRITC (1:1000, Merck Life Sci-
ence Srl, Milano, Italy, #P1951). Afterwards, nuclei were
stained by incubating cells with 1 pg/mL Hoechst 33342
dye (Thermo Fisher Scientific, Waltham, MA, USA) in PBS,
10 min at room temperature. Cell fluorescence was detected
with the Zeiss AxioScop2 Fluorescent Microscope (Zeiss,
Oberkochen, Germany) with a 40 X magnification objective.
The Image] software (NIH, Bethesda, MD, USA), was used
for the analysis of all the images acquired.

2.5 Cu-dependent Superoxide dismutase (SOD1)
activity

After treatments, cells were suspended in hypotonic PBS
(1:2 dilution in water), lysed by sonication and centrifuged
at 23000 x g, at 4 °C, for 30 min. After protein content deter-
mination by Lowry colorimetric assay (DC™ ProteinAssay,
BioRad, Hercules, CA, USA), 50 pg of proteins were sepa-
rated on 7.5% polyacrylamide PAGE under non-denaturating
conditions. SOD1 activity was visualized by the inhibition
of gel staining due to the conversion of nitroblue tetrazolium
to formazan, as previously reported [25].

2.6 Matrix metalloproteinases (MMPs) activity
measurement by gelatin zymography

After treatments, cell medium was collected and centrifuged
at 400x g, at 4 °C, for 5 min to remove floating cells and
debris. The supernatant was kept and mixed with 4 X sam-
ple buffer (250 mM Tris—HCI, pH 6.8, 40% glycerol; 8%
SDS and 0.01% bromophenol blue). 40 pl of each sample
were loaded onto 10% SDS—polyacrylamide gels containing
0.1% gelatin (Merck Life Science Srl, Milano, Italy). After
electrophoresis, gels were incubated in the renaturing solu-
tion [2.5% Triton X-100 (Merck Life Science Srl, Milano,
Italy 1)], for 30 min, at room temperature, and then incu-
bated in the developing buffer [SO mM Tris—HCI (pH 7.8),
200 mM NaCl, 5 mM CaCl,, 0.02% Triton X-100] overnight,
at 37 °C. Gels were then stained with 0.5% Coomassie blue
R250 (Merck Life Science Srl, Milano, Italy) for 1 h, and
incubated in a destaining solution [10% methanol and 5%
acetic acid (Merck Life Science Srl, Milano, Italy)]. The

Table2 RT-qPCR primers

Gene Primers
FN F: 5’- AGCCGAGGTTTTAACTGCGA-3’

R: 5’-CCCACTCGGTAAGTGTTCCC-3’
SNAII F: 5’-CCAGTGCCTCGACCACTATG-3’

R: 5-CTGCTGGAAGGTAAACTCTGG-3’
SNAI2 F: 5>-CCAAGCTTTCAGACCCCCAT-3’

R: 5’-GAAAAAGGCTTCTCCCCCGT-3’
TWIST1 F: 5°- GCTTGAGGGTCTGAATCTTGCT-3’

R: 5’- GTCCGCAGTCTTACGAGGAG-3’
ZEBI F: 5°- CAGCTTGATACCTGTGAATGGG-3’

R: 5’- TATCTGTGGTCGTGTGGGACT-3’
ACTB [26] F: 5°- ACCACCATGTACCCTGGCATT-3’

R: 5’- CCACACGGAGTACTTGCGCTCA-3’

activity of MMPs was quantified by analyzing the intensity
of colorless areas in the gels with the ImagelJ software. Data
are expressed as the mean from at least three independent
experiments.

2.7 Cell migration evaluation by wound healing
and Boyden chambers assays

For assessing the cells migratory ability in a scratch assay,
MDA-MB-231 and SK-BR-3 cells (0.3 X 10* cell/cm?) were
seeded in 24 well plates. After 72 h, the cell monolayer was
scratched using a pipette tip through the central axis of the
plate. Migration of the cells into the scratch was digitally
documented after 24 and 48 h, and relative migratory activ-
ity was calculated measuring the cell-free areas. The wound
closure areas were visualized under an inverted microscope
with a 20 X magnification.

Cell migration was performed using Boyden chambers,
with an 8.0 pm pore size (Corning, NY, USA). MDA-
MB-231 and SK-BR-3 cells (0.5x 10* cell/well) were
suspended in FBS-free media and loaded into the upper
chamber, in the absence or presence of 125 uM TRIEN or
5 uM TTM. The lower chamber was filled with a complete
medium supplemented with 20% FBS. After 24 h (for MDA-
MB-231 cells) or 48 h (for SK-BR-3 cells) of incubation
(37 °C; 5% CO,), cells adherent to the underside of the fil-
ters were fixed and permeabilized with 70% ethanol, washed
with PBS, stained with 0.25% crystal violet (Merck Life
Science, Srl, Milano, Italy). Cells in four random fields at
magnification 20 X were counted.

2.8 Real Time-PCR (RT-PCR) assay
Total RNA was extracted from treated cells using TRIzol Rea-
gent (Invitrogen, Waltham, MA, USA) and 2.5 pg of RNA

were reverse transcribed using Moloney murine leukemia
virus (MMLYV) reverse transcriptase (Promega, Madison, W1,
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USA). Afterwards, a RealTime PCR was carried out in 20 pL of
final volume containing 10 ng of cDNA, 5 uM of each primer
(Table 2) and 50% SYBR green (Kapa SYBR Fast qPCR kit;
Kapa Biosystems, Roche, Wilmington, MA, USA) in a StepO-
nePlus Real-Time PCR System (Thermo-Fisher). The B-actin
gene was used as an internal reference gene. Relative expression
was evaluated using the 2722 method. The primer sequences
used in RT-qPCR analysis are listed in Table 2.

2.9 Metabolomic analysis

Deuterated reagents (methanol (CD;0D), chloroform (CDCl5))
and deuterium oxide (D,0O) were purchased from Cambridge
Isotope Laboratories, Inc.; 3-(trimethylsilyl)propionic-2,2,3,3-
d4 acid sodium salt (TSP) was obtained from Merck & Co,
Montreal, Canada. For the extraction of aqueous and organic
metabolites [27] cell pellets and culture media were extracted
according to protocol previously described [30]. Briefly, for
samples preparation related to the intracellular metabolome,
cell pellets were suspended in ice-cold extraction solvents
[methanol/chloroform/water (1:1:1)] and vigorously vortexed.
At least 24 h after, polar and lipid phases were separated by cen-
trifugation at 20000 x g at 4 °C for 30 min. The polar methanol/
water phase containing water soluble cellular metabolites was
lyophilized by using a rotary evaporator (Savant RTV 4104
freeze dryer), while the organic phase (lipid phase) was col-
lected in tube and chloroform was evaporated under nitrogen
gas flow. Both phases of extracts obtained for each sample,
treated and not, were stored at -20 °C. For preparation of the
samples to estimate the extracellular metabolome, culture
media extraction were performed by adding ice-cold extraction
solvent [10 volumes of ethanolic solution (ethanol:water 77:23,
v/v)] to each samples (0.5 mL) and stored at -20 °C for at least
24 h. Afterwards, the samples were centrifuged at 14000 g for
30 min and the supernatant obtained was then freeze-dried in a
Savant RTV 4104 freeze dryer.

The aqueous fraction from cells were reconstituted in 700 pL.
D,0 using TSP (0.1 mM) as NMR internal standard whereas
lipid fraction from cells was suspended in a CD;0D/CDCl,
solution (2:1 v/v) with 0.05%of tetramethylsilane (TMS) as
internal reference. High-resolution 'H-NMR analyses were per-
formed at 25 °C at 9.4 T and 14 T Bruker AVANCE spectrome-
ters (Karlsruhe, Germany, Europe) on aqueous and organic cell
extracts using acquisition pulses, water pre-saturation, data pro-
cessing, and peak area deconvolution as previously described
[27]. The absolute quantification of aqueous metabolites,
determined by comparing the integral of each metabolite to
the integral of reference standard TSP and corrected by respec-
tive proton numbers for metabolite and TSP, was expressed as
nmoles/10° cells and tissue and then converted into metabolite
percentage (relative to total metabolites evaluated in each sam-
ple). Relative quantification of lipid signals (integral) in organic
fractions was normalized to the number of cells.
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2.10 Bioinformatic analyses

The differences in RAC-alpha serine/threonine-protein kinase
(i.e., AKT; UniProt ID P31749) and Copper Chaperone for
Superoxide dismutase 1 (i.e., CCS; UniProt ID 014618)
expression patterns between distinct molecular subtypes of
Breast Cancer (Basal, HER2, Luminal, Luminal A, Lumi-
nal B, and TNBC) was investigated, analyzing data from the
Gene Expression database of Normal and Tumor tissues 2
(i.e., GENT?2). (http://gent2.appex.kr/gent2/; accessed on 24
January 2022) [28] In addition, the data for mRNA expres-
sion and the “Neoplasm Histologic Grade” were retrieved from
cBioPortal by selecting all studies on Breast Cancer available
(https://www.cbioportal.org/; accessed on 24 January 2022)
[29, 30]. All data were statistically elaborated by using One-
Way ANOVA and statistical significance was set at p <0.0001.

The correlation between breast cancer patients’ survival
and AKT and CCS mRNA was performed using three data-
bases. First, we looked at the effect on the Overall Survival
(OS) using the GENT?2 database (http://gent2.appex.kr/gent2/;
accessed on 24 January 2022) [28]. Then, we evaluated the
Progression-Free Interval (PFI) of phosphorylated AKT pro-
tein (i.e., AKT pS473) in Breast Cancer through data from the
Cancer Proteome Atlas portal (i.e., TCPA portal) (https:/www.
tcpaportal.org/; accessed on 23 January 2022) [31, 32]. Finally,
the Kaplan—Meier plotter was used to examine the influence
of CCS expression in Breast Cancer on Relapse-Free Survival
(RFS) (https://kmplot.com/analysis/; accessed on 23 January
2022) [33].

2.11 Statistical analysis

Results were reported as mean value + standard error of the
mean (SEM) of measurements obtained by independent
experiments (n>3). Statistical significance was evaluated by
Student’s t test, one-way ANOVA or two-way ANOVA fol-
lowed by post hoc Sidak’s or Tukey’s multiple comparisons
test, using the GraphPad Prism software (GraphPad Software,
San Diego, CA, USA); a p-value <0.05 was considered sig-
nificant (*p <0.05; **p <0.01; ***p <0.001; ****p <(0.0001).

3 Results

3.1 Analysis of proteins involved in Cu homeostasis
in cell lines of breast cancer and their
modulation by treatment with the Cu-chelator
TRIEN

We started by characterizing the basal level of Cu-depend-
ent proteins which are reported to play a role in cancer
development and spreading (i.e., ATP7A, LOXL2, CCS
and Cytochrome ¢ Oxidase) in the cells under study [34]
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(Fig. 1a). Among them, ATP7A levels were higher in
both TNBC cell lines (i.e., MDA-MB-231 and SUM159),
whereas intracellular LOXL?2 was abundant only in MDA-
MB-231 (Fig. 1a). The abundance of the Subunit II of
Cytochrome ¢ Oxidase (the Complex IV of the mitochon-
drial respiratory chain) was much lower in MDA-MB-231
than in the other cell lines (Fig. l1a), while the level of
CCS, the Copper Chaperone for SOD1, was lower in
SUM159 cells than in the other cell lines.

To achieve reduced bioavailability of Cu in our experi-
mental cell model in order to observe the effects on EMT
markers, we treated the cells with a well-established Cu-
chelator, triethylenetetramine (TRIEN). To check possible
effects of TRIEN on cell viability, first of all we performed
an MTS assay. We found that TRIEN did not affect cell
viability when added to the cell medium at concentrations
ranging from 2 to 1000 pM for 72 h (see supplementary
Figure S1). On the basis of these results and referring
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Fig. 1 Basal levels of cuproproteins in different breast cancer cell
lines and their modulation following TRIEN treatment. Cell extracts
obtained from MDA-MB-231, SUM159, T47D and SK-BR-3 were
applied to SDS-PAGE followed by Western blot with monoclonal
antibodies for the detection of basal levels of (a) ATP7A, LOXL2,
CCS and of the subunit II of cytochrome c oxidase. The level of CCS
and the of the subunit II of cytochrome ¢ oxidase, was measured by
Western blot (left panels; correspondent densitometric analysis in the
right panels), following 24 or 48 h of 125 uM TRIEN treatment in
(b) MDA-MB-231, (¢) SUM159, (d) T47D, and (e) SK-BR-3 cells.
Twenty micrograms of proteins were loaded on each lane. Vinculin
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to previously published work from our laboratory [25,
35], we chose 125 pM TRIEN concentration for the next
experiments.

The effect of TRIEN treatment on Cu bioavailability was
assessed by analyzing Cu-binding proteins considered as
sensors of intracellular Cu levels (Fig. 1b-f). We measured
the protein level of CCS, which is known to increase under
condition of Cu depletion [36], the level of the Subunit IT of
cytochrome c oxidase, which undergoes degradation upon
Cu shortness [25], and the activity of SOD1 [25].

In MDA-MB-231, SUM159 and T47D cells, 125 pM
TRIEN treatment for 24 h or 48 h caused increase of
CCS protein paralleled by the reduction of the Subunit
IT of the Complex IV (Fig. 1b, c, and d). However, in
the HER2-overexpressing cell line (SK-BR-3) the same
effects on those proteins were observed only at 48 h of
TRIEN treatment, suggesting a slower response of these
cell line (Fig. 1e). To further validate the effectiveness
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was used as loading control. One representative blot is shown for
each antigen out of at least three independent experiments. (f, upper
panel). SOD1 activity was assessed in the different cell lines lysates
using an in-gel assay, under non-denaturing, SDS-free conditions,
after 48 h of treatment with 125 uM TRIEN; fifty micrograms of
proteins were applied to each lane. One representative SOD1 activity
assay is shown out of at least three different experiments; (f, lower
panel) densitometric analysis of the activity assay. Data are presented
as a mean+ SEM. Student's t-test *p<0.05, **p<0.01 with respect
to the untreated cells only
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of TRIEN in reducing Cu bioavailability, we also meas-
ured the activity of SOD1, which utilizes Cu as a cofac-
tor, upon 48 h TRIEN addition. Indeed, TRIEN treat-
ment significantly impaired SOD1 activity in all the cell
lines examined (Fig. 1f) [25, 37]. Taken together, these
results confirmed that TRIEN efficiently reduced Cu bio-
availability, but that such effect requires different times,
depending on the cell model.

Thus, in the subsequent experiments, we treated with
TRIEN MDA-MB-231, SUM159 and T47D cells for 24 h
and the SK-BR-3 cells for up to 48 h.

3.2 Cu bioavailability affects the epithelial/
mesenchymal markers

The EMT profile of each breast cancer cell line under
study was evaluated by measuring the protein levels
of the epithelial marker E-cadherin and of the mesen-
chymal markers fibronectin, vimentin and aSMA by
Western Blot analysis (Fig. 2a). We found that MDA-
MB-231, SUM159 and SK-BR-3 are mainly mesenchy-
mal, expressing higher levels of mesenchymal markers.
MDA-MB-231 cells express high levels of fibronectin
and are also characterized by the presence of aSMA;
SUMI159 cells are endowed by high level of vimentin
and also by the expression of fibronectin and aSMA
and SK-BR-3 are characterized by the expression of
fibronectin and, to a lower extent, of aSMA (Fig. 2a).
On the contrary, T47D cells have the highest level of
E-cadherin as well as of aSMA, thus showing a mixed
epithelial-mesenchymal phenotype (Fig. 2a). Indeed,
when sensitivity of Western blotting was improved
(Fig. 2b, c and e), E-cadherin could be detected also in
MDA-MB-231, SUM159 and SK-BR-3, although to a
much lesser extent than T47D.

Considering the putative importance of Cu imbal-
ance in tumor [2, 34, 38], we hypothesized that it
could also be involved in the EMT process. Hence, we
investigated the capacity of TRIEN in modulating the
EMT phenotype in our selection of breast cancer cell
lines, by analyzing the changes of the epithelial/mes-
enchymal markers (E-cadherin, fibronectin, vimentin
and aSMA) specifically expressed in each cell line,
by Western blot and immunofluorescence analyses
(Fig. 2b-h). Interestingly, we observed that TRIEN
had an opposite effect, depending on the specific cell
line. Indeed, in MDA-MB-231, SUM159 and T47D
cells 24 h TRIEN treatment induced a decrease of the
epithelial marker E-cadherin (Fig. 2b-d) and a rise of
mesenchymal markers such as fibronectin and aSMA
(Fig. 2b-d), thus directing the cells towards a mesen-
chymal phenotype. By contrast (Fig. 2e), SK-BR-3 cells
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treated with 125 pM TRIEN for 48 h showed a signifi-
cant increase of the epithelial marker E-cadherin and a
drastic reduction of mesenchymal markers fibronectin
and aSMA, thus reinforcing the concept that this cell
line responds more slowly to TRIEN treatment and,
most of all, acquires completely different characteris-
tics with respect to the other cell lines. Immunofluores-
cence analysis confirmed the differential regulation of
E-cadherin (Fig. 2f), fibronectin (Fig. 2g) and aSMA
levels (Fig. 2h), following Cu depletion, in the differ-
ent cell lines.

To further validate that Cu modulates the EMT pro-
file of breast cancer cells, to restore Cu bioavailability,
MDA-MB-231 and SK-BR-3 cells, after TRIEN treat-
ment for 24 and 48 h, respectively, medium with TRIEN
was removed and cells incubated in a medium supple-
mented with 100 pM CuSO,, for up to 3 h (Figure S2).
Of note, we observed a complete reversal of the TRIEN-
induced effects previously described in both cell lines. In
MDA-MB-231 we observed a decrease to basal levels of
fibronectin, aSMA, and CCS and an increase of E-cad-
herin (Figure S2a), while in SK-BR-3 cells the treatment
with CuSO, induced an increase in fibronectin, aSMA and
subunit IT of complex IV and a decrease in E-cadherin
levels (Figure S2b). In summary, by restoring the bioa-
vailability of Cu, both MDA-MB-231 and SK-BR-3 cells
revert to their original phenotype.

3.3 Treatment with TRIEN alters the migration
tendency of breast cancer cells

To investigate whether Cu depletion could alter the migra-
tory ability of breast cancer cells, we performed both the
wound healing and the transwell migration assays. As
expected, 24 h TRIEN treatment enhanced the migration
of MDA-MB-231 with respect to untreated cells (Fig. 3a,
upper panel, and Fig. 3c), demonstrating that in these cells,
the acquisition of mesenchymal markers is associated with
an increased cell motility. Conversely, in SK-BR-3 cells
48 h TRIEN treatment reduced cell migration trend (Fig. 3a,
lower panel, and Fig. 3d), furtherly confirming the peculiar
behavior of this cell line shown in Fig. 2.

To confirm that the effects of TRIEN on cell migra-
tion were linked to the reduction of Cu bioavailability, we
repeated the transwell migration test using 5 pM tetratio-
molybdate (TTM), another well-established Cu-chelator
[39], in both cell lines. The concentration of TTM was
selected based on the literature [40, 41]. TTM promoted
cell migration in MDA-MB-231 (Fig. 3b, top panel) and
reduced cell motility of SK-BR-3 cells (Fig. 3b, lower
panel), effects which are superimposable on those pro-
duced by TRIEN.
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Fig.2 Cu bioavailability modu-
lates the level of the epithelial
to mesenchymal transition
hallmarks. The basal levels of
fibronectin, E-cadherin, «SMA
and vimentin were measured in
cell extracts from (a) MDA-
MB-231, SUM159, T47D and
following 24 h exposure to

125 uM TRIEN for (b) MDA-
MB-231, (¢) SUM159, (d)
T47D and 48 h after TRIEN
treatment for (e) SK-BR-3.
Twenty micrograms of proteins
were loaded on each lane. Vin-
culin or actin were used as load-
ing controls. (f) Immunofluores-
cence detection of E-cadherin
in MDA-MB-231, SUM159,
T47D 24 h after TRIEN expo-
sure and SK-BR-3 cells 48 h
after treatment with 125 uM
TRIEN (upper panels) and its
corresponding signal analysis
(lower panels). (g) Fibronectin
immunofluorescence of T47D
and SUM159 (left panels)

and its corresponding signal
analysis (right panels). (h)
aSMA immunofluorescence in
MDA-MB-231 and SK-BR-3
(left panels) and its corre-
sponding signal analysis (right
panels). Phalloidin was used to
label F-actin whilst nuclei were
labeled with DAPI. Calibration
bars corresponds to 100 pm

in the immunofluorescence
images; 40 X magnification. One
representative blot/image and
the corresponding signal analy-
sis is shown for each antigen,
out of at least three independ-
ent experiments. Student's
t-test *p <0.05, **p <0.01 and
*#%p <(0.001 with respect to the
untreated cells only. Data are
presented as a mean + SEM
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3.4 Cuchelation modulates the activation

of kinases involved in EMT and the transcription

factor controlling EMT markers expression

It has been reported that Cu binds, allosterically modulates
and activates MEK1, which in turn triggers the Extracellular
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signal-Regulated Kinase 1/2 (ERK1/2) [12]. Thus, we first

evaluated the activation of ERK1/2 through Western blot

analysis. Interestingly, as shown in Fig. 4a, 125 pM TRIEN
(24 h for MDA-MB-231, SUM159 and T47D and 48 h for

SK-BR3) did not alter ERK 1/2 phosphorylation status in
all breast cancer cell lines. Furthermore, we investigated the
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Fig.3 Decreased Cu bioavailability differently affects the migration
of MDA-MB-231 and SK-BR-3 breast cancer cell lines. (a and b,
upper panel) MDA-MB-231 and (a and b, lower panel) SK-BR-3
cells were assayed for in vitro migration using a Boyden chamber.
After 24 h of exposure to (a) 125 pM TRIEN and (b) 5 uM TTM,
migrated cells per field were stained with crystal violet and counted.
One representative phase contrast image (20X magnification) is
shown, out of at least three independent experiments. Student's t-test
*p<0.05, **¥p<0.01, ***p <0.001 with respect to the untreated cells
only. Data are presented as a mean+ SEM. Wound-healing assay in
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(¢) MDA-MB-231 and (d) SK-BR-3 cells treated with TRIEN for up
to 48 h. A single scratch was made in the center of the cell monolayer
and the wound closure areas visualized under an inverted microscope
with 20 X magnification (upper panel). Cell motility was quantified
by measuring the distance between the invading front of cells in at
least 5 random selected microscopic fields for each single condition
and time point (lower panel). Data are presented as a mean+SEM
(n>3, ***¥p<0.001, Two-Way ANOVA). Calibration bars 100 pm in
transwell migration (a and b) and wound healing assay (c and d)
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modulation by Cu of the kinase axis AKT/GSK3p, known to
be involved in the induction of EMT [7]. Intriguingly, AKT
was phosphorylated at Ser473 in MDA-MB-231, SUM159
and T47D (Fig. 4a). SK-BR-3 cells behaved differently,
since AKT was not phosphorylated upon TRIEN treatment
(Fig. 4a). To further investigate the activation mechanism of
AKT in MDA-MB-231 we analyzed AKT phosphorylation
at Thr308 (Fig. 4b), demonstrating lack of involvement of
Thr308 in Cu-modulated AKT activity.

Thus, in MDA-MB-231 cells we investigated the AKT
signaling cascade, by evaluating the phosphorylation of
its downstream target, GSK3p. It is well known that AKT

phosphorylates GSK3p in its Ser9 suppressing its activity

[42]. We found that AKT phosphorylation resulted in an

increased phosphorylation of GSK3f in its Ser9 and conse-

quently, leads to an up-regulation of SNAI1, which under-
goes degradation when phosphorylated by active GSK3p
[43] both in terms of protein level (Fig. 4b) and of mRNA
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Fig.4 Cu chelation modulates the activation of the AKT/GSK3p/
SNAIL axis. (a, left panel) Western Blot of phosphorylated AKT at
Ser473 (pAKT Ser473), total AKT (AKT), phosphorylated ERK1/2
(pERK1/2) and total ERK 1/2 (ERK1/2) in MDA-MB-231, SUM159,
T47D and SK-BR-3 following 24 h exposure to 125 uM TRIEN for
MDA-MB-231, SUM159, T47D and 48 h after TRIEN treatment for
SK-BR-3. (a, right panel) densitometric analysis of phosphorylated
AKT at Serd473 residue (pAKTSer473)/total AKT. (b, left panel)
Western blot and (b, right panel) densitometric analysis of pAKT
at Thr308 (pAKT Thr308) and total AKT (AKT) in MDA-MB-231;
(c, left panel) Western blot and (c, right panel) densitometric analy-

sis of phosphorylated GSK3p at Ser9 (pGSK3p Ser9) and SNAII in
MDA-MB-231and (d) SK-BR-3 cells. Twenty micrograms of pro-
teins were loaded on each lane. Vinculin was used as loading con-
trol. One representative blot is shown for each antigen, data are pre-
sented as a mean+SEM (n>3, Student's t-test *p <0.05; **p <0.01
*#%p<0.001). (e) The level of the EMT-TFs SNAIl1, TWISTI,
SNAI2 and ZEBI transcripts in MDA-MB-231 cells were evaluated
by qPCR analysis following 24 h exposure to 125 uM TRIEN. Results
were expressed with respect to the control (vehicle), defined as 1.
Data were reported as mean+SEM of three independent measure-
ments (¥p <0.05, **p <0.01 vs vehicle)
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(as shown below, Fig. 4d).This confirms that, upon TRIEN
treatment, AKT activation and GSK3f inactivation occur
in MDA-MB-231 cells. By contrast, in SK-BR-3 cells, the
phosphorylation status of GSK3p remained unchanged as
well as SNAII protein levels (Fig. 4c).

The mechanism underlying the modulation of the inves-
tigated EMT markers was studied in MDA-MB-231 by ana-
lyzing by RT-PCR the mRNA levels of the transcription
factors (TFs) involved in EMT: SNAI1, SNAI2, TWIST1
and ZEB1. Indeed, we found that all these TFs were slightly
upregulated following 24 h TRIEN exposure, with the
strongest effect on SNAII (Fig. 4d).

3.5 Protracted TRIEN treatment alters cell
morphology and counteracts TGFB-induced
EMT

Next, we investigated the effect of 24 h of treatment with
TGFp, the main inducer of EMT [44], either alone or by
adding it to cells already treated with TRIEN for 5 days to
achieve Cu depletion (i.e., treatment with TRIEN was pro-
longed up to 6 days in total). At first, to dissect the effects of
prolonged TRIEN treatment (6 days) and to assess a possible
difference with the short-time treatments (24/48 h) (see data
shown in Fig. 2) on the EMT phenotype, we measured the
levels of fibronectin and of xSMA (by Western blot). Inter-
estingly, the exposure of MDA-MB-231 (Fig. 5a), SK-BR-3
(Fig. 5b) and SUM159 (Fig. 5¢) cells to 6 days TRIEN pro-
duced a decrease of fibronectin whereas the levels of xSSMA
were comparable to untreated cells. A possible mechanism
involved in the decrease of cellular fibronectin could be its
excretion in the extracellular medium. However, the meas-
urement of fibronectin in the MDA-MB-231 and SUM159
cell media also showed a decrease with respect to untreated
cells (Figure S3a, b). Thus, both the intracellular and the
extracellular forms of fibronectin showed a drastic decrease
following 6 days of treatment with TRIEN. Furthermore, in
this experimental contest, the epithelial marker E-cadherin,
measured by immunofluorescence, decreased in MDA-
MB-231 cells (Fig. 5d, upper panel) whereas it increased
in SK-BR-3 and SUM159 cells, (Fig. 5d, middle and lower
panel, respectively). In supplementary Figure S4a, a rep-
resentative Western blot analysis of E-cadherin expression
levels in MDA-MB-231 shows that the results were super-
imposable on those obtained by immunofluorescence. As a
further confirm, in supplementary Figure S4b, fibronectin
distribution observed by immunofluorescence in MDA-
MB-231 cells is shown. Also in this case the results were
superimposable on those obtained by the Western blot assay.

Then, we analyzed the effect of 24 h TGFp treatment
alone (10 ng/ml), in Cu-adequate cells. As expected, TGFp
promoted the acquisition of a mesenchymal phenotype in
MDA-MB-231, SUM159 and SK-BR-3 cells, upregulating
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fibronectin and aSMA and downregulating E-cadherin (see
Western blot and immunofluorescence analyses shown in
Fig. 5a-d). Conversely, in all Cu-depleted cell lines for up
to 6 days, TRIEN counteracted the effect produced by TGF3
(Fig. 5a-d).

In addition, upon TGFp stimulation, in MDA-MB-231
and SUM159 the levels of fibronectin secreted in the cell
media, were higher than in untreated cells (Figure S3 a, b)
However, prolonged TRIEN treatment abolished TGFp-
induced fibronectin release (Fig. S3a,b).

Next, we investigated the occurrence of distinctive cel-
lular morphological changes of the mesenchymal phenotype
during treatment with TGFp (alone for 24 h or after 6 days
of TRIEN treatment). Indeed, growth factors push epithelial
cells to acquire a spindle-shaped morphology with numerous
filopodia [4]. In fact, after treatment with TGFp, the MDA-
MB-231 cells acquired a spindle shape, while in the same
cells pretreated with TRIEN, TGFf was no longer able to
induce this morphological change (Figure S3c).

3.6 Long-term Cu chelation influences TGFf8
activation of non-canonical EMT mediators
STAT3 and AKT in MDA-MB-231 cells

The activation of EMT, triggered by TGFf, may proceed
through “canonical” or “non-canonical” pathways, involv-
ing SMAD protein members or ERK1/2, AKT and STATS3,
respectively [7]. To investigate which route was preferen-
tially active under our experimental conditions, we meas-
ured these markers by Western blot analyses (Fig. 5e). As
expected, TGFp alone increased phosphorylation and activa-
tion of SMAD2/3, ERK1/2 and STATS3. On the contrary, no
significant activation of AKT was revealed. However, when
the cells were exposed for up to 6 days to TRIEN, alone or in
combination with TGFf, AKT was activated but not STAT3
(Fig. 5e). In synthesis, protracted TRIEN treatment affects
the pathway involving AKT, even in the presence of TGFp,
but counteracts TGFp-mediated activation of STATS3.

3.7 Cu bioavailability and TGFp influence ECM
remodeling by impairing the activity of MMPs
and LOXL2

Among the proteins involved in EMT, MMPs are required
for ECM remodeling favoring metastasis formation [45].
Thus, we investigated the effect of prolonged TRIEN treat-
ment and TGFp-triggered EMT on the activity of MMP2/9
secreted in the cell media by a gelatin zymography assay. We
observed that TGFp treatment alone enhanced MMP9 activ-
ity in MDA-MB-231 cells and MMP?2 activity in SUM159
cells (Fig. 6a,b). Protracted TRIEN treatment, alone or in
combination with TGFp, did not change MMPs activities
(Fig. 6a,b). In SK-BR-3 cells, the activity of MMPs was not
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Fig.5 Effects of prolonged
TRIEN exposure and TGFf
treatment on EMT markers and a 0@ i
breast cancer cells phenotype.
Western blot (upper panels)
and densitometric analysis
(lower panels) of fibronectin
and aSMA in (a) MDA-
MB-231, (b) SK-BR-3 and (c)
SUM159 following 10 ng/ml
TGFp (24 h) and/or 125 uM
TRIEN (6 days in total) treat-
ment. 20 pg of proteins were
applied to each lane. Vinculin
was used as loading control. (d)
Immunofluorescence images of
E-cadherin in MDA-MB-231,
SK-BR-3 and SUM159 cells
(d, left panels) and their cor- d
responding signal analysis (d,

right panels). Calibration bar:

100 pm. 40 X magnification. (e)

Western blot (e, left panel) and
densitometric analysis (e, right

panels) of phosphorylated AKT

at Ser473 (pAKT), total AKT

(AKT), phosphorylated ERK1/2
(pERK1/2) and total ERK 1/2
(ERK1/2), phosphorylated

SMAD2 (pSMAD?2), total

SMAD2 (SMAD?2), phospho-

rylated SMAD3 (pSMAD3),

total SMAD3 (SMAD?3)

and phosphorylated STAT3

(pSTAT3) in MDA-MB-231.
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detectable, due to poor expression of the MMPs (data not
shown).

Besides MMPs, also Cu-dependent enzymes belong-
ing to the LOX family (LOXL1-4) are involved in the
remodeling the ECM. It is also suggested that the P-type
ATPase ATP7A promotes tumorigenesis and metastasis,
since it supplies Cu to LOX [12]. Therefore, we tested
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whether the protracted reduction of Cu bioavailability in
MDA-MB-231 could alter the levels of these pro-met-
astatic proteins. Notably, we observed the reduction of
ATP7A and LOXL2 protein levels upon TRIEN treatment
for 6 days (Fig. 6¢), alone and in combination with TGFp.
On the contrary, following TGFf treatment alone, ATP7A
levels were unchanged whilst LOXL2 levels decreased.
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Fig.6 Prolonged TRIEN expo-
sure impairs the activities of
MMPs and the level of LOXL2,
even in the presence of TGFp.
(a, left panel) Gelatin zymogra-
phy assay performed in the cell
media of MDA-MB-231 and (b,
left panel) SUM159 show-

ing the activity of MMP2 and
MMP9 upon treatment with
TGFf (24 h) or 125 uM TRIEN
(6 days), alone and in combina-
tion, and their densitometric
analyses (right panels). 40 pl of
media was applied to each line.
(c, left panel) Western blot and
(c, right panels) densitometric
analysis of ATP7A, LOXL2,
and extracellular LOXL2

in MDA-MB-231, follow-

ing 10 ng/ml TGFp (24 h) or
125 uM TRIEN (6 days) treat-
ment, alone and in combination.
40 pg of proteins or 25 ul were
loaded on each lane. Vinculin
was used as loading control;
Ponceau S staining was used as
loading control for the extracel-
lular LOXL2. One representa-
tive image/blot is shown for
each gelatin zymography assay/
antigen, data are presented as

a mean+SEM (n>3, One-

way ANOVA, **p<0.01,
*#%p<0.001, #*+**p<0.0001

As for the activity of MMP2/9, we evaluated the level of
LOXL2 in the cell medium. We found that TGFp treat-
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ment did not affect secreted-LOXL2 levels, whilst pro-

tracted TRIEN treatment produced a significant reduction
of secreted-LOXL2, even when cells were treated together

with TGF.
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3.8 TRIEN treatment strongly affects TNBC
MDA-MB-231 cells metabolism

To understand whether TRIEN treatment translated into
metabolic changes in the MDA-MB-231 cells, we analyzed

their intracellular metabolism, by using NMR-metabolomics
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approach. We found that short- term TRIEN exposure
induced biochemical changes in the metabolites fueling
Krebs Cycle, such as aromatic amino acids, glutamic acid
and aspartic acid (Fig. 7a, left panel). Indeed, a strong
reduction of the energetic metabolism of the TNBC cells
(ATP + ADP and NAD + NADP) was only observed after
48 h exposure to TRIEN. Interestingly, we found an increase
in the level of formic acid (Fig. 7a, left panel), which is
involved in the synthesis of nucleotides. Furthermore, Cu
depletion induced an increase of neutral lipids (choles-
terol, fatty acids and degree of unsaturation) as well as an
accumulation of the polar lipids, such as phospholipids and
sphingolipids (Fig. 7b, left panel, and Table 3), likely due
to an impairment of mitochondria activities, such as lipid
B-oxidation.

In addition, to test the effect on cell metabolism of TGFf
treatment, alone and following prolonged Cu depletion, we
analyzed both the intracellular and the extracellular metabo-
lome of MDA-MB-231. The intracellular levels of lactate
were lower (about 17%) in TRIEN treated cells, alone and
in combination with TGF, likely due to an enhanced efflux
in the extracellular medium, as confirmed by the extracel-
lular metabolome analysis results (Fig. 7a, right panel and

Table 3 NMR: Relative quantification (Integral/1 x 10° cells) of lipid
metabolites involved in the main pathways detectable by NMR spec-
troscopy (14 T), in organic fraction, of MDA-MB-231 cells (n=2),
following 48-h treatment with TRIEN. The levels of lipid metabo-
lites in untreated control cells as referred to 1. Data are presented as a
mean + maximum semidispersion (n=2)

Control TRIEN 48 h
Sphingolipids 1 2.50+1.26
Pool of pospholipids 1 2.11+0.05
Triacylglycerol 1 1.28+0.03
Poly-unsaturated Fatty Acid 1 1.76 +£0.10
(PUFA)
Mono-unsaturated Fatty Acid 1 2.16+0.39
(MUFA)
Pool of Fatty Acyl chain (FA) 1 1.88+£0.47
determined at 1.6 ppm
Total Cholesterol 1 1.57+0.40

Table 4), suggesting a shift into glycolysis in all protracted
TRIEN treated cells. Furthermore, we found that TRIEN
decreased the levels of metabolites involved in the cell
energetic status such as (ATP + ADP) and (NAD + NADP),
increased the level of formic acid (about 50%) and decreased

a Intracellular metabolome b Intracellular lipidome C Extracellular metabolome
Short-term  Long-term Short-term Long-term Long-term
TRIEN TRIEN = TRIEN TRIEN TRIEN i
e e A
L § :\O ‘,‘0
SC L ES SREE
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NAD+NADP ST _ - Sphingolipids D-glucose
Nucleotide metabolism z i
ADF+ATP Pool of phospholipids lactic acid
Formic acid : @n{m:@ 6"‘5@“5‘ : : Triacylglycerols ﬁ Alanine
L-phenylalanine | PUFA E_a
L-tyrosine N MUFA 000 100 200
L-histidine || Pool of Fatty Acyl chain (FA)
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L- glutamic acid Aminoacids metabolism = | . |
L- glutamine aSaot io " a8
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myo-imositol -
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polyamines Omithine cycle

Fig.7 Effects of TRIEN and TGFf treatment on the metabolic path-
ways of MDA-MB-231 cells. (a) NMR analysis of the intracellular
aqueous metabolites and (b) intracellular lipidome in MDA-MB-231
following up to 48 h 125 uM TRIEN treatment (left panel) and fol-
lowing cells treatment for 24 h with 10 ng/ml TGFp, alone or added
to TRIEN-pretreated TNBC cells (right panel). (¢) NMR analysis of

the extracellular metabolome of MDA-MB-231 cells correlated to the
glucose/pyruvate metabolism, following cells treatment with 10 ng/
ml TGFp for 24 h, alone or added to 125 uM TRIEN-pretreated cells.
Metabolomic data are presented as heat maps of fold change, the
metabolites level of the untreated control is referred as 1
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(by 20%) choline phospholipids (tCho) contents, suggest-
ing a metabolic reprogramming in these cells (Fig. 7a, right
panel, and Table 4).

Then, the lipid intracellular metabolome was investigated
in long-term treated cells as compared to untreated cells.
We found that Cu depletion (alone and in combination with
TGFp) induced an accumulation of the pool of neutral and
polar lipids, while this behavior was not observed in cells
treated exclusively with TGFp (Fig. 7b, right panel and
Table 5), further suggesting a peculiar metabolic reprogram-
ing in TRIEN treated cells (Fig. 7b, right panel and Table 5).

Table4 NMR: Relative quantification (% metabolite/all metabolites)
of aqueous metabolites involved in the main pathways detectable by
NMR spectroscopy (9.4 T), in polar fraction of MDA-MB-231 cells
(n=2), following TGFp treatment, alone and in cells pre-treated with

The analysis of the extracellular metabolites, linked
to pyruvate/glucose metabolism, revealed that prolonged
exposure of the cells to TRIEN (6 days) (alone or in com-
bination with TGFp) determined a lower consumption and
uptake of glucose than untreated and TGFp treated cells
(Fig. 7¢c). Indeed, TGFp exposure did not counteract the
minor consumption of glucose. On the other hand, both
TRIEN and TGFp treatments induced an accumulation
of lactic acid and alanine in the extracellular medium of
TNBC cells (Fig. 7c).

TRIEN up to 6 days. Abbreviations: Cho=free choline; GPC =glyc-
erophosphocoline; PCho=phosphocholine. Data are presented as
mean + maximum semidispersion (n=2)

Metabolism Metabolite Control TGFp TRIEN TRIEN
+TGFp
Glucose/pyruvate metabolism Lactic acid 39.52+0.21 37.36+4.73 33.13+3.19 33.05+1.12
One carbon metabolism Formic acid 10.89+3.41 10.61+1.80 17.28+5.22 15.20+1.79
Nucleotide metabolism ATP+ ADP 1.23+0.08 1.53+0.24 0.61+0.06 1.08+0.22
NAD +NADP 0.40+0.09 0.90 0.32 0.29+0.07
Aminoacids metabolism L-phenylalanine 5.15+0.67 5.82+1.02 5.63+0.25 6.31+0.84
L-tyrosine 1.26+0.19 1.53+0.35 1.16+0.14 1.53+0.12
L-histidine 0.14+0.11 0.24+0.18 0.11+0.02 0.21+0.04
L-glycine 2.62+0.24 2.58+0.09 2214025 2.90+0.06
L-glutamic acid 6.26+0.38 5.84+0.30 6.83+0.02 6.84+0.52
L-glutamine 1.94+043 2.36+0.16 2.45+0.11 2.69+0.11
L-isoleucine 0.96+0.01 1.32+0.17 0.94+0.03 1.12+0.01
L-aspartic acid 1.12+0.49 1.64+0.40 1.22+0.11 1.52+0.19
L-alanine 3.38+0.17 3.55+0.02 3.41+0.29 3.73+£0.12
Redox balance metabolism Glutathione 3.61+0.44 3.11+0.10 3.55+0.09 3.15+0.10
Taurine 2.32+0.33 292+0.34 2.38+0.13 2.48+0.22
Lipid metabolism GPC +PCho + Cho 7.11+0.21 6.17+0.69 5.73+0.38 4.74+0.22
Myo-inosytol 5.32+0.20 4.91+0.22 5.45+0.13 4.97+0.33
Lipid and aminoacid metabolism Acetic acid 1.92+0.26 2.05+0.45 2.58+0.38 2.42+0.22
Krebs cycle Succinic acid 0.37+0.03 0.34+0.03 0.32+0.01 0.32+0.02
Ornithine cycle Polyamines 4.46+0.72 5.66+0.68 4.83+0.27 5.45+0.44
Table 5 NMR: Relative Control TGFp TRIEN TRIEN
quanuﬁcapgn (Integra.I/ 1x10 +TGFp
cells) of lipid metabolites
involved in the main Sphingolipids 1 1.27+0.66 1.38+0.09 2.25+0.61
pathways detectable by NMR Pool of phospholipids ! 0.91+0.29 1.16+0.36 1.36+0.36
spectroscopy (14 T), in organic
fraction, of MDA-MB-231 cells Triacylglycerol 1 0.84+0.05 1.17+0.14 1.31+0.28
(n=2), following 48-h treatment Poly-unsaturated Fatty Acids 1 0.93+0.15 1.15+0.36 1.22+0.51
with TRIEN. The levels of lipid (PUFA)
metabolites in untreated control  Mono-unsaturated Fatty Acids 1 0.86+0.24 1.78+0.86 1.54+0.98
cells as referred to 1. Data are (MUFA)
presented as a mean£maximum - po o6 pay Acyl chain (FA) 1 0.73+0.05 1.45+0.41 1.97+0.67
semidispersion (n=2) determined at 1.6 ppm
Total Cholesterol 1 0.88+0.35 1.23+0.47 1.30+£0.63
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3.9 Bioinformatics analyses positively correlate
the survival of breast cancer patients with total
and phosphorylated AKT and with CCS levels

The Gene Expression Database of Normal and Tumor Tis-
sues 2 (GENT2) was examined for AKT and CCS expression
in patients affected by different subtypes of breast cancer,
and in relation with their overall survival (OS) (Fig. 8a-d).
Of note, TNBC patients showed lower expression of both
AKT (Fig. 8a) and CCS (Fig. 8b) compared to the other
investigated subtypes. Interestingly, we observed the same
expression profile of AKT and CCS mRNAs also in the clau-
din low-breast cancer, characterized by the lack of HER2
and the expression of EMT genes (Figure S5). Moreover, the
analysis of the OS showed that patients with higher levels of
both AKT (Fig. 8c) and CCS (Fig. 8d) mRNAs were associ-
ated to a better outcome. Interestingly, the Progression Free
Survival (PFI) plot for phosphorylated AKT [AKT_pS473,
The Cancer Proteome Atlas (TCPA), using the TCGA breast
invasive carcinoma cohort (BRCA)] and the Relapse Free
Survival (RFS) plot for CCS mRNA (Kaplan Meier Plotter,
KMPLOT database) [33], showed that the progression of
the disease was significantly reduced in patients with higher
levels of AKT activation (Fig. 8¢) and with increased level
of CCS (Fig. 8f), which, in turn implies a lower Cu content
in those patients.

4 Discussion

Deranged homeostasis of Cu has been indicated to be
involved in several aspects of cell growth and differentiation,
and therefore also in cancer. Besides the well-established
role of this transition metal as cofactor of cuproenzymes,
essential for metabolism, extracellular matrix organiza-
tion and blood vessels development, more recently an
intriguing role of Cu in modulating the activity of some
kinases, especially those involved in cell growth, prolifera-
tion and autophagy, i.e., mitogen-activated protein kinase
1/2 (MEK1/2) and the kinases ULK1 and ULK2, has been
postulated. These findings have led to an extension of the
concept of the essentiality of this metal for cell metabolism
and to the importance of the preservation of its homeosta-
sis. In fact, a recent and stimulating publication [34] formu-
lated the concept of "cuproplasia” to attribute to this metal a
fundamental role in cell growth processes related to cancer
and also to extend its role far beyond the mere participa-
tion in the catalytic activity of established cuproenzymes
in cell metabolism. This hypothesis may have a powerful
relapse on cancer therapy, also because the control over Cu
levels and reactivity is already an approved pharmacologi-
cal approach for the treatment of the most common genetic

disease associated with Cu overload, i.e., Wilson’s disease,
thus representing a good example of drug re-tasking.

In the present report, we have reduced the bioavailabil-
ity of Cu in breast cancer cells by a specific Cu-chelator,
TRIEN, one of the molecules currently used in Wilson's
disease therapy [46] and in cancer clinical trials [24]. The
aim of this study was to unravel a possible role of Cu in a
specific phase of cancer cells spreading, the epithelial to
mesenchymal transition (EMT). In fact, it has been shown
that Cu depletion does not affect primary tumor mass, but it
prevents the formation of metastases, as in lung cancer [47].

To this aim, we deliberately chose different breast cancer
cells as tumor models, carrying different molecular features.
Interestingly, it has been noted that EMT markers are more
frequently expressed in TNBC compared with other breast
cancer types [48, 49], though it has been shown a strong
reduction of E-cadherin preferentially in the Luminal A/
Luminal B subtypes [50].

Our results demonstrate that TNBC cells (i.e., MDA-
MB-231 and SUM159) and HER2 overexpressing cells
(i.e., SK-BR-3) have a more basal mesenchymal phenotype
than the luminal A cells, T47D, which rather showed a
mixed phenotype, expressing at high level both the epithe-
lial marker E-cadherin and the mesenchymal one aSMA.
We also compare the level of the main Cu-transporters/
chaperones and cuproenzymes in all cell lines. We found
that MDA-MB-231 is the TNBC cell line with the highest
expression of the Cu pump ATP7A, of the Cu Chaperone for
Superoxide Dismutase (CCS) and the only one to express, at
appreciable levels, the cuproenzyme LOXL?2 involved in the
extracellular matrix remodeling, thus suggesting a greater
Cu availability in this cell line in comparison to the oth-
ers. Of note, these differences seem not to be relevant in
our experimental design. Treatment with the specific Cu-
chelator TRIEN demonstrated to be efficient in decreasing
Cu bioavailability in all cell subtypes, since Cu-dependent
markers showed the expected response (i.e., CCS level
increased, SOD1 activity decreased as well as the level of
the subunit II of cytochrome ¢ oxidase). However, TRIEN
treatment lead to the identification of two distinct cancer
cell subtypes: Triple Negative (i.e., MDA-MB-231 and
SUM159) and the luminal A (i.e., T47D) cells versus HER2
overexpressing cells (i.e., SK-BR-3). Notably, in the first
group, Cu depletion is achieved within 24 h treatment, and
it drives cells towards a more mesenchymal and thus aggres-
sive phenotype (increase in fibronectin/aSMA levels and
decrease in E-cadherin levels accompanied by an increased
extent of invasiveness, as shown in the migration and wound
healing assays). On the contrary, in SK-BR-3 Cu depletion
is obtained later, after 48 h, and it forces cells towards a
more epithelial and less aggressive phenotype. Further-
more, the differential behavior of HER2 negative cells and
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Fig.8 Database analysis
correlates mRNA expression
profile of AKT and CCS in
TNBC patients to their survival.
(a) AKT and (b) CCS mRNAs
expression across various
classes of breast cancer were
retrieved from the Gene Expres-
sion Database of Normal and
Tumor Tissues 2 (GENT?2).
Statistical significance was
determined by one-way
ANOVA. Kaplan—-Meier overall
survival (OS) plots compar-

ing breast cancer patients with
high and low mRNA levels of
(¢) AKT and (d) CCS obtained
from GENT?2. The survival
between high- and low-mRNA
levels cohorts was compared
using log-rank tests. (e)
Kaplan—Meier Progression Free
Survival (PFI) plot comparing
breast cancer patients with high
and low level of phosphorylated
AKT at Ser473 (AKT_pS473)
recovered from The Cancer
Proteome Atlas (TCPA) using
the TCGA breast invasive
carcinoma cohort (BRCA). (f)
Relapse Free Survival (RFS)
plot comparing breast cancer
patients with high and low level
of CCS mRNA levels retrieved
from the Kaplan Meier Plotter
(KMPLOT) database. The
survival between high and low
levels cohorts was compared
using log-rank test

of HER2-overexpressing cells is undoubtedly dependent on
Cu bioavailability, because the addition of exogenous Cu, as
CuSO,, reversed the effects on EMT markers in all cell types
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tested. Of note, these results are supported by preclinical
models in which it has been shown that another Cu-chelator,
TTM, suppresses lung metastases without affecting primary
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breast tumors [47]. Indeed, in our experiments, treatment
with TTM showed superimposable results on TRIEN, at
least in terms of migratory capacity of cells.

To deepen our investigation, we analyzed the possi-
ble signaling involved in the induction of EMT follow-
ing Cu depletion. Interestingly, upon TRIEN treatment
(both 24 h and 6 days) we observe a persistent activation
of the AKT/GSK3p/SNAIL axis in all the cell lines with
the exception, again, of SK-BR-3. These data fit perfectly
with the expression of mesenchymal markers, and with the
transcriptional repression of the E-cadherin gene in MDA-
MB-231, SUM159 and T47D related to the stabilization of
the transcription factor SNAI1 [51]. By contrast, in SK-BR-3
cells Cu depletion results in a less aggressive and less mes-
enchymal phenotype, in accordance with the lack of AKT
activation. In particular, we detected the phosphorylation
of AKT at Ser473 residue, but not at Thr308 residue. The
lack of phosphorylation of the Thr308 residue can be eas-
ily explained considering the mechanism required for AKT
activation, involving the Cu-dependent kinase PDK1 [52].
Indeed, it has been shown that the activation of PDK1, in Cu
adequate condition, relies on the high affinity Cu transporter
CTRI1. Thus, the induction of Cu deficiency could impair
PDKI1 activity.

It has been demonstrated that, in breast cancer, LOXL2
promotes angiogenesis through the activation of the AKT-
SNAI1 and ERK pathways [53]. However, upon Cu deple-
tion, we observed the activation of AKT, despite the reduced
levels of LOXL2. Therefore, in TNBC cells our results sug-
gest the requirement of a Cu-dependent modulation of cell
aggressiveness by a mechanism completely different from
that already described which involves CTR1 and LOXL2.
In addition, the PDK1/AKT signaling cascade proceed fol-
lowing the homo/heterodimerization of HER?2 receptor [54]
lacking in our TNBC (MDA-MB-231 and SUM159) and
luminal A (T47D) cellular models, further confirming the
“alternative” route of AKT regulation driven by Cu bioavail-
ability. Thus, we could postulate that the maintenance of
Cu homeostasis is necessary for PDK1 activity, which in
turn promotes the phosphorylation of AKT at Thr308 but
prevents that occurring at Ser473. Additionally, we can
also hypothesize that Cu may affect another tyrosine kinase
receptor (TKR) or a G-protein-coupled receptor, modulating
AKT signaling cascade. To validate this hypothesis, further
studies are underway in our laboratory to better characterize
the involvement of Cu in this unconventional EMT signal
cascade, which also triggers the acquisition of drug resist-
ance [55].

Considering these results, we evaluated whether per-
turbation of Cu bioavailability could affect the induction
of EMT promoted by TGFp. Indeed, it is well known that
the increased secretion of TGFp in the tumor microenvi-
ronment is one of the main events underlying EMT and

necessary for cancer cells spreading [54, 56, 57]. Thus, we
depleted our breast cancer cell models of Cu, for at least
5 days, and then we treated them with TGFp, for additional
24 h, always keeping cells in the presence of TRIEN. As
expected, TGFp treatment induced the acquisition of
mesenchymal tracts in all cell lines analyzed, including
in SK-BR-3. These results were superimposable on those
obtained in MDA-MB-231, SUM159 and T47D after 24 h
of Cu depletion, further supporting the acquisition of a
mesenchymal phenotype by these cells following pertur-
bation of Cu homeostasis. Furthermore, the exposure of
MDA-MB-231 and SUM159 cells to TGFp alone resulted
in the increase of proteins involved in ECM remodeling
(i.e., MMP2/MMP9, LOXL2 and fibronectin). Conversely,
in Cu deficiency, TGFp was no longer able to induce EMT.
Indeed, we observed a drastic reduction of the epithelial
marker E-cadherin in MDA-MB-231 and even an increase
in its level in the SK-BR-3 and SUM159 cell lines, paral-
lel to a drastic drop in mesenchymal markers (fibronectin
and aSMA) in all cell lines. Furthermore, we no longer
observed the activation and secretion of enzymes involved
in remodeling the ECM. The reduction in the bioavail-
ability of Cu is the determining factor in allowing TGFp
to induce EMT, as the same results were obtained in cells
treated for 6 days with TRIEN alone. Indeed, beside the
persistent activation of AKT, we found also that Cu deple-
tion impairs the TGFp induced activation of STAT3. Of
note, it has been recently shown the involvement of a Cu-
dependent amine oxidase in the activation of the IL6/JAK/
STAT?3 axis required for the progression of hepatocellular
carcinoma [58].

The relevance of our findings on the relation between Cu
homeostasis and the activation of AKT in modulating TNBC
aggressiveness was further corroborated by the analysis of
the GENT2 DB, TCPA Pan-cancer (BRCA) and KMPLOT
databases of the mRNA level of total AKT and CCS, pAKT-
S473 in breast cancer patients. Intriguingly, we found that
TNBC patients show lower levels of both total AKT and
CCS than patients affected by other tumor subtypes.We
found the same expression profile also in the claudin-low
breast tumors, aggressive subtypes of highly heterogeneous
malignancies characterized by the lack of HER2, the low
expression of cell-cell adhesion genes and high expression
of EMT genes [59]. Of note, greater survival outcomes occur
in patients with higher levels of both total and phosphoryl-
ated AKT and with higher levels of CCS, implying lower Cu
content, further strengthening the significance of Cu homeo-
stasis-mediated modulation of the AKT signaling observed
in our experimental models and affecting TNBC spreading.

The results obtained by the metabolomic approach shown in
the present paper confirms what previously reported. Indeed,
in a recent paper by Ramchadani et al. (2021) Cu depletion
by TTM has been demonstrated to modulate mitochondrial
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Fig.9 Graphical representation "HER2- cells ‘
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oxidative phosphorylation, increased extracellular levels of
lactic acid and impair TNBC metastasis [60]. Furthermore,
in the study by Ishida et al. (2013) has been reported that the
reduction of systemic Cu with a chelating drug impaired mito-
chondrial energy metabolism and decreased ATP levels, despite
induction of glycolysis, a phenomenon not accompanied by an
increased invasiveness of tumors in vivo experimental models
[41]. In our experimental model, exposure to TRIEN lead to
a strong reduction of the mitochondrial energy metabolism of
TNBC cells, and to a shift towards glycolysis, accompanied by
the extracellular increase of lactate. The alteration of oxidative
metabolism would also explain the reduction we observe in the
formation of acetyl CoA, accompanied by the accumulation of
its precursors (acetate and CO,) and an interesting increase in
the levels of formate (precursor of nucleotides).

During EMT cell morphology change is accompanied by
a profound rearrangement of cell membrane fluidity due to
modification in lipid composition; thus there is a great atten-
tion to lipid metabolism in cancer [61]. Indeed, abnormal
lipid metabolism goes together with invasion and metasta-
sis; specifically, proliferation of cancer cells requires both
increased lipid synthesis and decreased breakdown. How-
ever, the effect of TGFp on cancer cells lipids metabolism
during EMT is controversial [61]. Our results confirm that
TRIEN treatment of TNBC cells, both for short- and long-
term, alone or in combination with TGF, led to an accumu-
lation of both polar and neutral lipids, in opposition with the
data obtained with TGFf alone. Thus, again TRIEN coun-
teracts TGFp effect also on the lipidome.

@ Springer

5 Conclusions

In conclusion, the results obtained in the present study pin-
point a different response of the EMT hallmarks to the short-
and long-term exposure to TRIEN, pushing, at first, HER2
negative cells towards a more aggressive behavior and, upon
prolonged treatment, strengthening their epithelial features,
thus reducing their invasiveness. A graphical representa-
tion of the hypothetical mechanisms undergoing and of the
proteins/kinases involved is shown in Fig. 9. This phenom-
enon may be related to the different impact of the short and
prolonged activation of the AKT kinase and to the repres-
sion of STAT?3 signaling, but also to an initial mechanism
of resistance to the treatment itself, which disappears with
the chronic exposure to the chelator. Indeed, many studies
have demonstrated the correlation between the activation
of the EMT program and the acquisition of cell resistance
to chemio-, radio- and immuno-therapy. Furthermore, even
the therapy itself seems to favor the activation of EMT and,
therefore, the selection of cells with a more aggressive phe-
notype [62, 63].

However, further investigation is required to dissect the
possible modulation of AKT driven by intracellular Cu
levels. Indeed, we will investigate the possible role played
by Cu in regulating the secretion of growth factors that
trigger the EMT program (e.g. TGFf) or in the activation
of RTK or G-coupled receptors. These studies will shed
light on identifying novel agents involved in the main
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pathways underlying the spread of TNBC which can be
targeted by therapy.
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