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A B S T R A C T

Successful metastatic spreading relies on cancer cells with stem-like properties, glycolytic metabolism and in-
creased antioxidant protection, allowing them to escape anoikis and to survive in circulation. The expression of
P-cadherin, a poor prognostic factor in breast cancer, is associated with hypoxic, glycolytic and acidosis bio-
markers. In agreement, P-cadherin-enriched breast cancer cell populations presents a glycolytic and an acid-
resistance phenotype.

Our aim was to evaluate whether P-cadherin expression controls the glycolytic and oxidative phosphorylation
fluxes of matrix-detached breast cancer cells, acting as an antioxidant and enhancing their survival in anchorage-
independent conditions. By using matrix-detached breast cancer cells, we concluded that P-cadherin increases
glucose-6-phosphate dehydrogenase expression, up-regulating the carbon flux through the pentose phosphate
pathway, while inhibiting pyruvate oxidation to acetyl-coA via pyruvate dehydrogenase kinase-4 (PDK-4) ac-
tivation. Accordingly, P-cadherin expression conferred increased sensitivity to dichloroacetate (DCA), a PDK
inhibitor. P-cadherin expression also regulates oxidative stress in matrix-detached breast cancer cells, through
the control of antioxidant systems, such as catalase and superoxide dismutases (SOD)1 and 2, providing these
cells with an increased resistance to doxorubicin-induced anoikis. Importantly, this association was validated in
primary invasive breast carcinomas, where an enrichment of SOD2 was found in P-cadherin-overexpressing
breast carcinomas.

In conclusion, we propose that P-cadherin up-regulates carbon flux through the pentose phosphate pathway
and decreases oxidative stress in matrix-detached breast cancer cells. These metabolic remodeling and anti-
oxidant roles of P-cadherin can promote the survival of breast cancer cells in circulation and in metastatic sites,
being a possible player in breast cancer therapeutic resistance to pro-oxidant-based interventions.

1. Introduction

Distant metastases are the major cause of death in breast cancer
patients. Tissue invasion, systemic dissemination and colonization of
secondary sites can be initiated by significant alterations in cancer cell-
cell adhesion, namely through the downregulation of E-cadherin or by
the upregulation of P-cadherin expression levels [1,2].

We have previously contributed to understand the role of P-cad-
herin expression in breast cancer, establishing it as a putative molecular
target in this disease. We demonstrated that the overexpression of this
myoepithelial marker is significantly associated to a worse disease-free

and overall survival for the patients, when evaluated in the primary
tumor as well as on metastatic lymph nodes [3,4]. Moreover, we
showed for the first time that P-cadherin overexpression promotes
collective cell invasion, tumorigenesis, self-renewal potential and an-
oikis-resistance of breast cancer cells, as well as resistance to radio-
therapy [5–7]. The molecular mechanisms involve activation of the
heterodimer α6β4 integrin, which potentiates binding between cancer
cells and extracellular matrix laminin [8]. Moreover, P-cadherin ex-
pression decreases the E-cadherin suppressive invasive function, by
inducing the disruption of the cellular membrane E-cadherin/p120-
catenin complex [9,10]. Both signals induce the phosphorylation of Src-
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family tyrosine kinases and focal adhesion kinase (FAK), as well as the
activation of Rac1 small GTPase [10,11], which have been already
confirmed to be involved in cancer cell invasion, metastasis and in the
process of epithelial to mesenchymal transition (EMT) [12–14].

More recently, we have also shown that P-cadherin expression in
breast cancer cells is associated with hypoxic, glycolytic and acidosis
markers. Also, cell populations enriched for P-cadherin are more likely
to exhibit increased glycolysis and to survive to metabolic-driven al-
terations [15,16]. Thus, taking this into account, we hypothesized in
this work that P-cadherin is involved in the dissemination of matrix-
detached breast cancer cells by regulating their glycolytic flux and al-
lowing them to survive in circulation, probably even during detrimental
anti-cancer therapeutic conditions. In accordance, we show here for the
first time that P-cadherin acts as a survival factor in anoikis-resistant
and ECM-detached breast cancer cells, by activating the pentose-phos-
phate-pathway (PPP), by limiting reactive oxygen species (ROS), and by
inducing the cellular antioxidant defenses. Thus, molecular strategies
that inhibit P-cadherin-mediated survival in circulating breast cancer
cells may have potential as a therapeutic approach.

2. Materials and methods

2.1. Cell Culture

Human breast cancer cell lines were obtained as follows: MCF-7/AZ
was provided by Prof. Marc Mareel (Ghent University, Belgium) and
BT-20 was obtained from American Type Culture Collection (HTB19,
ATCC, Manassas, VA, USA). The MCF-7/AZ cell line was retrovirally
transduced to stable encode EGFP (LZRS-IRES-EGFP plasmid, MCF-7/
AZ.mock cell line) or both P-cadherin and EGFP (LZRS-P-cad-IRES-
EGFP plasmid, MCF-7/AZ.P-cad cell line), as previously described [5].
Cells were routinely maintained at 37 °C, 5% CO2, in the following
media (Invitrogen, Paisley, UK): DMEM for BT-20 and 50% DMEM
+50% HamF12 for MCF-7/AZ, supplemented with 10% heat-in-
activated fetal bovine serum (FBS), 100 IU/mL penicillin and 100 mg/
mL streptomycin (Invitrogen).

2.2. siRNA transfection

Gene silencing was performed in BT-20 cells using a validated
siRNA, specific for CDH3 (50 nM, Hs_CDH3_6), with the following
target sequence 5’ AAGCCTCTTACCTGCCGTAAA 3′, from Qiagen
(Hilden, Germany). Transfections were carried out using Lipofectamine
2000 (Invitrogen), according to manufacturer's recommended proce-
dures and as previously described [15]. A scrambled siRNA targeting
sequence 5’ AATTCTCCGAACGTGTCACGT 3′, with no homology to any
gene, was used as a negative control (Qiagen). Gene inhibition was
evaluated by western blot after 48 h of cell transfection.

2.3. Antibodies and compounds

The primary antibodies used in this study were: P-cadherin (clone
56, BD Transduction Biosciences, San Jose, CA, USA), p-PDH Ser293
(ab177461, AbCam, Cambridge, UK), tPDH (ab197956, Abcam), HSP70
(sc-7298, Santa Cruz Biotechnologies, Santa Cruz, CA, USA), PDK1
(4A11, Invitrogen), PDK3 (HPA0146583, Sigma-Aldrich, St. Quentin
Fallavier, France), PDK4 (ab89295, AbCam), G6PD (HPA000247,
Sigma-Aldrich), SOD1 (Cell Signaling Technology, Danvers, MA, USA),
SOD2 (HPA001814, Sigma-Aldrich), HIF-1α (clone 54, BD
Transduction Biosciences) and GLUT1 (ab15309, AbCam).
Dichloroacetate (DCA) was obtained from Sigma-Aldrich, and dissolved
in sterile H2O. Doxorubicin, from AbCam, was dissolved in DMSO. The
concentrations of DCA and Doxorubicin were determined based on the
IC50 in monolayer MCF-7/AZ (Prof. Marc Mareel's lab) and BT-20
(HTB19, ATCC) cultures.

2.4. Mammosphere forming efficiency (MFE) assay

Breast cancer cells were enzymatically harvested and manually
disaggregated to form a single-cell suspension and resuspended in cold
PBS. Cells were plated at the density of 500cells/cm2 in non-adherent
culture conditions, in 6-well plates coated with 1.2% poly(2-hydro-
xyethylmethacrylate)/95% ethanol (Sigma-Aldrich) and allowed to
grow for 5 days, in DMEM/F12 containing B27 supplement
(Invitrogen), 500 ng/mL of hydrocortisone, 40 ng/mL insulin, 20 ng/
mL EGF in a humidified incubator at 37 °C and 5% (v/v) CO2. MFE was
calculated as the number of mammospheres (≥50 μm) formed divided
by the number of cells plated [7].

2.5. Collection of matrix-detached and anoikis-resistant breast cancer cells

After 5 days in anchorage-independent conditions, mammospheres
composed by matrix-detached and anoikis-resistant breast cancer cells,
were directly used to perform protein extraction, as well as to measure
GSH/GSSG levels and catalase activity. Alternatively, mammospheres
were dissociated using trypsin and cultured in appropriate plates coated
with poly-D-lysine (Sigma-Aldrich). Plates were then centrifuged at
1,200 rpm for 1 min, incubated for 1 h at 37 °C, and used for further
assays, namely for Seahorse XFe96 Extracellular Flux Analyzer and for
ROS measurement.

2.6. Protein extraction and western blot analysis

Protein lysates were prepared from cells using catenin lysis buffer
[1% (v/v) Triton X- 100 and 1% (v/v) NP-40 (Sigma-Aldrich) in PBS]
supplemented with 1:7 protease inhibitor cocktail (Roche Diagnostics,
Indianapolis, USA) and with 1:100 phosphatase inhibitor cocktail 3
(Sigma-Aldrich) for 10 min, at 4 °C. Cell lysates were mixed with a
vortex and centrifuged at 14,000 rpm at 4 °C, during 10 min.
Supernatants were collected and protein concentration was determined
using the Bradford assay (Bio-Rad Protein Assay kit, Bio-Rad). Proteins
were dissolved in sample buffer [Laemmli with 5% (v/v) 2-β-mercap-
toethanol and 5% (v/v) bromophenol blue] and boiled for 10 min at
95 °C. Samples were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and proteins were trans-
ferred into nitrocellulose membranes [Hybond enhanced chemilumi-
nescence (ECL), Amersham, Little Chalfont, UK]. For immunostaining,
membranes were blocked for 1 h with 5% (w/v) non-fat dry milk in PBS
containing 0.5% (v/v) Tween20 and incubated overnight at 4 °C with
the primary antibodies, diluted in milk buffer as follows: P-cadherin
(1:500), p-PDH (1:2,000), tPDH (1:3,000), HSP70 (1:2,000), PDK1
(1:1,000), PDK3 (1:250), PDK4 (1:500 in 5% BSA), G6PD (1:250),
SOD1 (1:2000) and SOD2 (1:2,500). After washed with PBS-Tween20,
membranes were incubated with horseradish peroxidase (HRP)-con-
jugated anti-mouse or anti-rabbit secondary antibodies (Santa Cruz
Biotechnologies), diluted 1:2,000 for 1 h. Proteins blotted in the
membranes were then detected using Enhanced Chemiluminescence
(ECL) reagent (Amersham) as a substrate. Quantity One software (Bio-
Rad) was used for quantification of the differences in protein expression
comparing with HSP70 expression.

2.7. XF extracellular flux analyses

Matrix-detached breast cancer cells derived from mammospheres
were plated in Seahorse XFe96 Cell Culture microplates (Agilent, Santa
Clara, CA, USA), previously coated with poly-D-lysine and collagen, at a
cell density of 30,000 and 20,000 cells/well for MCF-7/AZ and BT-20
cells, respectively. After centrifugation, cells were incubated with
mammosphere medium for 1 h at 37 °C. Oxygen consumption rates
(OCR) measurements and the extracellular acidification rate (ECAR)
were determined using a Seahorse XFe96 analyzer (Agilent). For the XF
Cell Mito Stress kit (Agilent), the plate was washed with basal medium

B. Sousa, et al. BBA - Molecular Basis of Disease 1866 (2020) 165964

2



containing 25 mM glucose, 0.5 mM pyruvate and 2.5 mM glutamine
and incubated for 1 h at 37 °C. OCR and ECAR measurements were
obtained in different respiratory states by sequential injection of 3 μM
oligomycin, 0.5 μM FCCP and 1 μM rotenone/antimycin. For the gly-
colytic rate assay kit (Agilent), the experimental procedure was per-
formed as previously described, except for the addition of 5 mM HEPES
to base medium, and ECAR and OCR measurements were obtained by
injection of 1 μM rotenone/antimycin and 50 mM 2-DG. Energy maps
were built by using the OCR and ECAR values under basal conditions
and following induced stress post-oligomycin and FCCP injection. Raw
data were normalized to cell mass determined by the Sulforhodamine B
(SRB) method [17], the results were analyzed using the Software Ver-
sion Wave Desktop 2.6 and exported using the respective XF Report
Generators (Agilent). OCR and ECAR values were used to calculate the
glycolytic parameters and expressed as Glycolytic Proton Efflux Rate
(GlycoPER) and PER (Proton Efflux Rate), accordingly to manufacturer
guide.

2.8. Reactive oxygen species (ROS) assay

Matrix-detached and anoikis-resistant breast cancer cells obtained
after 5 days growing in anchorage-independent conditions were plated
in black 96 well plates with clear bottom. Cells were washed with PBS
and DCFDA (Sigma-Aldrich) was added to a final concentration of
10 μM for 30 min at 37 °C, according to manufacturer's instructions.
After washing twice, 200 μL of PBS was added to each well and fluor-
escence was read on λex = 485 nm and λem = 535 nm. DCFDA values
were normalized to cell mass determined by the SRB assay [17].

2.9. Cell viability assay

Cells were plated in a 96-wells plate and allowed to grow overnight.
DOX was added and incubated during 48 h. In the end of the treatment,
cells were washed with PBS 1× (phosphate buffered saline) and Presto
Blue reagent (Invitrogen) was added at 1:20 diluted in culture medium.
Cells were incubated at 37 ̊C, 5% CO2 for 30 min and the fluorescence
was read at 50% sensitivity top reading on the following wave-length
(λ): λ excitation = 560 nm and λ emission = 590 nm.

2.10. Intracellular glutathione levels

Total glutathione content was determined by the glutathione re-
ductase enzymatic method [18]. Briefly, matrix-detached breast cancer
cells were lysed with 0.1% (v/v) Triton X-100, 0.6% 5-sulfosalicylic
acid in assay buffer, and disrupted by sonication. Cell extracts were
centrifuged at 3,000 g at 4 °C for 5 min. Supernatants were then used for
quantification of total glutathione and oxidized glutathione (GSSG)
levels alone (pre-incubation with 2-vinyl-pyridine for 1 h at room
temperature and followed by triethanolamine for 10 min). Glutathione
standards were run simultaneously with the samples. Reaction was
initiated by adding 120 μL of working solution (5,5′-dithiobis 2-ni-
trobenzoic acid and glutathione reductase) with 20 μL of cell extract
(20 μg protein) or 20 μL of glutathione standards. Next, 60 μL of
0.8 mM NADPH solution was added and the increase in absorbance was
recorded at 412 nm wavelength for 2 min. Glutathione values obtained
from standard curve were expressed as nmol/mg protein.

2.11. Catalase enzymatic determination

Catalase measurement was determined by adding hydrogen per-
oxide to the samples and following its decomposition over time at
240 nm described by Aebi [19] and adapted to microplates. After being
collected, cell pellets were resuspended in 50 mM phosphate buffer
solution (KH2PO4, Na2HPO4·H20, pH 7.8) and samples sonicated in ice.
One hundred microgram of protein per each assay, done in duplicate,
was prepared in phosphate buffer. The kinetic assay was initiated by

adding 100 μL H2O2 (93 mM) to the microplate wells. The decrease in
absorbance was monitored every 15 s for 2 min and half. Positive (pure
catalase) and negative controls (sodium azide) were run simultaneously
with the assay for method validation. Data analysis of the kinetic assay
was performed by applying an exponential regression (one phase decay
equation) of the linear part of the kinetic using GraphPad Prism 8
(GraphPad, Irvine, CA, USA). From the equation, data points in the first
15 s were obtained and a linear regression of them was performed. The
slope was taken which corresponds to catalase maximal activity. Results
were then expressed as fold-change relatively to control group.

2.12. Human breast tumor samples

Breast cancer samples were included in Tissue Microarays (TMAs)
representing a series of 466 formalin-fixed, paraffin-embedded human
invasive breast carcinomas, retrieved from the Department of
Pathology, Hospital Xeral Cíes, Vigo, Spain, diagnosed between 1978
and 1992. Detailed information about clinical, pathological and mole-
cular characteristics is described in Vieira et al. [7]. Since clin-
icopathological information was unavailable for some samples, as well
as the immunohistochemical results was not interpretable for some
markers, the statistical analyses were performed using only the breast
tumor cases with available data for each variable. A complete de-
scription of the number and frequencies of all variables included in this
study is summarized in Supplementary Table 1. The studies using this
material were performed under national laws for the handling of bio-
logical specimens from tumor banks, being the samples exclusively
available for research purposes in retrospective studies.

2.13. Immunohistochemistry

The immunohistochemical assays were performed with specific
antibodies for SOD1 (1:50) and SOD2 (1:1,000). Standard im-
munohistochemistry protocol was used as previously described [20].
Epitope retrieval was achieved using high temperature (98 °C) in citrate
buffer, followed by primary antibody incubation for 1 h at room tem-
perature. The primary antibodies were detected using a secondary an-
tibody with horse-radish peroxidase polymer (Cytomation Envision
System HRP; DAKO Cytomation, Carpinteria, USA) and diamino-ben-
zidine as chromogen, according to the manufacturer's instructions.
Reactions were blinded evaluated by a breast cancer pathologist and
scored semi-quantitatively for cytoplasmic staining as follows: 0: 0% of
immunoreactive cells; 1: < 5% of immunoreactive cells; 2: 5–50% of
immunoreactive cells; and 3: > 50% of immunoreactive cells. Intensity
of staining was also scored semi-qualitatively as follows: 0: negative; 1:
weak; 2: intermediate; and 3: strong. The final score was defined as the
sum of both parameters (extension and intensity), and grouped as ne-
gative (score 0–2) and positive (score 3–6). Representative images of
SOD1 and SOD2 immunohistochemistry score using this criteria are
shown Supplementary Fig. 1.

Details concerning the immunohistochemistry protocol for P-cad-
herin, E-cadherin, the molecular markers ER, PR, HER2, CK5, CK14,
EGFR, and Vimentin, the breast cancer stem cell markers CD44, CD24,
ALDH1 and CD49f, and the hypoxia and glycolytic markers HIF-1α,
GLUT1 and CAIX, as well as for all sample clinicopathological data, are
described elsewhere [7,15,21].

Double immunohistochemistry for P-cadherin and HIF-1α was per-
formed as previously described [22], using the Envision G2 Double-
stain (Dako Cytomation), according to manufacturer's instructions. In
double immunofluorescence for P-cadherin and GLUT1, performed as
previously described [11,15], after overnight primary antibodies in-
cubation, tissues were incubated for 1 h at room temperature with
conjugated goat anti-mouse/rabbit secondary IgG diluted 1:500, (Dako
Cytomation), respectively. After PBS washing, samples were mounted
with Vectashield (Vector Laboratories, Inc., Burlingame, USA) con-
taining 4,6-diamidine-2-phenylindolendihydro-chrolide (DAPI) and
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visualized with Leica DM 2000 microscope (Leica Microsystems, Wet-
zlar, Germany).

2.14. Statistical analysis

Results are presented as the Mean ± SD of three or more in-
dependent biological repeats, each one with three or more technical
replicates. Statistical analyses were performed using GraphPad Prism
v8 software. Significance of difference was analyzed by one-way
ANOVA with Kruskal–Wallis test followed by Dunn's multiple com-
parison test, or unpaired Mann-Whitney test, when appropriate. A p-
value of < 0.05 was considered statistically significant. For im-
munohistochemistry in human breast carcinomas, χ2 test and con-
tingency tables were used to determine associations between groups
and the results were considered statistically significant when the p-
value was lower than 0.05, using SPSS statistics 17.0 software (SPSS
Inc., Chicago, USA).

3. Results

3.1. P-cadherin overexpression in matrix-detached breast cancer cells
promotes higher susceptibility to DCA and increased PDK4-mediated PDH
phosphorylation

In order to functionally evaluate whether P-cadherin-induced sig-
naling can regulate the metabolic program of matrix-detached breast
cancer cells, we evaluated the response of P-cadherin-enriched cells to
DCA. Mechanistically, DCA targets glycolytic cells, inhibiting pyruvate
dehydrogenase kinase (PDK), activating pyruvate dehydrogenase
(PDH), and thus shifting cellular metabolism to oxidative phosphor-
ylation [23]. This forced metabolism transition can trigger cell death in
glycolytic tumors [23]. We used a previously described breast cancer
model [3,15] in which P-cadherin was retrovirally transduced in MCF-
7/AZ cells (MCF-7/AZ.P-cad, and the respective control MCF-7/AZ.-
mock), and a second model in which P-cadherin was transiently si-
lenced in BT-20 breast cancer cells, using a specific siRNA for CDH3
(siCDH3 vs siCtr). Cells were then treated with DCA for 24 h and plated
in non-adherent conditions for 5 days, promoting the survival of an-
oikis-resistant breast cancer cells and the ability to form mammo-
spheres, the MFE (Fig. 1A and B). As expected, the overexpression of P-
cadherin promoted anoikis-resistance in vehicle-treated MCF-7/AZ
cells, leading to a 53% increase of MFE (Fig. 1A). DCA treatment of
MCF-7/AZ cells induced a dose-dependent effect in MFE (Fig. 1A).
Specifically, 25 mM and 50 mM of DCA induced a 6% and 43% decrease
in MFE, respectively, in MCF-7/AZ.mock cells, and a 38% and 67%
decrease, respectively, in MCF-7/AZ.P-cadherin-overexpressing cells,
being this effect stronger and statistically significant only in MCF-7/
AZ.P-cad cell line treated with 50 mM of DCA (p = 0.0308) (Fig. 1A).
Accordingly, in P-cadherin-overexpressing BT-20 breast cancer cells, a
41% decrease in MFE was also observed when P-cadherin was silenced
with transient siRNA (BT-20 siCDH3) (Fig. 1B). Consistently, 7.5 mM of
DCA showed no alterations in MFE in both control and P-cadherin-si-
lenced cells, while 15 mM DCA induced a significant 48% decrease in
MFE in P-cadherin-enriched BT-20 siCtr cells (p = 0.0372), but no
significant alterations were observed in P-cadherin-silenced BT-20 cells
(BT-20 siCDH3) when treated with DCA (Fig. 1B). These results de-
monstrate that matrix-detached P-cadherin-enriched breast cancer cells
are anoikis-resistant, being more sensitive to DCA, in comparison to
breast cancer cells with lower levels of P-cadherin. For this reason, we
hypothesized that P-cadherin can actively signal to up-regulate the
glycolytic flux. We next analyzed the total and phosphorylated PDH,
the major metabolic checkpoint responsible for the rate-limiting step of
pyruvate conversion to acetyl-CoA, determining also the flux towards
lactate formation (Fig. 1C, D and E). We found that P-cadherin-over-
expressing cells presented a 29% increase in Ser293 phosphorylation of
PDH (p = 0.0286), the inactive form of PDH, preventing the conversion

of pyruvate to acetyl-CoA and its entry into the Krebs cycle (Fig. 1C and
D). In accordance, CDH3-silenced BT-20 breast cancer cells showed a
25% decreased pPDH/PDH when compared to control cells
(p = 0.0286) (Fig. 1C and E). Since DCA modulates the glycolytic flux
through PDK activation, we tested if P-cadherin expression would
regulate PDK expression (Fig. 1C, D, E and Supplementary Fig. 2). In-
terestingly, P-cadherin overexpression in MCF-7/AZ breast cancer cells
led to a two-fold increase of PDK4 expression (p = 0.0286) (Fig. 1C and
D); in BT-20 cells, P-cadherin silencing also induced a 27% decrease in
PDK4 levels (p = 0.0286) in comparison to control BT-20 cells (Fig. 1C
and E). No alterations were found in other PDK isoforms, such as PDK1
and PDK3 (Supplementary Fig. 2), except for a 29% increase in PDK1
upon CDH3 silencing in BT-20 cells (p = 0.0286).

We next used the Seahorse XFe96 Extracellular Flux Analyzer
(Seahorse Bioscience) to evaluate the effect of P-cadherin expression in
the OCR and ECAR of matrix-detached breast cancer cells. Interestingly,
despite the previous results, we did not observe any statistically sig-
nificant alteration in any parameter evaluated (Fig. 1F, G and Fig.
Supplementary Fig. 3). However, P-cadherin-enriched MCF-7/AZ cells
showed a 20% decrease in media acidification related with basal gly-
colysis (Fig. 1F). Although the difference was not statistically sig-
nificant, this effect suggests a small, but consistent, decrease in extra-
cellular lactate; the same effect was not observed in BT-20 model
(Fig. 1G). Additionally, the contribution of the proton leak and ATP-
associated OCR for basal respiration was found slightly increased (by
17%) and decreased (by 7%), respectively, in CDH3-silenced BT-20
cells, while the contributions were unchanged in MCF-7/AZ cells (Fig.
Supplementary Fig. 3).

We next performed energy maps using the Seahorse data in un-
stressed and stressed cells (Supplementary Fig. 4). Under stress condi-
tions, P-cadherin overexpression in MCF-7/AZ breast cancer cells
showed increased reliance on glycolytic metabolism comparatively to
control cells. The effect was less obvious in BT20 cells.

Thus, these results suggested that P-cadherin-enriched cells present
a higher reliance on the glycolytic metabolism, being more sensitive to
DCA, with an increased PDK4-induced PDH phosphorylation, as well as
a slight decrease in media acidification relative to basal glycolysis.

3.2. P-cadherin expression up-regulates G6PD and attenuates the oxidative
stress of matrix-detached breast cancer cells

One possibility for the data obtained so far in MCF-7/AZ cells is that
P-cadherin expression could be deviating the metabolic flux into the
oxidative arm of the pentose phosphate pathway (PPP), which is in-
volved with the up-regulation of antioxidant capacity via NADPH
production. To demonstrate this, we next evaluated the expression of
G6PD, a rate-limiting PPP enzyme (Fig. 2A and B). We found that
matrix-detached P-cadherin-enriched MCF-7/AZ breast cancer cells
presented a 41% increased G6PD protein content in comparison to
control MCF-7/AZ.mock cells (p = 0.0286) (Fig. 2A and B). However,
no significant differences were found in BT-20 cells (Fig. 2A and B).

Since PPP is the major source of NADPH, required not only for
biosynthesis but also to support antioxidant GSH activity, which po-
tentiates an undifferentiated cell phenotype and inhibition of anoikis
[24], we next evaluated whether P-cadherin expression could be im-
plicated in the regulation of cellular ROS. For that, we have used the
DCFDA fluorescent dye in detached breast cancer cells, using tBHP as a
positive control (Fig. 2C and D). Matrix-detached P-cadherin-over-
expressing MCF-7/AZ breast cancer cells showed a statistically sig-
nificant 33% decrease of intracellular oxidative stress (p = 0.0286), in
comparison to MCF-7/AZ.mock cells (Fig. 2C). Accordingly, we ob-
served a 48% increase in cellular oxidative stress in BT-20 after CDH3
silencing (Fig. 2D), although this difference was not statistically sig-
nificant due to data scattering.

Since increased cellular oxidative stress promotes sensitivity to
chemo and radiotherapy, we further evaluated whether P-cadherin
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Fig. 2. P-cadherin expression promotes
G6PD expression and modulates the oxida-
tive stress of matrix-detached breast cancer
cells. Western Blot representative image of
G6PD (A) of both MCF-7/AZ and BT-20
model and the respective quantification (B),
showing a significant increase of G6PD in
matrix-detached MCF-7/AZ cells with
overexpression of P-cadherin (p = 0.0286),
in comparison with the control cells (A and
B); No alterations were found in BT-20 cells
(A and B); (Mean ± SD, N ≥ 3, unpaired
Mann-Whitney test). The oxidative stress
levels measured by DCFDA are statistically
significant decreased in P-cadherin-over-
expressing cells in comparison with MCF-7/
AZ.mock cells (p = 0.0286) (C).
Additionally, inhibition of P-cadherin ex-
pression in matrix-detached BT-20 cells
leads to an increase of ROS production,
when compared with the control cells
(siCtr), although the difference was not
statistically significant (D). DCFDA data
was normalized to the cell mass, measured
by SRB assay; (Mean ± SD, N = 3–4,
n ≥ 3, Unpaired test Mann Whitney test).
tBHP was used as positive control for DCF
oxidation. Pre-treatment of breast cancer
cells with DOX induced a substantial de-
crease in anoikis-resistance of all the cell
lines evaluated (E and F). P-cadherin over-
expression promoted anoikis-resistance in
MCF-7/AZ cells when the cells were treated
with 150 nM of DOX, since its expression
led to a significant lower inhibition of MFE
when comparing the effect of DOX on MCF-
7/AZ.mock cells (p = 0.0079) (E). The
same effect was observed in BT-20 model,
in which 75 nM of DOX induced a decrease
in MFE mainly in BT-20 cells with CDH3
silencing, in comparison with the control
cells (F), although not statistically sig-
nificant; (Mean ± SD, N = 3–4, n ≥ 3,
Unpaired test Mann Whitney test);
(*p < 0.0332, **p < 0.0021
***p < 0.0002, ****p < 0.0001).
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expression plays a role in the resistance of matrix-detached breast
cancer cells to pro-oxidative chemotherapeutic agents used in the
clinical practice, such as doxorubicin (DOX) (Fig. 2E and F). As ex-
pected, MCF-7/AZ.P-cad cells treated only with the DMSO vehicle
showed a 27% increased MFE (p = 0.0022), in comparison to the re-
spective control cells; the same effect was observed in vehicle-treated
BT-20 cells, where CDH3 silencing showed a significant 30% decrease
of MFE relative to control cells (p = 0.0079). The concentration of DOX
used to treat both MCF-7/AZ and BT-20 cells was lower than the con-
centration that induced 50% of cell death in monolayer culture (Sup-
plementary Fig. 5). Interestingly, the pre-treatment of breast cancer
cells with DOX during 48 h induced a substantial decrease in anoikis-
resistance of all the cell lines evaluated, in comparison to cells treated
with DMSO (Fig. 2E and F). However, DOX was less effective in in-
hibiting survival in P-cadherin-overexpressing cells, in comparison to
MCF-7/AZ.mock cells (84% vs 92% inhibition, respectively)
(p = 0.0079), (Fig. 2E). Accordingly, DOX treatment of BT-20 cells led
to a decrease in MFE, mainly in CDH3-silenced cells (84% vs 93% in-
hibition in siCtr vs siCDH3 cells, respectively), although the effect was
not statistically significant (Fig. 2F).

These results suggest that P-cadherin overexpression protects cells
from DOX treatment, probably by decreasing their oxidative stress le-
vels in both MCF-7/AZ and BT-20 matrix-detached breast cancer cells.

3.3. P-cadherin expression regulates oxidative stress through the increase of
antioxidant protection in matrix-detached breast cancer cells

In addition to the PPP antioxidant potential, cancer cells also re-
spond to oxidative stress by the up-regulation of several detoxifying
systems, such as glutathione, catalase and superoxide dismutase (SOD)
systems. So, we evaluated whether P-cadherin would act as an anoikis-
resistant factor in matrix-detached breast cancer cells through the in-
duction of an antioxidant program. We started by measuring the glu-
tathione antioxidant system (Fig. 3A and B). Surprisingly, we found that
matrix-detached MCF-7/AZ.P-cad cells presented 36% lower GSH/
GSSG levels in comparison with the respective control cells, although
the difference was not statistically significant (Fig. 3A). No alterations
were found in BT-20 cells in the same parameters (Fig. 3B). Concerning
catalase activity, we observed a 26% increase in matrix-detached MCF-
7/AZ.P-cad cells, suggesting an increased conversion of hydrogen per-
oxide into H2O and O2, in comparison to control cells (Fig. 3C). Ac-
cordingly, there was a 11% decrease of catalase activity in BT-20 after
CDH3 silencing (Fig. 3D). However, the differences in catalase activity
in the two cell lines were not statistically significant. We also evaluated
by western blot the expression of SOD1 and SOD2, which convert su-
peroxide anion into H2O2 and O2 (Fig. 3E, F and G). P-cadherin over-
expression in detached MCF-7/AZ cells induced a 19% decrease in
SOD1 (p = 0.0010), as well as a 36% increase of SOD2 (p = 0.0021)
expression (Fig. 3E and F). We could also find that CDH3 silencing in
BT-20 cells induced a 16% decrease in SOD1 expression (p < 0.0001),
while no differences were found for SOD2 expression (Fig. 3E and G).

These results demonstrate that P-cadherin expression maintains low
levels of oxidative stress and consequent cellular damage, through in-
creased catalase activity, as well as by regulating SOD1 and SOD2 ex-
pression.

3.4. P-cadherin overexpression is significantly associated with the
expression of SOD1 and SOD2 antioxidant systems in human breast cancer
samples

Similarly to P-cadherin, SOD2 expression is increased in basal-like
breast carcinomas [25], being also responsible for the survival of cir-
culating breast cancer cells, as well as for doxorubicin resistance, in
basal-like breast cancer cell lines [25,26]. Thus, in order to validate the
link between the expression of P-cadherin and the SOD antioxidants
systems in breast cancer, we studied this association in a large series of

formalin-fixed and paraffin-embedded invasive breast carcinomas
(Fig. 4), previously described and characterized by our group [7,15].
Using immunohistochemistry, we observed a predominant cytoplasmic
staining of SOD1 (Fig. 4A) in 50.9% (198/389) of the cases and a
granular pattern of SOD2 expression (Fig. 4B) in 33.2% (138/416) of
breast carcinomas. Interestingly, P-cadherin overexpression was found
to be significantly associated with the very low or absent SOD1 ex-
pression (p = 0.023), as well as with the positive expression of SOD2
(p = 0.039) (Fig. 4C and D, respectively, and Supplementary Table 2).
This association is also represented in Fig. 4E-G, where sequential slides
of a breast carcinoma shows P-cadherin and SOD2 positivity, as well as
SOD1 negativity. Moreover, no association was found between SOD1
and SOD2 expression with other members of classical cadherins family,
such as E-cadherin (Supplementary Table 2), demonstrating specificity
for P-cadherin.

The association between the expression of SOD1 and SOD2 with the
classical breast cancer prognostic factors, as well as with molecular
biomarkers and subtypes were also evaluated and are summarized in
Supplementary Table 3. Although no significant associations were
found between SOD1 and any prognostic or molecular factor, SOD2
expression was enriched in ER negative tumors (p = 0.002), as well as
in CK5 and Vimentin expressing tumors (p = 0.016 and p = 0.036,
respectively). Moreover, SOD1 and SOD2 expressing tumors showed a
statistically significant increase in their proliferative index by their in-
creased Ki67 staining (p = 0.012 and p = 0.039, respectively). Finally,
we also observed an enrichment of SOD2 expression in tumors ex-
pressing the breast cancer stem cell marker CD49f, as well as in GLUT1
expressing tumors (Supplementary Table 4). With this data, we could
demonstrate that breast carcinomas with aberrant expression of P-
cadherin are significantly associated to tumors with a high percentage
of cancer cells stained for SOD2 and deprived of SOD1 expression
(Fig. 4).

Finally, since it was recently suggested that breast cancer cells
harboring a ROS-resistant phenotype migrate from peri-necrotic regions
to blood vessels oxygenated areas, being probably the cells with the
ability to enter in circulation and form breast cancer distant metastasis
[27], we further observed P-cadherin expression location in human
primary invasive breast carcinomas. Interestingly, we found that P-
cadherin was frequently expressed around oxygenated areas, near the
blood vessels, and away from hypoxic areas, stained with HIF-1α
(Fig. 4H). We also observed the same expression pattern between P-
cadherin and HIF-1α downstream target GLUT1, as we can see in
Fig. 4I, where both proteins are expressed in different areas of primary
breast carcinomas.

4. Discussion

Cell-cell adhesion is mainly mediated through cadherins, which
expression and function are largely implicated in cancer cell invasion
and progression. Actually, we demonstrated that P-cadherin expression
is an independent indicator of poor prognosis in breast cancer patients
and a putative useful biomarker for axillary-based breast cancer deci-
sions in the clinical practice [4,8,13]. The tumorigenic and invasive role
of this adhesion molecule has been partially attributed to its ability to
enhance cancer stem-like characteristics, such as in vitro mammo-
sphere-forming efficiency, as well as resistance to anoikis and to x-ray
radiation [7,13]. In accordance, in the normal context, P-cadherin ex-
pression has been proposed to be a marker of stem or progenitor cells in
epithelial tissues [28].

Interestingly, cell-cell adhesion is gaining a new recognition in the
metabolic necessities of cancer cells along the metastatic cascade
[16,29]. In accordance, we described a link between P-cadherin and
breast cancer cell metabolism, by its association with hypoxic, glyco-
lytic and acid-resistant human breast carcinomas [15]. We reported
that breast cancer cell populations enriched for P-cadherin showed
concomitant expression of HIF-1α, CAIX, and GLUT1, demonstrating
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the putative glycolytic behavior of these cancer cells [15]. In the pre-
sent work, we investigated whether the reported role of P-cadherin in
the survival of cancer cells, especially while in circulation, can be due to
its ability to modulate the metabolism and oxidative stress of matrix-
detached breast cancer cells.

Using experimental conditions mimicking anchorage-independent
conditions of circulating cancer cells, we propose that P-cadherin ex-
pression rewires the metabolic flux towards the oxidative arm of PPP,
by increasing G6PD expression, as well as through the increased PDK4-
induced PDH phosphorylation, inhibiting pyruvate oxidation to acetyl-
coA in matrix-detached breast cancer cells. Cancer cells with increased
glycolytic, as well as increased PPP flux, have higher sensitivity to DCA
[30,31]. Accordingly, we also found that P-cadherin-enriched matrix-
detached breast cancer cells are more sensitive to DCA-induced anoikis,
since these cells present increased DCA-target PDK4 and increased ex-
pression of PPP rate-limiting protein, G6PD. Importantly, we also found
that P-cadherin expression decreases oxidative stress in these cells
through the modulation of SOD and catalase antioxidant protection
systems, being probably responsible for the resistance to pro-oxidant
doxorubicin-induced anoikis.

These results are in accordance with previously published data,
which demonstrated that breast cancer cells enriched for stem cell
characteristics exhibit pro-glycolytic metabolic skills, low levels of
oxidative stress and increased antioxidant protection, being able to
escape anoikis, survive in circulation, being refractory to pro-oxidant
therapies and promoting metastasis [29,30,32,33]. Moreover, these
glycolytic breast cancer stem cells (BCSCs) are highly responsive to
DCA, which unlocks cells from death resistance by the inhibition of the
PDK-pPDH checkpoint, redirecting ATP production from glycolysis to
mitochondrial oxidative phosphorylation and promoting oxidative
stress-induced cell death [34]. Accordingly, pluripotent human em-
bryonic stem cells (hESC) are also highly responsive to DCA, as well as
different CSCs [35–38], whose treatment leads to a decrease in the
expression of the CSC markers CD24/CD44/EpCAM and of the spheroid
forming efficiency, as well as to an increase of chemo- and radiotherapy
sensitivity [38–40]. In breast cancer, DCA decreases BCSC clonogeni-
city in 3D spheroid culture systems, being this effect associated with
decreased PDH expression and activity [30]. Increased PDK-pPDH cir-
cuit favors a glycolytic metabolism and promotes pluripotency in
BCSCs. Thus, in accordance with our previous suggestion of a glycolytic
phenotype in P-cadherin-overexpressing BCSC populations [15], this
work shows that DCA targets preferentially P-cadherin-enriched matrix-
detached breast cancer cells, with increased PDK4-induced PDH phos-
phorylation. This effect is probably due to DCA-induced reprograming
from a predominantly glycolytic metabolism, which is required for ECM
detached survival, to mitochondrial oxidative phosphorylation, in-
creasing oxidative stress and decreasing anoikis-resistance.

Similarly to P-cadherin, high levels of PDK4 expression are also
associated with poor prognosis and therapy resistance in breast cancer
[41,42]. Interestingly, PDK4 seems to be the most important PDK iso-
form for the maintenance of stem-like features and anoikis-resistance
upon ECM detachment, either in human mammary cells, as well as in
breast cancer and other cancer stem cell models [39,40,43–45].
Moreover, our results also suggest that P-cadherin-enriched matrix-
detached breast cancer cells may have increased metabolic flux into the
PPP, as observed by the G6PD expression in these cells, as well as by a
slight decrease in basal glycolysis flux. This redirection of the metabolic
flux away from lactate-producing glycolysis, makes OCR and ECAR
differences almost imperceptible using extracellular measurements
[33,46]. Nevertheless, energy maps using the Seahorse data in un-
stressed and stressed cells showed that P-cadherin overexpression in
MCF-7/AZ breast cancer cells led to a stronger up-regulation of glyco-
lytic metabolism as compared to control cells. This suggests a more
robust glycolytic machinery triggered by P-cadherin overexpression,
although a detailed comprehensive analysis of the distinct metabolites
involved would be a valuable approach to understand its effect in

matrix-detached breast cancer cells. It would be important to specifi-
cally understand if mitochondrial oxidative phosphorylation is being
fueled by different metabolites, such as glutamine or lactate, or by other
metabolic substrates derived from alternative biosynthetic pathways,
which is a limitation of this study.

Remarkably, upon ECM detachment in systemic metastatic dis-
semination, cancer cells largely increase their ROS levels. Thus, in order
to escape oxidative stress-induced anoikis, cancer cells adapt their me-
tabolism and increase their antioxidant defense network, promoting
pluripotency, survival in circulation and promoting the establishment
of metastasis [45]. Specifically, the increased antioxidant ability ex-
hibited by BCSCs is one of the major contributing factors for resistance
to pro-oxidant radiotherapy and chemotherapy used in clinical practice,
such as DOX [32,33]. In accordance with the recognized role of P-
cadherin in anoikis-resistance, as well as in the resistance to x-ray-in-
duced breast cancer cell death [7], we observed that P-cadherin reg-
ulates intracellular oxidative stress of matrix-detached breast cancer
cells. Furthermore, we also observed that P-cadherin protects matrix-
detached breast cancer cells from anoikis after DOX treatment, probably
due to the impairment of oxidative stress.

The most important antioxidant enzymes in breast cancer cells are
SOD, catalase and glutathione peroxidase (GPx), where SOD converts
superoxide radical into hydrogen peroxide and oxygen, whereas the
catalase and peroxidases convert hydrogen peroxide into water.
Surprisingly, we found that matrix-detached MCF7/AZ.P-cad cells
presented lower levels of GSH/GSSG levels in comparison to control
cells, which may contradict increased NADPH supply from the PPP,
thus leading to higher GSH regeneration and antioxidant effects in P-
cadherin-enriched matrix-detached cells. However, this complex system
and the maintenance of the GSH/GSSG requires the activity of several
other enzymes and cofactors to function at its high efficiency. Another
explanation is that increased NADPH originated from the PPP is instead
used for reductive biosynthesis in P-cadherin-overexpressing cells or as
a substrate for NADPH quinone oxidoreductase 1, which is involved in
cancer antioxidant defense and previously considered to have an im-
portant role in anchorage-independent survival of cancer cells [47]. To
support the idea of increased antioxidant activity in P-cadherin-over-
expressing cells, we also investigated SOD and catalase, two other im-
portant antioxidant systems responsible for anoikis-resistance in breast
cancer cells after ECM-detachment [48]. We observed increased cata-
lase activity in matrix-detached MCF-7/AZ-P-cad cells, while CDH3 si-
lencing led to a decrease of catalase activity in BT-20. These results
indicate that P-cadherin promotes increased hydrogen peroxide detox-
ification in matrix-detached breast cancer cells. Moreover, P-cadherin
expression induced a decrease in SOD1 and an increase of SOD2 ex-
pression in matrix-detached MCF-7/AZ cells. In BT-20 cells, CDH3 si-
lencing induced a decrease in SOD1, but no alterations in SOD2 ex-
pression, suggesting that P-cadherin regulates oxidative stress in this
cell line specifically through SOD1.

Importantly, we were able to validate the association between P-
cadherin and SODs expression in human samples. Using a large series of
human primary invasive breast carcinomas, we found that P-cadherin
overexpression was significantly associated with negative or low ex-
pression of SOD1, as well as with the presence SOD2 expression. We
believe that, in accordance with the described SOD1 to SOD2 switch
[49], SOD1 downregulation might be maintaining ROS in the required
levels to conduct ROS mediated signaling. Moreover, similarly to P-
cadherin expression in human breast carcinomas, SOD2 was already
associated with high histological grade and poorly differentiated tu-
mors, hormone receptors negativity, p53 expression, decreased disease
free survival, as well as with poor prognosis molecular subtypes, such as
basal-like and claudin low breast cancer subtypes [25,50–53]. Still,
micro and macro-metastasis presents higher levels of SOD2 when
compared to their matched primary breast tumor [53]. Accordingly, we
also found enriched SOD2 expression in ER negative and proliferative
tumors, as well as in tumors harboring a basal-like phenotype.
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Interestingly, SOD2 expression was also associated with P-cadherin,
CD49f and GLUT1 expressing tumors, supporting the antioxidant ac-
tivity of P-cadherin-overexpressing breast carcinomas with a glycolytic,
undifferentiated and stem-like phenotype.

Although P-cadherin signaling is still far from being totally under-
stood, we and others have described some of the mechanisms that could
underlie the effects described in this report [6,8,11,15]. We have pre-
viously shown that P-cadherin overexpression leads to the activation of
FAK, Src and AKT Kinases [8], and that P-cadherin-induced tumori-
genic and metastatic ability are suppressed by Src activity suppression
with dasatinib [11]. Importantly, Src activation, also described to
promote anoikis-resistance, attenuates PDH activity and ROS produc-
tion, and consequently, Src inhibitors sensitize breast cancer cells to
Doxorubicin [54]. Additionally, SOD2 expression have been linked with
increased expression and activity of MMPs, as well as with increased
angiogenesis and migration via PI3Kinase and FAK signaling cascades.
Dismutase activity of SOD2 has been also directly linked to tumor cell
radio- and chemo-resistance [55]. However, the implication of Src, FAK
and AKT Kinases in the mechanism underlying the glycolytic and an-
tioxidant mechanism induced by P-cadherin expression in breast cancer
cells remains speculative and needs further validation in future studies.

We further investigated the location of P-cadherin expression in
breast carcinomas and found that it was frequently expressed around
oxygenated areas, near the blood vessels, and away from hypoxic areas.
Interestingly, Godet et al. has recently shown that peri-necrotic cancer
cells exposed to intratumoral hypoxia exhibit a ROS-resistant pheno-
type, have increased ability to survive in the bloodstream and enhanced
breast cancer lung metastasis ability [27]. Since we have previously
demonstrated that nuclear HIF-1α induces P-cadherin expression [15],
and it is also known that HIF-1α expressing cells in hypoxic regions can
modulate the behavior of cancer cells in non-hypoxic regions, such as
their anchorage-independent abilities [56], we believe that P-cadherin
expression is functioning as a survival signal to circulating tumor cells.

In conclusion, the present study supports P-cadherin's putative role
in the survival of circulating tumor cells. However, additional evidence
would be required in supplementary breast cancer models, in order to
establish the molecular mechanism behind this function, as well as the
specific role of PDK4, SOD1 and SOD2 in P-cadherin-induced PPP and
antioxidant phenotype in matrix-detached breast cancer cells. We are
aware of the lack of direct evidence implicating P-cadherin expression
in the anoikis-resistance specifically due to protection against DOX-in-
duced oxidative stress. Anyway, we describe for the first time the gly-
colytic and antioxidant role of P-cadherin in matrix-detached breast
cancer cells, which might impact their ability to resist to pro-oxidant
therapy, to enter and survive in circulation, and ultimately to lead to
distant metastasis. Thus, the targeting of this adhesion molecule can
constitute a promising strategy specifically to impair the progression of
breast cancer in advanced stages of this disease.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2020.165964.
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