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Abstract: Breast cancer (BC) is the most prevalent cancer and the one with the highest mortality
among women worldwide. Although the molecular classification of BC has been a helpful tool for
diagnosing and predicting the treatment of BC, developments are still being made to improve the
diagnosis and find new therapeutic targets. Mitochondrial dysfunction is a crucial feature of cancer,
which can be associated with cancer aggressiveness. Although the importance of mitochondrial
dynamics in cancer is well recognized, its involvement in the mitochondrial function and bioenergetics
context in BC molecular subtypes has been scantly explored. In this study, we combined mitochondrial
function and bioenergetics experiments in MCF7 and MDA-MB-231 cell lines with statistical and
bioinformatics analyses of the mitochondrial proteome of luminal A and basal-like tumors. We
demonstrate that basal-like tumors exhibit a vicious cycle between mitochondrial fusion and fission;
impaired but not completely inactive mitochondrial function; and the Warburg effect, associated
with decreased oxidative phosphorylation (OXPHOS) complexes I and III. Together with the results
obtained in the cell lines and the mitochondrial proteome analysis, two mitochondrial signatures
were proposed: one signature reflecting alterations in mitochondrial functions and a second signature
exclusively of OXPHOS, which allow us to distinguish between luminal A and basal-like tumors.

Keywords: luminal A breast cancer; basal-like breast cancer; MCF7 cell line; MDA-MB-231 cell line;
mitochondria dynamics; mitochondrial biogenesis; reactive oxygen species (ROS); mitochondrial proteome

1. Introduction

Breast cancer (BC) is the neoplasia with the highest incidence and mortality among
women worldwide. According to World Health Organization (WHO) data, 2.3 million
women were diagnosed with BC and 685,000 deaths in the world in 2020, making it a global
health problem [1]. BC is a disease characterized by a highly biological heterogeneity, which
is noted by specific pathologic features, clinical behavior differences and different molecular
alterations [2]. Estrogen receptor (ER), progesterone receptor (PR), and expression of the
human epidermal growth factor receptor 2 (HER2) are classical immunohistochemistry
markers that classify BC into four main molecular subtypes: luminal A, luminal B, HER2-
enriched, and basal-like [3,4]. This molecular classification provides an accurate diagnosis
of BC; in addition, it is also valuable for the prediction of tumor behavioral to chemotherapy.
The luminal A subtype is the most common, comprising over 70% of all cases [5], and is
ER and/or PR positive, HER2 negative, and proliferator marker Ki-67 <14%. Luminal A
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tumors are low-grade, they grow slowly, and they have the best prognosis, unlike the basal-
like subtype, which comprises about 20% of all cases; this tumor type is biologically more
aggressive and has the worst prognosis among all BC subtypes [4,6]. Basal-like tumors are
also known as triple-negative, as they lack ER, PR, and HER2 expression; consequently,
these tumors do not benefit from hormonal therapy or medicines that target HER2 protein
receptors. Therefore, it is necessary to find a targeted therapy for basal-like patients [7].

Based on the above, we focus on the luminal A and basal-like subtypes in our present
work. This is because the luminal A subtype, as mentioned, is the molecular subtype of
BC with the highest incidence and the best prognosis compared to the three remaining
subtypes. Although the basal-like subtype is the subtype with the lowest incidence, it is
characterized by being the one with the worst prognosis and therapeutically abandoned
since currently there are no biomarkers towards which to direct a specific treatment. In
addition, these molecular subtypes of BC were chosen to find differences between them,
and which could contribute to enriching the molecular classification of this disease.

Mitochondrial dysfunction is a crucial feature of cancer and is associated with ag-
gressiveness [3]. The altered metabolism in cancer cells is a consequence of changes or
defects in the mitochondrial bioenergetics [4]. In addition, there is evidence that cancer cells
have altered their mitochondrial dynamics (the balance between mitochondrial fusion and
fission), which is directly related to the change in mitochondrial biogenesis and turnover,
giving proliferative and survival advantages for tumor cells [5,6].

Cancer cells are under metabolic changes; this metabolic alteration of mitochondria
has a crucial role in tumorigenesis [3]. Currently, the mitochondrial alterations, regarding
the dynamics and function, are still unknown among BC subtypes and their relationship
with bioenergetics mitochondrial metabolism.

Despite studies reflecting the importance of mitochondrial dynamics in cancer and its
relationship to bioenergetics and alterations in mitochondrial function, these alterations
have been little studied in the molecular subtypes of BC [8,9].

This work aimed to find the differences in mitochondrial bioenergetics and function
associated mainly with changes in mitochondrial dynamics between luminal A and basal-
like subtypes. Comparing functional mitochondrial studies and evaluating mitochondrial
dynamics in MCF7 and MDA-MB-231 cell lines of BC, representative of luminal A and basal-
like subtypes, respectively [7], revealed that the MDA-MB-231 cell line was characterized by
more remarkable mitochondrial alteration associated with changes in energy metabolism.
Additionally, to further deepen the findings found in breast cancer cell lines, a mitochondrial
proteome analysis was performed by statistical analysis of the proteome of BC biopsies
classified as luminal A and basal-like from the experiments of Mertins et al. [10]. A
mitochondrial proteomic signature showing differences in the expression of mitochondrial
proteins involved in mitochondrial bioenergetics and mitochondrial dynamics processes
was proposed for luminal A and basal-like subtypes of BC.

2. Materials and Methods
2.1. Cell Culture

The MCF7 cell line was provided by Dr. Alejandro Garcia-Carranca and MCF10A
MDA-MB-231 cell lines were provided by Dr. Alejandro Zentella-Dehesa. The MCF7
and MDA-MB-231 BC cell lines were cultured in RPMI-1640 media supplemented with
10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic. MCF10A breast epithelial cell
was cultured in DMEM/F12 media supplemented with 10% FBS, 1% antibiotic-antimycotic,
0.5 pg/mL hydrocortisone, 10 ng/mL endothelial growth factor (EGF), 5 ng/mL insulin.
Cells were cultured at 37 °C and 5% CO, in a humidified atmosphere. The culture medium
was renewed every third day until the cell cultures reached a confluence of 80-90%.

2.2. Western Blot

MCF7, MDA-MB-231 and MCF10A cells were washed twice with cold phosphate-
buffered saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) buffer (40 mM
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Tris-HCl, 150 mM NaCl, 2 mM EDTA, 5 mM NaF, 1 mM NazVO,, 1 mM PMSE, 1 mM
NayP,07, 0.5% sodium deoxycholate, 0.2% SDS, pH 7.4 and 1 x protease inhibitors cocktail)
for 30 min at 4 °C with stirring. Lysates were centrifugated at 15,000x g for 10 min at
4 °C, and the supernatant was collected and stored at —70 °C until the experiment was
carried out. Protein concentrations were quantified by Bradford assay. Equal amounts of
protein (30 pg) were denatured by dilution on 6X Laemmli buffer (60 mM Tris-HCl pH 6.8,
2% SDS, 10% glycerol, 5% (3-mercaptoethanol, 0.01% bromophenol blue) and immersion
on boiling water for 5 min, except those employed to determine the subunit levels of
mitochondrial complexes (CI-NDUFB8 and CIV-MTCO1). The samples were separated
on 12% sodium dodecyl sulfate (SDS)—polyacrylamide gel electrophoresis (SDS/PAGE).
Proteins were transferred onto Immobilion PVDF membranes for fluorescent application on
wet transfer. Membranes were blocked for 1 h in at room temperature (RT) in Tris-buffered
saline with 0.1% Tween-20 (TBST) containing 5% nonfat dry milk and incubated overnight
at 4 °C with the appropriate primary antibodies (Table S1). Then, the membranes were
incubated for 2 h at RT in darkness with the corresponding IRDye® fluorescent secondary
antibodies (1:10,000). Proteins bands were detected in an Odyssey Sa Infrared System (LI-
COR Biosciences, Lincoln, NE, USA). Signals were then processed employing the software
Image Studio™ 5.2 (LI-COR Biosciences). We used the blots stained with Ponceau red
S as loading control due to the bioenergetics differences and structural changes in the
cytoskeleton of the cell lines used in our study [11]. For this purpose, after the transfer, the
membrane was incubated in 1% Ponceau S solution for 2 min. Immedjiately, this membrane
was rinsed with phosphate-buffered saline (PBS) to remove staining saturation [12]. The
membrane was then inserted between transparent sheets and scanned at 300 dpi as a
JPG document using a standard scanner (HP Scanjet G4050). Densitometry data for total
protein staining images with Ponceau S were obtained from all visible proteins in each
complete lane. All data normalization processes were performed by dividing the target
protein value by the value of the chosen loading control [13]. Densitometric analysis
was performed using Image] software (National Institutes of Health, Bethesda, MD, USA,
https:/ /imagej.nih.gov/ij/index.html, accessed on 10 August 2021) on expression of fusion
and fission markers: optic atrophy 1 (Opal) (1 = 9), mitofusin 1 (Mfn1) (n = 6), mitofusin
2 (Mfn2) (n = 6), and dynamin-1-like protein (Drpl) (n = 9); mitochondrial biogenesis
markers: proliferator-activated receptor y co-activator-lalpha (PGC-1«) (n = 6), and nuclear
respiratory 2 (NRF2) (n = 3); mitophagy markers: PTEN-induced kinase 1 (PINK1) (n = 6),
ubiquitin binding protein p62 (p62) (n = 3), Parkin RBR E3 ubiquitin-protein ligase (Parkin)
(n = 3), and microtubule-associated proteins 1A /1B light chain 3B (LC3-1II) (n = 3); oxidative
metabolism marker: adenine monophosphate-activated protein kinase (AMPK) (n = 12);
glycolytic metabolism marker: hypoxia-inducible factor 1ac (HIF1x) (1 = 12); and total
oxidative phosphorylation rodent Western blot (WB) antibody cocktail (OXPHOS) (n = 3).

2.3. Mitochondrial Membrane Potential (AYm) Assay

To measure A¥Ym by JC-1, 10,000 cells were cultured in a 96-well plate, and after 24 h,
cells were incubated with dye JC-1 (1 ug/mL) on non-supplemented medium at 37 °C
for 30 min. The cells were washed twice with PBS and then replaced with fresh medium
to remove the excess probe. Depolarized-related (green) fluorescence was measured at
525 nm, and the polarized-related (red) signal was read at 590 nm; both emissions were
obtained at 488 nm excitation. Data and representative images were obtained a Cytation
5 Cell Imaging Reader (Biotek Instruments, Inc., Winoosky, VT, USA), with GFP and RFP
filters. The JC-1 fluorescence was quantified as the red fluorescence/green fluorescence
ratio in MCF10A (n =7), MCF7 (n = 12), and MDA-MB-231 (n = 11) cell lines. The data
were obtained from three biological replicates.

2.4. Estimation of Mitochondrial Mass

The protocol used to estimate of mitochondrial mass was based on the previous
methodology from [14] with some modifications. Around 10,000 cells were seeded on 96-
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well black plates with the transparent bottom at the previously described culture conditions.
After 24 h, the nuclei and mitochondria were stained with 1 ug/mL Hoechst and 500 nM
MitoTracker Green®, on non-supplemented medium at 37 °C for 30 min. To remove the
excess probe, cells were washed three times with PBS; fresh supplemented medium was
placed on cultures. Hoechst fluorescence was measured at 360 nm excitation and 460 nm
emission, while MitoTracker green fluorescence was measured at 480 nm excitation and
521 nm emission. Representative images were taken by using a Cytation 5 with the GFP
and the DAPI filters while using Gen5™ 3.0 software (Biotek) for data acquisition and
analysis. Mitochondrial mass levels was quantified as MitoTracker green fluorescence
intensity/cell ratio in MCF10A, MCF7, and MDA-MB-231 cells. The number of cells
was measured with Image] software (National Institutes of Health, Bethesda, MD, USA,
https:/ /imagej.nih.gov/ij/index.htm, accessed on 10 August 2021). The data were obtained
from three biological replicates.

2.5. Determination of Mitochondrial ROS Production

Mitochondrial ROS production was measured using the fluorescent probe, Mito-
SOX™ Red was based on the methodology previously from [15] with some modification.
Around 10,000 cells were seeded on 96 well-black plates with a transparent bottom at
the previously described culture conditions. After 24 h, the cells were incubated with
1 pg/mL Hoechst and 5 pM MitoSOX on non-supplemented medium at 37 °C for 30 min.
To remove the excess probe, cells were washed three times with PBS; fresh supplemented
medium was placed on cultures. Hoechst fluorescence was measured at 360 nm excitation
and 460 nm emission, while MitoSOX red was measured at 510 nm excitation and 580 nm
emission. ROS production was quantified as the MitoSOX red/cell ratio in MCF10A,
MCEF7, and MDA-MB-231 cells. Representative images were taken by using a Cytation 5
while using Gen5™ 3.0 software for data acquisition and analysis. The number of cells
was measured with Image] software (National Institutes of Health, Bethesda, MD, USA,
https:/ /imagej.nih.gov/ij/index.htm, accessed on 10 August 2021). The data were obtained
from three biological replicates.

2.6. Cell Respirometry

The oxygen consumption experiments in cells were evaluated with a high-resolution
respirometry equipment O2K (Oroboros Instruments, Innsbruck, Austria) according to
the previous protocol from [16] with some modification. Cells were washed with PBS,
harvested with trypsin, and quantified by trypan blue assay. Determinations were made
with approximately 1 million cells in 2 mL of culture medium with 10% FBS at 37 °C. The
respiratory parameters evaluated were: (1) Routine respiration, corresponding to oxygen
consumption of the cells; (2) Leak of the respiration, corresponding to oxygen consumption
in the presence of 5 uM oligomycin; (3) Respiratory control (RC), that corresponding to
the routine/leak ratio; (4) Respiration attributable to oxidative phosphorylation (P), was
calculated by the difference between Routine and Leak. All parameters were corrected by
subtracting the non-mitochondrial respiration, obtained by the addition of 1 uM rotenone,
5 uM antimycin A, 100 uM sodium azide and normalized by the number of cells determined
by trypan blue.

2.7. Statistical Analysis

The results obtained from the cell lines were analyzed with the R package Rapport [17]
to eliminate outliers. The data were tested for normality and analyzed by one-way analysis
of variance (ANOVA), followed by the Tukey’s multiple comparisons test. Data were
plotted to show three or more independent experiments, and every figure shows the mean
with standard deviation. All data were analyzed using the software R (version 4.1.0,
Foundation for Statistical Computing).
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2.8. Analysis of the Mitochondrial Proteome in Breast Cancer Tumors

To complement and validate the changes found in mitochondrial dynamics and mito-
chondrial bioenergetics between cell lines of BC, global proteome abundance data from
43 tumors (18 classified as basal-like, 22 luminal A, and 3 non-cancerous as controls) stored
in supplementary Table S3 reported by Mertins et al. [10] were selected to be reanalyzed.
Briefly, in order to correlate the genome, transcriptome and proteome in luminal A, luminal
B, HER2, and basal-like molecular subtypes of BC, Mertins et al. [10] analyzed using tan-
dem mass spectrometry (MS) the total proteome of 102 cancerous tumors histopathological
and molecularly classified by The Cancer Genome Atlas (TCGA), in the four main intrinsic
subtypes and three controls. A detailed explanation of the experiment and spectrometry
analysis of tumors can be seen in [10].

In the first part of our analysis, all the proteins identified and quantified by Mertins et al. [10]
were cross-referenced with a list of mitochondrial or mitochondrial traffic proteins reported by
MitoMiner [18]. Of these mitochondrial proteins, only those with abundance values in at least
50% of the samples were selected.

Next, an exploratory analysis of the abundance data was carried out with the Rap-
port of R package [17] to eliminate from the analysis, both the samples as proteins with
extreme behavior.

After eliminating the extreme data, a hierarchical cluster analysis of the tumors by the
Ward method based on the Euclidian distance matrix of the samples was carried out to find
homogenous groups between subtypes. Fifteen tumor samples were eliminated because
they were confounded in the same cancerous subtype of BC.

With 28 final samples (14 basal-like, 11 luminal A and 3 controls), missing values were
imputed with the Random Forest method (missForest, R package) [19]. Next, a PCA was
applied on the protein abundance correlation matrix [20] to obtain an abundance landscape
of mitochondrial proteins for the subtypes and control group [21].

Finally, only proteins with an absolute value of association equal or greater than 0.5
with both first components [22] were selected for comparative overrepresentation analysis
based on Gene Ontology [23]. Overrepresentation was performed online employing the
Gene List Analysis tool on the PANTHER Classification System site. As inputs, we up-
loaded the official gene symbols as identifiers. We select those involved in the dynamics
processes, mitochondrial biogenesis, mitophagy, mitochondrial ROS, mitochondrial mem-
brane potential and mitochondrial metabolism to conform to the mitochondrial signature
of luminal A and basal-like subtypes. A flow chart of the processing and analysis of these
data can be seen in Figure S1.

3. Results
3.1. Reduction in Drp1-Related Mitochondrial Fission in the Basal-like Cell Line

Alteration in the mitochondrial dynamics in cancer cells are tightly associated with
mitochondrial morphology, with alterations in mitochondrial mass, mitochondrial biogene-
sis, dysregulation of the bioenergetics and redox functions [24,25]. We first assessed the
expression of the fusion markers mitofusins 1 and 2 (Mfnl and Mfn2) and optic atrophy
type 1 (Opal), as well as expression of the fission marker dynamin-related protein 1 (Drp1)
in cell lines MCF?7 representative luminal A subtype of BC, MDA-MB-231 representative
basal-like subtype of BC, and MCF10A as a non-tumorigenic (control) (Figure 1A) [7]. We
found a significant increase in Opal in the MDA-MB-231 cell line compared to the MCF10A
cell line; however, no significant differences were found between the BC cell lines, but a
tendency to increase this protein can be observed in the cell line MDA-MB-231 compared
to the MCF7 cell line (Figure 1B). In the Mfn1 protein, no expression changes were found
between cell lines (Figure 1C). However, in the Mfn2 protein, a significant decrease was
found in the MCF?7 cell line compared to the MCF10A cell line and a significantly higher ex-
pression in the MDA-MB-231 cell line compared to MCF7 cell line (Figure 1D). In addition,
we observed that Drp1 protein expression decreased in both cell lines of BC compared to
the MCF10A cell line, although this decrease was only significant in the MDA-MB-231 cell
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line (Figure 1E). To our surprise, it was found that the decrease in Drp1 protein expression
was mainly marked in the MDA-MB-231 cell line that is representative of the basal-like
subtype. In contrast, previous studies have reported that mitochondrial fission tends to
increase in cancer cells and that this increase can be associated with the aggressiveness
of this disease [26]. These data suggest changes in mitochondrial control and quality and
important differences in mitochondrial biology among BC subtypes and that mitochondrial
fission in basal-like BC may be mediated by other Drpl-independent proteins.
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Figure 1. Mitochondrial dynamics in breast cancer cell lines. (A) Representative blots.
(B-D) Expression of fusion markers, optic atrophy 1 (Opal), n = 9; mitofusin 1 (Mfn1), n = 6; mitofusin
2 (Mfn2), n = 6. (E) Expression of fission marker, dynamin-1-like protein (Drp1), n = 9. Densitometry
values were normalized by Ponceau S red staining. The data are presented as mean + SD. * p < 0.05,
**p <0.01, ** p < 0.001.

3.2. Mitochondrial Biogenesis and Mitophagy in MCF7 and MDA-MB-231 Cells

Mitochondrial homeostasis is preserved by coordination between mitochondrial bio-
genesis and mitophagy [27]. To assess the effect of differences in mitochondrial dynamics
on mitochondrial mass and biogenesis among BC cell lines, we measured mitochondrial
mass using MitoTracker Green probe (Figure 2A). We found a significant increase in the
fluorescence intensity of the MitoTracker Green in the MDA-MB-231 cell line compared to in
the control and MCEF?7 cell lines, suggesting a higher mitochondrial mass content in the cell
line representative of basal-like molecular subtype of BC. In contrast, the MitoTracker Green
intensity values obtained in the MCF7 cell line suggest a lower mitochondrial mass content
than the control and MDA-MB-231 cell lines (Figure 2B). To validate the mitochondrial mass
results found in the cell lines of BC, we evaluated the expression of proliferator-activated
receptor y co-activator-lalpha (PGClx) and nuclear respiratory 2 (NRF2) proteins involved
in mitochondprial biogenesis (Figure 2C) [27]. We found a correlation with the data obtained
by MitoTracker Green; we found a significant increase in the expression of the PGCle pro-
tein in the MDA-MB-231 cell line compared to the MCF10A and MCF7 cell lines (Figure 2D).
Although we found no significant changes in NRF2 protein expression, we observed an
increment trend in the expression of this protein in the MDA-MB-231 cell line (Figure 2E).

In addition, we evaluated mitophagy markers since it is a mitochondrial quality con-
trol process and a mechanism of mitochondrial mass regulation by which dysfunctional
mitochondpria are eliminated [28,29]. Thus, we evaluated the expression of mitophagy-
related proteins PTEN-induced kinase 1 (PINK1) and Parkin, and autophagic proteins,
ubiquitin-binding protein p62 (p62) and microtubule-associated proteins 1A /1B light chain
3B (LC3-1I) (Figure 3A). We found that PINK1 and p62 showed a significant increase in the
MDA-MB-231 cell line compared to the MCF10A cell line (Figure 3B,C). Additionally, we
found a significant increase in the expression of p62 in the MDA-MB-231 cell line compared
to the MCF?7 cell line (Figure 3C). However, we did not find significant changes in Parkin
LC3-II proteins expression between the cell lines (Figure 3D,E). Although we found no
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MCF7 MCF10A

MDA-MB-231

Hoechst

significance changes in LC3-II, we observed an increment trend in the expression of this
protein in the MDA-MB-231 cell line (Figure 3E). Overall, the results of both mitochondrial
biogenesis and mitophagy correlate with the previously obtained results with the mito-
chondrial dynamics markers. This is because increased mitochondrial fusion processes are
related to increased mitochondrial mass as observed in the MDA-MB-231 line [30].
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Figure 2. Increased mitochondrial mass in MDA-MB-231 cell line. (A) Confocal microscopy images
of MitoTracker Green fluorescence to assess mitochondrial mass in MCF10A, MCF7 and MDA-MB-
231 cells, and total nuclei were stained with Hoechst (blue). (B) Mitochondrial mass levels were
quantified as MitoTracker green fluorescence intensity/cell ratio. Data were obtained from three
biological replicates. The data are presented as mean =+ SD of cells (n = 151-251). * p < 0.05. (C) Rep-
resentative blots. (D,E) Expression of mitochondrial biogenesis markers: peroxisome proliferator-
activated receptor-gamma coactivator-lalpha (PGC-1x), n = 6 and nuclear respiratory factor 2 (NRF2),
n = 3. Densitometry values were normalized by Ponceau S red staining. The data are presented as
mean £ SD. **p < 0.001.

Additionally, these results suggest alterations in mitochondrial quality control and
reveal differences in mitochondrial biology between luminal A and basal-like BC subtypes.

3.3. Mitochondrial Uncoupling in Luminal A and Basal-like Cell Lines of Breast Cancer

To assess this functional state and investigate the ATP-generating capacity of mitochon-
dria, we evaluated the membrane potential as a driver for ATP generation (Figure 4A) [31].
As expected, the AYm decreased in both BC cell lines (Figure 4A,B); however, although no
significant differences were found between the BC cell lines, it is observed that the A¥Ym is
little higher in the MCF7 cell line than MDA-MB-231 cell line, as indicated by a higher ratio
of JC-1 red to green fluorescence (Figure 4B). These results correlate with the results found
in mitophagy, suggesting that reduction in A¥m favors mitochondrial mass reduction by
mitophagy induction and that mitochondrial inner membrane is better maintained in the
luminal A MCF?7 cell line than in basal type MDA-MB-231 cell line.
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Figure 3. Increased mitophagy markers in the MDA-MB-231 cell line. (A) Representative blots.
(B-E) Expression of mitophagy markers, PTEN-induced kinase 1 (PINK1), n = 6; ubiquitin-binding
protein p62 (p62), n = 3; Parkin, n = 3; and microtubule-associated proteins 1A /1B light chain 3B
(LC3-1I), n = 3. Densitometry values were normalized by Ponceau S red staining. The data are
presented as mean £ SD. * p < 0.05, ** p < 0.01.
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Figure 4. Decrease in mitochondrial membrane potential (AYm) in the MDA-MB-231 cell line.

(A) A¥m levels were assessed by JC-1 probe; MCF10A cells with highly polarized mitochondria
accumulate JC-1 dye in the mitochondrial matrix, forming bright red fluorescent J aggregates. In-

creased green fluorescence indicates decreased mitochondrial potential. (B) The JC-1 fluorescence
was quantified as the red fluorescence/green fluorescence ratio in MCF10A (n = 7), MCF7 (n = 12),
and MDA-MB-231 (n = 11) cell lines. Data were obtained from three biological replicates. The data
were normalized with the values of MCF10A cells and are presented as mean + SD. *** p < 0.001.

3.4. Overexpression of HIF-1x Associated with Metabolic Reprogramming in MCF7 and
MDA-MB-231 Cell Lines

Although glycolysis is a dominant metabolism in cancer cells, there is evidence that
mitochondrial OXPHOS is also used by cancer cells [32-34]. Moreover, since the BC cell
lines studied here showed a different mitochondrial function, we analyzed the expression
of adenine monophosphate-activated protein kinase (AMPK) and hypoxia-inducible factor
1o (HIF1ex) (Figure 5A) [35], to evaluate the relative contribution of oxidative and glycolytic
metabolism, respectively, in both BC cell lines. We first observed a significant decrease in
AMPK expression in both cell lines of BC compared to the MCF10A cell line, suggesting
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that both MCF7 and MDA-MB-231 cell lines decreased oxidative metabolism (Figure 5B).
In contrast, HIF1x expression was found to be significantly increased in both cell lines of
BC compared to the MCF10A cell line (Figure 5C), suggesting that both MCF7 and MDA-
MB-231 lines had a preference for glycolytic metabolism. Then, through the AMPK/HIF1x
ratio, we found that it was less than one in the two cell lines of BC (Figure 5D), which
reaffirms that both cell lines have a predominantly glycolytic metabolism compared to the
cell line MCF10A.
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Figure 5. Metabolic reprogramming in breast cancer cell lines. (A) Representative blots. (B) Expres-
sion of oxidative metabolism marker, adenine mono-phosphate-activated protein kinase (AMPK),
n =12. (C) Expression of glycolytic metabolism marker, hypoxia-inducible factor 1o« (HIF1x), n = 12.
(D) AMPK/HIF1« ratio in MCF10A, MCF7 and MDA-MB-231 cell lines, a ratio less than one (black
line) reflects a preferential glycolytic metabolism. Densitometry values were normalized by Ponceau
S red staining. The data are presented as mean & SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. Functional Status Mitochondrial in Luminal A and Basal-like Breast Cancer Cell Lines

To assess the compromised function of mitochondria and to confirm the finding of
decreased OXPHOS in BC cell lines, we evaluated cellular oxygen consumption (Routine)
(Figure 6A), respiration associated with oxidative phosphorylation (P) (Figure 6B), and
mitochondrial respiratory efficiency (RC) (Figure 6C). We found a significant decrease in
Routine and P parameters in BC cell lines, notably more marked for the MDA-MB-231
than for MCF7. These confirm the reduction in mitochondria bioenergetics, specifically in
OXPHOS, in cell lines of BC, which agrees with mitochondrial mass reduction. Furthermore,
these results also suggest a higher mitochondrial decoupling in the MDA-MB-231 cell line,
as is shown by a low RC value.

3.6. Increased ROS Production in the Basal-like Cell Line

Increased ROS production is a feature associated with mitochondrial dysfunction [36,37].
Additionally, evidence associated increased ROS production with cancer cell malignancy [38,39].
MitoSOX red has been used to measure mitochondrial ROS production since it preferentially
accumulates within the mitochondrial matrix [38—40]. To evaluate the differences in ROS
generation, we used the MitoSOX red probe in cell lines of BC and control cell line (Figure 7A).
We detected a significant increase in ROS in both cell lines of BC compared to the control cell
line. Furthermore, we found that ROS production was higher in the MDA-MB-231 cell line
than in the MCF?7 cell line (Figure 7B); this strongly agreed with the mitochondrial uncoupling
observed in this cell line. These results indicate a more remarkable mitochondrial alteration
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in the basal-like cell line, which may be related to alterations in the mitochondrial electron

transport chain.
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Figure 6. Mitochondrial respiratory efficiency of breast cancer cell lines. (A) Schematic representation
of O consumption rate by addition in order of OLIGO (oligomycin) and ANT + ROT + AZIDA
(antimycin A plus rotenone plus sodium azide) inhibitors to determine the respiratory parameters in
MCF10A, MCF7 and MDA-MB-231 cell lines. The blue line shows the oxygen concentration in the
chamber while the red line indicates the oxygen consumption rate. (B) Cellular routine respiration
(Routine), that correspond to oxygen consumption of the cells. (C) Respiration associated with
oxidative phosphorylation (P); (D) respiratory control (RC) calculated as routine/leak ratio. All
parameters were corrected by subtracting the non-mitochondrial respiration, obtained by the addition
of ANT + ROT + AZIDA. The data are presented as mean + SD, n = 3-4. * p < 0.05, ** p < 0.01,
***p < 0.001.

3.7. Landscape of the Mitochondrial Proteome of Luminal A and Basal-like Subtypes of
Breast Cancer

After cross-checking the 12,553 proteins identified by Mertins et al. [10] against the
Mitominer database [18], we were left with 1152 mitochondrial or mitochondrial-transiting
proteins (Table S2). Of these, 51 proteins were eliminated because they had no abundance
values in at least 50% of the samples or showed atypical abundance values. Nineteen
samples were also eliminated from the analysis, two showing atypical abundance patterns
and 17 confounded in the hierarchical cluster analysis (Figure S2). Finally, the analysis was
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MCF7 MCF10A

MDA-MB-231

carried out with 1103 proteins, 42 exclusively expressed in cancer (Table S3) and 1061 with
abundance values in at least 50% of all samples (Table S4) and 28 samples.

Hoechst MitoSox Red Merge B

MitoSox red fluorescence/cell

MCF10A MCF7 MDA-MB-231

Figure 7. Increased levels of reactive oxygen species (ROS) in the MDA-MB-231 line. (A) Confocal
microscopy images of mitochondrial ROS were stained by MitoSOX red (red) in MCF10A, MCF7
and MDA-MB-231 cell and total nuclei were stained with Hoechst (blue). (B) ROS production was
quantified as MitoSOX red fluorescence intensity/cell ratio. Data were obtained from three biological
replicates. The data are presented as mean + SD of cells (n = 153-200). * p < 0.05, ** p < 0.01.

The principal component analysis (PCA) showed that total protein abundance varia-
tion between samples is explained by 27 Principal Components (PCs); the first two PCs
embrace 31% of whole abundance variability (Table S5) and can differentiate between
luminal A and basal-like subtypes of BC and the control group (Figure 8A).

The heatmap shows that 477 proteins whose correlation with PC 1 or PC 2 is less
than —0.5 or greater than 0.5 (Table S6) present a different abundance pattern between
samples belonging to each of the subtypes and the control group (Figure 8B). Four patterns
of expression can be distinguished in the heat map one in which a set of proteins are
overregulated in luminal A and control samples and downregulated in basal-like, a second
pattern in which proteins are downregulated in controls and moderately expressed in BC
molecular subtypes, in the third pattern a set of proteins are downregulated in luminal
A tumors and control and overexpressed in basal tumors and in the fourth pattern a set
of proteins are observed with heterogeneous expression among molecular subtypes and
control samples.

Additionally, a hierarchical clustering analysis applied to the abundance data in the
heatmap revealed the formation of three groups. The first cluster (yellow lines) was
enriched by the luminal A tumors, the control samples enriched the second cluster (blue
lines), and the third cluster (gray line) was enriched by basal-like tumors, which reflected
the differences in mitochondrial proteome abundance patterns between these BC subtypes
(Figure 8B).

3.8. Signature Mitochondrial Alterations in Luminal Type A and Basal-like Breast Cancer

To validate and deepen the results found in cell lines on the mitochondrial processes
of fusion (FUS), fission (FIS), mitophagy (MIT), ROS, AYm (PMM) and mitochondrial mem-
brane organization (MMO) processes, an overrepresentation analysis of these processes
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were performed using the proteins that presented an absolute value of association with the
first two components equal to greater than 0.5, to distinguish between molecular subtypes.
When the analysis of the overrepresentation of biological processes with mitochondrial
proteins was performed, the process of mitochondrial biogenesis was not localized, pos-
sibly because mitochondrial biogenesis is a process that requires the intervention of the
cell nucleus. To provide information on mitochondrial biogenesis, we chose the MMO
process. Of the 519 mitochondrial proteins used for overrepresentation analysis (Table
57), 15,717 biological processes were found to be overrepresented (Table S8), and a total of
54 proteins were found to be involved in the biological processes analyzed in this study.
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Figure 8. Analysis of the mitochondrial proteome of luminal A and basal-like tumors. (A) Principal
component analysis of the mitochondrial proteome in samples control (Ctl), luminal A (LA), and
basal-like (BL) breast cancer tumors. (B) Heatmap and hierarchical cluster analysis of mitochondrial
proteins abundance identify in samples control, luminal A, and basal-like tumors of breast cancer.
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A mitochondrial signature was obtained with the 54 mitochondrial proteins that show
us patterns of abundance of proteins involved in mitochondrial dynamics, biogenesis,
mitophagy, potential and ROS (Figure 9). In the signature proposed here, it is observed
that proteins may be involved in one or several processes.

Additionally, characteristic protein expression patterns were found for each of the
samples. In luminal A tumors, we found overexpression of GPX1, CCS, ENDOG, MAPKS3,
and RIPK3 proteins involved in ROS; PRDX3 and SOD1 in the ROS and PMM processes;
TIMM10B, NDUFA13, APOOL, MICOS13 and TIMM10 of the MMO process; BCL2 involved
in the MMO, PMM and ROS processes; PARK? in MIT, PMM and ROS processes; ATG2B in
MIT; FIS1 in FIS and MIT and MTFRIL in FIS compared to basal-like BC tumors. However,
we found underexpression of the proteins CDK1, TRAP1 and TXNRD2 related to ROS; SRC,
ABCD1 and LRRK2 in PMM and ROS; ROMO1 in MMO and ROS; STOML2, TOMM?22,
SLC25A31, MTX1, TIMM50, LETM1, OXA1L and MAIP1 in MMO; TSPO, SLC25A4 and
PHB2 in MIT; and MFN2 and MFN1 in FUS compared to basal-like BC tumors.

In basal-like tumors, we found the overexpression of EEF2, CDK1, TRAP1 and
TXNRD2 involved in ROS; SRC, ABCD1 and LRRK2 in ROS and PMM processes; ROMO1
in ROS and MMO; STOML2, MTX2, TOMM?22, SLC25A31, MTX1, TIMM50, LETM1, OXA1L
and MAIP1 in MMO; PHB2 in MIT; TSPO in MIT and PMM; SLC25A4 in MIT and MMO
processes; MFN1 in FUS; MFN2 in FUS and MMO processes; and MIEF1 in FIS compared
to luminal A tumors. However, we found underexpression of the proteins: PRDX2, GPX1,
CCS, PRDX5, ENDOG, MAPK3, AIFM1 and RIPK3 involved in ROS; TUSC2 in PMM;
PRDX3 and SOD1 in PMM and ROS processes; TIMM22, TIMM10B, NDUFA13, APOOL,
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MICOS13, TIMM10, ALKBH?7, RHOT1 in MMO; BCL2 in MMO, PMM and ROS processes;
PARKY? in MIT, PMM and ROS processes; ATG2B and FUNDC2 in MIT; MTFRIL in FIS;
and FIS1 in FIS and MIT processes compared to luminal A tumors.

Signature mitochondrial alterations in luminal A and basal-like breast cancer subtypes

ROS-PRDX2- peroxiredoxin 2

ROS-GPX1~- glutathione peroxidase 1

ROS-CCS~ copper chaperone for superoxide dismutase
ROS-PRDXS5~ peroxiredoxin 5

ROS-ENDOG- endonuclease G

ROS-MAPK3~- mitogen-activated protein kinase 3

ROS-AIFM1~- apoptosis inducing factor mitochondria associated 1
ROS-RIPK3- receptor interacting serine/threonine kinase 3
ROS-EEF2- eukaryotic translation elongation factor 2
ROS-CDK1~ cyclin dependent kinase 1

ROS-TRAP1- TNF receptor associated protein 1

ROS-TXNRD2- thioredoxin reductase 2

ROS-GLRX2- glutaredoxin 2

PMM ROS-PRDX3~- peroxiredoxin 3

PMM ROS-SOD1~ superoxide dismutase 1

PMM ROS-SRC- SRC proto-oncogene, non-receptor tyrosine kinase
PMM ROS-ABCD1~ ATP binding ¢ subfamily D ber 1
PMM ROS-LRRK2~ leucine rich repeat kinase 2

PMM-TUSC2- tumor suppressor 2, mitochondrial calcium regulator
MMO-ROS-ROMO1~ reactive oxygen species modulator 1

MMO PMM-ROS-BCL2~ BCL2 apoptosis regulator
MMO-TIMM22- translocase of inner mitochondrial membrane 22
MMO-TIMM10B- translocase of inner mitochondrial membrane 108
MMO-NDUFA13- NADH:ubiquinone oxidoreductase subunit A13
MMO-APOOL~- apolipoprotein O like

MMO-MICOS 13~ mitochondrial contact site and cristae organizing system subunit 13
MMO-TIMM10- translocase of inner mitochondrial membrane 10
MMO-ALKBH7- alkB homolog 7

MMO-RHOT 1~ ras homolog family member T1

MMO-SAMMS50~- SAMMS0 sorting and assembly machinery component
MMO-IMMT- inner membrane mitochondrial protein
MMO-STOML2~- stomatin like 2

MMO-MTX2- metaxin 2

MMO-HSPAS- heat shock protein family A (Hsp70) member 9
MMO-TOMM22~ translocase of outer mitochondrial membrane 22
MMO-SLC25A31~ solute carrier family 25 member 31
MMO-MTX1~ metaxin 1

MMO-TIMMS50- translocase of inner mitochondrial membrane 50
MMO-LETM1- leucine zipper and EF-hand containing transmembrane protein 1
MMO-OXA1L- OXA1L mitochondrial inner membrane protein
MMO-MAIP1- matrix AAA peptidase interacting protein 1

MIT PMM ROS-PARK7- Parkinsonism associated deglycase

MIT PMM-TSPO- translocator protein

MIT MMO-SLC25A4~ solute carrier family 25 member 4
MIT-PHB2- prohibitin 2

MIT-ATG2B~ autophagy related 28

MIT-FUNDC2- FUN14 domain containing 2

MIT-USP30- ubiquitin specific peptidase 30

FUS MMO-MFN2- mitofusin 2

FUS-MFN1- mitofusin 1

FUS-BAX- BCL2 associated X, apoptosis regulator

FIS MIT-FIS1~ fission, mitochondrial 1

FIS-MTFR1L- mitochondrial fission regulator 1 like

FIS-MIEF1- mitochondrial elongation factor 1
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Figure 9. Signature mitochondrial alterations in luminal type A and basal-like breast cancer. Ex-
pression profiles of proteins involved in regulation and formation of reactive oxygen species (ROS),
mitochondrial membrane potential (MMP), mitochondrial membrane organization (MMO), mi-
tophagy (MIT), mitochondrial fusion (FUS) and mitochondrial fission (FIS), in control samples,
luminal A and basal-like breast cancer tumors.

Moreover, in the case of control samples, we found overexpression of the proteins:
PRDX2, PRDX5 and AIFM1 involved in ROS; TUSC2 in PMM; ALKBH?7, RHOT1, SAMMS50,
IMMT and HSPA9 in the MMO; and FUNDC2 in MIT compared to luminal A and basal-like
breast cancer tumors. However, we found underexpression of EEF2 and GLRX2 proteins
involved in ROS; MTX2 in MMO; USP30 in MIT; TSPO in MIT and PPM processes; BAX
in FUS; and MTFR1L and MIEF1 in FIS compared to luminal A and basal-like breast
cancer tumors.
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In general, these previously described protein expression profiles allow us to distin-
guish between luminal A and basal-like tumors and distinguish between women with and
without cancer. It is also worth mentioning that these results obtained in women with
luminal A and basal-like BC correlate with the data found in MCF7 and MDA-MB-231
cell lines.

3.9. Protein Signature of OXPHOS in Luminal A and Basal-like Breast Cancer

In addition, we generated a signature that exclusively shows abundance patterns of
OXPHOS proteins between BC molecular subtypes and control samples to delve deeper
into mitochondria’s functional status and the potential it may have in detecting therapeutic
targets of OXPHOS in BC [41,42].

We first evaluated the expression of mitochondrial complexes in cell lines by WB, using
a cocktail containing antibodies against a labile subunit when its complex is not assembled.
The following subunits of the OXPHOS complexes were immunodetected: NADH: Subunit
B8 of ubiquinone oxidoreductase (CI-NDUFBS), subunit B of the iron-sulfur succinate
dehydrogenase complex (CII-SDHB), ubiquinol-cytochrome ¢ reductase core protein 2
(CHI-UQCRC2), mitochondrial cytochrome c oxidase catalytic subunit (CIV-MTCOL1) and
ATP synthase F alpha subunit (CV-ATP5A) (Figure 10A). However, we found no significant
differences, but we observed a tendency to decrease the expression of the CIII-UQCR2,
CIV-MTCOI and the CV-ATP5A in the MDA-MB-231 line (Figure 10B).

A MCF10A  MCF7 MDA-MB-231 (o
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Figure 10. OXPHOS protein expression profiles in luminal A and basal-like subtypes of breast cancer.
(A,B) Western blotting and expression of total oxidative phosphorylation (OXPHOS) cocktail in
MCF10A, MCF7 and MDA-MB-231 cell lines. Densitometry values were normalized by Ponceau red
staining. The data are presented as mean + SD, n = 3. (C) Proteins expression profiles of OXPHOS
complexes in control samples, luminal A, basal-like breast cancer tumors.

In addition, we performed an overrepresentation analysis of OXPHOS with PCA
proteins to generate expression profiles with OXPHOS proteins (Figure 10C).

We found that in luminal A tumors overexpression of the NDUFS3, NDUFV2, NDUFV3,
NDUFA2, NDUFV1 and NDUFA10, and underexpression of the NDUFB9, NDUFA4,
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NDUEFB10, NDUFS2 and NDUFB5 proteins of the CI; and underexpression of the COX5A,
COX5B, COX7A2, COX7C and COX4I1 proteins of the CIV.

In basal-like tumors, we found overexpression of the NDUFB9, NDUFA4, NDUFS2 and
NDUEBS proteins of the CI; overexpression of the SDHA protein of the CIL; overexpression
of the CYCS and CYC1 proteins of the CIII and overexpression of the UQCR2 protein
of the CIII, confirming the findings in cell lines by Western blot. Furthermore, in this
same tumor type, we observed overexpression of the COX5A, COX5B, COX7A2, COX7C
and COX4I1 proteins of the CIV; and underexpression of the ATP5F1D, ATP5L, ATP5H,
ATP5F1A, ATP5I, ATP50, ATP5F1B and ATP5F1 proteins of the CV.

We also observed heterogeneous expression of CI and CIII proteins in the two molecu-
lar subtypes of BC.

These findings show that the defects in the OXPHOS complexes impaired mitochon-
drial function, as found in past experiments. We believe that these marked differences in
expression between the proteins of the OXPHOS complexes could be of diagnostic value,
as they show a correlation with the aggressiveness of the type of BC.

In brief, analysis of mitochondrial protein expression shows that through the mitochon-
drial proteome it is possible to distinguish between BC samples and non-cancerous and to
identify molecular subtypes. In addition, the analysis captures bioenergetics differences
between BC types but also captures mitochondrial functional differences and their associa-
tion with the aggressiveness that characterizes each type of BC. These results highlight the
importance of studying differences in mitochondrial function between BC subtypes.

4. Discussion

Despite all the evidence of the critical role of mitochondria in cancer, few studies to
date have focused on showing mitochondrial differences between BC subtypes, as well as
few that reflect alterations in mitochondrial dynamics and their relationship to different
mitochondrial and cellular processes.

The balance between mitochondrial fusion and fission is crucial to the preservation
of mitochondrial function. Changes in mitochondrial dynamics have been associated
with alteration in mitochondrial content, bioenergetics function and malignancy in cancer
cells [43,44].

In different types of cancer, including BC, it has been reported that increased mitochon-
drial fission is associated mainly with Drp1 and Fis1 proteins and decreased mitochondrial
fusion, which has been associated with poor prognosis and cancer aggressiveness [45-48].
This work demonstrates differential expression of proteins related to mitochondrial dy-
namics between luminal A and basal-like of BC. From both analyses of BC cell lines and
analysis of the mitochondrial proteome in women with BC, we found decreased expression
of the mitochondrial fission proteins Drp1 in MDA-MB-231 cell line (Figure 1E) and Fis1
in basal-like tumors (Figure 9). In contrast, Mfn 1 and 2 proteins overexpression was
observed in basal-like tumors (Figure 9) and overexpression of Opal in the MDA-MB-
231 cell line (Figure 1B). These findings suggest an increase in mitochondrial fusion for
basal-like tumors. However, proteomics data suggest a decrease in mitochondrial fusion in
luminal A subtype tumors. Similar results have been reported in gastric and lung cancer,
in which Mfn2 overexpression has also been found [49,50]. Additionally, in Y. Lou et al.’s
study, they also observed that silencing of Mfn2 in lung cancer results in inhibition of cell
proliferation without impacting cell apoptosis [50]. Likewise, a recent study in patients
with BC provided evidence that mitochondrial fission inhibits metastasis in triple-negative
BC and that genes associated with mitochondrial fission correlate with better survival. In
comparison, fusion genes correlate with worse survival [26]. In addition, these findings
suggest that the mitochondrial dynamics have a more complex effect on BC cells than has
been considered ultimately, which has not been fully elucidated.

Moreover, according to the mitochondrial proteome analysis (Figure 9), we believe
that mitochondrial elongation factor 1 (MIEF1) may be a central regulator of mitochondrial
fission in basal-like tumors. Research in colorectal cancer has reported that mitochondrial
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division is affected by MIEF1 [51]. However, few studies have explored the influence of
MIEF in BC.

On the other hand, this controversial finding may be related to the increased mito-
chondrial mass observed in basal-like cells (Figure 2A,B). It is well established that both
mitochondrial biogenesis and mitophagy are essential to preserving mitochondrial quality
control [52,53]. As mentioned, we surprisingly found an increase in PGCl« biogenesis-
related protein in the MDA-MB-231 cell line (basal-like) when compared to MCF7 (luminal
A) and MCF10A (control) cell lines (Figure 2D). This increase in PGCle levels may be the
result of a compensatory mechanism induced by the decrease in mitochondrial respiration
and decoupling in OXPHOS (Figure 6B,C), as PGC-1x-mediated mitochondrial biogenesis
increases the number of mitochondria and replaces damaged mitochondria. Furthermore,
mitofusin-mediated fusion decreases the damage that accumulates in mitochondria [30].
Therefore, these data suggest a significantly altered mitochondrial function in MDA-MB-
231 BC than in MCF7. Furthermore, we found a significant increase in the expression of
PINK1 and p62 mitophagy proteins that contribute to removing mitochondria damage
(Figure 3B,C). Additionally, although no significant difference in LC3-II expression was
observed among the BC cell lines, an increasing trend was observed, especially in the
MDA-MB-231 cell line (Figure 3E). This increase in the expression of mitophagy-associated
proteins may be related to the decrease in both OXPHOS in both cell lines of BC. In addition
to decreased mitochondrial function, we show that activation of mitophagy is a response
to the decreased mitochondrial membrane potential (Figure 4A,B). Consistent with our
results, previous research has reported that high LC3, PINK1 and p62 protein levels are
associated with triple-negative BC (TNBC) patients and with poor response to chemother-
apy, similar results have also been found in colorectal cancer, gastric, malignant melanoma,
and esophageal cancer [54-61]. This demonstrates that deficiency of mitochondrial activity
correlates with the invasiveness and metastatic capacity of the basal-like subtype of BC [62].

In addition, researchers have found that FUNDCI1, a mammalian mitophagy re-
ceptor, regulates mitochondrial fusion-fission and mitophagy through the interaction
of DNM1L/Drp1 and Opal and can also recruit LC3 to induce mitophagy [63]. However,
it was not identified in this work, but the FUN14 domain containing 2 (FUNDC?2) protein
was identified, which is also associated with mitochondria autophagy [64]. In a previous
study, FUNDC2 gene overexpression was found in BC brain metastases [65]; unfortunately,
so far, there are few studies on this protein in cancer.

Cancer cells have particular metabolic demands for proliferation and survival. Al-
though the role of mitochondrial dynamics in the regulation of metabolism is still not
well elucidated, it has been shown that mitochondrial fusion can promote OXPHOS ca-
pacity; thus, mitochondrial fission may be primarily related to a glycolytic phenotype [9].
Metabolic plasticity has been shown in BC to have the ability to promote late-stage tumor
cell survival and relapsing tumor and metastasis formation in patients. To investigate the
metabolic preference in breast cancer cell lines, we evaluated the expression of AMPK and
HIF1«, which have been considered key modulators of oxidative and glycolytic metabolism,
respectively [35,66—-68]. We confirmed that both MCF7 and MDA-MB-231 cell lines exhibit
a switch from mitochondrial OXPHOS to glycolytic metabolism (Figure 5D). This prefer-
ence for glycolytic metabolism in both cell lines of BC may be due to a decrease in the
mitochondrial respiratory capacity, which was more evident in basal-like cell line by a
marked decrease in mitochondrial respiration and decoupling of oxidative phosphorylation
compared to luminal A cell line (Figure 6B,C). Concerning these mitochondrial alterations,
here, through proteomic analysis, we showed a unique OXPHOS signature capturing the
differential expression of complexes proteins between luminal A and basal-like tumors
(Figure 10C), which could be of great use in exploring new therapeutic targets for BC [69].
This signature demonstrates a lower expression mainly of complexes I and V in basal-
like tumors than luminal A tumors. Our results agree with a previous study by Lunetti
et al. [70] in which it was suggested that complex I deficiency appears to be compensated
by increased complex IV activity [70]. Supporting the idea of the therapeutic application of
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OXPHOS targeted inhibitors, our data show concordance with this approach, which could
also help to sensitize advanced BC. For instance, Raninga et al. [71] demonstrated that mari-
zomib (Mzb), a proteasome inhibitor, inhibits complex II, which leads to reduced OXPHOS,
induces caspase-3 dependent apoptosis and reduce tumor growth in TNBC, and reduces
metastases in lung and brain cancers [71]. Another approach is the use of metformin as
an anticancer therapy, showing that metformin reduces mitochondrial metabolite levels
and inhibits complex I of the mitochondrial respiratory chain. However, the mechanism of
action of metformin is still unclear; studies suggest that it may activate AMPK o reduce
phosphorylated protein kinase B (pAKT) [42,72].

It is well established that alterations in the respiratory chain and the increase in HIF1«,
demonstrated here, can increase ROS production, and might be involved as initiators,
promoters, and neoplastic transformation since it can act as mutation-driving agents and
interact with signaling pathways [73,74]. It has also been suggested that increased ROS
generation may play an important role in autophagy by activating signaling pathways [75].
We demonstrated that basal-like cell line produces more significant ROS levels than lu-
minal A cell line (Figure 7A,B). This increase in ROS production may be associated with
the impairment of mitochondrial complex I [70]. These differences in ROS production
between the subtypes we found correlate with previous studies demonstrating that in-
creased ROS production in TNBC cell lines has a protumorigenic role in the oncogenic
signaling necessary for their proliferation and survival and maybe to promote metastatic
potential [37,70].

On the other hand, there are drawbacks such as genetic and phenotypic drift and
the lack of ability to reflect the intertumoral heterogeneity that cell lines present [76,77].
In this work, we demonstrate that exploiting proteomic data from repositories can be a
valuable strategy/alternative that allowed us to integrate and deepen into the process
of mitochondrial dynamics and bioenergetics. This strategy allowed us to obtain mito-
chondrial proteome expression profiles that distinguish between luminal A and basal-like
tumors and discriminate between disease and normality (Figure 9). Overall, analysis of
the mitochondrial proteome shows us that: (1) mitochondria play an essential role in the
development of BC; (2) mitochondrial alterations are associated with increased aggres-
siveness and metastatic potential of this disease; (3) mitochondria may reflect functional
differences between luminal A and basal-like subtypes; and (4) mitochondria proteome
may be complementary to the molecular classification of BC, and of the great utility for
patient stratification and the search for the new markers of diagnostic and therapeutic value.
We believe that the inclusion of mitochondrial biomarkers in BC molecular signatures, such
as PAM50, Oncotype DX, MammaPrint, and IHC4 [78], is crucial to improving the capture
of intrinsic differences between molecular subtypes, which would have an impact on the
diagnosis and even treatment of patients. This is because these signatures are still not
sufficient to distinguish between subtypes, as shown in Figure S1A, where it can be seen
that some luminal A are mistaken with basal-like tumors.

Therefore, in this work, we propose two mitochondrial signatures that allow us to
distinguish between luminal A and basal type breast cancer tumors, from which potential
biomarkers for diagnostic and/or therapeutic use could be identified.

5. Conclusions

Despite limitations of using cell lines, here it is demonstrated that through an ap-
propriate selection, it was possible to reflect the differences between the luminal A and
basal-like and the high heterogeneous that characterize BC. In addition, we demonstrated
that through the complementarity of functional studies in BC cell lines and exploiting
Mertins et al. [10] proteomics data analyses of BC samples, a functional mitochondrial pro-
teomic signature was generated to distinguish between luminal A and basal-like subtypes
of BC.

Furthermore, we show that the imbalance of mitochondrial dynamics may be associ-
ated with the loss of mitochondrial quality control and with alterations in bioenergetics in
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luminal A and basal-like subtypes of BC. We show that although both breast cancer lines
representing luminal A and basal-like subtypes possess a Warburg phenotype, the MCF7
(luminal A) cell line was characterized by a more conserved bioenergetics efficiency, even
with the capacity to generate ATP via OXPHOS. In contrast, the MDA-MB-231 (basal-like)
cell line showed a significant decrease in mitochondrial respiration and a marked uncou-
pling of OXPHOS. It was also shown that both cell lines were characterized by a significant
increase in ROS, which may be due to alterations in OXPHOS complexes, mainly in CIII,
CIV and CV.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom12030379/s1, Figure S1: Flow chart of the statistical and
bioinformatic analysis process of proteomic data of breast cancer tumors, Figure S2: Hierarchical
cluster analysis, Table S1: Antibodies for Western blot and reagents, Table S2: Mitochondrial proteins,
Table S3: Mitochondrial proteins expressed in Luminal A and basal-like subtypes of breast cancer,
Table S4: Abundance data for PCA, Table S5: Explained variance of PCA, Table S6: Correlation matrix,
Table S7: Proteins for analysis of overrepresentation biological processes, Table S8: Overrepresentation
of biological processes.

Author Contributions: Conceptualization, A.J.O.-L.; methodology, A.J.O.-L., A.B.-H. and O.E.A.-T;;
validation, A.J.O.-L. and L.G.-C.; formal analysis, A.J.O.-L. and L.G.-C.; investigation, A.J.O.-L.;
resources, ].P-C.; data curation, A.J.O.-L. and L.G.-C.; writing—original draft preparation, A.J.O.-L.
and L.G.-C,; writing—review and editing, A.J.O.-L., L.G.-C. and ].P.-C.; visualization, A.J.O.-L. and
L.G.-C.; supervision, A.J.O.-L. and ].P.-C.; project administration, J.P.-C.; funding acquisition, J.P.-C.
All authors have read and agreed to the published version of the manuscript.

Funding: Research conducted for this publication was supported by grants from “Consejo Nacional
de Ciencia y Tecnologia” (CONACyT, A1-5-7495) to José Pedraza-Chaverri. Programa de Apoyo a
Proyectos de Investigacion e Innovacion Tecnoldgica (IN200922) of Universidad Nacional Auténoma
de México (UNAM) and Programa de Apoyo a la Investigacién y el Posgrado (5000-9105) of Facultad
de Quimica, UNAM.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Global proteomics data from women with breast cancer classified
according to the molecular classification of breast cancer can be found in the publication “Proteoge-
nomics connects somatic mutations to signaling in breast cancer” by Mertins et al. in Table S3 of
the supplementary material. Data used in this publication were generated by the Clinical Proteomic
Tumor Analysis Consortium (NCI/NIH).

Acknowledgments: We acknowledge Dr. Alejandro Garcia-Carranca for the donation of the cell
line MCF7 from the Unidad de Investigacion Biomédica en Céncer, Instituto de Investigaciones
Biomédicas, Universidad Nacional Auténoma de México & Instituto Nacional de Cancerologia,
Secretaria de Salud, Mexico City, and Dr. Alejandro Zentella-Dehesa for the donation of the MCF10A
and MDA-MB-231 cell lines from the Biochemistry Unit, Instituto Nacional de Ciencias Medicas
y Nutricion Salvador Zubiran (INCMNSZ). Ariadna Jazmin Ortega-Lozano is a doctoral student
from Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Auténoma de México
(UNAM) and received fellowship 637627 from CONACYT, México. This article is a requirement for
obtaining the Doctor of Science degree of the Programa de Posgrado de Ciencias Biomédicas, UNAM.

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

1. Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef] [PubMed]

2. Polyak, K. Review series introduction Heterogeneity in breast cancer. J. Clin. Investig. 2011, 121, 2011-2013. [CrossRef] [PubMed]

3. Scheid, A.D.; Beadnell, T.C.; Welch, D.R. Roles of mitochondria in the hallmarks of metastasis. Br. J. Cancer 2021, 124, 124-135.

[CrossRef] [PubMed]

4. Giampazolias, E.; Tait, 5.W.G. Mitochondria and the hallmarks of cancer. FEBS ]. 2016, 283, 803-814. [CrossRef]


https://www.mdpi.com/article/10.3390/biom12030379/s1
https://www.mdpi.com/article/10.3390/biom12030379/s1
http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1172/JCI60534
http://www.ncbi.nlm.nih.gov/pubmed/21965334
http://doi.org/10.1038/s41416-020-01125-8
http://www.ncbi.nlm.nih.gov/pubmed/33144695
http://doi.org/10.1111/febs.13603

Biomolecules 2022, 12, 379 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.
20.
21.
22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Bordi, M.; Nazio, F; Campello, S. The Close interconnection between mitochondrial dynamics and mitophagy in cancer. Front.
Oncol. 2017, 7, 81. [CrossRef] [PubMed]

Han, X.J.; Yang, Z.].; Jiang, L.P.; Wei, Y.E; Liao, M.F;; Qian, Y.; Li, Y.; Huang, X.; Wang, J.-B.; Xin, H.-B.; et al. Mitochondrial
dynamics regulates hypoxia-induced migration and antineoplastic activity of cisplatin in breast cancer cells. Int. ]. Oncol. 2015,
46, 691-700. [CrossRef]

Dai, X.; Cheng, H.; Bai, Z.; Li, J. Breast Cancer Cell Line Classification and Its Relevance with Breast Tumor Subtyping. J. Cancer
2017, 8, 3131. [CrossRef]

Kim, Y.Y.; Yun, S.H.; Yun, ]. Downregulation of Drp1, a fission regulator, is associated with human lung and colon cancers. Acta
Biochim. Biophys. Sin. 2018, 50, 209-215. [CrossRef]

Weiner-Gorzel, K.; Murphy, M. Mitochondrial dynamics, a new therapeutic target for Triple Negative Breast Cancer. Biochim.
Biophys. Acta-Rev. Cancer 2021, 1875, 188518. [CrossRef]

Mertins, P.; Mani, D.R.; Ruggles, K.V,; Gillette, M.A.; Clauser, K.R.; Wang, P.; Wang, X.; Qiao, ].W.; Cao, S.; Petralia, F; et al.
Proteogenomics connects somatic mutations to signalling in breast cancer. Nature 2016, 534, 55-62. [CrossRef] [PubMed]
Ziegler, Y.S.; Moresco, ].].; Tu, P.G; Yates, ].R.; Nardulli, A.M. Plasma membrane proteomics of human breast cancer cell lines
identifies potential targets for breast cancer diagnosis and treatment. PLoS ONE 2014, 9, e102341. [CrossRef] [PubMed]
Romero-Calvo, I.; Océn, B.; Martinez-Moya, P.; Suarez, M.D.; Zarzuelo, A.; Martinez-Augustin, O.; de Medina, ES. Reversible
Ponceau staining as a loading control alternative to actin in Western blots. Anal. Biochem. 2010, 401, 318-320. [CrossRef] [PubMed]
Butler, T A.J.; Paul, JJW,; Chan, E.C.; Smith, R.; Tolosa, ]. M. Misleading westerns: Common quantification mistakes in western blot
densitometry and proposed corrective measures. BioMed Res. Int. 2019, 2019, 5214821. [CrossRef] [PubMed]

Briones-Herrera, A.; Ramirez-Camacho, I.; Zazueta, C.; Tapia, E.; Pedraza-Chaverri, J. Altered proximal tubule fatty acid utiliza-
tion, mitophagy, fission and supercomplexes arrangement in experimental Fanconi syndrome are ameliorated by sulforaphane-
induced mitochondrial biogenesis. Free Radic. Biol. Med. 2020, 153, 54-70. [CrossRef]

Marin Franco, J.L.; Genoula, M.; Corral, D.; Duette, G.; Ferreyra, M.; Maio, M.; Dolotowicz, M.B.; Aparicio-Trejo, O.E.; Patifio-
Martinez, E.; Charton, A.; et al. Host-Derived Lipids from Tuberculous Pleurisy Impair Macrophage Microbicidal-Associated
Metabolic Activity. Cell Rep. 2020, 33, 108547. [CrossRef]

Reyes-Fermin, L.M.; Avila-Rojas, S.H.; Aparicio-Trejo, O.E.; Tapia, E.; Rivero, I.; Pedraza-Chaverri, ]. The protective effect of
alpha-mangostin against cisplatin-induced cell death in LLC-PK1 cells is associated to mitochondrial function preservation.
Antioxidants 2019, 8, 133. [CrossRef]

Blagoti¢, A.; Daréczi, G. Rapport: A Report Templating System 2012. Available online: https://daroczig.github.io/slides/2014-0
7-03_user_rapport-a-report-templating-system-in-R.pdf (accessed on 10 August 2021).

Smith, A.C.; Robinson, A.]. MitoMiner v3.1, an update on the mitochondrial proteomics database. Nucleic Acids Res. 2016,
44, D1258-D1261. [CrossRef]

Stekhoven, D.J.; Bithlmann, P. Missforest-Non-parametric missing value imputation for mixed-type data. Bioinformatics 2012,
28, 112-118. [CrossRef]

Lg, S.; Josse, J.; Husson, F. FactoMineR: An R package for multivariate analysis. J. Stat. Softw. 2008, 25, 1-18. [CrossRef]

Vyas, S.; Zaganjor, E.; Haigis, M.C. Mitochondria and Cancer. Cell 2016, 166, 555-566. [CrossRef]

Abdi, H.; Williams, L.J. Principal component analysis. Wiley Interdiscip. Rev. Comput. Stat. 2010, 2, 433-459. [CrossRef]
Ashburner, M.; Ball, C.A ; Blake, J.A.; Botstein, D.; Butler, H.; Michael Cherry, J.; Davis, A.P,; Dolinski, K.; Dwight, S.S.; Eppig, ].T.;
et al. Gene Ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25-29. [CrossRef]

Mishra, P.; Chan, D.C. Metabolic regulation of mitochondrial dynamics. J. Cell Biol. 2016, 212, 379-387. [CrossRef] [PubMed]
Zhao, J.; Zhang, J.; Yu, M,; Xie, Y.; Huang, Y.; Wolff, D.W.; Abel, PW.; Tu, Y. TRANSWELL MIGRATION4_Mitochondrial dynamics
regulates migration and invasion of breast cancer cells HHS Public Access. Oncogene 2013, 32, 4814—4824. [CrossRef]
Humpbhries, B.A.; Cutter, A.C.; Buschhaus, ].M.; Buschhaus, ].M.; Chen, Y.C.; Chen, Y.C.; Chen, Y.C.; Qyli, T.; Palagama, D.S.W,;
Eckley, S.; et al. Enhanced mitochondrial fission suppresses signaling and metastasis in triple-negative breast cancer. Breast Cancer
Res. 2020, 22, 60. [CrossRef] [PubMed]

Popov, L.D. Mitochondrial biogenesis: An update. J. Cell. Mol. Med. 2020, 24, 4892-4899. [CrossRef] [PubMed]

Chourasia, A.H.; Boland, M.L.; Macleod, K.F. Mitophagy and cancer. Cancer Metab. 2015, 3, 4. [CrossRef] [PubMed]

Yoo, S.M.; Jung, Y.K. A molecular approach to mitophagy and mitochondrial dynamics. Mol. Cells 2018, 41, 18-26. [CrossRef]
[PubMed]

Archer, S.L. Mitochondrial Dynamics—Mitochondrial Fission and Fusion in Human Diseases. N. Engl. ]. Med. 2013, 369,
2236-2251. [CrossRef] [PubMed]

Ly, J.D.; Grubb, D.R.; Lawen, A. The mitochondrial membrane potential (51pm) in apoptosis; an update. Apoptosis 2003, 8, 115-128.
[CrossRef]

Gorelick, A.N.; Kim, M.; Chatila, WK.; La, K.; Hakimi, A.A.; Berger, M.F,; Taylor, B.S.; Gammage, P.A.; Reznik, E. Respiratory
complex and tissue lineage drive recurrent mutations in tumour mtDNA. Nat. Metab. 2021, 3, 558-570. [CrossRef] [PubMed]
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

Hagq, R.; Shoag, J.; Andreu-Perez, P.; Yokoyama, S.; Edelman, H.; Rowe, G.C.; Frederick, D.T.; Hurley, A.D.; Nellore, A,;
Kung, A.L.; et al. Oncogenic BRAF regulates oxidative metabolism via PGCla and MITE. Cancer Cell 2013, 23, 302-315. [CrossRef]


http://doi.org/10.3389/fonc.2017.00081
http://www.ncbi.nlm.nih.gov/pubmed/28512624
http://doi.org/10.3892/ijo.2014.2781
http://doi.org/10.7150/jca.18457
http://doi.org/10.1093/abbs/gmx137
http://doi.org/10.1016/j.bbcan.2021.188518
http://doi.org/10.1038/nature18003
http://www.ncbi.nlm.nih.gov/pubmed/27251275
http://doi.org/10.1371/journal.pone.0102341
http://www.ncbi.nlm.nih.gov/pubmed/25029196
http://doi.org/10.1016/j.ab.2010.02.036
http://www.ncbi.nlm.nih.gov/pubmed/20206115
http://doi.org/10.1155/2019/5214821
http://www.ncbi.nlm.nih.gov/pubmed/30800670
http://doi.org/10.1016/j.freeradbiomed.2020.04.010
http://doi.org/10.1016/j.celrep.2020.108547
http://doi.org/10.3390/antiox8050133
https://daroczig.github.io/slides/2014-07-03_user_rapport-a-report-templating-system-in-R.pdf
https://daroczig.github.io/slides/2014-07-03_user_rapport-a-report-templating-system-in-R.pdf
http://doi.org/10.1093/nar/gkv1001
http://doi.org/10.1093/bioinformatics/btr597
http://doi.org/10.18637/jss.v025.i01
http://doi.org/10.1016/j.cell.2016.07.002
http://doi.org/10.1002/wics.101
http://doi.org/10.1038/75556
http://doi.org/10.1083/jcb.201511036
http://www.ncbi.nlm.nih.gov/pubmed/26858267
http://doi.org/10.1038/onc.2012.494
http://doi.org/10.1186/s13058-020-01301-x
http://www.ncbi.nlm.nih.gov/pubmed/32503622
http://doi.org/10.1111/jcmm.15194
http://www.ncbi.nlm.nih.gov/pubmed/32279443
http://doi.org/10.1186/s40170-015-0130-8
http://www.ncbi.nlm.nih.gov/pubmed/25810907
http://doi.org/10.14348/molcells.2018.2277
http://www.ncbi.nlm.nih.gov/pubmed/29370689
http://doi.org/10.1056/NEJMra1215233
http://www.ncbi.nlm.nih.gov/pubmed/24304053
http://doi.org/10.1023/A:1022945107762
http://doi.org/10.1038/s42255-021-00378-8
http://www.ncbi.nlm.nih.gov/pubmed/33833465
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1016/j.ccr.2013.02.003

Biomolecules 2022, 12, 379 20 of 21

35.

36.

37.

38.
39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Yu, L.; Lu, M,; Jia, D.; Ma, J.; Ben-Jacob, E.; Levine, H.; Kaipparettu, B.A.; Onuchic, ].N. Modeling the genetic regulation of cancer
metabolism: Interplay between glycolysis and oxidative phosphorylation. Cancer Res. 2017, 77, 1564-1574. [CrossRef] [PubMed]
De Sa Junior, PL.; Camara, D.A.D.; Porcacchia, A.S.; Fonseca, PM.M.; Jorge, S.D.; Araldi, R.P; Ferreira, A K. The Roles of ROS in
Cancer Heterogeneity and Therapy. Oxid. Med. Cell. Longev. 2017, 2017, 2467940. [CrossRef] [PubMed]

Sarmiento-Salinas, F.L.; Delgado-Magallén, A.; Montes-Alvarado, ].B.; Ramirez-Ramirez, D.; Flores-Alonso, J.C.; Cortés-
Hernandez, P.; Reyes-Leyva, J.; Herrera-Camacho, I.; Anaya-Ruiz, M.; Pelayo, R.; et al. Breast cancer subtypes present a
differential production of reactive oxygen species (ROS) and susceptibility to antioxidant treatment. Front. Oncol. 2019, 9, 480.
[CrossRef] [PubMed]

Chan, L.S.A.; Gu, L.C.H.; Leitch, H.A.; Wells, R.A. Intracellular ROS profile in hematopoietic progenitors of MDS patients:
Association with blast count and iron overload. Hematology 2021, 26, 88-95. [CrossRef]

Nishikawa, M. Reactive oxygen species in tumor metastasis. Cancer Lett. 2008, 266, 53-59. [CrossRef] [PubMed]

Mori, K.; Uchida, T.; Yoshie, T.; Mizote, Y.; Ishikawa, F.; Katsuyama, M.; Shibanuma, M. A mitochondrial ROS pathway controls
matrix metalloproteinase 9 levels and invasive properties in RAS-activated cancer cells. FEBS J. 2019, 286, 459—478. [CrossRef]
[PubMed]

Sica, V.; Bravo-San Pedro, ].M.; Stoll, G.; Kroemer, G. Oxidative phosphorylation as a potential therapeutic target for cancer
therapy. Int. . Cancer 2020, 146, 10-17. [CrossRef] [PubMed]

Lord, S.R.; Cheng, W.C; Liu, D.; Gaude, E.; Haider, S.; Metcalf, T.; Patel, N.; Teoh, E.J.; Gleeson, F.; Bradley, K.; et al. Integrated
Pharmacodynamic Analysis Identifies Two Metabolic Adaption Pathways to Metformin in Breast Cancer. Cell Metab. 2018, 28,
679-688.e4. [CrossRef] [PubMed]

Cheng, C.T,; Kuo, C.Y,; Ouyang, C.; Li, C.E; Chung, Y.; Chan, D.C.; Kung, H.J.; Ann, D.K. Metabolic stress-induced phos-
phorylation of kap1l ser473 blocks mitochondrial fusion in breast cancer cells. Cancer Res. 2016, 76, 5006-5018. [CrossRef]
[PubMed]

Dai, W,; Jiang, L. Dysregulated Mitochondrial Dynamics and Metabolism in Obesity, Diabetes, and Cancer. Front. Endocrinol.
2019, 10, 570. [CrossRef]

Liu, B,; Fan, Y.; Song, Z.; Han, B.; Meng, Y.; Cao, P; Tan, K. Identification of DRP1 as a prognostic factor correlated with immune
infiltration in breast cancer. Int. Immunopharmacol. 2020, 89, 107078. [CrossRef] [PubMed]

Ferreira-da-Silva, A.; Valacca, C.; Rios, E.; Pépulo, H.; Soares, P.; Sobrinho-Simées, M.; Scorrano, L.; Maximo, V.; Campello, S.
Mitochondrial dynamics protein Drp1 is overexpressed in oncocytic thyroid tumors and regulates cancer cell migration. PLoS
ONE 2015, 10, e0122308. [CrossRef] [PubMed]

Chen, L.; Zhang, J.; Lyu, Z.; Chen, Y.; Ji, X.; Cao, H.; Jin, M.; Zhu, ]J.; Yang, ].; Ling, R.; et al. Positive feedback loop between
mitochondrial fission and Notch signaling promotes survivin-mediated survival of TNBC cells. Cell Death Dis. 2018, 9, 1050.
[CrossRef]

Yu, M.; Nguyen, N.D.; Huang, Y.; Lin, D.; Fujimoto, T.N.; Molkentine, ]. M.; Deorukhkar, A.; Kang, Y.; Anthony San Lucas, F;
Fernandes, C.J.; et al. Mitochondrial fusion exploits a therapeutic vulnerability of pancreatic cancer. JCI Insight 2019, 4, e126915.
[CrossRef]

Fang, C.L.; Sun, D.P.;; Chen, HK,; Lin, C.C.; Hung, S.T.; Uen, Y.H.; Lin, K.Y. Overexpression of mitochondrial GTPase MFN2
represents a negative prognostic marker in human gastric cancer and its inhibition exerts anti-cancer effects. J. Cancer 2017, §,
1153-1161. [CrossRef] [PubMed]

Lou, Y; Li, R; Liu, J.; Zhang, Y.; Zhang, X.; Jin, B.; Liu, Y.; Wang, Z.; Zhong, H.; Wen, S.; et al. Mitofusin-2 over-expresses and
leads to dysregulation of cell cycle and cell invasion in lung adenocarcinoma. Med. Oncol. 2015, 32, 132. [CrossRef] [PubMed]
Viale, G. The current state of breast cancer classification. Ann. Oncol. 2012, 23, x207-x210. [CrossRef] [PubMed]

Palikaras, K.; Tavernarakis, N. Mitochondrial homeostasis: The interplay between mitophagy and mitochondrial biogenesis. Exp.
Gerontol. 2014, 56, 182-188. [CrossRef]

Praharaj, P.P; Panigrahi, D.P; Bhol, C.S,; Patra, S.; Mishra, S.R.; Mahapatra, K.K.; Behera, B.P,; Singh, A.; Patil, S.; Bhutia, S.K.
Mitochondrial rewiring through mitophagy and mitochondrial biogenesis in cancer stem cells: A potential target for anti-CSC
cancer therapy. Cancer Lett. 2021, 498, 217-228. [CrossRef]

Kondo, T.; Oka, T.; Sato, H.; Shinnou, Y.; Washio, K. Accumulation of aberrant CpG hypermethylation by Helicobacter pylori
infection promotes development. Int. J. Oncol. 2009, 35, 547-557. [CrossRef]

Yamashita, K.; Miyata, H.; Makino, T.; Masuike, Y.; Furukawa, H.; Tanaka, K.; Miyazaki, Y.; Takahashi, T.; Kurokawa, Y.;
Yamasaki, M.; et al. High Expression of the Mitophagy-Related Protein Pink1 is Associated with a Poor Response to Chemother-
apy and a Poor Prognosis for Patients Treated with Neoadjuvant Chemotherapy for Esophageal Squamous Cell Carcinoma. Ann.
Surg. Oncol. 2017, 24, 4025-4032. [CrossRef]

Mustafa, M.E; Saliluddin, S.M.; Fakurazi, S.; Tizen Laim, N.M.S.; Md Pauzi, S.H.; Nik Yahya, N.H.; Gopal, S.R.N.; Abdullah, M.A ;
Maniam, S. Expression of Autophagy and Mitophagy Markers in Breast Cancer Tissues. Front. Oncol. 2021, 11, 612009. [CrossRef]
[PubMed]

Namgoong, M.G.; Khanal, P.; Cho, H.G.; Lim, S.C.; Oh, Y.K,; Kang, B.S.; Shim, ].H.; Yoo, J.C.; Choi, H.S. The prolyl isomerase Pinl
induces LC-3 expression and mediates tamoxifen resistance in breast cancer. J. Biol. Chem. 2010, 285, 23829-23841. [CrossRef]
[PubMed]


http://doi.org/10.1158/0008-5472.CAN-16-2074
http://www.ncbi.nlm.nih.gov/pubmed/28202516
http://doi.org/10.1155/2017/2467940
http://www.ncbi.nlm.nih.gov/pubmed/29123614
http://doi.org/10.3389/fonc.2019.00480
http://www.ncbi.nlm.nih.gov/pubmed/31231612
http://doi.org/10.1080/16078454.2020.1870373
http://doi.org/10.1016/j.canlet.2008.02.031
http://www.ncbi.nlm.nih.gov/pubmed/18362051
http://doi.org/10.1111/febs.14671
http://www.ncbi.nlm.nih.gov/pubmed/30281903
http://doi.org/10.1002/ijc.32616
http://www.ncbi.nlm.nih.gov/pubmed/31396957
http://doi.org/10.1016/j.cmet.2018.08.021
http://www.ncbi.nlm.nih.gov/pubmed/30244975
http://doi.org/10.1158/0008-5472.CAN-15-2921
http://www.ncbi.nlm.nih.gov/pubmed/27364555
http://doi.org/10.3389/fendo.2019.00570
http://doi.org/10.1016/j.intimp.2020.107078
http://www.ncbi.nlm.nih.gov/pubmed/33049497
http://doi.org/10.1371/journal.pone.0122308
http://www.ncbi.nlm.nih.gov/pubmed/25822260
http://doi.org/10.1038/s41419-018-1083-y
http://doi.org/10.1172/jci.insight.126915
http://doi.org/10.7150/jca.17986
http://www.ncbi.nlm.nih.gov/pubmed/28607589
http://doi.org/10.1007/s12032-015-0515-0
http://www.ncbi.nlm.nih.gov/pubmed/25796500
http://doi.org/10.1093/annonc/mds326
http://www.ncbi.nlm.nih.gov/pubmed/22987963
http://doi.org/10.1016/j.exger.2014.01.021
http://doi.org/10.1016/j.canlet.2020.10.036
http://doi.org/10.3892/ijo
http://doi.org/10.1245/s10434-017-6096-8
http://doi.org/10.3389/fonc.2021.612009
http://www.ncbi.nlm.nih.gov/pubmed/34490076
http://doi.org/10.1074/jbc.M109.092874
http://www.ncbi.nlm.nih.gov/pubmed/20479004

Biomolecules 2022, 12, 379 21 of 21

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Quidville, V.; Alsafadi, S.; Goubar, A.; Commo, F.; Scott, V.; Pioche-Durieu, C.; Girault, I.; Baconnais, S.; Le Cam, E.; Lazar, V,; et al.
Targeting the deregulated spliceosome core machinery in cancer cells triggers mTOR blockade and autophagy. Cancer Res. 2013,
73,2247-2258. [CrossRef]

Masuda, G.O.; Yashiro, M.; Kitayama, K.; Miki, Y.; Kasashima, H.; Kinoshita, H.; Morisaki, T.; Fukuoka, T.; Hasegawa, T.;
Sakurai, K.; et al. Clinicopathological Correlations of Autophagy-related Proteins LC3, Beclin 1 and p62 in Gastric Cancer.
Anticancer Res. 2016, 36, 129-136. [PubMed]

Wu, S.; Sun, C; Tian, D.; Li, Y.; Gao, X.; He, S.; Li, T. Expression and clinical significances of Beclinl, LC3 and mTOR in colorectal
cancer. Int. |. Clin. Exp. Pathol. 2015, 8, 3882-3891.

Li, S.S.;; Xu, L.Z.; Zhou, W,; Yao, S.; Wang, C.L.; Xia, J.L.; Wang, H.F,; Kamran, M.; Xue, X.Y.; Dong, L.; et al. p62/SQSTM1 interacts
with vimentin to enhance breast cancer metastasis. Carcinogenesis 2017, 38, 1092-1103. [CrossRef]

Ma, Q.; Zhu, C.; Zhang, W.; Ta, N.; Zhang, R; Liu, L.; Feng, D.; Cheng, H.; Liu, J.; Chen, Q. Mitochondrial PIP3-binding protein
FUNDC?2 supports platelet survival via AKT signaling pathway. Cell Death Differ. 2019, 26, 321-331. [CrossRef]

Chen, M.; Chen, Z.; Wang, Y.; Tan, Z.; Zhu, C.; Li, Y;; Han, Z.; Chen, L.; Gao, R; Liu, L.; et al. Mitophagy receptor FUNDC1
regulates mitochondrial dynamics and mitophagy. Autophagy 2016, 12, 689-702. [CrossRef]

Bateman, A.; Martin, M.].; Orchard, S.; Magrane, M.; Agivetova, R.; Ahmad, S.; Alpi, E.; Bowler-Barnett, E.H.; Britto, R.; Bursteinas,
B.; et al. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2021, 49, D480-D489. [CrossRef]

Schulten, H.J.; Bangash, M.; Karim, S.; Dallol, A.; Hussein, D.; Merdad, A.; Al-Thoubaity, EK.; Al-Maghrabi, J.; Jamal, A.;
Al-Ghamdi, F,; et al. Comprehensive molecular biomarker identification in breast cancer brain metastases. J. Transl. Med. 2017, 15,
269. [CrossRef]

Chen, Y,; Liu, L.; Xia, L.; Wu, N.; Wang, Y.; Li, H.; Chen, X.; Zhang, X.; Liu, Z.; Zhu, M.; et al. TRPM7 silencing modulates glucose
metabolic reprogramming to inhibit the growth of ovarian cancer by enhancing AMPK activation to promote HIF-1x degradation.
J. Exp. Clin. Cancer Res. 2022, 41, 44. [CrossRef]

Muralidharan, S.; Sahoo, S.; Saha, A.; Chandran, S.; Majumdar, S.S.; Levine, H.; Jolly, M.K. Quantifying the patterns of metabolic
plasticity and heterogeneity along the epithelial-hybrid-mesenchymal spectrum in cancer. bioRxiv 2021. [CrossRef]

Ye, F; Jia, D.; Lu, M.; Levine, H.; Deem, M.W. Modularity of the metabolic gene network as a prognostic biomarker for
hepatocellular carcinoma. Oncotarget 2018, 9, 15015-15026. [CrossRef]

Danko, T.; Petévari, G.; Sztankovics, D.; Moldvai, D.; Raffay, R.; Lérincz, P; Visnovitz, T.; Zsiros, V.; Barna, G.; Mark, A etal
Rapamycin plus doxycycline combination affects growth arrest and selective autophagy-dependent cell death in breast cancer
cells. Int. ]. Mol. Sci. 2021, 22, 8019. [CrossRef]

Lunetti, P.; Di Giacomo, M.; Vergara, D.; De Domenico, S.; Maffia, M.; Zara, V.; Capobianco, L.; Ferramosca, A. Metabolic
reprogramming in breast cancer results in distinct mitochondrial bioenergetics between luminal and basal subtypes. FEBS J. 2019,
286, 688-709. [CrossRef]

Raninga, P.V,; Lee, A.; Sinha, D.; Dong, L.F; Datta, KK.; Lu, X.; Kalita-De Croft, P.; Dutt, M.; Hill, M.; Pouliot, N.; et al.
Marizomib suppresses triple-negative breast cancer via proteasome and oxidative phosphorylation inhibition. Theranostics 2020,
10, 5259-5275. [CrossRef]

Thompson, A.M. Molecular pathways: Preclinical models and clinical trials with Metformin in breast cancer. Clin. Cancer Res.
2014, 20, 2508-2515. [CrossRef] [PubMed]

Hecht, E; Pessoa, C.F.; Gentile, L.B.; Rosenthal, D.; Carvalho, D.P,; Fortunato, R.S. The role of oxidative stress on breast cancer
development and therapy. Tumor Biol. 2016, 37, 4281-4291. [CrossRef]

Moldogazieva, N.T.; Mokhosoev, .M.; Terentiev, A.A. Metabolic heterogeneity of cancer cells: An interplay between HIF-1,
GLUTs, and AMPK. Cancers 2020, 12, 862. [CrossRef] [PubMed]

Gwak, E.; Kim, D.; Hwang, H.; Kwon, H.J. Mitochondrial ROS produced in human colon carcinoma HCT116 cells reduces cell
survival via autophagy. Preprints 2022, 2022010324. [CrossRef]

Burdall, S.E.; Hanby, A.M.; Lansdown, M.RJ.; Speirs, V. Breast cancer cell lines: Friend or foe? Breast Cancer Res. 2003, 5, 89-95.
[CrossRef]

Lacroix, M.; Leclercq, G. Relevance of breast cancer cell lines as models for breast tumours: An update. Breast Cancer Res. Treat.
2004, 83, 249-289. [CrossRef]

Vieira, A.F.; Schmitt, F. An update on breast cancer multigene prognostic tests-emergent clinical biomarkers. Front. Med. 2018,
5,248. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-12-2501
http://www.ncbi.nlm.nih.gov/pubmed/26722036
http://doi.org/10.1093/carcin/bgx099
http://doi.org/10.1038/s41418-018-0121-8
http://doi.org/10.1080/15548627.2016.1151580
http://doi.org/10.1093/nar/gkaa1100
http://doi.org/10.1186/s12967-017-1370-x
http://doi.org/10.1186/s13046-022-02252-1
http://doi.org/10.3390/biom12020297
http://doi.org/10.18632/oncotarget.24551
http://doi.org/10.3390/ijms22158019
http://doi.org/10.1111/febs.14756
http://doi.org/10.7150/thno.42705
http://doi.org/10.1158/1078-0432.CCR-13-0354
http://www.ncbi.nlm.nih.gov/pubmed/24682417
http://doi.org/10.1007/s13277-016-4873-9
http://doi.org/10.3390/cancers12040862
http://www.ncbi.nlm.nih.gov/pubmed/32252351
http://doi.org/10.20944/preprints202201.0324.v1
http://doi.org/10.1186/bcr577
http://doi.org/10.1023/B:BREA.0000014042.54925.cc
http://doi.org/10.3389/fmed.2018.00248

	Introduction 
	Materials and Methods 
	Cell Culture 
	Western Blot 
	Mitochondrial Membrane Potential (m) Assay 
	Estimation of Mitochondrial Mass 
	Determination of Mitochondrial ROS Production 
	Cell Respirometry 
	Statistical Analysis 
	Analysis of the Mitochondrial Proteome in Breast Cancer Tumors 

	Results 
	Reduction in Drp1-Related Mitochondrial Fission in the Basal-like Cell Line 
	Mitochondrial Biogenesis and Mitophagy in MCF7 and MDA-MB-231 Cells 
	Mitochondrial Uncoupling in Luminal A and Basal-like Cell Lines of Breast Cancer 
	Overexpression of HIF-1 Associated with Metabolic Reprogramming in MCF7 and MDA-MB-231 Cell Lines 
	Functional Status Mitochondrial in Luminal A and Basal-like Breast Cancer Cell Lines 
	Increased ROS Production in the Basal-like Cell Line 
	Landscape of the Mitochondrial Proteome of Luminal A and Basal-like Subtypes of Breast Cancer 
	Signature Mitochondrial Alterations in Luminal Type A and Basal-like Breast Cancer 
	Protein Signature of OXPHOS in Luminal A and Basal-like Breast Cancer 

	Discussion 
	Conclusions 
	References

