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Simple Summary: Epithelial-to-mesenchymal transition (EMT) is a cellular program that enables
epithelial cells to transition toward a mesenchymal phenotype with augmented cellular motility.
Although EMT is a fundamental, non-pathological process in embryonic development and tissue
repair, it also confers biological aggressiveness to cancer cells, including invasive behavior, tumor-
and metastasis-initiating cancer stem cell activity, and greater resistance to all the cancer treatment
modalities. Whereas alterations in the metabolic microenvironment are known to induce EMT, it is
also true that the EMT process involves a very marked metabolic remodeling. However, whether there
is a causal or merely an ancillary relationship between metabolic rewiring and the EMT phenomenon
has not yet been definitively clarified. Here, we combined several technology platforms to assess
whether the accompanying changes in the metabolic profile and mitochondria functioning that take
place during the EMT process are independent or not of the non-tumorigenic versus tumorigenic
nature of epithelial cells suffering a mesenchymal conversion. Understanding the metabolic basis of
the non-tumorigenic and tumorigenic EMT provides fundamental insights into the causation and
progression of cancer and may, in the long run, lead to new therapeutic strategies.

Abstract: Epithelial-to-mesenchymal transition (EMT) is key to tumor aggressiveness, therapy resis-
tance, and immune escape in breast cancer. Because metabolic traits might be involved along the EMT
continuum, we investigated whether human breast epithelial cells engineered to stably acquire a
mesenchymal phenotype in non-tumorigenic and H-RasV12-driven tumorigenic backgrounds possess
unique metabolic fingerprints. We profiled mitochondrial–cytosolic bioenergetic and one-carbon (1C)
metabolites by metabolomic analysis, and then questioned the utilization of different mitochondrial
substrates by EMT mitochondria and their sensitivity to mitochondria-centered inhibitors. “Upper”
and “lower” glycolysis were the preferred glucose fluxes activated by EMT in non-tumorigenic and
tumorigenic backgrounds, respectively. EMT in non-tumorigenic and tumorigenic backgrounds
could be distinguished by the differential contribution of the homocysteine-methionine 1C cycle to
the transsulfuration pathway. Both non-tumorigenic and tumorigenic EMT-activated cells showed
elevated mitochondrial utilization of glycolysis end-products such as lactic acid, β-oxidation sub-
strates including palmitoyl–carnitine, and tricarboxylic acid pathway substrates such as succinic acid.
Notably, mitochondria in tumorigenic EMT cells distinctively exhibited a significant alteration in the
electron flow intensity from succinate to mitochondrial complex III as they were highly refractory to
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the inhibitory effects of antimycin A and myxothiazol. Our results show that the bioenergetic/1C
metabolic signature, the utilization rates of preferred mitochondrial substrates, and sensitivity to
mitochondrial drugs significantly differs upon execution of EMT in non-tumorigenic and tumorigenic
backgrounds, which could help to resolve the relationship between EMT, malignancy, and therapeutic
resistance in breast cancer.

Keywords: metabolism; mitochondria; phenotypic screening; breast cancer; therapy resistance;
complex III

1. Introduction

Epithelial-to-mesenchymal transition (EMT), a developmental program that primes
cells for subsequent cell fate conversion, was proposed as a key requirement for invasion
and metastasis to distant organs more than 10 years ago [1–7]. This conceptual framework
has been challenged by fate-mapping studies suggesting that EMT might be dispensable
for metastatic outgrowth [8–10]. Indeed, cancer cells can metastasize via stable hybrid E/M
phenotypes possessing higher stem-like tumor initiation properties and metastatic potential
as compared to cells on either end of the EMT spectrum [11–14]. However, the evidence sup-
porting a role for EMT in conferring therapeutic resistance is clear and compelling [15–21].
The correlation of lower survival with an activated EMT program in patients with residual
disease is now viewed as the consequence of the capacity of EMT cells to resist a broad
spectrum of therapeutic interventions such as hormonal therapy, chemotherapy, radio-
therapy, and many targeted therapies including immunotherapy [22–27]. Accordingly,
the successful therapeutic manipulation of EMT has tremendous clinical potential, and
different approaches have been proposed to reprogram EMT, including the unlock of fully
differentiated mesenchymal states, promotion of (re)epithelial differentiation, and targeting
of EMT markers [24–27]. These strategies might involve inhibition of both cell-autonomous
EMT drivers (e.g., growth factor signaling, epigenetic reprogramming, transcription factors,
and microRNAs) and non-cell autonomous EMT-driving factors such as non-malignant
stromal cells and non-cellular elements [24–27]. However, pharmacological inhibition
of EMT-associated effectors at the molecular level remains challenging, and none of the
aforementioned strategies have translated into approved therapies.

A growing number of studies have provided examples of how specific metabolic traits
might represent integral parts of the EMT program [28–40]. A causal relationship between
metabolic rewiring and EMT induction has been mostly explored in cancers with genetic de-
ficiencies in metabolic enzymes such as fumarate hydratase (FH), isocitrate dehydrogenase
(IDH), and succinate dehydrogenase (SDH) [30,32,34]. Genetic approaches to identifying
the metabolic determinants of the EMT process have revealed the requirement of repro-
grammed gluconeogenesis (via suppression of the gluconeogenesis rate-limiting enzyme
fructose-1,6-bisphosphatase [41] and the key glycolytic enzyme phosphofructokinase-1 [42])
and nucleotide (via promotion of the pyrimidine-degrading enzyme dihydropyridine dehy-
drogenase [43]) pathways to support the mesenchymal phenotype. We previously reported
that EMT-activated cells acquire the ability to metabolize high-energy nutrients such as gly-
colysis end-products and ketone bodies to support mitochondrial energy production [29].
Given that mitochondria are increasingly recognized as key signaling regulators of cell fate
in physiological and pathological conditions [44], it is reasonable to suggest that shifts in
mitochondrial function and dynamics might mechanistically resolve the causative versus
bystander nature of the established correlation between metabolic reprogramming and
EMT [45–50]. Moreover, metabolic targeting of EMT might be possible if the vulnerabilities
in the distinct utilization of cellular metabolites between the epithelial and mesenchymal
cellular state can be identified. Indeed, an underexplored possibility is that the mechanistic
coupling between metabolism, (re)programming, and EMT also involves resistance to
metabolic poisons with well-characterized mechanisms of action.



Cancers 2022, 14, 6214 3 of 24

Here, we aimed to provide a comprehensive metabolomic and mitochondrial fin-
gerprinting of the EMT phenomenon in human breast cells. We performed targeted
metabolomics characterization coupled to functional mitochondrial phenotyping of the
human breast EMT in non-tumorigenic and oncogenic H-RasV12-driven tumorigenic back-
grounds (Figure 1). One phenotypic dimension was based on targeted analyses of metabo-
lites representative of the catabolic/anabolic status of mitochondrial nodes and of the
methionine/folate one-carbon (1C) cycle. A second phenotypic dimension was based on
mitochondria-focused functional assays (MitoPlate™) that measures the rate of electron
flow into and through the electron transport chain (ETC) from 31 different mitochondrial
substrates that produce NAD(P)H or FADH2 as well as the mitochondrial sensitivity to
a panel of 22 diverse mitochondria-centered inhibitors. We provide evidence that non-
tumorigenic and tumorigenic EMT cell fate conversion is accompanied by a conspicuous
but distinctive rewiring of metabolic and mitochondria functioning.
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Figure 1. Metabolic fingerprinting of non-tumorigenic and tumorigenic EMT: a metabolomic and
mitochondrial phenotyping approach. HMLE/HMLER cells induced for EMT upon loss of E-cadherin
and their parental counterparts (HMLE/HMLER) were simultaneously subjected to quantitative
screening for bioenergetic (n = 30) and 1C (n = 14) metabolites and qualitative phenotyping of
multiple mitochondria energy substrates (n = 31, at low millimolar concentrations (2–5 mmol/L))
and mitochondrial drugs (n = 22) using the Mitoplate™ S-1 and I-1 assays, respectively. (shRNA:
small hairpin RNA; KD: knock-down).

2. Materials and Methods
2.1. Cell Lines and Culture

HMLEshControl, HMLEshECad, HMLERshCntrol, and HMLERshEcad cells were gifts from
Prof. Robert A. Weinberg (Whitehead Institute for Biomedical Research, Cambridge, MA).
Cells were cultured in a 1:1 mixture of MEGM (Mammary Epithelial Bullet Kit, ref. H3CC-
3150; Lonza, Basel, Switzerland) and DMEM/F12 supplemented with 10% fetal bovine
serum (FBS), insulin (10 µg/mL), hydrocortisone (0.5 µg/mL), hEGF (10 ng/mL), 1% L-
glutamine, and penicillin/streptomycin (Sigma, Madrid, Spain). All cells were tested for
mycoplasma contamination using a PCR-based assay prior to experimentation and were
intermittently tested thereafter.

2.2. Mammosphere Culture and Mammosphere-Forming Efficiency (MSFE)

For mammosphere formation, single cell suspensions of HMLERshCntrol and HMLERshEcad

cells were seeded at 1000 cells/cm2 in six-well ultralow attachment plates (Corning Inc.,
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New York, NY, USA). Mammosphere medium consisted of serum-free F12/DMEM con-
taining 5 mg/mL insulin, 0.5 mg/mL hydrocortisone, 2% B27 supplement (Invitrogen
Ltd., Carslbad, CA, USA), and 20 ng/mL epidermal growth factor (Sigma, Madrid, Spain).
The medium was made semi-solid by the addition of 0.5% methylcellulose (R&D Systems,
Minneapolis, MN, USA) to prevent cell aggregation. The tumorsphere-forming efficiency
(TFE) was calculated after 7 days using the following equation:

TFE(%) =
# of tumorspheres (large diameter > 50 µm) per well

# of cells seeded per well
× 100

2.3. Flow Cytometry

Cells were washed once with phosphate-buffered saline (PBS) and then harvested with
0.05% trypsin/0.025% EDTA into single cell suspensions. Detached cells were washed with
PBS containing 1% FBS and 1% penicillin/streptomycin (wash buffer), counted and resus-
pended in the wash buffer (106 cells/100 µL). Combinations of fluorochrome-conjugated
monoclonal antibodies obtained from BD Pharmingen against human CD44 (PerCP-Cy™ 5.5,
Mouse anti-human, ref. No. 560531) and CD24 (PE Mouse Anti-Human, ref. No. 555428)
or their respective isotype controls (PerCP-Cy™ 5.5 Mouse IgG2b, κ Isotype Control, ref.
No. 558304; PE Mouse IgG2a, κ Isotype Control, ref. No. 556653) were added to the cell
suspensions at concentrations recommended by the manufacturer and incubated at 4 ◦C in
the dark for 30–40 min. Labeled cells were washed in the wash buffer to eliminate unbound
antibodies, then fixed in PBS containing 1% paraformaldehyde, and then analyzed no
longer than 1 h post-staining on a Becton Dickinson Accuri C6 flow cytometer. Data were
analyzed using Accuri C6 Flow software.

2.4. Targeted Metabolomics and Data Analysis

For targeted metabolomic experiments, HMLEshControl, HMLEshECad, HMLERshCntrol,
and HMLERshEcad cells were plated in 6-well plates with normal growth medium, which
was replaced after 18 h with complete fresh medium; cells were then incubated under
standard cell culture conditions for additional 48 h (n = 5 biological replicates in triplicate).
Quantitative measurement of up to 30 selected bioenergetic metabolites representative of
the catabolic and anabolic status of mitochondria-related metabolic nodes was performed
by employing a previously described GC-EI-QTOF-MS method [51–54]. Quantitative
measurement of up to 14 selected metabolites representative of the methionine/folate
bi-cyclic 1C metabolome was performed by employing a previously described UHPLC-
ESI-QqQ-MS/MS method [55–57]. To measure energy metabolism-related metabolites, cell
pellets were resuspended in 200 µL methanol/water (8:2) and D4-succinic acid and then
lysed with three cycles of freezing and thawing using liquid N2 and sonicated with three
cycles of 30 s. Samples were maintained in ice for 1 min between each sonication step.
Proteins were precipitated, samples were centrifuged, and supernatant was collected. After
metabolite extraction, samples were dried under N2 and derivatized to rapidly form silyl
derivatives using methoxyamine hydrochloride dissolved in pyridine (40 mg/mL) and N-
methyl-N-trimethylsilyl trifluoroacetamide. We used a 7890A gas chromatograph coupled
with an electron impact source to a 7200 quadrupole time-of-flight mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA). For measuring 1C metabolites, extraction was
carried out by resuspending the cell pellets in 200 µL of methanol/water (8:2) containing
1% ascorbic acid (m/v) and 0.5% β-mercaptoethanol (v/v). Cells were lysed using the same
lysis procedure described above; after protein precipitation, samples were centrifuged, and
the supernatants were dried under N2 and then resuspended in ultrapure water containing
50 mmol/L ammonium acetate and 0.2% formic acid. The analysis was performed with an
ultra-high pressure liquid chromatography-quadrupole time-of-light mass spectrometer
(Agilent Technologiesm, Santa Clara, CA, USA). Raw data were processed, and compounds
were detected and quantified using the Qualitative and Quantitative Analysis B.06.00
software (Agilent Technologies), respectively. Multivariate analysis was applied to pattern
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recognition, including supervised PLS-DA. The relative magnitude of observed changes
was evaluated using VIP scores. Statistical significance was set at p ≤ 0.05. MetaboAnalyst
4.0 program (available on the web: http://www.metaboanalyst.ca/ accessed on 1 June
2022) was used to generate scores/loading plots, heatmaps, and multivariate random forest
analyses [58].

2.5. Mitochondrial Function Phenotyping

Mitochondrial activity was measured in triplicate using 96-well MitoPlate™ S-1 plates
(Cat. #14105, Biolog, Hayward, CA, USA). Wells containing the different cytoplasmic and
mitochondrial metabolic substrates (n = 31) were rehydrated with a solution containing
mitochondrial assay solution (MAS) (Biolog cat. #72303), redox dye MC (Biolog cat. #
74353), and 30 µg/mL saponin (Sigma, cat. #84510) in sterile water. Cells were washed
with PBS and resuspended in 1× Biolog MAS and added to each well at a final cell density
of 30,000 cells/well. Metabolism of substrates was assessed by monitoring colorimetric
change of the terminal electron acceptor tetrazolium redox dye at a wavelength of 590 nm
on a kinetic microplate reader (2 h).

2.6. Mitochondrial Drug Phenotyping

Responsiveness to mitochondria-centered drugs was measured using 96-well Mito-
Plate™ I-1 plates (Cat. #14104, Biolog, Hayward, CA, USA) following the manufacturer’s
instructions. Briefly, wells containing the different mitochondrial inhibitors were rehy-
drated with a solution containing redox dye MC, 30 µg/mL saponin, and 96 mmol/L
succinate (Sigma, cat. #S2378) for 1 h at 37 ◦C. Cells were washed with PBS (1×) and
resuspended at a density of 105 cells/30 µL using 1× Biolog MAS and added to each well.
The MitoPlate™ I-1 plate was then loaded on a microplate reader for kinetic reading every
2 h. Alternatively, we omitted the saponification step and cells were cultured for 48 h in
white DMEM medium before assessing cell viability by monitoring colorimetric changes at
590 nm for 2 h.

2.7. Statistical Analysis

Results from targeted metabolomics were compared by one-way ANOVA with Dun-
nett’s multiple pair-wise comparison tests using a significance threshold of 0.05. Other
calculations including comparisons with the Mann–Whitney U test and/or correlations
were made using GraphPad Prism software 6.01 (GraphPad Software, San Diego, CA,
USA).

3. Results

To avoid the confounding effects of significant differences in genetic backgrounds
when employing non-EMT versus EMT-like cancer cell lines, or the possibility of gen-
erating “artificial phenotypes” by forced overexpression of EMT-driving transcription
factors, we took advantage of two well-characterized models of EMT generated from
mammary epithelial cells [59]. The experimental system is based on primary human
mammary epithelial cells (HMECs) with sequential retroviral-mediated expression of the
telomerase catalytic subunit (generating HMEC/hTERT cells), SV40 large T and small t
antigens (generating HMLE cells), and the oncogenic H-Ras allele H-RasV12 (generating
HMLER cells). Non-tumorigenic HMLE and tumorigenic HMLER cells were modified by
short hairpin RNA-mediated inhibition of CDH1 encoding E-cadherin, triggering EMT
and resulting in the stable acquisition of a mesenchymal phenotype with significantly
increased drug resistance [59,60]. Before using the pairs of HMLEshControl/HMLEshECad

(hereinafter named HMLE/HMLE-EMT) and HMLERshControl/HMLERshECad (hereinafter
named HMLER/HMLER-EMT) for targeted metabolomic characterization and functional
mitochondrial phenotyping of the breast EMT program in non-tumorigenic and tumori-
genic backgrounds, we aimed to confirm the presence of their originally described EMT-like
phenotypic traits [59–61] (Figure 2).

http://www.metaboanalyst.ca/
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Figure 2. Mesenchymal and tumorigenic traits in HMLE/HMLER cells induced to undergo EMT.
(A) Left: Representative phase contrast microphotographs of HMLE and HMLER cells modified by
shRNA-mediated inhibition of the human CDH1 gene. Scale bar, 100 µm. Right: Representative flow
cytometry plots of CD44 and CD24 expression in HMLE/HMLE-EMT and HMLER/HMLER-EMT
pairs (n = 3). Red dashed line indicates the distribution of the CD44+CD24−/low subpopulation;
percentage is indicated for each model. (B) Representative light microscope microphotographs of
tumorspheres formed by HMLER and HMLER-EMT cells growing in sphere medium for 7 days (10X
and 20X magnifications). MSFE was calculated as the number of tumorspheres (diameter > 50 µm)
formed in 7 days divided by the original number of cells seeded and expressed as percentage
means ± SD (n = 5 in triplicate).
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When expanded in adherent conditions, phase contrast images confirmed that HMLE
and HMLER cells grew in monolayer culture as tightly packed epithelial clusters with typi-
cal cobblestone morphology. Knock-down of E-cadherin in HMLE-EMT cells resulted in a
more elongated shape and cell scattering in cell subpopulations that acquired a spindle-like
morphology (Figure 2A). Fluorescence-activated cell sorting (FACS) using CD44 and CD24
as markers revealed that HMLE-EMT cultures likewise contained a distinct subpopulation
of cells carrying the CD44+CD24low/− antigenic phenotype associated with so-called mes-
enchymal cancer stem cells (CSC) [62,63]. An extreme elongated fibroblast-like morphology
and almost complete loss of cell–cell contacts was observed in a majority of HMLER-EMT
cells. This gaining of a mesenchymally transdifferentiated phenotype was accompanied by
notorious acquisition of the CD44+CD24low/− antigenic phenotype (Figure 2A). Because an
increase in the proportion of HMLE cells that display a mesenchymal morphology has been
reported to occur upon serial passaging (>8 weeks) [64], all the metabolomic/mitochondrial
characterizations were carried out with HMLE/HMLE-EMT and HMLER/HMLER-EMT
pairs cultured for less than 6 weeks to prevent spontaneous conversion of epithelial to
mesenchymal cells during prolonged culture. The tumorigenicity of HMLER cells was
originally confirmed by the Weinberg group following subcutaneous or orthotopic injec-
tion into the mammary glands of immunocompromised mice [61]. To verify an enhanced
tumorigenic behavior of HMLER-EMT cells, we compared the capabilities of HMLER
and HMLER-EMT cells to form multicellular “microtumors” in non-adherent and non-
differentiations conditions (i.e., tumorspheres), a property associated with the presence
of mammary stem/progenitor cells with tumor-initiating capacity [65,66]. HMLER-EMT
cells showed a highly-significant increase (>30-fold) in the tumorsphere-forming capacity
relative to HMLER parental cells (Figure 2B).

3.1. Carbon Metabolites in the Upper and Lower Chains of the Glycolytic–Gluconeogenic Reaction
Pathway Are Differentially Affected by EMT in Non-Tumorigenic and Tumorigenic Background

We utilized an in-house targeted metabolomics platform coupling gas chromatography
to quadrupole time-of-flight mass spectrometry and an electron impact source (GC-EI-
QTOF-MS) to simultaneously measure up to 30 selected metabolites representative of
the catabolic and anabolic status of mitochondria-related metabolic nodes [51–54]. The
metabolites included representatives of glycolysis and the mitochondrial tricarboxylic
acid (TCA) cycle, in addition to other biosynthetic routes such as the pentose phosphate
pathway, amino acid metabolism, and de novo fatty acid biogenesis.

We performed a quantitative, comparative assessment of metabolites in HMLE-EMT
and HMLER-EMT cells and in HMLE and HMLER parental counterparts (Table S1). A
schematic view of the mean fold-change is presented in Figure 3 (left panels). Analysis
of significant metabolic changes occurring post-EMT revealed that the levels of glucose-
6-phosphate and fructose 1,6-bisphosphate were significantly higher in HMLE-EMT cells
than in HMLE controls. Likewise, we found a significant increase in phosphoenolpyruvate
accompanied by decreases in fructose 1,6-bisphosphate, succinate, and citrate in HMLER-
EMT cells as compared with HMLER control cells (Table S1; Figure 3, left panels).

To better analyze our findings, we embedded the metabolic data from pre-/post-EMT
pairs into a partial least squares discriminant analysis (PLS-DA) model to use the power of
metabolite abundance in group discrimination and prevent type 2 statistical errors when
analyzing data at the specific metabolite level. Metabolite-based clustering obtained by
PLS-DA using two-dimensional score plots revealed a clear, non-overlapping differen-
tiation of both HMLE-EMT and HMLER-EMT cells from HMLE and HMLER controls
(Figure 3, middle panels). To identify the metabolites with the most relevant changes
post-EMT, we calculated the variable importance of projection (VIP) scores as a measure of
the variable’s degree-of-alteration associated with the acquired EMT status: a higher VIP
score was considered more relevant in mesenchymal versus epithelial status classification.
When VIP scores ≥ 1.5 in the PLD-DA model were chosen to maximize the difference of
metabolic profiles between post-EMT and epithelial parental counterparts, all “6-carbon”
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metabolites connecting glucose to glyceraldehyde-3-phosphate (G3P) in the upper chain
of the glycolytic–gluconeogenic reaction pathway (i.e., glucose-6-phosphate, fructose-6-
phosphate, and fructose 1,6-bisphosphate) showed the most relevant post-EMT changes
in the non-tumorigenic HMLE/HMLE-EMT pair (Figure 3, right panels). The “3-carbon”
metabolites connecting G3P to pyruvate in the lower chain of the glycolytic–gluconeogenic
pathway (i.e., 3-phospho-glycerate, phosphoenolpyruvate, and pyruvate) showed the
greatest impact by EMT in the tumorigenic HMLER/HMLER-EMT pair (Figure 3, right
panels).
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Figure 3. Bioenergetic fingerprints of non-tumorigenic and tumorigenic EMT (I). Left panels: Bioen-
ergetic metabolites from non-tumorigenic HMLE-EMT and tumorigenic HMLER-EMT mesenchymal
cells were extracted and quantitatively analyzed by GC-EI-QTOF-MS and compared with those in
non-tumorigenic HMLE and tumorigenic HMLER parental counterparts. Significantly increased and
decreased metabolites (EMT vs. epithelial controls) are shown using brown-red and light blue-dark
blue color scales, respectively. Middle panels: Two-dimensional score plots of the partial least square
discriminant analysis (PLS-DA) models of the GC-EI-QTOF-MS-based bioenergetic metabolomic
profiling of HMLE/HMLE-EMT and HMLER/HMLER-EMT cells. The X and Y axes represent the
combinations of the different bioenergetic metabolites analyzed, showing the maximum separation
between groups. Right panels: Key bioenergetic metabolites separating the metabolomic profiles of
HMLE/HMLE-EMT and HMLER/HMLER-EMT cells based on variable importance in projection
(VIP) in PLS-DA analysis described in the middle panels. The VIP score, which is calculated as a
weighted sum of the squared correlations between PLS-DA components and the original variable,
summarizes the contribution of the metabolites’ importance in the PLS-DA model. The number
of terms in the sum depends on the number of PLS-DA components found to be significant in
distinguishing the classes.

We next constructed two-dimensional PLS-DA models to simultaneously view how
the clusters of HMLE, HMLER, HMLE-EMT, and HMLER-EMT cells behaved based on the
similarity of their patterns of bioenergetic/anabolic metabolites. Whereas parental HMLE
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and HMLER cells grouped separately but closely, the EMT process was associated with
changes in metabolite levels in such a manner that data samples from non-tumorigenic
HMLE-EMT and tumorigenic HMLER-EMT cells mapped far apart (Figure 4, top panels).
We then generated PLS-DA variable loading plots to evaluate how strongly each metabolic
trait influenced a principal component. Taking a value >0.4 to indicate strong loading,
phosphoenolpyruvate, fumarate, and 3-phosphoglycerate explained the separation between
the groups in principal component 1, whereas leucine, 6-phospho-gluconate, and fructose-
1,6-bisphosphate explained the separation between the groups in principal component 2
(Figure 4, top panels).
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Figure 4. Bioenergetic fingerprints of non-tumorigenic and tumorigenic EMT (II). Top panels: PLS-
DA showing four clusters and loading plots based on targeted bioenergetic metabolite profile data
derived from HMLE/HMLE-EMT and HMLER/HMLER-EMT cells. Bottom panels: Heatmap
visualization, hierarchical analyses, and random forest analysis, of the bioenergetic metabolome
of HMLE/HMLE-EMT and HMLER/HMLER-EMT cells. Rows: metabolites; columns: samples;
color key indicates metabolite expression value (blue: lowest; red: highest). The list of the first
15 bioenergetic metabolites highlighted by their mean decrease accuracy value is presented for each
cell model. Mean decrease accuracy is the measure of the performance of the model without each
metabolite. A higher value indicates the importance of such metabolite in predicting each cell line
group; removal of that metabolite causes the models to lose accuracy in prediction.
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To further explore the metabolites discriminating between epithelial and EMT states,
the standardized metabolite concentrations were represented in a heatmap for unsupervised
clustering. Changes in catabolic and anabolic metabolites segregated epithelial cells from
EMT-activated cells irrespective of their background (Figure 4, bottom panels). Indeed,
epithelial-to-EMT sample variation was clearly discernible, and the grouped metabolic
differences (upper and bottom clusters) were also visible. To evaluate how much accuracy
the model loses by excluding each metabolite, we constructed a mean decrease accuracy
plot to infer which metabolites were more important for the successful epithelial versus
EMT classification. Results showed that 3-hydroxybutyrate, fructose 6-phosphate, fructose
1,6-bisphosphate, phosphoenolpyruvate, and 6-phosphogluconate exhibited the highest
values of mean decrease accuracy (or mean decrease Gini score), and therefore were of
greater importance in the epithelial versus EMT model (Figure 4, bottom panels). Using
a metabolite–metabolite Pearson correlation approach, we noted the occurrence of two
distinct EMT-related clusters formed from the pool of quantified metabolites in the heat
map (Figure S1, left panel).

3.2. One Carbon (1C) Metabolites Informing SAM/SAH (re)Methylation and/or Transsulfuration
Activities Are Differentially Affected by EMT in Non-Tumorigenic and Tumorigenic Backgrounds

We applied a second inhouse targeted metabolomics platform using ultra-high pres-
sure liquid chromatography coupled to an electrospray ionization source and a triple-
quadrupole mass spectrometer (UHPLC-ESI-QqQ-MS/MS) [55–57] to quantitatively ex-
amine how the folate/methionine bicyclic 1C metabolome might be altered by EMT in
non-tumorigenic and tumorigenic breast epithelial cells.

A quantitative, comparative assessment of 1C metabolite concentrations in HMLE-
EMT and HMLER-EMT cells and in HMLE and HMLER parental counterparts is shown in
Table S2, and a schematic view of the mean fold changes in 1C metabolite concentrations is
presented in Figure 5 (left panels). Analysis of significant 1C metabolic changes occurring
post-EMT revealed that the EMT process caused a significant build-up of methionine and
homocysteine, accompanied by decreases in 5-adenosyl-methionine (SAM), 5-adenosyl-
homocysteine (SAH), and cystathionine in HMLE-EMT cells when compared with HMLE
control cells. Conversely, a significant elevation of SAM, SAH, and cystathionine, was
found in HMLER-EMT cells when compared with HMLER control cells (Table S2; Figure 5,
left panels). Sample clustering patterns provided by PLS-DA showed a clear separation
of both HMLE-EMT and HMLER-EMT cells from HMLE and HMLER controls (Figure 5,
middle panels). Considering VIP scores ≥ 1.5 in the PLD-DA model to maximize the
difference in 1C metabolic profiles between post-EMT and epithelial parental cells, SAM
and homocysteine showed the most relevant post-EMT alterations in the non-tumorigenic
HMLE/HMLE-EMT pair, and SAH, cysteine, SAM, and NADH were the subset of 1C
metabolites most strongly affected by EMT in the tumorigenic HMLER/HMLER-EMT pair
(Figure 5, right panels).

Two-dimensional PLS-DA models simultaneously informing about the behavior of
HMLE, HMLER, HMLE-EMT, and HMLER-EMT clusters based on the similarity of their 1C
metabolite patterns revealed that the EMT process associated with changes in 1C metabolite
levels in such a manner that data samples from non-tumorigenic HMLE-EMT and tumori-
genic HMLER-EMT cells apparently mapped far apart (Figure 6, top panels). Loading
plots >0.4 to weigh how strongly each 1C metabolic trait influenced a principal component
revealed that homocysteine and serine largely explained the separation between the groups
in principal component 1, whereas SAH, NADH, and cysteine explained the separation
between the groups in principal component 2 (Figure 6, top panels). Unsupervised hierar-
chical clustering analysis revealed that variations in 1C metabolites segregated epithelial
versus EMT cells irrespective of their non-tumorigenic/tumorigenic background (Figure 6,
bottom panels). Similar to the bioenergetic/anabolic metabolites, epithelial-to-EMT sample
variation was clearly discernible in terms of 1C metabolites, and the grouped metabolic
differences (upper and bottom clusters) were also discernible. SAH, cystathionine, and cys-
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teine exhibited the highest values of mean decrease accuracy (or mean decrease Gini score)
and, therefore, were of greater importance in the epithelial versus EMT model (Figure 6,
bottom panels). Two distinct EMT-related clusters formed from the pool of quantified 1C
metabolites in the heat map were observed when using a metabolite–metabolite Pearson
correlation approach (Figure S1, right panel).
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Figure 5. Homocysteine–methionine 1C metabolism fingerprints of non-tumorigenic and tumorigenic
EMT (I). Left panels: Homocysteine–methionine 1C metabolites from non-tumorigenic HMLE-EMT
and tumorigenic HMLER-EMT mesenchymal cells were extracted and quantitatively analyzed by
UHPLC-ESI-QqQ-MS/MS and compared with those of non-tumorigenic HMLE and tumorigenic
HMLER parental counterparts. Significantly increased and decreased metabolites (EMT vs. epithelial
controls) are shown using brown-red and light blue-dark blue color scales, respectively. Middle
panels: Two-dimensional score plots of the partial least square discriminant analysis (PLS-DA) mod-
els of the UHPLC-ESI-QqQ-MS/MS-based homocysteine–methionine 1C metabolomic profiling of
HMLE/HMLE-EMT and HMLER/HMLER-EMT cells. The X and Y axes represent the combinations
of the different 1C metabolites analyzed, showing the maximum separation between groups. Right
panels: Key 1C metabolites separating the homocysteine–methionine 1C metabolomic profiles of
HMLE/HMLE-EMT and HMLER/HMLER-EMT cells based on variable importance in projection
(VIP) in PLS-DA analysis described in the middle panels. The VIP score, which is calculated as a
weighted sum of the squared correlations between PLS-DA components and the original variable,
summarizes the contribution of the metabolites’ importance in the PLS-DA model. The number
of terms in the sum depends on the number of PLS-DA components found to be significant in
distinguishing the classes.
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Figure 6. Homocysteine–methionine 1C metabolism fingerprints of non-tumorigenic and tu-
morigenic EMT (II). Top panels: PLS-DA showing four clusters and loading plots based on tar-
geted homocysteine–methionine 1C metabolite profile data derived from HMLE/HMLE-EMT and
HMLER/HMLER-EMT cells. Bottom panels: Heatmap visualization, hierarchical analyses, and
random forest analysis of the homocysteine–methionine 1C metabolome of HMLE/HMLE-EMT and
HMLER/HMLER-EMT cells. Rows: metabolites; columns: samples; color key indicates metabolite
expression value (blue: lowest; red: highest). The list of the first 15 homocysteine–methionine 1C
metabolites highlighted by their mean decrease accuracy value is presented for each cell model. Mean
decrease accuracy is the measure of the performance of the model without each metabolite. A higher
value indicates the importance of such metabolite in predicting each cell line group; removal of that
metabolite causes the models to lose accuracy in prediction.

3.3. Mitochondrial Functioning in the Breast Cancer EMT Program Involves Changes in the
Utilization of Pathway-Specific Substrates

We next employed MitoPlate™ technology, a novel phenotypic metabolic array, to
measure the rates of production of NADH and FADH2 from 31 potential mitochondrial
energy substrates (https://www.biolog.com/products-portfolio-overview/mitochondrial-
function-assays/ 1 December 2022) (Figure 7).

https://www.biolog.com/products-portfolio-overview/mitochondrial-function-assays/
https://www.biolog.com/products-portfolio-overview/mitochondrial-function-assays/
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Figure 7. Mitochondrial functioning of non-tumorigenic and tumorigenic EMT. (A) Mitochondrial
phenotyping of HMLE/HMLE-EMT and HMLER/HMLER-EMT cells using mitochondrial func-
tion assays with Biolog MitoPlate S-1 (n = 3). (B) Top: Representative heatmap of the metabolic
substrate consumption (2 h) of fatty acids, glycolysis, amino acids, and TCA cycle intermediates in
HMLE/HMLE-EMT and HMLER/HMLER-EMT cells (n = 3). Bottom: Representative reduction
dynamics of the dye over time measured as absorbance at 590 nm for 2 h at 5-min intervals (n = 3).
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By using saponin-permeabilized cells and a redox dye added to 96-well microplates
containing triplicate samples of a panel of substrates (Figure 7A), we assayed the mitochon-
drial function of HMLE/HMLE-EMT and HMLER/HMLER-EMT pairs by measuring the
rates of dye reduction from electrons flowing through the ETC from substrates whose oxida-
tion produces NADH (e.g., pyruvate, L-malate, α-ketoglutarate, D-isocitrate, L-glutamate,
D-β-hydroxy-butyrate) or FADH2 (e.g., succinate, α-glycerol-3-P). Cytoplasmic substrates
included glucose, glycogen, glucose-1-P, glucose-6-P, gluconate-6-P, glycerol-P, and lactic
acid; TCA cycle substrates included pyruvic acid, citric acid, isocitric acid, aconitic acid,
α-ketoglutaric acid, β-hydroxybutyric acid, glutamic acid, glutamine, alanine–glutamine,
serine, ornithine, tryptamine, and malic acid; and other mitochondrial substrates included
acetyl–carnitine + malic acid, octanoyl–carnitine + malic acid, palmitoyl–carnitine + malic
acid, pyruvic acid + malic acid, amino-butyric acid + malic acid, ketoisocaproic acid + malic
acid, leucine + malic acid.

The electrons donated to complex I or complex II travel to the distal end of the ETC
where a tetrazolium redox dye acts as a terminal electron acceptor and changes from color-
less to a purple formazan upon reduction. Thus, each of the 96 assays concurrently run in
the MitoPlate S-1™ provides different information as substrates follow different metabolic
routes using various transporters to enter the mitochondria, and different dehydrogenases
to produce NADH or FADH2. Heatmap analysis of the metabolic substrate consumption
in HMLE/HMLE-EMT and HMLER/HMLER-EMT pairs is presented in Figure 7B. Results
revealed a significant augmentation in the utilization of TCA cycle substrates such as
cis-aconitic acid, fumaric acid, and succinic acid, in both non-tumorigenic HMLE-EMT
and tumorigenic HMLER-EMT cells. Both HMLE-EMT and HMLER-EMT cells utilized
other substrates including lactic acid and malic acid-containing combinations such as malic
acid + the fatty acid ester palmitoyl–carnitine and malic acid + pyruvic acid, with the latter
particularly utilized by mitochondria of HMLER-EMT cells.

3.4. Execution of the EMT Program in a Tumorigenic Background Promotes Resistance to
Mitochondrial Complex III Inhibitors

Finally, we explored whether and how EMT execution modified the sensitivity of
HMLE/HMLE-EMT and HMLER/HMLER-EMT pairs to mitochondrial-centered poisons.
To do this, we used the MitoPlate™ I-1, which can measure the sensitivity of mitochondria
to 22 diverse mitochondrial inhibitors that directly or indirectly inhibit the ETC. These
included complex I inhibitors (rotenone, pyridaben, phenformin), complex II inhibitors
(malonate and carboxin), complex III inhibitors (antimycin A and myxothiazol), uncoupling
agents (trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) and 2,4-dinitrophenol),
ionophores (valinomycin and calcium chloride), and other chemicals (gossypol, nordihy-
droguaiaretic acid, polymyxin B, amitriptyline, meclizine, berberine, alexidine, diclofenac,
celastrol, trifluoperazine, and papaverine).

We first omitted the saponification step to convert a mitochondrial function assay into
a conventional chemotherapeutic screen, and we measured the effects of the agents (each
at four graded concentrations) via assessment of tetrazolium dye-based cell viability 48 h
after initiation of drug treatment. After normalization of the optical density at 590 nm
(purple color) obtained with each agent to those of the (no-drug) positive-control wells
included in the MitoPlate™ I-1 plate, a qualitative overview of the fold change results
showed that several mitochondrial agents (e.g., amitriptyline, alexidine, diclofenac, celas-
trol) indiscriminately reduced viability of all cell types irrespective of the non-EMT/EMT
phenotype or non-tumorigenic/tumorigenic background when compared with no-drug
controls (Figure 8A). To quantify the occurrence of EMT-related changes in responsive-
ness to mitochondrial agents, we also calculated a comparison score as the absolute ratio
between the EMT and non-EMT parental counterparts (Figure 8B).
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Representative phenetic maps of HMLE/HMLE-EMT and HMLER/HMLER-EMT cells growing in
the presence of graded concentrations of mitochondria-centered drugs during 48 h, generated after
normalization of the optical density values of each drug concentration at 590 nm (purple color) to
those of the positive-control wells included in the MitoPlate™ I-1 plates (A) or calculating the absolute
ratio between the optical densities at 590 nm of HMLE (=1.0) vs. HMLE-EMT and HMLER (=1.0)
vs. HMLER-EMT cells (n = 3) (B,C) Representative phenetic maps of the 2 h (top) and 4 h (bottom)
mitochondrial activity in saponin-permeabilized HMLE/HMLE-EMT and HMLER/HMLER-EMT
cells in the presence of succinate and complex I, II, and III inhibitors (n = 3).

Non-tumorigenic HMLE-EMT cells were slightly more sensitive than HMLE controls
to the anti-emetic meclizine, whereas HMLER-EMT cells were (at least 1.5-fold) more
sensitive than epithelial HMLER counterparts to the natural phenol gossypol, the phe-
nolic lignan nordihydroguaiaretic acid (NDGA), and the antipsychotic phenothiazine
trifluoperazine. Remarkably, HMLER-EMT cells were significantly more resistant than
HMLER counterparts to the complex III inhibitors antimycin A and myxothiazol, and to the
ionophore valinomycin. HMLER-EMT cells were also partly resistant to the FDA-approved
drug papaverine, an inhibitor of mitochondrial complex I that was highly cytotoxic against
HMLE, HMLE-EMT, and HMLER cells.

As resistance phenotypes to complex III inhibitors in 48 h lasting cytotoxic assays
can be argued to arise from adaptive metabolic reprogramming leading to activation of
pro-survival processes, we decided to directly assess mitochondrial function in saponin-
permeabilized cells using succinate as substrate (Figure 8C). A metabolic substrate that
feeds complex II such as succinate will result in a strong flow of electrons via succinate
dehydrogenase, which is expected to be inhibited by complex II and III (antimycin A and
myxothiazol) inhibitors but not complex I blockers. A saponin concentration of 30 µg/mL
has been shown to efficiently permeabilize cell membrane and abolish glucose metabolism
without promoting any significant alteration of the mitochondrial metabolism of substrates
such as malate and succinate [67]. Validation of the assay in the presence of succinate
confirmed a lack of activity of the complex I inhibitors rotenone and pyridaben regardless
of the presence or absence of the EMT phenotype. When compared to HMLER parental
cells, HMLER-EMT mitochondria were slightly more resistant to the highest concentrations
of the complex II inhibitors malonate and carboxin and highly refractory to complex III
blockade by antimycin A and myxothiazol (Figure 8C).

4. Discussion

The coupled cell fate decision-making processes of metabolism and EMT can be
viewed as a key contributor to cancer therapy resistance, tumor immune evasion, and
metastasis [68,69]. Our present analysis reveals significant differences in bioenergetic/1C
metabolic signatures, utilization of preferred mitochondrial substrates, and sensitivity to
mitochondrial drugs when EMT is executed in non-tumorigenic and tumorigenic back-
grounds.

We first explored whether the use of central cytosolic/mitochondrial metabolic nodes
differ between human breast epithelial cells engineered to acquire a mesenchymal pheno-
type in the absence or presence of the H-RasV12 oncogene—a well-recognized driver of the
cancer metabolic landscape [70,71]. Targeted analysis revealed that “upper” and “lower”
glycolysis appear to work at different rates upon EMT activation in non-tumorigenic and
H-RasV12-driven tumorigenic backgrounds. Indeed, 6-carbon molecules in the “upper”
chain of the glycolytic–gluconeogenic reaction pathway, which connects glucose to G3P,
were those most affected by EMT activation in a non-tumorigenic background. Because the
concentration of fructose-1,6-bisphosphate mirrors glycolytic flux [72], our data support a
scenario wherein the metabolic reprogramming accompanying EMT in a non-tumorigenic
background likely involves changes in upper glycolytic enzymes controlling both glycolytic
flux and metabolite levels. Conversely, 3-carbon molecules in the “lower” reaction chain
in the same glycolytic pathway—also known as the “trunk pathway” connecting G3P to
pyruvate—were the most significantly affected upon EMT activation in a tumorigenic back-
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ground. Because enzyme steps in lower glycolysis do not control pathway flux but carry
a higher flux than any biochemically-possible alternative [73], the massive accumulation
of phosphoenolpyruvate in tumorigenic EMT cells might reflect their ability to decouple
ATP production from phosphoenolpyruvate-mediated phosphotransfer [74], which can act
through feedback mechanisms to inhibit glycolysis, thereby allowing for the high rate of
glycolysis to support anabolic metabolism.

Examination of the homocysteine–methionine 1C cycle, a metabolic sensor system
controlling methylation-regulated pathological signaling [75–77], revealed differential
changes upon EMT activation in non-tumorigenic and tumorigenic backgrounds. The
demethylation pathway generates the universal methyl group donor SAM and the methy-
lation inhibitor SAH, whereas the remethylation pathway converts homocysteine back
into methionine by receiving a methyl group from the folate cycle or from choline/betaine
metabolism via methionine synthase or via betaine–homocysteine methyltransferase, re-
spectively. Homocysteine is the sulfur-containing precursor that is ultimately channeled
to the transsulfuration pathway via conversion to another sulfur-containing amino acid,
cysteine, through cystathionine. Accordingly, the evident accumulation of homocysteine in
non-tumorigenic HMLE-EMT cells should result from a decrease in its utilization, from
altered remethylation to methionine and/or impaired transsulfuration activity [76,77].
The impairment in remethylation and transsulfuration pathways that accompanies non-
tumorigenic EMT was characterized not only by the accumulation of homocysteine, but
also by the depletion of SAM, cystathionine, and cysteine. Intriguingly, a completely differ-
ent functioning of the homocysteine–methionine 1C cycle appears to occur when EMT is
activated in a H-RasV12-driven oncogenic background. The observed increase in SAM, SAH,
and cystathionine in HLMER-EMT cells strongly suggests an augmented transmethylation
activity of SAM, whose elevation is known to increase the catalytic activity of cystathionine-
β-synthase—the first and rate-limiting enzyme in the transsulfuration pathway [78]. The
differential activation and maintenance of methylogenesis and SAM:homocysteine ratios
might underlie dynamic and reversible changes in the DNA methylome of EMT cells,
an epigenetically conserved mechanism contributing to cellular transformation, tumoral
progression, and therapy resistance [79–81]. Because the transsulfuration pathway is a
highly plastic emergency response mechanism for maintaining cysteine pools and redox
homeostasis in harsh tumor microenvironments, it is tempting to speculate that its function-
ing may enable tumorigenic EMT cells to circumvent nutrient scarcity and high oxidative
stress, and to evade drug-induced cell death [76,77,82]. Nonetheless, we acknowledge that
one major limitation of the steady-state metabolomic approach employed here is that it
does not allow us to discern whether the observed changes in metabolites are causally
associated with changes in production or utilization. Metabolic flux experiments utilizing
13C-labeled carbon, glutamine, serine, and methionine tracers will be needed as a next
step to elucidate the nature of the observed changes within the glycolytic pathway and the
methionine–homocysteine 1C cycle in non-tumorigenic and tumorigenic EMT cells.

We next performed functional mitochondrial phenotyping to test epithelial and EMT-
activated cells for their ability to utilize bioenergetic substrates. We observed that lactate
could support mitochondrial energy production in non-tumorigenic and tumorigenic EMT
cells but not in their epithelial counterparts. For many years, lactate had been seen as
a metabolic waste product of glycolytic metabolism; however, an ever-growing body of
evidence has revealed novel roles of lactate in the tumor microenvironment, either as a
signaling molecule or as a metabolic fuel [83–86]. In the latter regard, tumorigenic EMT cells
were notably capable of utilizing not only lactate as a mitochondrial fuel but also the glycol-
ysis end-product pyruvate when simultaneously provided with an additional exogenous
substrate such as malic acid. Indeed, not only were high-energy glycolysis end-products
utilized at significantly higher rates in EMT cells than in non-EMT cells, but the same
was true for the mitochondrial β-fatty acid oxidation (FAO) substrate palmitoyl–carnitine.
Mitochondrial FAO has recently been described as a druggable metabolic “gateway” that
is activated for EMT cell-state transitions to occur [87]. Previous findings using intact
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cells revealed that EMT is accompanied by a metabolic infrastructure that enables the
scavenging and catabolization of high-energy nutrients such as pyruvate and lactate and
the ketone body (and mitochondrial β-oxidation substrate) β-hydroxybutyrate, supporting
mitochondrial energy production [88]. We confirm that the mitochondrial phenotype of the
EMT phenomenon might constitute an efficient adaptive strategy through which lactate
and pyruvate can effectively substitute for glucose as efficient mitochondrial substrates,
thereby providing a bioenergetic advantage in hostile microenvironmental conditions in-
volving nutrient starvation. Although it is well established that tumor cells can take-up and
oxidize lactate as a fuel under metabolically stressful circumstances when glucose becomes
limited [89,90], there is controversy as to whether lactate must first be converted to glucose
via gluconeogenesis. The Biolog MitoPlate S-1™ assay directly measures electron flow
into and through the ETC from various mitochondrial substrates that produce NADH and
FADH2 under conditions of saponin permeabilization. Notably, saponin permeabilizes
only the plasma membrane, leaving the intracellular membranes of the mitochondria intact
while equilibrating the intracellular spaces with incubation medium [67,91]. Our findings,
therefore, support the notion that lactate could be imported and converted into pyruvate
inside mitochondria to directly feed the TCA cycle in EMT cells.

Finally, we used a modified version of the MitoPlate I-1™ assay to carry out cyto-
toxic screenings and test the notion that mitochondria-centered metabolic reprogramming
is necessary for the survival of EMT cells. With the exception of a slightly augmented
sensitivity to meclizine, an antiemetic that indirectly attenuates mitochondrial respira-
tion by targeting cytosolic phosphoethanolamine metabolism [92,93], EMT activation in
a non-tumorigenic background had no phenotypic (cell viability) consequences in terms
of altered responsiveness to mitochondrial poisons. By contrast, tumorigenic EMT cells
showed enhanced sensitivity to several agents, including gossypol, a naturally occurring
mitochondrial aldehyde dehydrogenase inhibitor extracted from a cotton plant [94,95],
the phenolic lignan NDGA, which promotes mitochondrial depolarization by targeting
glutathione oxidation [96–99], and the antipsychotic trifluoperazine, an inhibitor of mito-
chondrial permeability transition [100]. Intriguingly, we found an unanticipated resistance
to the mitochondrial complex III inhibitors antimycin A and myxothiazol upon EMT ac-
tivation in a tumorigenic background. Mitochondrial complex I and II donate electrons
to ubiquinone, resulting in the generation of ubiquinol and the regeneration of the NAD+

and FAD cofactors, whereas complex III oxidizes ubiquinol back to ubiquinone. This raises
the question of how tumorigenic EMT phenomena circumvent the cytotoxic effects of
blockade of mitochondrial ubiquinol oxidation imposed by complex III inhibitors. Because
mitochondrial thioredoxin reductase (TrxR2) can reduce cytochrome c to promote resistance
to complex III inhibition upon both antimycin A and myxothiazol treatment [101], it is
possible that the complex III-bypassing function of TrxR2 might play a cytoprotective role
in tumorigenic EMT cells. However, it has recently been reported that the essential function
of mitochondrial complex III for tumor growth is ubiquinol oxidation and not its ability to
proton pump or donate electrons to the downstream electron carrier cytochrome c [102].
In this line, we found that tumorigenic EMT cells show enhanced utilization of succinate,
which might be consistent with an enhanced complex II activity and an over-reduction
of the ubiquinone pool, thereby driving electrons backwards into complex I in a process
known as reverse electron transport (RET). In the latter regard, it should be noted that a
significant alteration in the electron flow intensity from succinate to mitochondrial complex
II and III was indirectly confirmed in saponin-permeabilized tumorigenic EMT cells, in
which the mitochondria functioning exhibited partial resistance to respiratory complex
II inhibitors and a highly significant refractoriness to complex III inhibitors. Whether
succinate-energized mitochondria enabling an enhanced NADH/NAD+ cycling, the acti-
vation of RET, and/or changes to the structure and organization of the ETC can explain
the augmented resistance to complex III inhibition in tumorigenic EMT cells requires fur-
ther study [103]. Because altered sensitivity to ionophores perturbing ion homeostasis
affects not only mitochondrial functions but also other cellular processes ranging from
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vacuolar function, through translation to stress responses [104], the acquired resistance of
tumorigenic EMT cells to valinomycin is likely pleiotropic and multi-faceted.

5. Conclusions

Metabolic rewiring, mitochondria functioning, and EMT cooperate to regulate cell fate
in non-cancer scenarios such as induced pluripotency [105]. The close cooperation between
EMT induction and an active form of RAS is sufficient to trigger malignant transforma-
tion of mammary epithelial cells including the acquisition of stem cell-like traits [106,107].
The interdependence of metabolism and EMT also suggests that repurposed metabolic in-
hibitors could be considered as novel therapeutic interventions for blocking EMT-associated
metabolic traits that can trigger cancer recurrence [108]. Our present description of a dis-
tinctive landscape of metabolic traits in non-tumorigenic and tumorigenic EMT suggests
not only context-specific supportive bioenergetic roles, but likely also instructive roles in
determining and maintaining cell fate decisions. Moreover, our findings strongly opine
that yet undefined links between metabolism and EMT could compromise the efficacy of
metabolic therapies in breast cancer. Accordingly, mitochondrial phenotypes should be
carefully evaluated when aiming to use mitochondria-targeting drugs to target EMT-driven
biological aggressiveness and therapeutic resistance in breast cancer.
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www.mdpi.com/article/10.3390/cancers14246214/s1, Figure S1: Correlation of the metabolomic data.
Table S1: Concentration of bioenergetic metabolites in HMLE/HMLE-EMT and HMLER/HMLER-
EMT cells; Table S2: Concentration of homocysteine–methionine 1C metabolites in HMLE/HMLE-
EMT and HMLER/HMLER-EMT cells.

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

Funding: Work in the Menendez laboratory is supported by the Spanish Ministry of Science and
Innovation (Grant PID2019-10455GB-I00, Plan Nacional de l+D+I, founded by the European Regional
Development Fund, Spain). Elisabet Cuyàs holds a “Miguel Servet” research contract (CP20/00003)
from the Instituto de Salud Carlos III (Spain) and is supported by the Spanish Ministry of Science and
Innovation (Grant PI22/00297, Proyectos de I+D+I en Salud, Acción Estratégica en Salud 2021–2023,
founded by the European Regional Development Fund, Spain).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: We are greatly indebted to Robert A. Weinberg (Whitehead Institute for Biomed-
ical Research, Cambridge, MA, USA) for providing the HMLEshControl, HMLEshECad, HMLERshCntrol,
and HMLERshEcad cells used in this work. The authors would like to thank Kenneth McCreath for
detailed editing of this manuscript.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Thiery, J.P. Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454. [CrossRef] [PubMed]
2. Huber, M.A.; Kraut, N.; Beug, H. Molecular requirements for epithelial-mesenchymal transition during tumor progression. Curr.

Opin. Cell Biol. 2005, 17, 548–558. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers14246214/s1
https://www.mdpi.com/article/10.3390/cancers14246214/s1
http://doi.org/10.1038/nrc822
http://www.ncbi.nlm.nih.gov/pubmed/12189386
http://doi.org/10.1016/j.ceb.2005.08.001
http://www.ncbi.nlm.nih.gov/pubmed/16098727


Cancers 2022, 14, 6214 20 of 24

3. Polyak, K.; Weinberg, R.A. Transitions between epithelial and mesenchymal states: Acquisition of malignant and stem cell traits.
Nat. Rev. Cancer 2009, 9, 265–273. [CrossRef] [PubMed]

4. Ye, X.; Weinberg, R.A. Epithelial-Mesenchymal Plasticity: A Central Regulator of Cancer Progression. Trends Cell Biol. 2015, 25,
675–686. [CrossRef] [PubMed]

5. Shibue, T.; Weinberg, R.A. EMT, CSCs, and drug resistance: The mechanistic link and clinical implications. Nat. Rev. Clin. Oncol.
2017, 14, 611–629. [CrossRef] [PubMed]

6. Brabletz, T.; Kalluri, R.; Nieto, M.A.; Weinberg, R.A. EMT in cancer. Nat. Rev. Cancer 2018, 18, 128–134. [CrossRef]
7. Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer.

Nat. Rev. Mol. Cell Biol. 2019, 20, 69–84. [CrossRef]
8. Fischer, K.R.; Durrans, A.; Lee, S.; Sheng, J.; Li, F.; Wong, S.T.; Choi, H.; El Rayes, T.; Ryu, S.; Troeger, J.; et al. Epithelial-

to-mesenchymal transition is not required for lung metastasis but contributes to chemoresistance. Nature 2015, 527, 472–476.
[CrossRef]

9. Zheng, X.; Carstens, J.L.; Kim, J.; Scheible, M.; Kaye, J.; Sugimoto, H.; Wu, C.C.; LeBleu, V.S.; Kalluri, R. Epithelial-to-mesenchymal
transition is dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nature 2015, 527, 525–530. [CrossRef]

10. Neelakantan, D.; Zhou, H.; Oliphant, M.U.J.; Zhang, X.; Simon, L.M.; Henke, D.M.; Shaw, C.A.; Wu, M.F.; Hilsenbeck, S.G.; White,
L.D.; et al. EMT cells increase breast cancer metastasis via paracrine GLI activation in neighbouring tumour cells. Nat. Commun.
2017, 8, 15773. [CrossRef]

11. Li, W.; Kang, Y. Probing the Fifty Shades of EMT in Metastasis. Trends Cancer 2016, 2, 65–67. [CrossRef] [PubMed]
12. Jolly, M.K.; Ware, K.E.; Gilja, S.; Somarelli, J.A.; Levine, H. EMT and MET: Necessary or permissive for metastasis? Mol. Oncol.

2017, 11, 755–769. [CrossRef] [PubMed]
13. Aiello, N.M.; Kang, Y. Context-dependent EMT programs in cancer metastasis. J. Exp. Med. 2019, 216, 1016–1026. [CrossRef]

[PubMed]
14. Jolly, M.K.; Somarelli, J.A.; Sheth, M.; Biddle, A.; Tripathi, S.C.; Armstrong, A.J.; Hanash, S.M.; Bapat, S.A.; Rangarajan, A.; Levine,

H. Hybrid epithelial/mesenchymal phenotypes promote metastasis and therapy resistance across carcinomas. Pharmacol. Ther.
2019, 194, 161–184. [CrossRef]

15. Moody, S.E.; Perez, D.; Pan, T.C.; Sarkisian, C.J.; Portocarrero, C.P.; Sterner, C.J.; Notorfrancesco, K.L.; Cardiff, R.D.; Chodosh, L.A.
The transcriptional repressor Snail promotes mammary tumor recurrence. Cancer Cell 2005, 8, 197–209. [CrossRef]

16. Creighton, C.J.; Li, X.; Landis, M.; Dixon, J.M.; Neumeister, V.M.; Sjolund, A.; Rimm, D.L.; Wong, H.; Rodriguez, A.; Herschkowitz,
J.I.; et al. Residual breast cancers after conventional therapy display mesenchymal as well as tumor-initiating features. Proc. Natl.
Acad. Sci. USA 2009, 106, 13820–13825. [CrossRef]

17. Li, X.; Lewis, M.T.; Huang, J.; Gutierrez, C.; Osborne, C.K.; Wu, M.F.; Hilsenbeck, S.G.; Pavlick, A.; Zhang, X.; Chamness,
G.C.; et al. Intrinsic resistance of tumorigenic breast cancer cells to chemotherapy. J. Natl. Cancer Inst. 2008, 100, 672–679.
[CrossRef]

18. Terry, S.; Savagner, P.; Ortiz-Cuaran, S.; Mahjoubi, L.; Saintigny, P.; Thiery, J.P.; Chouaib, S. New insights into the role of EMT in
tumor immune escape. Mol. Oncol. 2017, 11, 824–846. [CrossRef]

19. Kallergi, G.; Papadaki, M.A.; Politaki, E.; Mavroudis, D.; Georgoulias, V.; Agelaki, S. Epithelial to mesenchymal transition markers
expressed in circulating tumour cells of early and metastatic breast cancer patients. Breast Cancer Res. 2011, 13, R59. [CrossRef]

20. Bonnomet, A.; Brysse, A.; Tachsidis, A.; Waltham, M.; Thompson, E.W.; Polette, M.; Gilles, C. Epithelial-to-mesenchymal
transitions and circulating tumor cells. J. Mammary Gland Biol. Neoplasia 2010, 15, 261–273. [CrossRef]

21. Yu, M.; Bardia, A.; Wittner, B.S.; Stott, S.L.; Smas, M.E.; Ting, D.T.; Isakoff, S.J.; Ciciliano, J.C.; Wells, M.N.; Shah, A.M.; et al.
Circulating breast tumor cells exhibit dynamic changes in epithelial and mesenchymal composition. Science 2013, 339, 580–584.
[CrossRef] [PubMed]

22. Huang, Y.; Hong, W.; Wei, X. The molecular mechanisms and therapeutic strategies of EMT in tumor progression and metastasis.
J. Hematol. Oncol. 2022, 15, 129. [CrossRef] [PubMed]

23. Xu, Z.; Zhang, Y.; Dai, H.; Han, B. Epithelial-Mesenchymal Transition-Mediated Tumor Therapeutic Resistance. Molecules 2022,
27, 4750. [CrossRef] [PubMed]

24. Pattabiraman, D.R.; Weinberg, R.A. Tackling the cancer stem cells—What challenges do they pose? Nat. Rev. Drug Discov. 2014,
13, 497–512. [CrossRef] [PubMed]

25. Marcucci, F.; Stassi, G.; De Maria, R. Epithelial-mesenchymal transition: A new target in anticancer drug discovery. Nat. Rev.
Drug Discov. 2016, 15, 311–325. [CrossRef]

26. Lambert, A.W.; Weinberg, R.A. Linking EMT programmes to normal and neoplastic epithelial stem cells. Nat. Rev. Cancer 2021,
21, 325–338. [CrossRef]

27. Williams, E.D.; Gao, D.; Redfern, A.; Thompson, E.W. Controversies around epithelial-mesenchymal plasticity in cancer metastasis.
Nat. Rev. Cancer 2019, 19, 716–732. [CrossRef]

28. Grassian, A.R.; Lin, F.; Barrett, R.; Liu, Y.; Jiang, W.; Korpal, M.; Astley, H.; Gitterman, D.; Henley, T.; Howes, R.; et al. Isocitrate
dehydrogenase (IDH) mutations promote a reversible ZEB1/microRNA (miR)-200-dependent epithelial-mesenchymal transition
(EMT). J. Biol. Chem. 2012, 287, 42180–42194. [CrossRef]

29. Cuyàs, E.; Corominas-Faja, B.; Menendez, J.A. The nutritional phenome of EMT-induced cancer stem-like cells. Oncotarget 2014, 5,
3970–3982. [CrossRef]

http://doi.org/10.1038/nrc2620
http://www.ncbi.nlm.nih.gov/pubmed/19262571
http://doi.org/10.1016/j.tcb.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26437589
http://doi.org/10.1038/nrclinonc.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/28397828
http://doi.org/10.1038/nrc.2017.118
http://doi.org/10.1038/s41580-018-0080-4
http://doi.org/10.1038/nature15748
http://doi.org/10.1038/nature16064
http://doi.org/10.1038/ncomms15773
http://doi.org/10.1016/j.trecan.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/27042694
http://doi.org/10.1002/1878-0261.12083
http://www.ncbi.nlm.nih.gov/pubmed/28548345
http://doi.org/10.1084/jem.20181827
http://www.ncbi.nlm.nih.gov/pubmed/30975895
http://doi.org/10.1016/j.pharmthera.2018.09.007
http://doi.org/10.1016/j.ccr.2005.07.009
http://doi.org/10.1073/pnas.0905718106
http://doi.org/10.1093/jnci/djn123
http://doi.org/10.1002/1878-0261.12093
http://doi.org/10.1186/bcr2896
http://doi.org/10.1007/s10911-010-9174-0
http://doi.org/10.1126/science.1228522
http://www.ncbi.nlm.nih.gov/pubmed/23372014
http://doi.org/10.1186/s13045-022-01347-8
http://www.ncbi.nlm.nih.gov/pubmed/36076302
http://doi.org/10.3390/molecules27154750
http://www.ncbi.nlm.nih.gov/pubmed/35897925
http://doi.org/10.1038/nrd4253
http://www.ncbi.nlm.nih.gov/pubmed/24981363
http://doi.org/10.1038/nrd.2015.13
http://doi.org/10.1038/s41568-021-00332-6
http://doi.org/10.1038/s41568-019-0213-x
http://doi.org/10.1074/jbc.M112.417832
http://doi.org/10.18632/oncotarget.2147


Cancers 2022, 14, 6214 21 of 24

30. Aspuria, P.P.; Lunt, S.Y.; Väremo, L.; Vergnes, L.; Gozo, M.; Beach, J.A.; Salumbides, B.; Reue, K.; Wiedemeyer, W.R.; Nielsen,
J.; et al. Succinate dehydrogenase inhibition leads to epithelial-mesenchymal transition and reprogrammed carbon metabolism.
Cancer Metab. 2014, 2, 21. [CrossRef]

31. Bhowmik, S.K.; Ramirez-Peña, E.; Arnold, J.M.; Putluri, V.; Sphyris, N.; Michailidis, G.; Putluri, N.; Ambs, S.; Sreekumar, A.; Mani,
S.A. EMT-induced metabolite signature identifies poor clinical outcome. Oncotarget 2015, 6, 42651–42660. [CrossRef] [PubMed]

32. Sciacovelli, M.; Gonçalves, E.; Johnson, T.I.; Zecchini, V.R.; da Costa, A.S.; Gaude, E.; Drubbel, A.V.; Theobald, S.J.; Abbo, S.R.;
Tran, M.G.; et al. Fumarate is an epigenetic modifier that elicits epithelial-to-mesenchymal transition. Nature 2016, 537, 544–547.
[CrossRef] [PubMed]

33. Colvin, H.; Nishida, N.; Konno, M.; Haraguchi, N.; Takahashi, H.; Nishimura, J.; Hata, T.; Kawamoto, K.; Asai, A.; Tsunekuni,
K.; et al. Oncometabolite D-2-Hydroxyglurate Directly Induces Epithelial-Mesenchymal Transition and is Associated with Distant
Metastasis in Colorectal Cancer. Sci. Rep. 2016, 6, 36289. [CrossRef] [PubMed]

34. Sciacovelli, M.; Frezza, C. Metabolic reprogramming and epithelial-to-mesenchymal transition in cancer. FEBS J. 2017, 284,
3132–3144. [CrossRef]

35. Guerra, F.; Guaragnella, N.; Arbini, A.A.; Bucci, C.; Giannattasio, S.; Moro, L. Mitochondrial Dysfunction: A Novel Potential
Driver of Epithelial-to-Mesenchymal Transition in Cancer. Front. Oncol. 2017, 7, 295. [CrossRef]

36. Morandi, A.; Taddei, M.L.; Chiarugi, P.; Giannoni, E. Targeting the Metabolic Reprogramming That Controls Epithelial-to-
Mesenchymal Transition in Aggressive Tumors. Front. Oncol. 2017, 7, 40. [CrossRef]

37. Bhattacharya, D.; Scimè, A. Metabolic Regulation of Epithelial to Mesenchymal Transition: Implications for Endocrine Cancer.
Front. Endocrinol. 2019, 10, 773. [CrossRef]

38. Kang, H.; Kim, H.; Lee, S.; Youn, H.; Youn, B. Role of Metabolic Reprogramming in Epithelial–Mesenchymal Transition (EMT).
Int. J. Mol. Sci. 2019, 20, E2042. [CrossRef]

39. Ramirez-Peña, E.; Arnold, J.; Shivakumar, V.; Joseph, R.; Vidhya Vijay, G.; den Hollander, P.; Bhangre, N.; Allegakoen, P.;
Prasad, R.; Conley, Z.; et al. The Epithelial to Mesenchymal Transition Promotes Glutamine Independence by Suppressing GLS2
Expression. Cancers 2019, 11, E1610. [CrossRef]

40. Røsland, G.V.; Dyrstad, S.E.; Tusubira, D.; Helwa, R.; Tan, T.Z.; Lotsberg, M.L.; Pettersen, I.K.N.; Berg, A.; Kindt, C.; Hoel, F.; et al.
Epithelial to mesenchymal transition (EMT) is associated with attenuation of succinate dehydrogenase (SDH) in breast cancer
through reduced expression of SDHC. Cancer Metab. 2019, 7, 6. [CrossRef]

41. Dong, C.; Yuan, T.; Wu, Y.; Wang, Y.; Fan, T.W.; Miriyala, S.; Lin, Y.; Yao, J.; Shi, J.; Kang, T.; et al. Loss of FBP1 by Snail-mediated
repression provides metabolic advantages in basal-like breast cancer. Cancer Cell 2013, 23, 316–331. [CrossRef] [PubMed]

42. Kim, N.H.; Cha, Y.H.; Lee, J.; Lee, S.H.; Yang, J.H.; Yun, J.S.; Cho, E.S.; Zhang, X.; Nam, M.; Kim, N.; et al. Snail reprograms
glucose metabolism by repressing phosphofructokinase PFKP allowing cancer cell survival under metabolic stress. Nat. Commun.
2017, 8, 14374. [CrossRef] [PubMed]

43. Shaul, Y.D.; Freinkman, E.; Comb, W.C.; Cantor, J.R.; Tam, W.L.; Thiru, P.; Kim, D.; Kanarek, N.; Pacold, M.E.; Chen, W.W.; et al.
Dihydropyrimidine accumulation is required for the epithelial-mesenchymal transition. Cell 2014, 158, 1094–1109. [CrossRef]
[PubMed]

44. Chakrabarty, R.P.; Chandel, N.S. Mitochondria as Signaling Organelles Control Mammalian Stem Cell Fate. Cell Stem Cell 2021,
28, 394–408. [CrossRef]

45. 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]

46. Hua, W.; Ten Dijke, P.; Kostidis, S.; Giera, M.; Hornsveld, M. TGFβ-induced metabolic reprogramming during epithelial-to-
mesenchymal transition in cancer. Cell. Mol. Life Sci. 2019, 77, 2103–2123. [CrossRef]

47. Wu, M.J.; Chen, Y.S.; Kim, M.R.; Chang, C.C.; Gampala, S.; Zhang, Y.; Wang, Y.; Chang, C.Y.; Yang, J.Y.; Chang, C.J. Epithelial-
Mesenchymal Transition Directs Stem Cell Polarity via Regulation of Mitofusin. Cell Metab. 2019, 29, 993–1002.e6. [CrossRef]

48. Peiris-Pagès, M.; Bonuccelli, G.; Sotgia, F.; Lisanti, M.P. Mitochondrial fission as a driver of stemness in tumor cells: mDIVI1
inhibits mitochondrial function, cell migration and cancer stem cell (CSC) signalling. Oncotarget 2018, 9, 13254–13275. [CrossRef]

49. Cuyàs, E.; Verdura, S.; Folguera-Blasco, N.; Bastidas-Velez, C.; Martin, Á.G.; Alarcón, T.; Menendez, J.A. Mitostemness. Cell Cycle
2018, 17, 918–926. [CrossRef]

50. Kingnate, C.; Charoenkwan, K.; Kumfu, S.; Chattipakorn, N.; Chattipakorn, S.C. Possible Roles of Mitochondrial Dynamics and
the Effects of Pharmacological Interventions in Chemoresistant Ovarian Cancer. EBioMedicine 2018, 34, 256–266. [CrossRef]

51. Riera-Borrull, M.; Rodríguez-Gallego, E.; Hernández-Aguilera, A.; Luciano, F.; Ras, R.; Cuyàs, E.; Camps, J.; Segura-Carretero,
A.; Menendez, J.A.; Joven, J.; et al. Exploring the Process of Energy Generation in Pathophysiology by Targeted Metabolomics:
Performance of a Simple and Quantitative Method. J. Am. Soc. Mass Spectrom. 2016, 27, 168–177. [CrossRef] [PubMed]

52. Cuyàs, E.; Fernández-Arroyo, S.; Alarcón, T.; Lupu, R.; Joven, J.; Menendez, J.A. Germline BRCA1 mutation reprograms breast
epithelial cell metabolism towards mitochondrial-dependent biosynthesis: Evidence for metformin-based “starvation” strategies
in BRCA1 carriers. Oncotarget 2016, 7, 52974–52992. [CrossRef] [PubMed]

53. Cuyàs, E.; Fernández-Arroyo, S.; Corominas-Faja, B.; Rodríguez-Gallego, E.; Bosch-Barrera, J.; Martin-Castillo, B.; De Llorens, R.;
Joven, J.; Menendez, J.A. Oncometabolic mutation IDH1 R132H confers a metformin-hypersensitive phenotype. Oncotarget 2015,
6, 12279–12296. [CrossRef] [PubMed]

http://doi.org/10.1186/2049-3002-2-21
http://doi.org/10.18632/oncotarget.4765
http://www.ncbi.nlm.nih.gov/pubmed/26315396
http://doi.org/10.1038/nature19353
http://www.ncbi.nlm.nih.gov/pubmed/27580029
http://doi.org/10.1038/srep36289
http://www.ncbi.nlm.nih.gov/pubmed/27824159
http://doi.org/10.1111/febs.14090
http://doi.org/10.3389/fonc.2017.00295
http://doi.org/10.3389/fonc.2017.00040
http://doi.org/10.3389/fendo.2019.00773
http://doi.org/10.3390/ijms20082042
http://doi.org/10.3390/cancers11101610
http://doi.org/10.1186/s40170-019-0197-8
http://doi.org/10.1016/j.ccr.2013.01.022
http://www.ncbi.nlm.nih.gov/pubmed/23453623
http://doi.org/10.1038/ncomms14374
http://www.ncbi.nlm.nih.gov/pubmed/28176759
http://doi.org/10.1016/j.cell.2014.07.032
http://www.ncbi.nlm.nih.gov/pubmed/25171410
http://doi.org/10.1016/j.stem.2021.02.011
http://doi.org/10.1111/febs.14756
http://doi.org/10.1007/s00018-019-03398-6
http://doi.org/10.1016/j.cmet.2018.11.004
http://doi.org/10.18632/oncotarget.24285
http://doi.org/10.1080/15384101.2018.1467679
http://doi.org/10.1016/j.ebiom.2018.07.026
http://doi.org/10.1007/s13361-015-1262-3
http://www.ncbi.nlm.nih.gov/pubmed/26383735
http://doi.org/10.18632/oncotarget.9732
http://www.ncbi.nlm.nih.gov/pubmed/27259235
http://doi.org/10.18632/oncotarget.3733
http://www.ncbi.nlm.nih.gov/pubmed/25980580


Cancers 2022, 14, 6214 22 of 24

54. Vazquez-Martin, A.; Van den Haute, C.; Cufí, S.; Corominas-Faja, B.; Cuyàs, E.; Lopez-Bonet, E.; Rodriguez-Gallego, E.; Fernández-
Arroyo, S.; Joven, J.; Baekelandt, V.; et al. Mitophagy-driven mitochondrial rejuvenation regulates stem cell fate. Aging 2016, 8,
1330–1352. [CrossRef]

55. Fernández-Arroyo, S.; Cuyàs, E.; Bosch-Barrera, J.; Alarcón, T.; Joven, J.; Menendez, J.A. Activation of the methylation cycle in
cells reprogrammed into a stem cell-like state. Oncoscience 2016, 2, 958–967. [CrossRef]

56. Riera-Borrull, M.; García-Heredia, A.; Fernández-Arroyo, S.; Hernández-Aguilera, A.; Cabré, N.; Cuyàs, E.; Luciano-Mateo, F.;
Camps, J.; Menendez, J.A.; Joven, J. Metformin Potentiates the Benefits of Dietary Restraint: A Metabolomic Study. Int. J. Mol. Sci.
2017, 18, 2263. [CrossRef]

57. Cuyàs, E.; Fernández-Arroyo, S.; Buxó, M.; Pernas, S.; Dorca, J.; Álvarez, I.; Martínez, S.; Pérez-Garcia, J.M.; Batista-López, N.;
Rodríguez-Sánchez, C.A.; et al. Metformin induces a fasting- and antifolate-mimicking modification of systemic host metabolism
in breast cancer patients. Aging 2019, 11, 2874–2888. [CrossRef]

58. Chong, J.; Wishart, D.S.; Xia, J. Using MetaboAnalyst 4.0 for Comprehensive and Integrative Metabolomics Data Analysis. Curr.
Protoc. Bioinform. 2019, 68, e86. [CrossRef]

59. Mani, S.A.; Guo, W.; Liao, M.J.; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; Zhang, C.C.; Shipitsin, M.; et al.
The epithelial-mesenchymal transition generates cells with properties of stem cells. Cell 2008, 133, 704–715. [CrossRef]

60. Gupta, P.B.; Onder, T.T.; Jiang, G.; Tao, K.; Kuperwasser, C.; Weinberg, R.A.; Lander, E.S. Identification of selective inhibitors of
cancer stem cells by high-throughput screening. Cell 2009, 138, 645–659. [CrossRef]

61. Elenbaas, B.; Spirio, L.; Koerner, F.; Fleming, M.D.; Zimonjic, D.B.; Donaher, J.L.; Popescu, N.C.; Hahn, W.C.; Weinberg, R.A.
Human breast cancer cells generated by oncogenic transformation of primary mammary epithelial cells. Genes Dev. 2001, 15, 50–65.
[CrossRef] [PubMed]

62. Liu, S.; Cong, Y.; Wang, D.; Sun, Y.; Deng, L.; Liu, Y.; Martin-Trevino, R.; Shang, L.; McDermott, S.P.; Landis, M.D.; et al. Breast
cancer stem cells transition between epithelial and mesenchymal states reflective of their normal counterparts. Stem Cell Rep.
2013, 2, 78–91. [CrossRef] [PubMed]

63. Martin-Castillo, B.; Lopez-Bonet, E.; Cuyàs, E.; Viñas, G.; Pernas, S.; Dorca, J.; Menendez, J.A. Cancer stem cell-driven efficacy of
trastuzumab (Herceptin): Towards a reclassification of clinically HER2-positive breast carcinomas. Oncotarget 2015, 6, 32317–32338.
[CrossRef]

64. Lim, Y.Y.; Wright, J.A.; Attema, J.L.; Gregory, P.A.; Bert, A.G.; Smith, E.; Thomas, D.; Lopez, A.F.; Drew, P.A.; Khew-Goodall,
Y.; et al. Epigenetic modulation of the miR-200 family is associated with transition to a breast cancer stem-cell-like state. J. Cell Sci.
2013, 126, 2256–2266. [CrossRef]

65. Dontu, G.; Abdallah, W.M.; Foley, J.M.; Jackson, K.W.; Clarke, M.F.; Kawamura, M.J.; Wicha, M.S. In vitro propagation and
transcriptional profiling of human mammary stem/progenitor cells. Genes Dev. 2003, 17, 1253–1270. [CrossRef] [PubMed]

66. Manuel Iglesias, J.; Beloqui, I.; Garcia-Garcia, F.; Leis, O.; Vazquez-Martin, A.; Eguiara, A.; Cufi, S.; Pavon, A.; Menendez, J.A.;
Dopazo, J.; et al. Mammosphere formation in breast carcinoma cell lines depends upon expression of E-cadherin. PLoS ONE 2013,
8, e77281. [CrossRef]

67. Lei, X.H.; Bochner, B.R. Optimization of cell permeabilization in electron flow based mitochondrial function assays. Free Radic.
Biol. Med. 2021, 177, 48–57. [CrossRef]

68. Fedele, M.; Sgarra, R.; Battista, S.; Cerchia, L.; Manfioletti, G. The Epithelial-Mesenchymal Transition at the Crossroads between
Metabolism and Tumor Progression. Int. J. Mol. Sci. 2022, 23, 800. [CrossRef]

69. Jia, D.; Park, J.H.; Kaur, H.; Jung, K.H.; Yang, S.; Tripathi, S.; Galbraith, M.; Deng, Y.; Jolly, M.K.; Kaipparettu, B.A.; et al. Towards
decoding the coupled decision-making of metabolism and epithelial-to-mesenchymal transition in cancer. Br. J. Cancer 2021, 124,
1902–1911. [CrossRef]

70. Kimmelman, A.C. Metabolic Dependencies in RAS-Driven Cancers. Clin. Cancer Res. 2015, 21, 1828–1834. [CrossRef]
71. Mukhopadhyay, S.; Vander Heiden, M.G.; McCormick, F. The Metabolic Landscape of RAS-Driven Cancers from biology to

therapy. Nat. Cancer 2021, 2, 271–283. [CrossRef] [PubMed]
72. Tanner, L.B.; Goglia, A.G.; Wei, M.H.; Sehgal, T.; Parsons, L.R.; Park, J.O.; White, E.; Toettcher, J.E.; Rabinowitz, J.D. Four Key

Steps Control Glycolytic Flux in Mammalian Cells. Cell Syst. 2018, 7, 49–62.e8. [CrossRef]
73. Court, S.J.; Waclaw, B.; Allen, R.J. Lower glycolysis carries a higher flux than any biochemically possible alternative. Nat. Commun.

2015, 6, 8427. [CrossRef] [PubMed]
74. Vander Heiden, M.G.; Locasale, J.W.; Swanson, K.D.; Sharfi, H.; Heffron, G.J.; Amador-Noguez, D.; Christofk, H.R.; Wagner, G.;

Rabinowitz, J.D.; Asara, J.M.; et al. Evidence for an alternative glycolytic pathway in rapidly proliferating cells. Science 2010, 329,
1492–1499. [CrossRef] [PubMed]

75. Shen, W.; Gao, C.; Cueto, R.; Liu, L.; Fu, H.; Shao, Y.; Yang, W.Y.; Fang, P.; Choi, E.T.; Wu, Q.; et al. Homocysteine-methionine cycle
is a metabolic sensor system controlling methylation-regulated pathological signaling. Redox Biol. 2020, 28, 101322. [CrossRef]

76. Sbodio, J.I.; Snyder, S.H.; Paul, B.D. Regulators of the transsulfuration pathway. Br. J. Pharmacol. 2019, 176, 583–593. [CrossRef]
77. Zhang, H.F.; Klein Geltink, R.I.; Parker, S.J.; Sorensen, P.H. Transsulfuration, minor player or crucial for cysteine homeostasis in

cancer. Trends Cell Biol. 2022, 32, 800–814. [CrossRef]
78. Prudova, A.; Bauman, Z.; Braun, A.; Vitvitsky, V.; Lu, S.C.; Banerjee, R. S-adenosylmethionine stabilizes cystathionine beta-

synthase and modulates redox capacity. Proc. Natl. Acad. Sci. USA 2006, 103, 6489–6494. [CrossRef]

http://doi.org/10.18632/aging.100976
http://doi.org/10.18632/oncoscience.280
http://doi.org/10.3390/ijms18112263
http://doi.org/10.18632/aging.101960
http://doi.org/10.1002/cpbi.86
http://doi.org/10.1016/j.cell.2008.03.027
http://doi.org/10.1016/j.cell.2009.06.034
http://doi.org/10.1101/gad.828901
http://www.ncbi.nlm.nih.gov/pubmed/11156605
http://doi.org/10.1016/j.stemcr.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24511467
http://doi.org/10.18632/oncotarget.6094
http://doi.org/10.1242/jcs.122275
http://doi.org/10.1101/gad.1061803
http://www.ncbi.nlm.nih.gov/pubmed/12756227
http://doi.org/10.1371/journal.pone.0077281
http://doi.org/10.1016/j.freeradbiomed.2021.10.014
http://doi.org/10.3390/ijms23020800
http://doi.org/10.1038/s41416-021-01385-y
http://doi.org/10.1158/1078-0432.CCR-14-2425
http://doi.org/10.1038/s43018-021-00184-x
http://www.ncbi.nlm.nih.gov/pubmed/33870211
http://doi.org/10.1016/j.cels.2018.06.003
http://doi.org/10.1038/ncomms9427
http://www.ncbi.nlm.nih.gov/pubmed/26416228
http://doi.org/10.1126/science.1188015
http://www.ncbi.nlm.nih.gov/pubmed/20847263
http://doi.org/10.1016/j.redox.2019.101322
http://doi.org/10.1111/bph.14446
http://doi.org/10.1016/j.tcb.2022.02.009
http://doi.org/10.1073/pnas.0509531103


Cancers 2022, 14, 6214 23 of 24

79. Carmona, F.J.; Davalos, V.; Vidal, E.; Gomez, A.; Heyn, H.; Hashimoto, Y.; Vizoso, M.; Martinez-Cardus, A.; Sayols, S.; Ferreira,
H.J.; et al. A comprehensive DNA methylation profile of epithelial-to-mesenchymal transition. Cancer Res. 2014, 74, 5608–5619.
[CrossRef]

80. Wang, Y.; Dong, C.; Zhou, B.P. Metabolic reprogram associated with epithelial-mesenchymal transition in tumor progression and
metastasis. Genes Dis. 2019, 7, 172–184. [CrossRef]

81. Lai, X.; Li, Q.; Wu, F.; Lin, J.; Chen, J.; Zheng, H.; Guo, L. Epithelial-Mesenchymal Transition and Metabolic Switching in Cancer:
Lessons from Somatic Cell Reprogramming. Front. Cell Dev. Biol. 2020, 8, 760. [CrossRef] [PubMed]

82. Lien, E.C.; Ghisolfi, L.; Geck, R.C.; Asara, J.M.; Toker, A. Oncogenic PI3K promotes methionine dependency in breast cancer cells
through the cystine-glutamate antiporter xCT. Sci. Signal. 2017, 10, eaao6604. [CrossRef] [PubMed]

83. Baltazar, F.; Afonso, J.; Costa, M.; Granja, S. Lactate Beyond a Waste Metabolite: Metabolic Affairs and Signaling in Malignancy.
Front. Oncol. 2020, 10, 231. [CrossRef]

84. de la Cruz-López, K.G.; Castro-Muñoz, L.J.; Reyes-Hernández, D.O.; García-Carrancá, A.; Manzo-Merino, J. Lactate in the
Regulation of Tumor Microenvironment and Therapeutic Approaches. Front. Oncol. 2019, 9, 1143. [CrossRef]

85. Louie, M.C.; Ton, J.; Brady, M.L.; Le, D.T.; Mar, J.N.; Lerner, C.A.; Gerencser, A.A.; Mookerjee, S.A. Total Cellular ATP Production
Changes with Primary Substrate in MCF7 Breast Cancer Cells. Front. Oncol. 2020, 10, 1703. [CrossRef]

86. Martínez-Reyes, I.; Chandel, N.S. Waste Not, Want Not: Lactate Oxidation Fuels the TCA Cycle. Cell Metab. 2017, 26, 803–804.
[CrossRef]

87. Loo, S.Y.; Toh, L.P.; Xie, W.H.; Pathak, E.; Tan, W.; Ma, S.; Lee, M.Y.; Shatishwaran, S.; Yeo, J.Z.Z.; Yuan, J.; et al. Fatty acid
oxidation is a druggable gateway regulating cellular plasticity for driving metastasis in breast cancer. Sci. Adv. 2021, 7, eabh2443.
[CrossRef]

88. Soukupova, J.; Malfettone, A.; Bertran, E.; Hernández-Alvarez, M.I.; Peñuelas-Haro, I.; Dituri, F.; Giannelli, G.; Zorzano, A.;
Fabregat, I. Epithelial-Mesenchymal Transition (EMT) Induced by TGF-β in Hepatocellular Carcinoma Cells Reprograms Lipid
Metabolism. Int. J. Mol. Sci. 2021, 22, 5543. [CrossRef]

89. Faubert, B.; Li, K.Y.; Cai, L.; Hensley, C.T.; Kim, J.; Zacharias, L.G.; Yang, C.; Do, Q.N.; Doucette, S.; Burguete, D.; et al. Lactate
Metabolism in Human Lung Tumors. Cell 2017, 171, 358–371.e9. [CrossRef]

90. Hui, S.; Ghergurovich, J.M.; Morscher, R.J.; Jang, C.; Teng, X.; Lu, W.; Esparza, L.A.; Reya, T.; Zhan, L.; Guo, J.Y.; et al. Glucose
feeds the TCA cycle via circulating lactate. Nature 2017, 551, 115–118. [CrossRef]

91. Kuznetsov, A.V.; Javadov, S.; Margreiter, R.; Hagenbuchner, J.; Ausserlechner, M.J. Analysis of Mitochondrial Function, Structure,
and Intracellular Organization In Situ in Cardiomyocytes and Skeletal Muscles. Int. J. Mol. Sci. 2022, 23, 2252. [CrossRef]
[PubMed]

92. Gohil, V.M.; Sheth, S.A.; Nilsson, R.; Wojtovich, A.P.; Lee, J.H.; Perocchi, F.; Chen, W.; Clish, C.B.; Ayata, C.; Brookes, P.S.; et al.
Nutrient-sensitized screening for drugs that shift energy metabolism from mitochondrial respiration to glycolysis. Nat. Biotechnol.
2010, 28, 249–255. [CrossRef]

93. Gohil, V.M.; Zhu, L.; Baker, C.D.; Cracan, V.; Yaseen, A.; Jain, M.; Clish, C.B.; Brookes, P.S.; Bakovic, M.; Mootha, V.K. Meclizine
inhibits mitochondrial respiration through direct targeting of cytosolic phosphoethanolamine metabolism. J. Biol. Chem. 2013,
288, 35387–35395. [CrossRef]

94. Kang, J.H.; Lee, S.H.; Lee, J.S.; Nam, B.; Seong, T.W.; Son, J.; Jang, H.; Hong, K.M.; Lee, C.; Kim, S.Y. Aldehyde dehydrogenase
inhibition combined with phenformin treatment reversed NSCLC through ATP depletion. Oncotarget 2016, 7, 49397–49410.
[CrossRef]

95. Park, J.; Shim, J.K.; Kang, J.H.; Choi, J.; Chang, J.H.; Kim, S.Y.; Kang, S.G. Regulation of bioenergetics through dual inhibition of
aldehyde dehydrogenase and mitochondrial complex I suppresses glioblastoma tumorspheres. Neuro Oncol. 2018, 20, 954–965.
[CrossRef] [PubMed]

96. Pavani, M.; Fones, E.; Oksenberg, D.; Garcia, M.; Hernandez, C.; Cordano, G.; Muñoz, S.; Mancilla, J.; Guerrero, A.; Ferreira,
J. Inhibition of tumoral cell respiration and growth by nordihydroguaiaretic acid. Biochem. Pharmacol. 1994, 48, 1935–1942.
[CrossRef]

97. Hernández-Damián, J.; Andérica-Romero, A.C.; Pedraza-Chaverri, J. Paradoxical cellular effects and biological role of the
multifaceted compound nordihydroguaiaretic acid. Arch. Pharm. 2014, 347, 685–697. [CrossRef] [PubMed]

98. Biswal, S.S.; Datta, K.; Shaw, S.D.; Feng, X.; Robertson, J.D.; Kehrer, J.P. Glutathione oxidation and mitochondrial depolarization
as mechanisms of nordihydroguaiaretic acid-induced apoptosis in lipoxygenase-deficient FL5.12 cells. Toxicol. Sci. 2000, 53, 77–83.
[CrossRef]

99. Manda, G.; Rojo, A.I.; Martínez-Klimova, E.; Pedraza-Chaverri, J.; Cuadrado, A. Nordihydroguaiaretic Acid: From Herbal
Medicine to Clinical Development for Cancer and Chronic Diseases. Front. Pharmacol. 2020, 11, 151. [CrossRef]

100. Huang, C.; Lan, W.; Fraunhoffer, N.; Meilerman, A.; Iovanna, J.; Santofimia-Castaño, P. Dissecting the Anticancer Mechanism of
Trifluoperazine on Pancreatic Ductal Adenocarcinoma. Cancers 2019, 11, 1869. [CrossRef]

101. Nalvarte, I.; Damdimopoulos, A.E.; Spyrou, G. Human mitochondrial thioredoxin reductase reduces cytochrome c and confers
resistance to complex III inhibition. Free Radic. Biol. Med. 2004, 36, 1270–1278. [CrossRef]

102. Martínez-Reyes, I.; Cardona, L.R.; Kong, H.; Vasan, K.; McElroy, G.S.; Werner, M.; Kihshen, H.; Reczek, C.R.; Weinberg, S.E.; Gao,
P.; et al. Mitochondrial ubiquinol oxidation is necessary for tumour growth. Nature 2020, 585, 288–292. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-13-3659
http://doi.org/10.1016/j.gendis.2019.09.012
http://doi.org/10.3389/fcell.2020.00760
http://www.ncbi.nlm.nih.gov/pubmed/32850862
http://doi.org/10.1126/scisignal.aao6604
http://www.ncbi.nlm.nih.gov/pubmed/29259101
http://doi.org/10.3389/fonc.2020.00231
http://doi.org/10.3389/fonc.2019.01143
http://doi.org/10.3389/fonc.2020.01703
http://doi.org/10.1016/j.cmet.2017.11.005
http://doi.org/10.1126/sciadv.abh2443
http://doi.org/10.3390/ijms22115543
http://doi.org/10.1016/j.cell.2017.09.019
http://doi.org/10.1038/nature24057
http://doi.org/10.3390/ijms23042252
http://www.ncbi.nlm.nih.gov/pubmed/35216368
http://doi.org/10.1038/nbt.1606
http://doi.org/10.1074/jbc.M113.489237
http://doi.org/10.18632/oncotarget.10354
http://doi.org/10.1093/neuonc/nox243
http://www.ncbi.nlm.nih.gov/pubmed/29294080
http://doi.org/10.1016/0006-2952(94)90592-4
http://doi.org/10.1002/ardp.201400159
http://www.ncbi.nlm.nih.gov/pubmed/25100573
http://doi.org/10.1093/toxsci/53.1.77
http://doi.org/10.3389/fphar.2020.00151
http://doi.org/10.3390/cancers11121869
http://doi.org/10.1016/j.freeradbiomed.2004.02.072
http://doi.org/10.1038/s41586-020-2475-6
http://www.ncbi.nlm.nih.gov/pubmed/32641834


Cancers 2022, 14, 6214 24 of 24

103. Raimondi, V.; Ciccarese, F.; Ciminale, V. Oncogenic pathways and the electron transport chain: A dangeROS liaison. Br. J. Cancer
2020, 122, 168–181. [CrossRef] [PubMed]

104. Jakubkova, M.; Dzugasova, V.; Truban, D.; Abelovska, L.; Bhatia-Kissova, I.; Valachovic, M.; Klobucnikova, V.; Zeiselova, L.;
Griac, P.; Nosek, J.; et al. Identification of Yeast Mutants Exhibiting Altered Sensitivity to Valinomycin and Nigericin Demonstrate
Pleiotropic Effects of Ionophores on Cellular Processes. PLoS ONE 2016, 11, e0164175. [CrossRef] [PubMed]

105. Sun, H.; Yang, X.; Liang, L.; Zhang, M.; Li, Y.; Chen, J.; Wang, F.; Yang, T.; Meng, F.; Lai, X.; et al. Metabolic switch and
epithelial-mesenchymal transition cooperate to regulate pluripotency. EMBO J. 2020, 39, e102961. [CrossRef]

106. Morel, A.P.; Lièvre, M.; Thomas, C.; Hinkal, G.; Ansieau, S.; Puisieux, A. Generation of breast cancer stem cells through
epithelial-mesenchymal transition. PLoS ONE 2008, 3, e2888. [CrossRef]

107. Morel, A.P.; Hinkal, G.W.; Thomas, C.; Fauvet, F.; Courtois-Cox, S.; Wierinckx, A.; Devouassoux-Shisheboran, M.; Treilleux, I.;
Tissier, A.; Gras, B.; et al. EMT inducers catalyze malignant transformation of mammary epithelial cells and drive tumorigenesis
towards claudin-low tumors in transgenic mice. PLoS Genet. 2012, 8, e1002723. [CrossRef]

108. Ramesh, V.; Brabletz, T.; Ceppi, P. Targeting EMT in Cancer with Repurposed Metabolic Inhibitors. Trends Cancer 2020, 6, 942–950.
[CrossRef]

http://doi.org/10.1038/s41416-019-0651-y
http://www.ncbi.nlm.nih.gov/pubmed/31819197
http://doi.org/10.1371/journal.pone.0164175
http://www.ncbi.nlm.nih.gov/pubmed/27711131
http://doi.org/10.15252/embj.2019102961
http://doi.org/10.1371/journal.pone.0002888
http://doi.org/10.1371/journal.pgen.1002723
http://doi.org/10.1016/j.trecan.2020.06.005

	Introduction 
	Materials and Methods 
	Cell Lines and Culture 
	Mammosphere Culture and Mammosphere-Forming Efficiency (MSFE) 
	Flow Cytometry 
	Targeted Metabolomics and Data Analysis 
	Mitochondrial Function Phenotyping 
	Mitochondrial Drug Phenotyping 
	Statistical Analysis 

	Results 
	Carbon Metabolites in the Upper and Lower Chains of the Glycolytic–Gluconeogenic Reaction Pathway Are Differentially Affected by EMT in Non-Tumorigenic and Tumorigenic Background 
	One Carbon (1C) Metabolites Informing SAM/SAH (re)Methylation and/or Transsulfuration Activities Are Differentially Affected by EMT in Non-Tumorigenic and Tumorigenic Backgrounds 
	Mitochondrial Functioning in the Breast Cancer EMT Program Involves Changes in the Utilization of Pathway-Specific Substrates 
	Execution of the EMT Program in a Tumorigenic Background Promotes Resistance to Mitochondrial Complex III Inhibitors 

	Discussion 
	Conclusions 
	References

