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High ATP Production Fuels Cancer
Drug Resistance and Metastasis:
Implications for Mitochondrial ATP
Depletion Therapy

Marco Fiorillo 2, Béla Ozsvari', Federica Sotgia ** and Michael P. Lisanti **

1 Translational Medicine, School of Science, Engineering and Environment (SEE), University of Salford, Greater Manchester,
United Kingdom,2 The Department of Pharmacy, Health and Nutritional Sciences, The University of Calabria, Cosenza, Italy

Recently, we presented evidence that high mitochondrial ATP production is a new
therapeutic target for cancer treatment. Using ATP as a biomarker, we isolated the
“metabolically ttest” cancer cells from the total cell population. Importantly, ATP-high
cancer cells were phenotypically the mdsaggressive, with enhanced stem-like
properties, showing multi-drug resistance and an increased capacity for cell migration,
invasion and spontaneous metastasis. In support of these observations, ATP-high cells
demonstrated the up-regulation of both mitochondrial proteins and other protein
biomarkers, specically associated with stemness and metastasis. Therefore, we
propose that the “energetically ttest” cancer cells would be better able to resist the
selection pressure provided by i) a hostile micro-environment and/or ii) conventional
chemotherapy, allowing them to banaturally-selectedor survival, based on their high ATP
content, ultimately driving tumor recurrence and distant metastasis. In accordance with
this energetic hypothesis, ATP-high MDA-MB-231 breast cancer cells showed a dramatic
increase in their ability to metastasize in a pre-clinical model viva Conversely,
metastasis was largely prevented by treatment with an FDA-approved drug
(Bedaquiline), which binds to and inhibits the mitochondrial ATP-synthase, leading to
ATP depletion. Clinically, these new therapeutic approaches could have important
implications for preventing treatment failure and avoiding cancer cell dormancy, by
employing ATP-depletion therapy, to target even thettest cancer cells.

Keywords: anti-oxidant capacity, ATP, bedaquiline, cancer stem cells (CSCs), dormancy, mitochondria, metastasis,
multi-drug resistance

ATP, THE ENERGETIC CURRENCY OF LIFE: HISTORY,
CHEMISTRY AND BIOLOGY

ATP is the vital energeticurrency of all living things, including micro-organism$«11). Viruses
also energetically require saient ATP levels, for replication in host cells.
Historically, ATP was initially discovered in 1929, by Karl Lohmann, a German cheigistg 1).
Then, in 1937, Herman Kalckar, from Denmark, showed that ATP synthesis is driven by cell
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FIGURE 1 | A brief history of the discovery of ATP and its energetic function. This timeline highlights the key scientists and the events that contributed tdeeyer
understanding the structure, function and molecular machinery responsible for the synthesis of ATP, especially within mitochondrial organelles.

respiration. From 1939 to 1941, Fritz Lipmann, a German-borrcascades, from the plasma membrane to the cytoplasm, intracellular
scientist, was therst to demonstrate that ATP is used as theorganelles and, ultimately, to the nucleus. The enzyme adenylate
universal chemical energy in cells. However, it wastil 1961, cyclase (a family of ten human genes; ADCY1-10) uses ATP as a
that an American biochemist, namely Efraim Rackest isolated  precursor, for the generation of the second messenger, cyclic AMP
the catalytic F1-subunit of the mitochondrial ATP-synthase. Then(3',5-cyclic adenosine monophosphate).
in 1978, Peter D. Mitchell proposed that the asymmetric ATP is involved in various aspects of protein synthesis. For
distribution of protons across a topologically enclosedkexample, tRNA-ligases employ ATP hydrolysis for coupling the
membrane, plays an important role in mitochondrial ATP 20 amino acids to their appropriate tRNAs, for their use by
generation. In 1997, the Nobel Prize in Chemistry was jointleellular and mitochondrial ribosomes, during protein synthesis.
awarded to Paul D. Boyer and John E. Walker, for discovering tHauring protein translation, molecular chaperones (e.g., HSP70
enzymatic mechanism(s), underpinning mitochondrial ATPand HSP90 family members) facilitate proper protein folding, by
synthesis 4-7, 12-16). The mitochondrial ATP-synthase acting as enzymatically active ATPases, consuming large
(Complex V) is an excellent example of a rotary moleculammounts of ATP.
motor, with an architecture of nanoscale dimensighs’); In summary, ATP energeticalljuels most cellular processes,
Chemically, at the molecular level, ATP is a nucleosidecluding metabolism, active transport, intracellular signaling, as
triphosphate, which contains adenine, a ribose sugar, and threesll as DNA, RNA and protein synthesis. Therefore, it is perhaps
phosphate groups (i.e., adenosirdrfphosphate) (—3).  surprising that nutrient fasting and/or caloric restrictidrv,(18)
Enzymatic cleavage of ATP at its terminal phosphate grougre believed to be one of the best strategies for extending both
produces two main reaction products, ADP and inorganichealthspan and lifespan, as evidenced by studies using model
phosphate (Pi), thereby releasing high levels of stored chemicabanismsC. elegans, Drosophéad mice), as well as preventing
energy (-30.5 kJ/mole){3). Importantly, free energy released cancer {9, 20). For example, Resveratrol, a natural anti-aging
by the hydrolysis of ATP is also due to the higher stability of thgohytochemical and caloric restriction mimetic, is a known
reaction products, because the reaction is kept away fromhibitor of the mitochondrial ATP-synthase?1). Moreover,
equilibrium in living cells. As a consequence, the free enerdgyesveratrol is also thought to exert its powerful anti-aging
released by the hydrolysis of ATP into ADP and Pi, is actuallgffectsyia its sirtuin-dependent mechanisms of action.
higher than under standard biochemical conditions. More specically, calorie restriction activates pro-longevity
Biologically, ATP is a required co-factor for a plethora ofsignaling pathways in model organisms, such as AMPK and the
biochemical reactions, involved in cellular catabolism, as well as imitochondrial unfolded protein response (UPRmt), and inhibits
anabolic metabolism8¢11). During passive diffusion, small mTOR and insulin/IGF1 signaling?®, 23). These effects may
molecules randomly moveia Brownian motion, down the mechanistically reduce or rest different processes that
concentration gradient. Therefore, in living cells, in order tocontribute to aging, such as iammation, loss of proteostasis
maintain normal physiology andrganismal homeostasis, active and senescence.
transport is necessary to moweolecules directionally and Energy for the mitochondrial synthesis of ATP is derived
vectorially, against the concentration gradient, from an area of lofvom the oxidation of NADH and FADHby Complexes I-1V of
concentration to an area of high concentration. This process of actitke mitochondrial electron transport chain (ETC). NADH and
transport also involves energy expenditures, in the form of ATP. FADH, are generated mainly from the TCA cycle, but some
Kinases employ ATP for auto- and trans-phosphorylationNADH is also donated by glycolysis and from the conversion of
reactions, to rapidly transmit informatiomia cellular signaling pyruvate into acetyl-CoA. However, cytosolic NADH (obtained
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through glycolysis) does not directly feed into the mitochondriaproducts/nutraceuticals (Actinonin, CAPE, Berberine, Brutieridin,
electron transport chain, but it gives electron equivaleistthe  Melitidin); and experimental eopounds [Oligomycin, AR-C155858,
malate-aspartate and/or glycerol shuttles. In contrast, NADPHMitoriboscins, Mitoketoscins, Mitavoscins, TPP derivatives
generated by the pentose-phosphate pathway (PPP), is used(itecluding Dodecyl-TPP and 2-Butene-1,4-bis-TPR)}-47).
maintain glutathione in a reduced state, providing anti-oxidantA triple-combination of two antibiotics together with Vitamin C
buffering capacity against ROS and oxidative stress. (Doxycycline, Azithromycin and Ascorbic acid) was found to
Because of the central importance of ATP &aamometel of  be particularly potent for targiemg mitochondria, inducing
cell metabolism, many luminescent andorescent probes have ATP-depletion and inhibiting CSC propagationg, at sub-
been developed, to measure and track ATP levels, in responseatttimicrobial levels.
various cellular stimulid4-28). For example, BioTracker ATP-Red  As many of these are repurposed FDA-approved antibiotics,
1 is a vital dye that is onlyuorescent when bound to ATP, but with excellent safety prdes, Phase Il clinical trials are
does not recognize ADP or other nutrienS), Morphologically, warranted. For example, a Phase Il clinical pilot study of
BioTracker ATP-Red 1 specally localizes to mitochondria, as Doxycycline 49 has already shown that this >50-year-old
seen by uorescence microscopy, and co-localizes with thantibiotic is indeed effective in metabolically targeting the CSC
mitochondrial probe MitoTracker-Green29). Therefore, population in early breast cancer patients, as demonstrated using
BioTracker ATP-Red 1 allows for the dynamic detection andCD44 and ALDH1 as spea CSC markers4@). Mitochondrial
visualization of mitochondrial ATP in living cells and tissues.  ATP-depletion therapy is expected to functionally mimic fasting
As mitochondrial activity is speaially increased in human and/or caloric restriction, thereby more effectively starving CSCs
tumor cells and metastatic cancer c@llwivo, as measured by to death. This has important implications for cancer prevention
speci ¢ functional activity assays, high ATP production may be §56-52) and for potentially extending human lifespan during
key driving force in promoting tumor progression, therapy-aging 63).

resistance and, ultimately, in metastatic disseminatand?). Recently, we also demonstrated that treatment with a panel of
However, more mechanistic studies are needed to experimentathitochondrially-targeted therapeutics, which potently inhibit
support this hypothesis. mitochondrial protein translation or OXPHOS, could block

tumor cell metastasis, using anvivo pre-clinical model §4-
56). These results indicated that ATP levels are functionally

USING ATP AS A BIOMARKER TO critical for the processes fueling aggressive tumor cell behaviors
METABOLICALLY FRACTIONATE THE an(Ijns?Sr?tﬁrr]esouupspr;:tiitgilrs'hypothesis other mitochondrial
CANCER CELL POPULATION: inhibitors are known to have promising anti-cancer effects,
IMPLICATIONS FOR ATP-DEPLETION including IACS-010759, Gboxir1-blockers, Nebivolol, and
THERAPY Benzethonium §7-60).

In our recent studies, we took advantage of a vitarescent dye
that allows one to measure ATP levels in living cells, namel

BioTracker ATP-Red 13@, 33). More specically, we coupled éURVIVAL OF THE"FITTEST": ATP-HIGH
BioTracker ATP-Red 1 staining with a bioenergetic fractionatiol“ANCER CELLS SHOW A MULTI-DRUG
scheme, in which the total cell population was subjectedto  RESISTANT PHENOTYPE, WITH
cytometry, to isolate the ATP-high and ATP-low sub- ENHANCED ANTI-OXIDANT CAPACITY
populations of MCF7 cells, an ER(+) human breast cancer cell
line. This metabolic fractionation approach allowed us to isolat€revious studies have shown that high anti-oxidant capacity, due
the most‘energetit cancer cells within the total cell population. to increased levels of reduced glutathione, elevated NADPH, and
One possibility is that increased mitochondrial metabolism andactivated NRF2 signaling, sigoantly contributes to the onset of
or ROS production may contribute to this phenotypga  multi-drug resistance6(—67). Consistent with this hypothesis,
mitochondrial retrograde signalling34, 35). Therefore, we recently we directly showed that ATP-high MCF7 cells have an
proposed that the ATP-high cancer cell population should béncreased anti-oxidant capacity, with elevated levels of reduced
targeted for eradicatiowia ATP-depletion therapy 36-40).  glutathione, and are intrinsically resistant to four different classes
ATP-depletion therapy would be expected to result in rapidof drugs (Tamoxifen, Palbociclib, Doxycycline and DB (
energy-depletion, especially in highly aggressive cancer cellberefore, the existence of the ATP-high CSC phenotype may
thereby halting their propagian, by inducing autophagy, help to mechanistically explain the pathogenesis of multi-drug
apoptosis and/or necrosis. resistance, during cancer theragyigure 3. In this context,

In a parallel line of research, we have previously idedti current cancer therapy may allow only the metabolicaltiest
>20 mitochondrially-targeted therapeutics that could be usedancer cells to survive.
to effectively achieve ATP-depletion theradyigure 2. More specically, as we have shown that the ATP-high
These potential therapeutics include: FDA-approved drugshenotype is indeed transient, consistent wittiseemness
(Doxycycline, Tigecycline, Azithromycin, Pyrvinium pamoatephenotype, external selection pressure created by a hostile
Atovaquone, Bedaquiline, Niclosamide, Irinotecan); naturaénvironment, such as chemo-therapy, may further stabilize this

Frontiers in Oncology | www.frontiersin.org 3 October 2021 | Volume 11 | Article 740720


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Fiorillo et al. High ATP Production Fuels Metastasis

Cytoplasm
0000000000000 00C000000000000000000000ODO0O0O0O0OBOO0COO0BOD o0
Outer

membrane
0000000000000000000000000000000000000000000000000000 L 1 ]
Intermembrane

space

4H* 4H* 2H* nH*
Inner ATP
membrane synthase
\'

Mitochondrial
matrix

NADH NAD* FADH, FAD .
+2H* +2H* [ZH +1/201+_’ HzO]XZ

T
Electron Transport Chain

Targeting

OXPHOS complexes
* Pyrvinium pamoate
+ Atovaquone

* Niclosamide
Irinotecan

Targeting
Mitochondrial Biogenesis
» Doxycycline
» Tigecycline
* Azithromycin

FIGURE 2 | Mitochondrial complexes | to IV can be safely targeted with FDA-appexdrugs. This diagram illustrateshat ATP-depletion can be induced in
cancer cells by employing FDA-approved mitochondrial inhibitors that egthi) block OXPHOS directly or ii) block OXPHOS indirectly, by haltingaunftondrial
protein translation. Inhibition of mitochondrial ATP production is a mageable side-effect that can re-purposed as a therapeutic effect to targahd halt the
propagation of CSCs. Inhibitors of mitochondrial protein translation (Byxycline, Tigecycline and Azithrogein) prevent the production of the 3 proteins
encoded by mitochondrial DNA (mt-DNA), including key subunits of complexll, and IV, as well as complex V (MT-ATP6, MT-ATP8) and Humanin (MT-RNR2)

metabolic state. As such, this high energy phenotype may bevels of mitochondrial OXPHOS and ATP productiodt)
required for the survival of only tHe ttest' cancer cells, allowing In MCF7-TAMR cells, acquired Tamoxifen-resistance was due to
their propagation, under these harsh conditions. the over-expression of two key anti-oxidant proteins (NQO1 and
Our recent ndings with ATP-high MCF7 cells are also GCLC) and their positive metabolic effects on mitochondrial
consistent with several othestudies that establish a direct metabolism, as revealed by unbiased proteomics anaigsian(
causal relationship between mitochondrigdower and  addition, recombinant over-expression of either NQO1 or GCLC
Tamoxifen-resistance. For example, MCF7-TAMR cells thah MCF7 cells autonomously conferred an ~2-fold increase in
were generateda chronic exposure to increasing concentrationsmitochondrial ATP-production and Tamoxifen-resistanéé)(
of Tamoxifen, resulting in Tamoxifen-resistance, showed elevatddioreover, recombinant over-expression of a somatic mutation
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FIGURE 3 | High ATP levels are a major driver of aggressive cancer cell phenotypes. ATP-high cancer cells show increases in many aggressive properties or
behaviors, including cell proliferation, stemness, anchorage-independence, migration, invasion, metastasis, anti-oxidant capacity and résigtance. In contrast,
more “dormant” CSCs show low ATP levels. High mitochondrial ATP production may be related to increases in mitochondrial mass in ATP-high cancer cells.

(Y537S) in the estrogen receptor (ER-alpha; ESR1), clinicallgis phenomenon. In accordance with oGATP-based
associated with acquired Tamoxifen-resistance in breast candgrpothesis, Chan and colleagues (from Genentech, Inc.)
patients, genetically conferred elevated mitochondrial biogeneséxamined the effects of gemcitabine and etoposide on the total
OXPHOS and high ATP productio®®). The proteomic proles  cancer cell populatiorv(). Remarkably, they observed that after
of MCF7-TAMR cells and MCF7-ESR1(Y537S) cells also show&@atment with gemcitabine and etoposide, the population of
considerable overlap in the biological processes that wesairviving cells showed an increase in ATP content, elevated
functionally activated §8). Finally, 60 gene products mitochondrial mass, with more mitochondrial respiratiofi
functionally-associated with mitochondrial ATP production, However, they did not propose a mechanistic explanation for
were predictive of Tamoxifen-resistance in ER(+)/Luminal Athese observations, nor did they consider the CSC population.
breast cancer patients9). These predictive biomarkers included Instead, they simply concluded that measuring ATP is not a good
18 different mitochondrial ribosomal proteins (MRPs) andread-out to assess the effectiveness of chemo-therapeutic agents.
>20 distinct components of the mitochondrial OXPHOSGiven our current ndings with ATP-high cells, an alternate
complexes. Therefore, our recent results showing “thailve interpretation of their results is that gemcitabine and etoposide
ATP-high MCF7 cells are intrinsically Tamoxifen-resistant,selectively killed the ATP-low sub-population of cancer cells,
without any prior exposure to the drug, have important clinicalthereby enriching for théenergetit ATP-high sub-population,
implications for optimizing the effectiveness of hormonal breasivhich are more stem-like and drug-resistant. Therefore, new
cancer therapy. drug discovery should be initiated to help eradicate the ATP-
Interestingly, it has been previously reported that treatmenhigh sub-population of cancer cells.
with conventional chemotherapeutic regimens, actually increases Higher intracellular ATP levels have also been suggested to
the number of CSCs, while selectively killfbglk” cancer cells account for acquired drug-resistance to oxaliplatin and cisplatin,
(70), but no metabolic hypotheses have been proposed to explaima variety of chronically-treated colon and ovarian cancer cell
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lines (HT29, HCT116, A2780), although a diverse number of Interestingly, ATP5F1C appeared to be the most relevant
mechanisms have been proposed, including increased glycolysiember of this metastasis signature, as it is directly connected to
and/or mitochondrial metabolism7@¢, 73). However, in these ATP-synthesis 1{6). ATP5F1C is the gamma subunit of the
previous studies, ATP levels were measured only aftenitochondrial ATP synthase (Complex V) and is directly
chronically selecting for the drug resistant cell populationinvolved in converting physical energy (torque) into chemical
Therefore, a direct cause-effect relationship between AT&nergy (ATP) §3, 76).
production and drug resistance could not be established. To further validate and comm the relevance of ATP5F1C,
Taken together, thesendings are internally consistent with we next used a third completely independent database, namely
the idea that the high selectiopressure afforded by these the “The Metastatic Breast Cancer Projeavhich includes
conventional chemotherapeutic agents ultimately drives thenRNA expression prding data (RNA Seq V2 RSEM) from
natural-selection and survival of only thenergetically ttest the RNA-sequencing of metastatic breast cancer samples, derived
cancer cells, namely the ATP-high sub-population. Therefore, iffom N=146 patients Kigure 4). In this context, the mRNA
the future, new drug therapies must be implemented, to targeixpression of ATP5F1C was positively correlated with the co-
and eradicate the ATP-high population of cancer cells, to prevemrixpression of numerous breast CSC markers, circulating tumor
the accumulation of an aggressive, metastatic sub-population oéll (CTC) markers, metastasis markers, cell cycle regulatory
tumor cells. proteins, and other mitochondrial-related genes, as well as three
other members of the metastasis gene signature (UQCRB,
COX20, NDUFA2). Independently, using Kaplan-Meier (K-M)

TUMOR DORMANCY AND analysis, high levels of ATP5F1C mRNA transcripts spalty

) predicted poor clinical outcomes in breast, ovarian and lung
MULTI-DRUG RESISTANCE: ARE THEY cancer patientsa.
INTER-RELATED? To provide functional validation, we next used MDA-MB-231

) ) ) cells as a metastatic model for triple-negative breast cancer.
According to the conventional view of tumor dormancy, |nierestingly, ATP-high MDA-MB-231 cells over-expressed
dormant cancer cells undergo slower rates of cell proliferatioRrpsg1 ¢ as well as other members of mitochondrial complexes I-
and/or cell cycle arrest (quiescence), to avoid therapy-inducefl ang CTC markers (Ep-CAM1 and VCAML), all relative to ATP-
cell death, leading to multi-drug resistan6g, (/4. Surprisingly, |6,y MDA-MB-231 cells. ATP-high MDA-MB-231 cells also showed
recently we observed just the opposite phenomenon. ATP-I0Wyapie increases in ATP-production, proliferation, anchorage-
MCF7 cells were less proliferative, with >87% of the cells in thﬁdependent growth, cell migration, invasion and spontaneous
GO0/G1 phase of the cell cycle, but were actually more SenSitiveﬁ%tastasisFﬁgure 3) Conversely ’indljble knock-down of
4 different classes of drugs, using the 3D-mammosphere assaYFPSFE1C in MDA-MB-231 cells was indeed sidnt to inhibit
a readout §3). Conversely, ATP-high MCF7 cells were otp_production, anchorage-independent growth and cell migration.
signi cantly more proliferative, with >38% of the cells in either  p15reover ATP-high sub-populations of MDA-MB-231 and
S-phase or G2/M, showing a clear multi-drug resistancg)cg7 celis both showed features of multi-drug resistance,
phenotype. Therefore, high levels of mitochondrial ATP appeatonsistent with a more aggressive cancer cell phenotype.
to be a key driver of both elevated cell proliferation and drug- Therefore, ATP5F1C may be an attractive target for new drug
resistance, as they represent the energeticatlst’ population development and metastasis prevention.
of cancer cellsHigure 3).

REPURPOSING BEDAQUILINE TO

DEFINING A METASTASIS GENE _ PREVENT ATP PRODUCTION, CANCER
SIGNATURE, USING BIOINFORMATICS: CELL MOTILITY. AND SPONTANEOUS
VALIDATING THE IMPORTANCE OF METASTASIS IN VIVO: TARGETED DOWN-
ATPSFIC, USING SEVERAL REGULATION OF ATPSF1C

INDEPENDENT DATA SETS AND

MDA-MB-231 CELLS Are there any existing FDA-approved inhibitors of the

mitochondrial ATP-synthase that could be repurposed to target
To interrogate the possible role of mitochondrial ATP productionand prevent cancer metastasis? This would certainly accelerate
inthe process of metastasis, we also used a bioinformatics appro#sture clinical trials, as FDA-approved drugs can re-enter Phase I
(33). Brie y, we intersected a series of publicly-available GEO breasials, for another clinical indication, completely skipping Phase I,
cancer DataSets and ded a metastasis-associated gene-signaturghich is specically focused on safety and toxicity.
consisting of ve ATP-related genes, namely ATP5F1C, UQCRB, Bedaquilineis a clinically-approved drug, thatis usually used for
COX20, NDUFA2, and ABCAZF{gure 4). Notably, two members anti-tuberculosis therapy, especially in the context of drug-resistant
of the signature, ATP5F1C and UQCRB, are both known markerEB strains. More spedaially, Bedaquiline was originally designed to
of maximal oxygen uptake (¥Qa,) in mitochondrial-rich human  target and block the activity of the ATP-synthase in mycobacteria.
skeletal musclebers {5). Perhaps surprisingly, recent studies have also demonstrated that
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FIGURE 4 | Using several independent data sets to identify ATP5F1C as a key biomarker and therapeutic target for metastasis prevention. In order toedsn
ATP-related metastasis gene signature werst intersected two GEO DataSets focused on breast cancer metastasis (namely, GSE2034 and GSE59000),
resulting in 5 common genes. The positive co-expression of ATP5F1C, wishother members of this gene signature (UQCRB, COX20, NDUFA2), was indeed
con rmed by analyzing data from The Metastatic Breast Cancer Project (Prowisal, February 2020; DataSet 3; httpgimbcproject.org). Finally, 2 of tese 4
gene transcripts (ATP5F1C and UQCRB) were independently found to be spemlly-associated with i) maximal oxygen uptake (MRax) and ii) a higher
percentage of mitochondrial-rich (type 1)bers, in human skeletal muscle (DataSets 4/5), especiatlyring exercise training. Therefore, ATP5F1C and UQCRB
are likely to be key biomarkers of high OXPHOS and high mitochondrial ATP production in cancer célledi ed from Reference 33 and reproduced with
permission, under a Creative Commons License

Bedaquiline signicantly inhibits the human and the yeast human breast epithelial cell line. Therefore, the effects of
mitochondrial ATP-synthase, as an off-target side effédt (n Bedaquiline appeared to be restricted to cancer cells. Similarly,
addition, using cryo-EM as a toolfor structural studies, investigatorBedaquiline inhibited ATP-production in MCF7 breast cancer cells,
have localized the binding site of Bedaquiline to the integrabutnotinhTERT-BJ1 cells, a normal humdmoblast cell line44).
membrane subunit @, using the yeast mitochondrial ATP- As a result of thesendings, we tested the efacy of
synthase. Since the solublesbbunit is physically tethered to the Bedaquiline in a pre-clinical xenograft model, namely the
membrane-bound §subunitvia the gamma-subunit (ATP5F1C) CAM assay, which uses chicken eggs as the host for measuring
(76), we hypothesized that ATP5F1C might be mis-folded andumor growth, spontaneous metastasis and drug toxi¢igy. (
degraded in the presence of Bedaquiline. This would effectiveQur results demonstrated that Bedaquiline had no effect on
disrupt ATP synthesis, as ATP5F1C functions as the rotatinylDA-MB-231 tumor growth, but effectively prevented
central stalk that helps convert torque into chemical energy, ispontaneous metastasis, by nearly 85%, at a concentration that
the form of ATP Figure 5. did not show any signicant chicken embryo toxicity{gure 5.
Interestingly, we observed that ATP5F1C was effectively down- As a consequence, we suggest that Bedaquiline could be re-
regulated after Bedaquiline treatment in MDA-MB-231 cellspurposed to prevent spontaneous metastasis, by driving ATP-
resulting in signicant reductions in ATP production, stemness,depletionvia its targeting of the ATP5F1C subunit, within the
anchorage-independent growth and cell migratigg.( mitochondrial ATP-synthase multi-subunit complex. As such,
Bedaquiline-induced cell death in MDA-MB-231 cells waglinical trials may be warranted.
related to the onset of autophagy and necrosis, but apoptosis wasWe speculate that Bedaquiline, by mechanistically targeting
not observed. Remarkably, the expression of ATP5F1C and ATEke gamma-subunit of the PP synthase, may promote
production, as well as cell growth, remained unaffected aftefissociation of the Fl-donmmaiof the enzyme and thereby
Bedagquiline treatment in MCF-10A cells, a non-tumor-producingpromote the opening of the transition por&8-80). Recent
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FIGURE 5 | Targeting the human mitochondrial ATP synthase with Bedaquiline, an FDA-approved drug, prevents spontaneous metastasis. Mitochondrial ATP-
synthase is a nano-scale rotary molecular motor that uses the transport of hydrogen ions to generate physical energy in the form of torque that is thevected into
chemical energy in the form of ATP. Rotation of the gamma-subunit (ATP5F1C) helps to convert physical energy into chemical energy. Note that Bedaquil
treatment induces the degradation or down-regulation of the gamma-subunit (ATP5F1C), resulting in ATP-depletion and the prevention of metastasis

ndings strongly support the idea that the ATP synthase formsbtained the rst evidence that high levels of mitochondrial ATP
the permeability transition pore (PTP)Y& 79. Prolonged are a primary determinant of aggressive cancer cell behavior(s),
opening of the PTP permeabilizes the inner mitochondriaincluding spontaneous metastasis. Theselings have
membrane to small solutes and constitutes the point of namportant therapeutic implications for preventing treatment
return in the execution of cell death. failure in cancer patients, wdh remains an urgent unmet
Finally, the mitochondrial ATP-synthase is indeed subjected tolinical need.
numerous post-translational moditions (such as phosphorylation,  For example, energetic cell pting, using ATP as a
as well as acetylation and succinylation on key lysine residues). ibmarker, can provide a reliable source of ATP-high CSCs i)
course, this can potentially affect its level of enzymatic activityor establishingliving” tumor bio-banks and ii) for conducting
and could perhaps explain the phenotypic differences betweamall-molecule library screening, targeting drug resistance. This
ATP-high and ATP-low cancer cells. Regarding Bedaquiline, thisew conceptual framework will allow novel strategies to be
FDA-approved drug is known to bind directly to the ATP- developed to therapeutically target and eradicate even the
synthase, but it is not known if Bedaquiline affects the status @nergetically* ttest CSCs, to ultimately abrogate drug
these post-translational modiations. resistance and metastasis.
In direct support of these observations, Kalluri and colleagues
(81) observed that shRNA-mediated down-regulation of the key
CONCLUSIONS mitochondrial transcription factor, namely PG@;Isigni cantly
inhibited lung metastasis, in several independent cell lines
In conclusion, we recently employed bioenergetic cel(MDA-MB-231, 4T1 and B16F10 melanoma cells), but had
“strati catior’ using an ATP-based biomarker to isolate thelittle or no effect on tumor growth. These observations are
metabolically* ttest cancer cells. Using this novel approach, weconsistent with the idea that targeted down-regulation of
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PGC-% inhibited the propagation of thé ttest CSC sub- production @7), ultimately blocking metastasis in preclinical
population @1, 32, 82), although the authors did not directly models £64). Therefore, Doxycycline may also provide a
address the issue of the CSC phenotype. therapeutic solution for inhibiting MT-CO2 in breast cancer
Similarly, high expression levels of the ATP synthase inhibitorpatients, to help prevent disease progression.
factor 1 (IF1), which inhibits the activity of the mitochondrial ATP ~ Taken together, these multiple lines of experimental evidence
synthase, predicts a better outcome for breast cancer patiengse all consistent with the idea that mitochondrial ATP-depletion
especially in the case of triple-negative breast ca®éeB{). therapy should be pursued &@s viable means to provide
Moreover, IF1 over-expression reduces the production of ATP imetastasis prophylaxis in cancer patients.
mitochondria and decreases the proliferation and invasiveness of
triple-negative breast cancer ceflg)(
Finally, mitochondrial DNA-encoded (mt-DNA) cytochromec AUTHOR CONTRIBUTIONS
oxidase Il (MT-CO2) is an essential component of mitochondrial
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0.0001 each). Moreover, at the molecular level, high MT-CO2
protein expression was associated with elevated Ki67 (a markerldfis work was supported by research grant funding, provided by
cell proliferation), the genetic amptiation of several oncogenes Lunella Biotech, Inc. (to FS and ML). The funder was not involved
(HER2, MYC, CCND1 and MDM2), the deletion of PTEN (ain the study design, collection, analysis, interpretation of data, the

known tumor suppressor) and the down-regulation of estrogemvriting of this article or the decision to submit it for publication.
receptor (ER-alpha) expressio@s. As MT-CO2 is a well-
established surrogate marker of mitochondrial DNA content and
mitochondrial protein translation, these results clinically establis CKNOWLEDGMENTS
that high mitochondrial content3®) is a functional biomarker of
aggressive tumor progression and metastasis, as well as p¥de would like to thank the Foxpoint Foundation and the
prognosis and reduced overall survival. In further support oHealthy Life Foundation for their philanthropic donations
these clinical observations, MT-CO2 is over-expressed by >2@®ward new equipment and infrastructure, in the Translational
fold in an hTERT-enriched sub-population of breast cancer steriMedicine Laboratory, at the University of Salford. We are
cells 86). Pharmacologically, MT-CO2 is effectively targeted by thgrateful to Rumana Raj, for her kind and dedicated
FDA-approved antibiotic Doxycyclin€7), which behaves as an assistance, in keeping the Translational Medicine Laboratory at
inhibitor of mitochondrial protein translation and prevents ATP Salford running very smoothly.

REFERENCES 11. Morelli AM, Ravera S, Calzia D, Panfoli I. An Update of the Chemiosmotic
Theory as Suggested by Possible Proton Currents Inside the Coupling
1. Langen P, Hucho F. Karl Lohmann and the Discovery of Afigew Chem Membrane Open Bio(2019) 9(4):180221. doi: 10.1098/rsob.180221

2.

3.

10.

Int Ed Engl(2008) 47(10):1824. doi: 10.1002/anie.200702929 12.
Khakh BS, Burnstock G. The Double Life of ASEi. Am(2009) 301(6):84

90, 92. doi: 10.1038/scierdtamerican1209-84 13.
Bonora M, Patergnani S, Rimessi A, De Marchi E, Suski JM, Bononi A, et al.
ATP Synthesis and StoragPBurinergic Signa(2012) 8(3):34357.

doi: 10.1007/s11302-012-9305-8 14.
Noji H, Yasuda R, Yoshida M, Kinosita KJr. Direct Observation of the
Rotation of F1-ATPaseNature (1997) 386(6622):29902. doi: 10.1038/

386299a0 15.

. Shampo MA, Kyle RA, Steensma DP, Paul D. Boyer-Nobel Prize for Work on

ATP Synthaseviayo Clin Prog2011) 86(11):e51. doi: 10.4065/mcp.2011.0615

. Senior AE, Weber J. Happy Motoring With ATP Synth&&s. Struct Mol

Biol (2004) 11(2):112. doi: 10.1038/nsmb0204-110 16.

. Ahmad Z, Cox JL. ATP Synthase: The Right Size Base Model for Nanomotors

in NanomedicineSci World J2014) 2014:567398. doi: 10.1155/2014/567398
Hargreaves M, Spriet LL. Exercise Metabolism: Fuels for th€&lideSpring  17.
Harb Perspect Me@018) 8(8):a029744. doi: 10.1101/cshperspect.a029744
Neufer PD. The Bioenergetics of Exera@@d Spring Harb Perspect Med
(2018) 8(5):a029678. doi: 10.1101/cshperspect.a029678 18.
Wilson DF. Oxidative Phosphorylation: Regulation and Role in Cellular and
Tissue Metabolisml Physio{2017) 595(23):70238. doi: 10.1113/JP273839

Stock D, Leslie AG, Walker JE. Molecular Architecture of the Rotary Motor in ATP
SynthaseSciencél999) 286(5445):176R doi: 10.1126/science.286.5445.1700
Spikes TE, Montgomery MG, Walker JE. Structure of the Dimeric ATP
Synthase From Bovine MitochondriBroc Natl Acad Sci US@®020) 117
(38):2351926. doi: 10.1073/pnas.2013998117

He J, Ford HC, Carroll J, Douglas C, Gonzales E, Ding S, et al. Assembly of the
Membrane Domain of ATP Synthase in Human Mitochondfaoc Natl
Acad Sci USA2018) 115(12):29883. doi: 10.1073/pnas.1722086115
Hayashi S, Ueno H, Shaikh AR, Umemura M, Kamiya M, Ito Y, et al.
Molecular Mechanism of ATP Hydrolysis in F1-ATPase Revealed by
Molecular Simulations and Single-Molecule Observatidndm Chem Soc
(2012) 134(20):84434. doi: 10.1021/ja211027m

Abrahams JP, Leslie AG, Lutter R, Walker JE. Structure at 2.8 A Resolution of F1-
ATPase From Bovine Heart Mitochondriblature (1994) 370(6491):628.

doi: 10.1038/370621a0

McCay CM, Crowell MF, Maynard LA. The Effect of Retarded Growth Upon
the Length of Life Span and Upon the Ultimate Body Size: One Fifyhatr
(1935) 10(1):6379. doi: 10.1093/jn/10.1.63

Muller I, Zimmermann M, Becker D, Flomer M. Calendar Life Span Versus
Budding Life Span of Saccharomyces Cerevlidieeh Ageing Def1980) 12
(1):4752. doi: 10.1016/0047-6374(80)90028-7

Frontiers in Oncology | www.frontiersin.org 9

October 2021 | Volume 11 | Article 740720



Fiorillo et al.

High ATP Production Fuels Metastasis

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Palliyaguru DL, Moats JM, Di Germanio C, Bernier M, de Cabo R. Frailty Index &9.
a Biomarker of Lifespan and Healthspan: Focus on Pharmacological Interventions.
Mech Ageing De2019) 180:4:8. doi: 10.1016/j.mad.2019.03.005

Madeo F, Carmona-Gutierrez D, Hofer SJ, Kroemer G. Caloric Restrictiof0.
Mimetics Against Age-Associated Disease: Targets, Mechanisms, and
Therapeutic PotentialCell Metab(2019) 29(3):59%610. doi: 10.1016/
j.cmet.2019.01.018 41.
Zheng J, Ramirez VD. Inhibition of Mitochondrial Proton FOF1-ATPase/ATP
Synthase by Polyphenolic Phytochemic&s.J Pharmaco(2000) 130
(5):111523. doi: 10.1038/sj.bjp.0703397

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The Hallmark42.
of Aging.Cell(2013) 153(6):119217. doi: 10.1016/j.cell.2013.05.039
Esparza-Molto PB, Nuevo-Tapioles C, Cuezva JM. Regulation of the H
(+)-ATP Synthase by IF1: A Role in Mitohormesi®ll Mol Life Scf2017)
74(12):215166. doi: 10.1007/s00018-017-2462-8

Rajendran M, Dane E, Conley J, Tantama M. Imaging Adenosind3.
Triphosphate (ATP)Biol Bull(2016) 231(1):#384. doi: 10.1086/689592

lannetti EF, Prigione A, Smeitink JAM, Koopman WJH, Beyrath J, Renkema H.
Live-Imaging Readouts and Odbdels for Phenotypic Prding of Mitochondrial 44.
Function.Front Gene{2019) 10:131. doi: 10.3389/fgene.2019.00131

Depaoli MR, Hay JC, Graier WF, Malli R. The Enigmatic ATP Supply of the
Endoplasmic ReticulumBiol Rev Camb Philos S¢@019) 94(2):6128.

doi: 10.1111/brv.12469

Arai HC, Yukawa A, lwatate RJ, Kamiya M, Watanabe R, Urano Y, et al5.
Torque Generation Mechanism of F1-ATPase Upon NTP Bindiaphys J
(2014) 107(1):15®4. doi: 10.1016/j.bpj.2014.05.016

Farnie G, Sotgia F, Lisanti MP. High Mitochondrial Mass Idesta Sub-
Population of Stem-Like Cancer Cells That Are Chemo-ResiQanbtarget
(2015) 6(31):304786. doi: 10.18632/oncotarget.5401

Wang L, Yuan L, Zeng X, Peng J, Ni Y, Er JC, et al. A Multisite-Binding
Switchable Fluorescent Probe for Monitoring Mitochondrial ATP Level
Fluctuation in Live CellsAngew Chem Int Ed En@P016) 55(5):177%.
doi: 10.1002/anie.201510003

Whitaker-Menezes D, Martinez-Outschoorn UE, Flomenberg N, Birbe RC,
Witkiewicz AK, Howell A, et al. Hyperactivation of Oxidative Mitochondrial
Metabolism in Epithelial Cancer Cells in Situ: Visualizing the Therapeutici8.
Effects of Metformin in Tumor TissueCell Cyclg2011) 10(23):404%4.

doi: 10.4161/cc.10.23.18151

Sotgia F, Whitaker-Menezes D, Martinez-Outschoorn UE, Flomenberg N,
Birbe RC, Witkiewicz AK, et al. Mitochondrial Metabolism in Cancer 49.
Metastasis: Visualizing Tumor CeMitochondria and the "Reverse
Warburg Effect” in Positive Lymph Node Tissu&ell Cycle(2012) 11
(7):144554. doi: 10.4161/cc.19841

Fiorillo M, Sotgia F, Lisanti MP. "Enetig" Cancer Stem Cells (E-CSCs): A New 50.
Hyper-Metabolic and Proliferativdumor Cell Phenotype, Driven by
Mitochondrial EnergyFront Onco(2018) 8:677. doi: 10.3389/fonc.2018.00677
Fiorillo M, Scatena C, Naccarato AG, Sotgia F, Lisanti MP. Bedaquiline, an
FDA-Approved Drug, Inhibits Mitochondrial ATP Production and Metastasis 51.
In Vivo, by Targeting the Gamma Subunit (ATP5F1C) of the ATP Synthase.
Cell Death Diffef2021) 28(9):279817. doi: 10.1038/s41418-021-00788-x
Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J, Lopez 52.
et al. Mitochondrial Metabolism and ROS Generation Are Essential for Kras-
Mediated TumorigenicityProc Natl Acad Sci US®010) 107(19):87883.

doi: 10.1073/pnas.1003428107 53.
Formentini L, Sanchez-Arago M, Sanchez-Cenizo L, Cuezva JM. The
Mitochondrial ATPase Inhibitory Factor 1 Triggers a ROS-Mediated
Retrograde Prosurvival and Proliferative Respoivia. Cell (2012) 45
(6):73142. doi: 10.1016/j.molcel.2012.01.008

Martinez-Outschoorn UE, Peiris-Pages M, Pestell RG, Sotgia F, Lisanti MP.
Cancer Metabolism: A Therapeutic Perspectia.Rev Clin Onc¢R017) 14
(1):1331. doi: 10.1038/nrclinonc.2016.60 55.
Martinez-Outschoorn UE, Sotgia F, Lisanti MP. Power Surge: Supporting
Cells "Fuel" Cancer Cell Mitochondri€ell Metab(2012) 15(1):45.

doi: 10.1016/j.cmet.2011.12.011

Sotgia F, Ozsvari B, Fiorillo M, De Francesco EM, Bonuccelli G, Lisanti MP.%6.
Mitochondrial Based Oncology Platform for Targeting Cancer Stem Cells
(CSCs): MITO-ONC-RXCell Cyclg2018) 17(17):2094.00. doi: 10.1080/
15384101.2018.1515551

46.

47.

54.

De Francesco EM, Sotgia F, Lisanti MP. Cancer Stem Cells (CSCs): Metabolic
Strategies for Their Identtation and EradicationBiochem J2018) 475
(9):161%34. doi: 10.1042/BCJ20170164

Peiris-Pages M, Martinez-Outschoorn UE, Pestell RG, Sotgia F, Lisanti MP.
Cancer Stem Cell MetabolisnBreast Cancer Rg2016) 18(1):55.

doi: 10.1186/s13058-016-0712-6

Lamb R, Ozsvari B, Lisanti CL, Tanowitz HB, Howell A, Martinez-Outschoorn
UE, et al. Antibiotics That Target Mitochondria Effectively Eradicate Cancer Stem
Cells, Across Multiple Tumor Types: Treating Cancer Like an Infectious Disease.
Oncotargef2015) 6(7):45684. doi: 10.18632/oncotarget.3174

Fiorillo M, Peiris-Pages M, Sanchez-Alvarez R, Bartella L, Di Donna L,
Dolce V, et al. Bergamot Natural Products Eradicate Cancer Stem Cells
(CSCs) by Targeting Mevalonate, Rho-GDI-Signalling and Mitochondrial
Metabolism.Biochim Biophys Acta Bioene(3018) 1859(9):9846.

doi: 10.1016/j.bbabio.2018.03.018

Ozsvari B, Sotgia F, Lisanti MP. Exploiting Mitochondrial Targeting Signal(s),
TPP and Bis-TPP, for Eradicating Cancer Stem Cells (CB@is)g (Albany

NY) (2018) 10(2):22910. doi: 10.18632/aging.101384

Fiorillo M, Lamb R, Tanowitz HB, Cappello AR, Martinez-Outschoorn UE,
Sotgia F, et al. Bedaquiline, an FDA-Approved Antibiotic, Inhibits
Mitochondrial Function and Potently Blocks the Proliferative Expansion of
Stem-Like Cancer Cells (CSCAping (Albany NY)2016) 8(8):159307.

doi: 10.18632/aging.100983

Fiorillo M, Lamb R, Tanowitz HB, Multti L, Krstic-Demonacos M, Cappello
AR, et al. Repurposing Atovaquone: Targeting Mitochondrial Complex Il
and OXPHOS to Eradicate Cancer Stem Cellacotarget(2016) 7
(23):3408499. doi: 10.18632/oncotarget.9122

Ozsvari B, Bonuccelli G, Sanchez-Alvarez R, Foster R, Sotgia F, Lisanti MP.
Targeting Flavin-Containing Enzymes Eliminates Cancer Stem Cells (CSCs), by
Inhibiting Mitochondrial Respiration: Vitamin B2 (Ribavin) in Cancer
TherapyAging (Albany NY}2017) 9(12):26128. doi: 10.18632/aging.101351
Ozsvari B, Sotgia F, Simmons K, Trowbridge R, Foster R, Lisanti MP.
Mitoketoscins: Novel Mitochondrial Inhibitors for Targeting Ketone
Metabolism in Cancer Stem Cells (CSG3ijcotarge(2017) 8(45):78340

50. doi: 10.18632/oncotarget.21259

Fiorillo M, Toth F, Sotgia F, Lisanti MP. Doxycycline, Azithromycin and
Vitamin C (DAV): A Potent Combination Therapy for Targeting
Mitochondria and Eradicating Cancer Stem Cells (CSEgjng (Albany

NY) (2019) 11(8):22626. doi: 10.18632/aging.101905

Scatena C, Roncella M, Di Paolo A, Aretini P, Menicagli M, Fanelli G, et al.
Doxycycline, an Inhibitor of Mitochondrial Biogenesis, Effectively Reduces
Cancer Stem Cells (CSCs) in Early Breast Cancer Patients: A Clinical Pilot
Study.Front Oncol2018) 8:452. doi: 10.3389/fonc.2018.00452

Lamb R, Harrison H, Smith DL, Townsend PA, Jackson T, Ozsvari B, et al.
Targeting Tumor-Initiating Cells: Eliminating Anabolic Cancer Stem Cells
With Inhibitors of Protein Synthesis or by Mimicking Caloric Restriction.
Oncotargef2015) 6(7):4585%01. doi: 10.18632/oncotarget.3278

Saleh AD, Simone BA, Palazzo J, Savage JE, Sano Y, Dan T, et al. Caloric
Restriction Augments Radiation Efcy in Breast CanceCell Cycl€2013)
12(12):195563. doi: 10.4161/cc.25016

Champ CE, Baserga R, Mishra MV, Jin L, Sotgia F, Lisanti MP, et al. Nutrient
Restriction and Radiation Therapy for Cancer Treatment: When Less is More.
Oncologis(2013) 18(1):97103. doi: 10.1634/theoncologist.2012-0164

Vermeij WP, Dolle ME, Reiling E, JaaasD, Payan-Gomez C, Bombardieri CR,

et al. Restricted Diet Delays Accelerated Ageing and Genomic Stress in DNA-
Repair-Decient Mice Nature(2016) 537(7620):4231. doi: 10.1038/nature19329
Ozsvari B, Magalhaes LG, Latimer J, Kangasmetsa J, Sotgia F, Lisanti MP. A
Myristoyl Amide Derivative of Doxycycline Potently Targets Cancer Stem
Cells (CSCs) and Prevents Spontaneous Metastasis, Without Retaining
Antibiotic Activity. Front Onco(2020) 10:1528. doi: 10.3389/fonc.2020.01528
Ozsvari B, Sotgia F, Lisanti MP. First-In-Class Candidate Therapeutics That
Target Mitochondria and Effectively Prevent Cancer Cell Metastasis:
Mitoriboscins and TPP Compound#ging (Albany NY)(2020) 12
(11):1016279. doi: 10.18632/aging.103336

Sargiacomo C, Stonehouse S, Moftakhar Z, Sotgia F, Lisanti MP. MitoTracker
Deep Red (MTDR) Is a Metabolic Inhibitor for Targeting Mitochondria and
Eradicating Cancer Stem Cells (CSCs), With Anti-Tumor and Anti-Metastatic
Activity In Vivo. Front Onco(2021) 11:678343. doi: 10.3389/fonc.2021.678343

Frontiers in Oncology | www.frontiersin.org

10

October 2021 | Volume 11 | Article 740720



Fiorillo et al.

High ATP Production Fuels Metastasis

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Molina JR, Sun Y, Protopopova M, Gera S, Bandi M, Bristow C, et al. Af6.
Inhibitor of Oxidative Phosphorylation Exploits Cancer Vulnerabilltiat

Med (2018) 24(7):103€16. doi: 10.1038/s41591-018-0052-4 77.
Shi Y, Lim SK, Liang Q, lyer SV, Wang HY, Wang Z, et al. Gboxin is an
Oxidative Phosphorylation Inhibitor That Targets GlioblastorNature

(2019) 567(7748):346. doi: 10.1038/s41586-019-0993-x 78.
Nuevo-Tapioles C, Santacatterina F, Stamatakis K, Nunez de Arenas C,
Gomez de Cedron M, Formentini L, et al. Coordinate Beta-Adrenergic
Inhibition of Mitochondrial Activty and Angiogenesis Arrest Tumor
Growth.Nat Commun(2020) 11(1):3606. doi: 10.1038/s41467-020-17384-179.
De Mario A, Tosatto A, Hill JM, Kriston-Vizi J, Ketteler R, Vecellio Reane D,
et al. Identi cation and Functional Validation of FDA-Approved Positive and
Negative Modulators of the Mitochondrial Calcium Uniport&ell Rep
(2021) 35(12):109275. doi: 10.1016/j.celrep.2021.109275

Cort A, Ozben T, Saso L, De Luca C, Korkina L. Redox Control of Multidrug
Resistance and Its Possible Modulation by Antioxida®tsd Med Cell
Longe\2016) 2016:4251912. doi: 10.1155/2016/4251912 81.
Greenwood HE, McCormick PN, Gendron T, Glaser M, Pereira R, Maddocks
ODK, et al. Measurement of Tumor Antioxidant Capacity and Prediction of
Chemotherapy Resistance in Preclinical Models of Ovarian Cancer by
Positron Emission TomographyClin Cancer Re$§2019) 25(8):24782. 82.
doi: 10.1158/1078-0432.CCR-18-3423

Hatem E, El Banna N, Huang ME. Multifaceted Roles of Glutathione and

80.

Glutathione-Based Systems in Carcinogenesis and Anticancer Drug Resistance.

Antioxid Redox Sign§017) 27(15):12%384. doi: 10.1089/ars.2017.7134 83.
Peiris-Pages M, Martinez-Outschoorn UE, Sotgia F, Lisanti MP. Metastasis
and Oxidative Stress: Are Antioxidants a Metabolic Driver of Progression?
Cell Metah(2015) 22(6):956. doi: 10.1016/j.cmet.2015.11.008

Kahroba H, Shirmohamadi M, Hejazi M&amadi N. The Role of Nrf2 Signaling 84.
in Cancer Stem Cells: From Stemness @alfFRenewal to Tumorigenesis and
Chemoresistanceife Sc(2019) 239:116986. doi: 10.1016/j.1s.2019.116986

Fiorillo M, Sotgia F, Sisci D, Cappello AR, Lisanti MP. Mitochondrial "Power"
Drives Tamoxifen Resistance: NQO1 and GCLC Are New Therapeuti85.
Targets in Breast Cancédncotargef2017) 8(12):203027. doi: 10.18632/
oncotarget.15852

LiuS, Cong Y, Wang D, Sun Y, Deng L, Liu Y, et al. Breast Cancer Stem C&8&
Transition Between Epithelial and Mesenchymal Stategd®ee of Their
Normal Counterparts.Stem Cell Reg2014) 2(1):7891. doi: 10.1016/
j.stemcr.2013.11.009

Fiorillo M, Sanchez-Alvarez R, Sotgia F, Lisanti MP. The ER-Alpha Mutation
Y537S Confers Tamoxifen-Resiste via Enhanced Mitochondrial 87.
Metabolism, Glycolysis and Rho-GDI/PTEN Signaling: Implicating TIGAR

in Somatic Resistance to Endocrine Therajing (Albany NY)2018) 10
(12):4000823. doi: 10.18632/aging.101690

Sotgia F, Fiorillo M, Lisanti MP. Mitochondrial Markers Predict Recurrence,
Metastasis and Tamoxifen-Resistance in Breast Cancer Patients: Early
Detection of Treatment Failure With Companion Diagnostioscotarget
(2017) 8(40):68734@5. doi: 10.18632/oncotarget.19612

Walker JE. The ATP Synthase: The Understood, the Uncertain and the
Unknown.Biochem Soc Trarf8013) 41(1):416. doi: 10.1042/BST20110773
Luo M, Zhou W, Patel H, Srivastava AP, Symersky J, Bonar MM, et al.
Bedaquiline Inhibits the Yeast and Human Mitochondrial ATP Synthases.
Commun Bio[2020) 3(1):452. doi: 10.1038/s42003-020-01173-z

Urbani A, Giorgio V, Carrer A, Franchin C, Arrigoni G, Jiko C, et al. Rui
F-ATP Synthase Forms a Ca(2+)-Dependent High-Conductance Channel
Matching the Mitochondrial Permeability Transition Pofgat Commun
(2019) 10(1):4341. doi: 10.1038/s41467-019-12331-1

Mnatsakanyan N, Llaguno MC, Yang Y, Yan Y, Weber J, Sigworth FJ, et al. A
Mitochondrial Megachannel Resides in Monomeric FIFO ATP SyntRase.
Commun(2019) 10(1):5823. doi: 10.1038/s41467-019-13766-2
Mnatsakanyan N, Jonas EA. ATP Synthase C-Subunit Ring as the Channel of
Mitochondrial Permeability Transition: Regulator of Metabolism in
Development and Degeneratiod. Mol Cell Cardiof2020) 144:109.8.

doi: 10.1016/j.yjmcc.2020.05.013

LeBleu VS, O'Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K, Haigis
MC, et al. PGC-lalpha Mediates Mitochondrial Biogenesis and Oxidative
Phosphorylation in Cancer Cells to Promote Metasta&is Cell Biol(2014)
16(10):9921003, 1-15. doi: 10.1038/ncb3039

De Luca A, Fiorillo M, Peiris-Pages M, Ozsvari B, Smith DL, Sanchez-Alvarez
R, et al. Mitochondrial Biogenesis is Required for the Anchorage-Independent
Survival and Propagation of Stem-Like Cancer Célfgotarge{2015) 6
(17):1477#95. doi: 10.18632/oncotarget.4401

Sanchez-Arago M, Formentini L, Martinez-Reyes |, Garcia-Bermudez J,
Santacatterina F, Sanchez-Cenizo L, et al. Expression, Regulation and
Clinical Relevance of the ATPase Inhibitory Factor 1 in Human Cancers.
Oncogenes{2013) 2:e46. doi: 10.1038/oncsis.2013.9

Garcia-Ledo L, Nuevo-Tapioles C, Cuevas-Martin C, Martinez-Reyes |,
Soldevilla B, Gonzalez-Llorente L, et al. Overexpression of the ATPase
Inhibitory Factor 1 Favors a Non-Metastatic Phenotype in Breast Cancer.
Front Oncol2017) 7:69. doi: 10.3389/fonc.2017.00069

Lebok P, Schiitt K, Kluth M, Witzel I, Wolber L, Paluchowski P, et al. High
Mitochondrial Content Is Associated With Breast Cancer Aggressivéhass.

Clin Oncol(2021) 15(4):203. doi: 10.3892/mc0.2021.2365

Lamb R, Ozsvari B, Bonuccelli G, Smith DL, Pestell RG, Martinez-Outschoorn
UE, et al. Dissecting Tumor Metabolic Heterogeneity: Telomerase and Large
Cell Size Metabolically Dee a Sub-Population of Stem-Like, Mitochondrial-
Rich, Cancer CellsOncotarget(2015) 6(26):2189®05. doi: 10.18632/
oncotarget.5260

De Francesco EM, Bonuccelli G, Maggiolini M, Sotgia F, Lisanti MP. Vitamin
C and Doxycycline: A Synthetic Lethal Combination Therapy Targeting
Metabolic Flexibility in Cancer Stem Cells (CS@3jcotarget(2017) 8
(40):6726986. doi: 10.18632/oncotarget.18428

Con ict of Interest: ML and FS hold a minority interest in Lunella Biotech, Inc.

Chiodi |, Belgiovine C, Dona F, Scovassi Al, Mondello C. Drug Treatment ofne remaining authors declare that the research was conducted in the absence of

Cancer Cell Lines: A Way to Select for Cancer Stem G&dls@ers (Basel)
(2011) 3(1):111228. doi: 10.3390/cancers3011111
Chan GK, Kleinheinz TL, Peterson D, Moffat JG. A Simple High-Content Cell

any commercial or nancial relationships that could be construed as a potential
con ict of interest.

Cycle Assay Reveals Frequent Discrepancies Between Cell Number and ATipe reviewer, SF, declared a past co-authorship with one of the authors, ML, to the
and MTS Proliferation AssayBLoS Oné2013) 8(5):e63583. doi: 10.1371/ handling editor.

journal.pone.0063583

Zhou Y, Tozzi F, Chen J, Fan F, Xia L, Wang J, et al. Intracellular ATP Levélgblishers Note:All claims expressed in this article are solely those of the authors
Are a Pivotal Determinant of Chemoresistance in Colon Cancer Celfger and do not necessarily represent those of thelraéd organizations, or those of
Res(2012) 72(1):30414. doi: 10.1158/0008-5472.CAN-11-1674 the publisher, the editors and the reviewers. Any product that may be evaluated in
Schneider V, Krieger ML, Bendas G, Jaehde U, Kalayda GV. Contribution tfis article, or claim that may be made by its manufacturer, is not guaranteed or
Intracellular ATP to Cisplatin Resistance of Tumor CédliBiol Inorg Chem  endorsed by the publisher.

(2013) 18(2):1654. doi: 10.1007/s00775-012-0960-6

Recasens A, Munoz L. Targeting Cancer Cell Dormdmnegds Pharmacol  Copyright © 2021 Fiorillo,Z3vai, Sotgia and Lisanti. This is an open-access article
Sci(2019) 40(2):12811. doi: 10.1016/j.tips.2018.12.004 distributed under the terms of the Creative Commons Attribution License (CC BY).
Parikh H, Nilsson E, Ling C, Poulsen P, Almgren P, Nittby H, et al.The use, distribution or reproduction in other forums is permitted, provided the
Molecular Correlates for Maximal Oxygen Uptake and Type 1 FiBens] original author(s) and the copyright owner(s) are credited and that the original
Physiol Endocrinol Metaf2008) 294(6):E11592. doi: 10.1152/ajpendo. publication in this journal is cited, in accordance with accepted academic practice. No
90255.2008 use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

11 October 2021 | Volume 11 | Article 740720



	High ATP Production Fuels Cancer Drug Resistance and Metastasis: Implications for Mitochondrial ATP Depletion Therapy
	ATP, the Energetic Currency of Life: History, Chemistry and Biology


