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ABSTRACT
Unraveling the key mechanisms governing the retention versus loss of the cancer stem cell (CSC)
state would open new therapeutic avenues to eradicate cancer. Mitochondria are increasingly
recognized key drivers in the origin and development of CSC functional traits. We here propose
the new term “mitostemness” to designate the mitochondria-dependent signaling functions that,
evolutionary rooted in the bacterial origin of mitochondria, regulate the maintenance of CSC self-
renewal and resistance to differentiation. Mitostemness traits, namely mitonuclear communication,
mitoproteome components, and mitochondrial fission/fusion dynamics, can be therapeutically
exploited to target the CSC state. We briefly review the pre-clinical evidence of action of investiga-
tional compounds on mitostemness traits and discuss ongoing strategies to accelerate the clinical
translation of new mitostemness drugs. The recognition that the bacterial origin of present-day
mitochondria can drive decision-making signaling phenomena may open up a new therapeutic
dimension against life-threatening CSCs. New therapeutics aimed to target mitochondria not only
as biochemical but also as biophysical and morpho-physiological hallmarks of CSC might certainly
guide improvements to cancer treatment.
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In ancient Rome, the slaves accompanying generals on victory
parades whispered the words memento mori [“remember (that
you have) to die”] as a reminder of their commander’s mortality,
thereby preventing them from being obsessed by excessive pride and
self-confidence.

Within a tumor, there are special forms of selfish and egoistic
commander cells called cancer stem cells, which are endowed with
unique powers including immortality, drug refractoriness, and
tumor/metastasis-initiating potential.

We here propose that mitochondria would provide new means
to pharmacologically whisper memento mori! to selfish and life-
threatening CSC.

Cancer stem cells (CSCs) are a particularly aggressive type of
malignant cell endowed with perpetuating properties such as
self-renewal, refractoriness to therapy, and tumor/metastasis-
initiating capacity. They account for the majority of clinical
phenomena leading to cancer deaths including tumor relapse,
treatment failure, and metastatic progression [1–3]. A detailed
understanding of the underlying mechanism(s) governing the
retention (self-renewal) versus loss (differentiation) of the
CSC state would open new avenues to overcome therapeutic
resistance and eradicate cancer.

Cellular metabolism is beginning to be recognized as a
central controller of the occurrence and function of CSCs
[4–9], and we are rapidly amassing knowledge of the
metabolic features that are important for the functional
traits that define CSCs. Metabolic traits such as bioener-

getic/biosynthetic retuning, redox balance, and switching
(activation/deactivation) of energy-sensing integrators can
no longer be viewed as secondary consequences of the
acquisition of cancer stemness, as they appear to elicit
the CSC phenotype. In this respect, we recently coined
the term metabostemness to refer to the metabolic para-
meters causally controlling the epigenetic reprogramming
that drives and maintains CSC-like cellular states [10–13].
We proposed that some of the aforementioned metabolic
traits would operate as pivotal molecular events rendering
cells permissive for the epigenetic rewiring necessary for
aberrant stemness while promoting refractoriness to dif-
ferentiation. Notably, such a metabolism-centric regula-
tion of cancer stemness incorporates mitochondria as key
organelles in the maintenance of CSC properties.

Most research on the apparent dependence of CSCs on
mitochondrial function has focused on the relationship
between mitochondrial bioenergetics and the distinguishing
metabolic profiles of CSCs. While it remains a matter of
debate why and how CSCs present a highly glycolytic or a
mitochondrial-dependent primary phenotype in a cancer
type- and/or environment-dependent manner [4–8], it is
clear that mitochondrial function per se takes central stage
in CSC functionality irrespective of the metabolic features of
the primary tumor. This mitochondrial dependence of stem-
ness and cell fate specification compels us to reconsider mito-
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chondria as (the) key signaling organelles that can be ther-
apeutically exploited to eliminate the dynamic pool of CSCs
within heterogeneous cancer populations.

We here propose the new term “mitostemness” to desig-
nate the mitochondria-dependent signaling functions that,
anciently rooted in the engulfment of free-living α-proteobac-
teria (present-day mitochondria) by eukaryotic host cells
approximately 1.5 billion years ago [14,15], drive CSC self-
renewal and fate specification (Figure 1). We briefly discuss
how the mitostemness traits, namely mitonuclear communi-
cation, mitoproteome components, and mitochondrial fis-
sion/fusion dynamics, offer new possibilities to directly
target the CSC state.

Metabolic symbiosis-related mitonuclear
communication

Although the nature and benefit of the endosymbiotic
relationship between α-proteobacteria and the host
archaeon is still a matter of deliberation [16,17], a meta-
bolic symbiosis would have been originated between the
waste products of α-proteobacteria (H2, CO2, and acetate)
and their use by the archaeon host (e.g., methanogenesis
or biomethanation). As an evolutionary consequence, the
signaling function of mitochondria in the first eukaryotic
cell likely involved the exploitation of original waste pro-
ducts such as acetate–which is readily converted to acetyl-
CoA for protein acetylation–as nuclear-sensed signals of
correct mitochondrial functionality (Figure 2, top).
Accordingly, while acetate-derived acetyl-CoA is known
to function as a key regulator in the yeast cell cycle via
histone acetylation [18], modern metazoans regulate this
process via generation of acetyl-CoA from the mitochon-
drial tricarboxylic acid cycle intermediates acetate and
citrate. From an evolutionary perspective, it is not surpris-
ing that the biosynthetic role of present-day mitochondria
is to provide the most common intermediate metabolites
(e.g., acetyl-CoA, NAD+, α-ketoglutarate, succinate, FAD,
ATP and S-adenosylmethionine, among others) to gener-
ate and modify epigenetic marks in the nucleus (Figure 2,

top). The usage of these metabolites as donor substrates
and regulating cofactors of chromatin-modifying enzymes
provides a direct link between the metabolic state and
epigenetics [19–21]. Correspondingly, alterations in their
production would have profound effects on CSC identity
and fate decisions by dysregulating nuclear transcriptional
programs.

We recently presented a first-in-class computational
model of the causative relationship between the abundance
of mitochondrial intermediate metabolites, epigenetic land-
scapes, and cell state transitions [22]. This mathematical
approach predicted that regulating the stochastic translation
of mitochondrial-driven metabolic inputs into resilient ver-
sus plastic cell states via epigenetics could promote the
establishment of epigenomes refractory to (CSC-related)
loss of cell fate and de-differentiation phenomena. In this
context, apparently simple drugs such as the anti-diabetic
biguanide metformin, which operates as a metabolo-epige-
netic reprogrammer of the molecular conduits linking
mitochondrial-driven synthesis of epigenetic metabolites
with the structure and functioning of the epigenome [23–
26], are now recognized as molecules that selectively target
CSCs [27,28]. Metformin has been shown to potently and
specifically suppress the undifferentiated stem cell compart-
ment responsible for malignant carcinoma-like growth
within tumor masses generated upon injection of induced
pluripotent stem cells (iPSCs) into mice [29–30]. At the
same time, however, metformin treatment fully preserves
the competency of iPSCs to differentiate into derivatives of
all three germ layers in vivo [29,30], thereby providing a
good example of the control of the tumorigenic fate of
CSCs that would be expected from the pharmacological
fine-tuning of mitochondria-derived metabolic epigenetic
substrates and cofactors [31].

Bacteria-related mitoproteome

Beyond the function of mitochondria in the regulation of
epigenetics and mitonuclear communication [32], we have
recently learned that the adverse effects of anti-bacterial

Figure 1. Mitostemness: A new therapeutic dimension in cancer stem cells. The new term mitostemness designates the mitochondria-dependent signaling
functions that, anciently rooted in the engulfment of free-living α-proteobacteria by eukaryotic host cells approximately 1.5 billion years ago, now drives CSC self-
renewal and fate specification. The mitostemness traits, namely mitonuclear communication [1], mitoproteome components [2], and mitochondrial fission/fusion
dynamics [3], could be therapeutically exploited to target the CSC state in tumors.
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antibiotics on human cells likely reflect the above-men-
tioned evolutionary relationship between proteobacteria
and eukaryotic mitochondria. Accordingly, whereas clini-
cally relevant doses of bactericidal antibiotics including
quinolones, aminoglycosides, and β-lactams have been
shown to cause mitochondrial dysfunction in mammalian
cells [33,34], mutations that cause human mitochondrial
ribosomes to more closely resemble bacterial ribosomes
enable stronger interactions with some anti-bacterial anti-
biotics [35]. Tetracyclines, such as doxycycline, and chlor-
amphenicol were described also as mitochondrial inhibitors

more than 50 years ago [36]; recent mechanistic studies
have definitively confirmed that both types of antibiotics
lead to a state of so-called mitonuclear protein imbalance
(i.e., protein synthesis from mitochondrial DNA is not
matched by protein synthesis from nuclear DNA) through
their capacity to inhibit both bacterial and mitochondrial
translation [37]. The ability of the tetracyclines to globally
repress mitochondrial protein synthesis, which is accompa-
nied by severely impaired mitochondrial activity, leads to
changes in nuclear gene expression [38], further supporting
the notion that mitochondrial proteostasis and function

Figure 2. Mitostemness traits: New therapeutic opportunities against cancer stem cells. The bacterial origin of present-day mitochondria can drive decision-making
signaling phenomena such as those governing the retention versus loss of cancer stemness. Accordingly, metabolic symbiosis-related mitonuclear communication (top panels),
bacteria-related mitoproteome (middle panels), and ancient host-related mitochondrial fission/fusion dynamics (bottom panels) might introduce new molecular avenues to
therapeutically target self-renewal and maintenance of the CSC phenotype. (SAM: S-adenosylmethionine; SAH: S-adenosylhomocysteine; NAD+: nicotinamide adenine
dinucleotide; α-KG: alpha-ketoglutarate; FAD: flavin adenine dinucleotide; 2-HG: 2-hydroxyglutarate; Ac: acetylation; Me: methylation; DNMT: DNA methyltransferase; HDAC:
histone deacetylase; HDM: histone demethylase; Drp1: dynamin-related protein 1; Mfn: mitofusin).
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ultimately communicate with the mammalian symbiotic
partner regarding whether or not the mitochondrial bioe-
nergetic and/or biosynthetic activity status would allow any
decision-making activity.

Consistent with the concept that CSCs are critically depen-
dent on mitochondrial biogenesis and function [39,40], sev-
eral recent preclinical studies have exploited the fact that
many FDA-approved antibiotics actually target the

Figure 3. A.) Cell2Sphere™ assays (StemTek Therapeutics) using MDA-MB-436 breast cancer cells were performed as per the manufacturer’s instructions. Graded
concentrations of mdivi-1 (M0119, Sigma-Aldrich) or mitochondrial fusion promoter M1 hydrazone (SML0629, Sigma-Aldrich) were added to quintuplicate sets of
wells on days 1 and 4 without replenishing the medium. ImageJ (NIH) was used to quantify the size (left; central lines indicate mean values ± SD) and number (right;
representative photomicrographs) of 6 day-old mammospheres. Comparisons of means were performed by ANOVA. B.) Monolayers of double-thymidine block
synchronized SUM-159 and HMLERshEcad cells were pre-treated with graded concentrations of mdivi-1 for 6 hours, trypsinized and re-plated for mammosphere assays
in the absence of mdivi-1. Mammosphere-forming efficiency (MSFE) was calculated as described previously [95]. MSFE of vehicle-alone control cells was normalized
to one; three technical replicates per n; n = 3 experimental replicates. (Drp1: dynamin-related protein 1; Mfn: mitofusins; DMSO: dimethyl sulfoxide). The results are
presented as the mean (columns) ± SD (bars) of three independent experiments performed in triplicate. Comparisons of means were performed by ANOVA. SUM-159
and HMLERshEcad cells were routinely grown in Ham’s F12 and Clonetics™ MEGM™ (Mammary Epithelial Cell Growth Medium), respectively [95].
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mitochondrial proteome (a priori undesirable but mild off-
target effect), to clinically repurpose them as CSC-targeted
therapies
[41–44]. Because of conserved similarities between the 70S
bacterial and the 55S mitochondrial ribosomes, the erythro-
mycins (e.g., azithromycin) and chloramphenicol can selec-
tively bind to the 39S large subunit of the mitochondrial
ribosome and prevent the translation of mitochondrial pro-
teins mainly related to the mitochondrial OXPHOS com-
plexes. Moreover, the tetracyclines (e.g., doxycycline) and
glycylcyclines (e.g., tigecycline) can both bind with high affi-
nity to the 28S small subunit of the mitochondrial ribosome
to inhibit mitochondrial protein translation (Figure 2, mid-
dle). All of these compounds have been found to significantly
reduce the anchorage-independent survival and propagation
of CSC-like cells in mammosphere assays, a widely-used
approach to evaluate the potential of cancer cells to exhibit
CSC-like tumor-initiating and self-renewal activities [45],
even when employed at low, clinically-achievable concentra-
tions [41]. In our hands, breast cancer subtypes enriched for
stem cell-like properties exhibit an exacerbated sensitivity to
microbicides targeting active sites of the ribosome (e.g., eme-
tine, puromycin, and cycloheximide), inhibitors of ribosome
biogenesis (e.g., dactinomycin), and ribotoxic stress agents
such as daunorubicin [42]. Other bacterial antibiotics block-
ing either mitochondrial OXPHOS by targeting Complex II &
III of the electron transport chain (e.g., pyrvinium pamoate,
atovaquone), or ATP synthesis by targeting mitochondrial
ATP-synthase/Complex V (e.g., bedaquiline) [41,43] have
also been shown to inhibit propagation and expansion of
CSC-like cells in mammosphere assays. A virtual high-
throughput screening and computational chemistry approach
coupled to phenotypic drug screening has recently identified
four classes of a new family of mitochondrial-based antibio-
tics, termed mitoriboscins, which effectively inhibit the
growth of bacteria and pathogenic yeast as well as CSC-like
cells in vitro [44].

Ancient host-related mitochondrial fission/fusion
dynamics

Faithful to their bacterial origin, mitochondria constantly
move, merge, and divide to form extensive tubular networks
that ensure a uniform distribution of energy throughout the
cell and the delivery of appropriate signals (e.g., stemness) to
the correct sub-cellular location. This dynamic network is
maintained by two opposing processes–fission and fusion–
that are largely under control of large GTP hydrolyzing
enzymes of the dynamin superfamily, namely Drp1, and
mitofusins (Mfn1/Mfn2), respectively [46–48]. Viewed
through an evolutionary lens, endosymbiotic bacteria likely
employed the host cell dynamin-related GTPases during the
endocytosis-like engulfment through the plasma membrane,
and then once again during mitochondrial division, before the
emergence of modern-day mitochondria [49,50]. Such co-
option of host dynamins could therefore be considered part
of the symbiotic relationship in which the mammalian cell
endowed the mitochondria with a division apparatus
(Figure 2, bottom).

Whereas mitochondria in healthy cells tend to be elongated
and fuse together into filamentous structures, both the initial
steps of malignant transformation [51,52] and also self-renewal
and resistance to differentiation in some types of stem cells [53]
have been associated with high levels of mitochondrial fission
activity. In the latter regard, fusion/fission cycles coupled to
mitophagy–a quality control process that prevents dysfunc-
tional mitochondria from fusing with healthy mitochondria
[54,55]–begin to be recognized as critical, Drp1-related
mechanisms through which stem cells asymmetrically segre-
gate their old mitochondria to the differentiating daughter
cells, while the self-renewing daughter cell receives only
young mitochondria [56]. Crucially, the failure to asymmetri-
cally apportion, in a Drp1-dependent manner, old versus young
mitochondria in a single division appears to be sufficient to
cause a persistent loss of stemness properties in the progeny
cell [56]. A recent study has confirmed that mitochondrial
fission appears to drive a distinct mitochondrial profile in
brain tumor-initiating CSC-like cells when compared with
non-initiating tumor cells [57]. Targeting Drp1 activity with
mdivi-1, an inhibitor of mitochondrial division originally
described by its ability to impair yeast Dnm1 GTPase activity
[58], has been shown to inhibit tumor-forming capacity and
stemness-related signaling in brain [57] and breast cancer [59]
cell populations (Table 1). Because mitochondrial fission might
be coupled to the nuclear transcriptional events that drive the
acquisition and maintenance of stemness in iPSCs and CSCs
[60,61], it is reasonable to suggest that Drp1-driven mitochon-
drial fission could be a novel target for the therapeutic elimina-
tion of CSCs. Importantly, the opposing force of mitofusins-
regulated mitochondrial fusion might also impact cancer stem-
ness. If we consider that CSC-related mitochondrial features of
iPSCs provide a framework in which the infrastructure and
functioning of mitochondria might control the CSC state, it is
noteworthy that Drp1 activation and Mfn1/2 ablation both
facilitate the acquisition and maintenance of stem cell pluripo-
tency through the restructuring of mitochondrial dynamics

Table 1. Pharmacological targeting of mitochondrial dynamics reduces cancer
stemness.

CSCs can typically grow as spherical clusters of self-replicating cells and,
based on this characteristic, tumorsphere-forming platforms are used as a
sorting method to study self-renewal and tumorigenicity. Accordingly, the
number of mammospheres reflects the quantity of CSC-like cells capable of
self-renewal in vitro, while the size of mammosphere measures the self-
renewal capacity of each mammosphere-generating CSC-like cell. We used
the newly developed Cell2Sphere Kit™ to evaluate the impact of the small
molecule M1, a cell-permeable phenylhydrazone identified as a
mitochondrial fusion promoter [64] and mdivi-1, a cell-permeable small-
molecule mitochondrial fission inhibitor that can block Drp1-related yeast
Dnm1 GTPase activity [55], on the ability of CSCs to survive and proliferate
as floating microtumors. Under non-adherent/non-differentiating
conditions, the size and number of the mammospheres formed by MDA-
MB-436 breast cancer cells growing in the presence of M1 and mdivi-1 was
significantly lower than in untreated control cells (Figure. 3(a)). Indeed,
there was an almost complete absence of mammospheres >100 μm in size.
When synchronized monolayers of CSC-enriched SUM-159 and HMLERshEcad

breast cancer cells were cultured in the presence of mdivi-1, trypsinized,
and then evaluated as above, we observed a striking dose-dependent
reduction in mammosphere-forming efficiency. Overall, these findings
strongly support the notion that pharmacological targeting of
mitochondrial dynamics decreases the magnitude of the tumor-initiating
population as well as the self-renewal capacity of CSC-like cells within
heterogeneous cancer cell populations.
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[62,63]. Accordingly, compounds such as (E)-4-Chloro-2-(1-
(2-(2,4,6-trichlorophenyl) hydrazono) ethyl) phenol (small
molecule M1), which are capable of specifically shifting the
mitochondrial dynamic balance toward fusion [64] might
cause depletion of the tumor-initiating CSC-like subpopulation
(Table 1).

Mitostemness-targeting drugs as anti-csc therapies:
the challenges ahead

Targeting mitochondrial reprogramming as an essential reg-
ulator of CSC identity might deactivate a core mechanism of
drug resistance and metastatic progression irrespective of
cancer mutational landscapes. However, despite the ever-
growing evidence for the central involvement of mitochondria
in CSC maintenance and fate [53], the clinical translation of
such experimental therapies remains an elusive challenge.

A strong body of epidemiological [65–67] and pre-clinical
[28] evidence has motivated numerous studies to probe the
anti-cancer effects of metformin through clinical trials.
However, the majority of ongoing and completed trials have
focused on the impact of metformin on various proliferative
and apoptotic surrogate markers in cancer cells, and very little
clinical effort has been directed to evaluate metformin as a
CSC targeting agent for prevention of cancer relapse.
Nevertheless, a recently conducted prospective study of met-
formin in epithelial ovarian cancer noted a significant reduc-
tion in the number of CSCs at baseline in metformin-treated
tumors [68,69]. Upcoming trials may therefore need to shift
focus and explore the ability of metformin to direct stem-like
plastic states to re-enter into epigenetic resilience. In this
respect, studies ongoing in our laboratory have been designed
to develop a new generation of pharmacophoric mimetics of
metformin aimed to redirect cellular identity and cell fate
transitions via normalization of the aberrant mitonuclear
communication existing in CSC states.

The clinical use of either generic, FDA-approved antibiotics
with manageable side effects, or new compounds capable of
binding to the mitoribosome and inhibitingmitochondrial func-
tion, is therapeutically appealing and might significantly reduce
cancer cost. Nevertheless, future clinical studies should deter-
mine whether these mitoproteome-targeting antibiotics are
solely investigational tool-bench compounds to assess the
required mitochondria function for CSCs in vitro, or could
also be bedside, clinically-valuable adjuvant oncology drugs pro-
viding amore effectivemeans to eliminate CSCs when combined
with current cancer therapies. Moreover, although ATP produc-
tion is commonly employed as an end-point screeningmarker of
dysfunctional mitochondria in response to mitochondria-tar-
geted antibiotics, one should acknowledge that mitochondria
can maintain their biosynthetic (and therefore their mitonuclear
communication) capabilities even in the absence of ATP gen-
eration [15]. Noteworthy, the polyether ionophore antibiotic
salinomycin, the first anti-CSCmolecule identified in a chemical
screen designed to discover compounds capable of specifically
inhibiting CSC proliferation through the induction of differen-
tiation [70], alters mitochondrial bioenergetic performance at
the concentration range used in studies showing selective toxi-
city for breast CSCs [71,72]. Although salinomycin is apparently

being investigated in clinical trials [73], none of them have been
reported under the clinicaltrials.gov website [74]. Because
machine-learning methods capable of predicting the lifespan–
promoting capability of chemicals have identified compounds
affecting mitochondria among the top hit compounds [75], such
databases of aging-related drugs [76] would be an interesting
resource for helping in the discovery of new classes of mitostem-
ness-targeting drugs.

The classical view of regulated mitochondrial dynamics as
a crucial requirement for energy production should be broa-
dened to consider changes in mitochondrial morphology as a
sufficient means to elicit self-renewal capacity in CSCs.
However, the current Drp1- and Mfn-targeting regulators of
mitochondrial division have not been tested in patients
because of limitations imparted by their expected pharmaco-
logical properties or side-effect profiles. Thus, there is an
urgent need to develop selective compounds that control
mitochondrial dynamics without affecting basal mitochon-
drial functions such as ATP production or generation of
reactive oxygen species (ROS). Indeed, the current assump-
tion that mitodynamics drugs such as mdivi-1 can cause a loss
of the functional properties possessed by CSCs should be
reconsidered in light of the recently reported finding that
mdivi-1 is a poor inhibitor of recombinant Drp1 GTPase
activity, but modifies mitochondrial ROS production via
reversible inhibition of mitochondrial complex I without
affecting mitochondrial elongation [77]. New pharmacological
strategies are being developed in our laboratory to design
negative allosteric modulators of Drp1 activity based on the
key structural features recently described in more potent and
specific mdivi-1 derivatives [78]. Such deconstruction of Drp1
druggability aims also to generate new Drp1-targeted small
molecules capable of mimicking the chemical behavior of the
so-called P110 peptide, which has been shown to selectively
prevent the GTPase activity of Drp1 and recruitment to
mitochondria via blocking the interaction between Drp1 and
one of its receptors (Fis1) at the mitochondrial outer mem-
brane only under pathological conditions [79].

Mitostemness: echoes from the past?

The recognition that the bacterial origin of present-daymitochon-
dria can drive decision-making signaling phenomena such as
those governing the retention versus loss of cancer stemness
would be viewed as a continuation of the atavism hypothesis of
cancer, which states that tumor development andmetastasis relies
on the functional disruption of genes that sustain multicellularity
upon reactivation of primitive transcriptional programs that
evolved in the earliest single-celled organisms [80–82]. We
acknowledge that an ever-growing number of studies begin to
support the notion that the high degree of robustness and plasticity
occurring via activation of unicellular networksmight conferCSC-
like tumor adaptability to drug exposure [83–85]. However, our
view merely proposes that the usage of mitochondria-dependent
signaling functions evolutionary rooted in the bacterial origin of
mitochondriamight be considered a primary cause of non-genetic
distortions in themanner ofWaddingtonian non-CSC versusCSC
cellular states (attractors), which might be amenable to broad-
spectrum cancer therapies capable of mitochondrially tackling
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CSC-driven inter- and intra-tumor heterogeneity [9]. Our mitos-
temness proposal is consistent with a number of descriptions in
which the determination of cell fate involves the asymmetric
distribution of certain mitochondrial controllers into CSC-like
cell entities [84–89]. Indeed, our proposal complements the view
that changes in intracellular, intercellular, and extracellular mito-
chondrial traffic [90–94] appear to ensure the functional endur-
ance of mitochondria in the tumor-initiating and drug-resistant
subpopulation of CSC. New therapeutics aimed to target mito-
chondria not only as biochemical but also as biophysical and
morpho-physiological hallmarks of CSC might certainly guide
improvements to cancer treatment.
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