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Abstract: Metabolic reprogramming is a hallmark of cancer, which implements a profound metabolic
rewiring in order to support a high proliferation rate and to ensure cell survival in its complex
microenvironment. Although initial studies considered glycolysis as a crucial metabolic pathway in
tumor metabolism reprogramming (i.e., the Warburg effect), recently, the critical role of mitochondria
in oncogenesis, tumor progression, and neoplastic dissemination has emerged. In this report,
we examined the main mitochondrial metabolic pathways that are altered in cancer, which play key
roles in the different stages of tumor progression. Furthermore, we reviewed the function of important
molecules inhibiting the main mitochondrial metabolic processes, which have been proven to be
promising anticancer candidates in recent years. In particular, inhibitors of oxidative phosphorylation
(OXPHOS), heme flux, the tricarboxylic acid cycle (TCA), glutaminolysis, mitochondrial dynamics,
and biogenesis are discussed. The examined mitochondrial metabolic network inhibitors have
produced interesting results in both preclinical and clinical studies, advancing cancer research and
emphasizing that mitochondrial targeting may represent an effective anticancer strategy.

Keywords: mitochondria; metabolic rewiring; metabolic network; targeting mitochondria;
cancer therapy

1. Mitochondria and Cancer

For many years, glycolysis has been considered the engine of cancer cells, the metabolic pathway
that ensures their rapid production of ATP and supports an uncontrolled proliferation. Indeed,
the Warburg studies showed that cancer metabolic reprogramming shifts energy metabolism towards
the glycolytic pathway even in aerobic conditions [1]. Such aerobic glycolysis conditions, defined as the
Warburg effect, ensures a rapid production of ATP from glucose, albeit less efficiently than complete
mitochondrial oxidation, a process coupled with oxidative phosphorylation. The maintenance of
the glycolytic pathway in cancer is associated with the conversion of the high amount of produced
pyruvate into lactate, in order to guarantee a high NAD*/NADH cell ratio, which is essential for
feeding glycolysis. The clinical application of the Warburg effect has led to the development of imaging
technologies allowing the identification of malignant neoplasms by evaluating the ability of cells to
metabolize 2-[18F] fluoro-2-deoxy-d-glucose (18F-FDG), a glucose analogue easily traceable by positron
emission tomography (PET).

Based on Warburg’s observations, for a long time, aerobic glycolysis of cancer cells was believed
to be the result of a mitochondrial dysfunction, which in turn was considered to be a cause of cancer.
Numerous nuclear—cytoplasmic transfer experiments supported this theory, showing that normal
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cytoplasm suppresses tumorigenesis in cell cybrids [2]. In particular, several in vitro and in vivo
studies showed that the fusion of healthy enucleated cells (cytoplasts) with tumoral karyoplastes can
significantly reduce tumorogenicity with respect to parental cancer. In contrast, the fusion of tumor
cytoplasts with healthy karyoplasts does not determine any reduction of tumorogenicity, suggesting
that tumor development is triggered by mitochondrial rather than nuclear dysfunctions.

In recent decades, however, the Warburg effect has been overcome as the dogma of
cancer biochemistry, with hypotheses emerging that the mechanisms underlying tumor metabolic
reprogramming are much more complex than those theorized by Warburg, and that mitochondrial
metabolism can change during oncological pathology, thus influencing neoplastic transformation,
tumor progression, and metastatic dissemination processes (Figure 1).
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Figure 1. Mitochondrial relevance to cancer progression. Mitochondria play an important role
in the main processes that characterize tumor progression. The figure shows the main effects of
mitochondria in the three main steps characterizing cancer development: (a) ROS production is capable
of causing damage at the levels of nuclear and mitochondrial DNA, thus promoting oncogenesis;
(b) metabolic plasticity is responsible for greater tumor progression and stemness; (c) biogenesis and
high mitochondrial turnover are responsible for EMT and metastatic dissemination.

Mitochondrial metabolism plays a key initial role during oncogenesis. A lot of studies have
highlighted that the mitochondrial generation of reactive oxygen species (ROS), subproducts of
respiration, favors DNA damage. This can result in mutagenesis able to affect proto-oncogenes and
tumor-suppressor genes, leading to self-feeding tumor proliferation [3]. In this regard, in many
tumors, an increase in ROS production has been related to mutations found in the mitochondrial
DNA (mtDNA), encoding for several subunits constituting the electron transport chain complexes [4].
Over the years, in addition to ROS, other metabolites, intermediates of mitochondrial metabolism,
have been believed to trigger oncogenesis and neoplastic transformation processes, and these molecules
have been defined as oncometabolites [5-7]. In particular, an accumulation of succinate, fumarate,
and 2-hydroxy-glutarate (2-HG) has been found in several tumors. The accumulation of succinate
and fumarate is mainly driven by inactivating mutations concerning the succinate dehydrogenase
(SDH) and fumarate hydratase (FH) enzymes, respectively. These mutated enzymes, in their inactive
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forms, do not allow the normal progression of TCA cycle which, in turn, induces the accumulation
of their specific substrates. On the other hand, the accumulation of 2-HG is due to mutations found
in the isocitrate dehydrogenase isoforms 1 and 2 (IDH1 and IDH2), which are normally responsible
for converting isocitrate into o-keto-glutarate (-KG). When IDH1 and IDH?2 are mutated, a strong
accumulation of 2-HG is observed in the presence of NADPH. These oncometabolites share the ability
to inhibit («-KG)-dependent enzymes that mediate gene expression at the epigenetic level, and the
triggering of pseudo-hypoxia conditions mediated by hypoxia inducible factor 1 (HIF1).

The second level at which mitochondrial metabolism plays a fundamental role is in tumor
progression. The uncontrolled proliferation of cancer cells makes the supply of anabolic substrates
for the synthesis of DNA, proteins, and lipids necessary for the cell. In this regard, the mitochondrial
cycle of tricarboxylic acids (TCA) plays a key role, since it provides fundamental intermediates
for anabolic processes. Among these, a key intermediate is citrate, which exits the mitochondria
and supplies the cytosolic environment with the acetyl-CoA necessary for fatty-acid and cholesterol
biosynthesis, as well as for gene expression regulation at the epigenetic level (histone acetylation).
In this regard, the importance of the mitochondrial citrate carrier (SLC25A1) has recently emerged
in tumor progression, cancer stemness, and resistance to therapy; additionally, the specific SLC25A1
inhibitor benzenetricarboxylate (BTA) has been proven to exert a promising anticancer activity [8-10].

The fermentation of pyruvate to lactate, which characterizes the Warburg effect, contributes to
depletion of the TCA cycle of anabolic substrates, even if in cancer, a strengthening of the anaplerotic
pathways responsible for their regeneration occurs. Indeed, in many tumors, a potentiation of
glutaminolysis has been observed. Although the glutamate generated by the deamination of glutamine
represents by itself an anabolic intermediate, its mitochondrial conversion into x-keto-glutarate is
fundamental to supplying the TCA cycle of anabolic intermediates such as succinyl-CoA, oxaloacetate
and citrate [11-13]. Moreover, it is noteworthy that in several tumors, the activation of glutaminolysis
is responsible for the establishment of a truncated TCA cycle. In these, one of the five carbon atoms of
the a-keto-glutarate, derived from glutamate, is removed as CO,, while the remaining four leave the
mitochondria in the form of malate, which can give rise to several metabolic pathways in the cytosol.

During the progression of the neoplastic pathology, a tumor acquires a high metabolic plasticity
due to its interaction with the microenvironment, characterized by the presence of nonmalignant
cells. Metabolic plasticity is therefore conferred by the sum of the oncogenic effects intrinsic to the
tumor and the metabolic effects induced by the surrounding cells. In this regard, many studies have
highlighted how fibroblasts and other cell types present in the microenvironment are stimulated
to produce and release metabolites used by tumor cells as sources of carbon atoms, such as fatty
acids, lactate, and alanine, which support tumor progression [14-16]. The relationship established
between the tumor and microenvironment can therefore be defined as parasitic. In contrast, within the
tumor itself, a symbiotic relationship is established among the different cells composing the cancer,
and this symbiosis is responsible for cancer metabolic heterogeneity. The less hypoxic cells shift
their metabolism towards oxidative phosphorylation, to fulfil the high energy needs. To this end,
they employ the carbon sources secreted by the microenvironment without competing for the use of
glucose with the most hypoxic cells, for which glycolysis remains the only available energy pathway.

Another level that strongly involves mitochondrial metabolism is the metastatic dissemination
process. Although macro-metastases can be considered glycolytic entities, since they are clinically
detected through the use of 18F-FDG, mitochondrial metabolism plays a key role in the metastasis
process [17]. In fact, the first step in the metastasis process is the epithelial-mesenchymal
transition (EMT), which is strongly promoted by mitochondrial biogenesis and by oxidative
phosphorylation (OXPHOS) [18-20]. In this regard, several studies have shown that Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1c), mammalian target of rapamycin
(mTOR), and c-Myc pathways regulate biogenesis and mitochondrial activity in metastatic cells.
These pathways are able to suppress the expression of E-cadherin, to stimulate the expression of
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epithelial-mesenchymal-transition-associated factors, such as vimentin and Snail, and also to positively
regulate the Transforming Growth Factor-31 (TGF-31)-Induced EMT [21-24].

Based on the role that mitochondria play in neoplastic progression, it is clear how molecules
capable of interacting with mitochondrial targets can exert an antitumor activity. The mitochondrial
metabolic network, however, is very complex and subjected to intense rewiring in cancer. Over the
years, more and more knowledge has been acquired on tumor metabolic reprogramming, and new
potential targets have been identified as well as new small molecules capable of acting on them. In this
review, the mitochondrial targets of the main metabolic pathways, of which pharmacological inhibition
has proven to be promising in preclinical and clinical oncological studies, are discussed.

2. Targeting Mitochondrial Metabolism in Cancer

2.1. Targeting OXPHOS

In recent years, many experimental reports have highlighted that several types of cancer cells fuel
tumorigenesis by using OXPHOS. In this light, such a metabolic pathway represents one of the most
studied mitochondrial targets in the search for new potential anticancer candidates. OXPHOS activity
is differently modulated depending on tumor type. OXPHOS downregulation has been observed
in several cancer types, due to a reduced mtDNA content or to mutations found in it; at the same
time, the glycolytic pathway appeared to be upregulated [25]. On the other hand, several studies have
highlighted that OXPHOS can be upregulated in different tumors, such as lymphomas, leukemias,
melanomas, and breast, pancreatic, lung, and endometrial cancers. Such OXPHOS upregulation
was found to be in agreement with the above-mentioned studies, which highlighted an increased
mitochondrial activity related to tumorigenesis, as well as to anchorage-independent growth and
resistance to chemotherapy [25]. Remarkably, the amount of mtDNA or the expression of OXPHOS
genes may not necessarily reflect the rate of OXPHOS function; hence, it is necessary to evaluate
OXPHOS activity by using different approaches. In this regard, despite the decrease in mtDNA
content that was observed in breast cancer [25], Guppy et al. measured the amount of ATP generated
by glycolysis and OXPHOS in MCE-7 breast cancer cells, highlighting that 80% of ATP comes from
OXPHOS and 20% from glycolysis. Moreover, a study performed in human patients in order to analyze
metabolic pathways’ flow in non-small-cell lung cancer (NSCLC) displayed that high rates of both
glycolysis and oxidative metabolism can be observed in this cancer type, highlighting a metabolic
heterogeneity strongly influenced by microenvironment. In addition, Sohoni et al. highlighted that the
elevated OXPHOS activity and tumorigenicity characterizing NSCLC cells are related to elevated both
flux and function of heme, a key molecule in mitochondrial OXPHOS [26].

The pharmacological impairment of the functionality of one of the electron transport chain
complexes or of the F1Fo-ATPase results not only in a reduction in the cellular energy supply, but also
in a loss of the mitochondrial membrane potential generated by the complexes I, III, and IV, with a
consequent alteration of the mitochondrial permeability followed by the release of pro-apoptotic
factors triggering programmed cell death [27-29]. The reduction in the flow of electrons through the
various complexes of the respiratory chain is also responsible for increased production of ROS, and in
particular of the superoxide anion (O, ™), a subproduct of mitochondrial respiration generated by the
incomplete reduction of O; to HyO. Superoxide anions, together with the secondary ROS (OH and
H,0,), may interact with mitochondrial macromolecules such as membranes, proteins, and mtDNA,
further impairing mitochondrial function and promoting pro-apoptotic processes. Many naturally
occurring molecules and synthetic compounds are able to inhibit oxidative phosphorylation at different
levels (Figure 2). Many of these are FDA-approved drugs currently used in nontumor therapies,
for which repurposing is being evaluated in the oncological field.
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Figure 2. OXPHOS as promising target to affect mitochondrial activity in cancer cells. ETC complexes,
exploiting the oxidation of NADH and FADH, from TCA and glycolysis, generate an electrochemical
gradient able to determine ATP production through FiFo-ATPase. In the figure: the different
components of the ETC, the F1Fo-ATPase, and the molecules discussed in this review, which have
exhibited promising results in vitro and in vivo in inhibiting their respective targets, are depicted
in detail.

NADH-ubiquinone oxidoreductase (complex I) inhibitors are very heterogeneous from the
chemical point of view. These inhibitors can contain hydroquinone/quinone motifs [30], such as
rotenoids, vanilloids, and piericidins, but they can also occur as very different molecules, such as
metformin and other biguanides, capable of binding to different domains of this enzymatic complex,
determining a noncompetitive inhibition [31,32]. This latter class of compounds has aroused particular
interest in recent years, proving to be a promising scaffold for anticancer candidates, active at
sub-nanomolar concentrations. Regardless of their chemical class, complex I inhibitors, alone or in
association with molecules shifting tumor metabolism towards oxidative phosphorylation, have shown
a high antitumor potential against different types of cancer cells studied both in in vitro and in vivo
models [33-36].

The respiratory chain complex II, known as succinate dehydrogenase (SDH), represents the
connection point between the Krebs cycle (TCA) and the electron transport chain (ETC). Unlike the
other complexes, succinate dehydrogenase is not involved in the transfer of protons from the matrix to
the intermembrane space, and therefore does not directly contribute to the creation of the mitochondrial
membrane potential. However, recent studies have highlighted the connection of this complex
with the apoptotic pathway mediated by death receptors [37,38]. Complex II inhibitors, such as
a-tocopheryl succinate (o-TOS) [39], gracillin [40], and atpenins [41-43], were found to increase ROS
production, triggering apoptotic death in vitro and in vivo. Furthermore, in recent studies, lonidamine,
an FDA-approved drug initially classified as a hexokinase inhibitor, was shown to strongly inhibit
SDH. Although it is endowed with a poor anticancer activity by itself, lonidamine is able to enhance
the activity of chemotherapeutic agents currently used in clinical practice, such as DNA-alkylating
agents [44,45] and anthracyclines [46].
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Among the molecules capable of inhibiting complex III, known as cytochrome c reductase, there is
another FDA-approved drug, atovaquone, which is used in clinical practice for the treatment of malaria
and pneumocystis pneumonia infections. Given its structural analogy to coenzyme Q10, atovaquone is
able to competitively inhibit complex III, reducing tumor proliferation in vitro and in vivo [47,48] and
inhibiting the propagation of cancer stem cells [49], a subpopulation of cancer cells highly dependent
on mitochondrial metabolism and largely responsible for tumor recurrence and metastasis.

The inhibition of complex IV of the electron transport chain, cytochrome c oxidase, has proven to
be an effective therapeutic strategy in the treatment of some tumors to date. In this regard, mitotane is
currently the only treatment available for adrenocortical cancer (ACC) [50], and recent studies have
shown that its antitumor activity arises from OXPHOS impairment due to the inhibition of the complex
IV [51]. This complex is also pharmacologically inhibited by arsenic trioxide, an FDA-approved drug
used for acute promyelocytic leukemia treatment and currently being studied in other tumors, in
which it has been found to reduce cancer stemness and to improve radiation therapy response [52-55].

To date, the role of F; Fo-ATPase in cancer is controversial [56]. This enzymatic complex is actively
involved in ATP production at the mitochondrial level, and in many tumors its expression appears
to be reduced [57]. In addition, a high expression of IF1 peptide, an endogenous inhibitor of ATP
synthase, has been found in several tumors, appearing to be a negative prognostic factor. On the other
hand, in other tumors such as breast cancer, an opposite trend has been observed, and IF1 has been
shown to be a positive prognostic factor, which appears to be strongly downregulated in triple-negative
breast cancer cells [58].

F1Fo-ATPase, however, seems to have a very important role in cancer. In addition to ensuring
the synthesis of ATP by exploiting the proton gradient generated by the ETC, it is able to reverse its
catalytic activity in conditions of severe hypoxia. ATP hydrolysis catalyzed by the reversion of ATP
synthase can guarantee, even in the absence of ETC functionality, an optimal mitochondrial membrane
potential, which is necessary for the survival of cancer cells which otherwise would undergo apoptotic
death mechanisms [59,60].

Several F1Fo-ATPase inhibitors have recently proven to be potential anticancer candidates.
Bedagquiline, an FDA-approved antibiotic used for the treatment of multidrug-resistant pulmonary
tuberculosis, has been shown to reduce OXPHOS and glycolytic metabolism in tumor cells by inhibiting
ATP synthase, as well as suppressing the proliferative expansion of cancer stem cells [61] and tumor
angiogenesis [62].

Various natural products have also been shown to have an inhibitory activity against F; Fo-ATPase,
exerting a significant antiproliferative/cytotoxic effect. These compounds include resveratrol and
related polyphenols [63], aurovertin B [64], and thioviridamide-like molecules (TLMs), which have been
shown to alter metabolism in cancer cells, to induce oxidative stress, and to inhibit tumor proliferation
in vitro and in preliminary in vivo studies [65-67].

Furthermore, the inhibition of OXPHOS appears to be a promising therapeutic strategy for
eradicating oncogene-addicted cancers, the treatment of which involves specific targeted therapies
using tyrosine kinase inhibitors. However, onset of resistance often underlies the failure of such
therapeutic strategies. Inhibitors of oncogene products, such as the epidermal growth factor receptor
(EGFR), the anaplastic lymphoma kinase (ALK), the ABL tyrosine kinase, BRAF, and JAK2 kinases, are
able to inhibit glycolysis; consequently, drug-resistant oncogene-addicted cancer cells exhibit higher
aerobic mitochondrial respiration, display higher stemness, and are metabolically reprogrammed to
depend on OXPHOS for survival. Strict reliance on OXPHOS represents a metabolic vulnerability
of such cancer cells. In this regard, they can be treated with OXPHOS inhibitors, which in turn can
resensitize cancer cells with acquired resistance to the respective targeted therapy [68,69].

Several studies have shown that a greater feedback activation of signal transduction activator
of transcription 3 (STAT3) is at the basis of the resistance mechanisms of oncogene-addicted cancers
and their associated metabolic reprogramming. STAT3 can localize to mitochondria and interact with
GRIM-19, thus positively regulating the assembly and function of ETC complexes and stimulating
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OXPHOS [70,71]. In this regard, targeting STAT3 with small molecules acting at different levels of
this pathway, such as OPB-51602, reduces OXPHOS activity and results in mitochondrial dysfunction,
proving to be an effective strategy to overcome metabolic reprogramming characterizing resistant
oncogene-addicted cancers [72-74].

However, a serious challenge in the clinical development of OXPHOS inhibitors is the potential
toxicity that a nonspecific mitochondrial inhibition could trigger, such as peripheral neuropathy and
lactic acidosis [75]. For this reason, the continuous identification of new compounds capable of directly
or indirectly targeting OXPHOS while maintaining an acceptable toxicity profile is a main topic in
cancer research.

2.2. Targeting Heme

Another important mitochondria-related pathway, of which the correlation with cancer has been
increasingly studied in recent years, is the biosynthesis of heme, also called iron protoporphyrin IX.
This important prosthetic group, responsible for the functionality of various heme proteins, can derive
from the diet, uptaken by cells thanks to Heme carrier protein 1 (HCP1) and Heme transporter HRG1,
or can be biosynthesized through a multienzymatic process straddling the cytosol and mitochondria,
the limiting stage of which is represented by the activity of the enzyme 5-aminolevulic acid synthase
(ALAS1) (Figure 3). This mitochondrial enzyme is responsible for the first biosynthetic reaction of
heme, the condensation of glycine and succinyl-CoA coming from the TCA cycle [76]. Due to its ability
to interact with oxygen, the heme group is present in several proteins with various functions, and plays
a very important role in the oxidative phosphorylation process. Indeed, ETC complexes II, III, and IV
possess heme groups. Another key protein in the oxidative phosphorylation process, related to the
biosynthesis of heme, is Adenine nucleotide translocase (ANT2), which exchanges ATP for ADP across
the inner mitochondrial membrane. It has, in fact, been shown that this protein is also responsible
for the transport of heme precursors such as protoporphyrin IX within the mitochondrion, and its
ADP/ATP transport activity is negatively regulated by the presence of heme or its precursors [77].

Several studies have correlated a high heme dietary intake through the consumption of red and
processed meat with the pathogenesis of different carcinomas, such as esophageal, gastric, colorectal,
breast, endometrial, pancreatic, and lung cancer. In addition, increased heme biosynthesis and uptake
have been found in several tumors, including non-small-cell lung cancer, in which high heme levels,
as well as an increased activity of heme proteins, have been shown to underlie metabolic rewiring and
tumor progression [26,78,79]. This evidence highlights the important role in cancer of heme uptake,
as well as of its biosynthesis and incorporation into oxygen-utilizing heme proteins, and has led to the
study of molecules targeting these processes as a new anticancer strategy [80] (Figure 3).

In this regard, 4,6-dioxoheptanoic acid, also known as succinylacetone, proved to be a potent
inhibitor of heme biosynthesis, with a potential anticancer activity. By inhibiting 6-aminolevulinic acid
dehydratase, this compound induced heme depletion and mitochondrial dysfunction, thus suppressing
respiration and proliferation in leukemia and cervical, colon, and lung cancer models [78,81-84].
The limited results obtained from in vivo studies, however, have led in recent years to attempts to
reduce intracellular heme levels via different strategies. Cyclopamine tartrate, a known modulator
of hedgehog signaling, was shown to suppress lung cancer oxygen consumption and proliferation,
both in cultured cells and orthotopic tumor xenografts, by inhibiting heme metabolism and OXPHOS
function [85]. Furthermore, a different strategy recently adopted is represented by the use of
heme-sequestering peptides. By making appropriate modifications to the amino acid sequence of
Yersinia pestis hemophore HasA, new heme-sequestering peptides, namely HSP1 and HSP2, have been
developed and shown to reduce proliferation, migration, and invasion of non-small-cell lung cancer
cells both in vitro and in vivo [26].
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Figure 3. Targeting heme flux in cancer cells. The figure schematically shows heme uptake and
biosynthesis, as well as its incorporotation into complexes II, III, and IV of the electron transport chain.
The major heme flux inhibitors discussed in this review and their targets are shown.

2.3. Targeting the TCA Cycle and Glutaminolysis

Although glycolysis plays a central role in tumor energy metabolism, in cancer cells, the tricarboxylic
acid (TCA) cycle is kept active in order to generate anabolic substrates and oncometabolites,
which together support neoplastic proliferation. Since the pyruvate produced by glycolysis is shifted
towards lactic fermentation, instead of being converted into acetyl-CoA and entering the mitochondria,
glutaminolysis supplies intermediates required for the TCA cycle. The connection between these two
metabolic pathways is fundamental to the survival and proliferation of different tumors; therefore,
it represents a possible target for cancer therapy (Figure 4).

One of the most studied therapeutic strategies is the inhibition of isocitrate dehydrogenase
(IDH), which is mutated in several tumors such as gliomas and leukemia, and it is responsible for
the production of the oncometabolite 2-HG [86-88]. Over the years, several molecules have been
developed, able to selectively inhibit one of the different mutated IDH isoforms by reducing 2-HG levels
and stimulating the differentiation of mutant IDH1/IDH2 acute myeloid leukemia (AML) cells [89-92].
Among the inhibitors of the IDH1 mutated isoform currently used in clinical settings, there is ivosidenib
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(AG-120), which was FDA-approved in 2018 for the treatment of relapsed or refractory AML with
a susceptible IDH1 mutation. Furthermore, this drug was approved in 2019 as front-line therapy
for newly diagnosed AML patients older than 75 years or with comorbidities precluding intensive
chemotherapy. On the other hand, the mutated-IDH2 inhibitor enasidenib (AG-221) was approved by
the FDA in 2017 for the treatment of relapsed or refractory AML specifically with an IDH2 mutation.
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Figure 4. Targeting TCA and glutaminolysis in cancer cells. Glutaminolysis supplies the TCA cycle
with anabolic intermediates to sustain a high proliferate rate in cancer cells. The figure shows the main
stages of TCA and glutaminolysis inhibited by the molecules discussed in this review, which have
displayed promising results in vitro and in vivo.

The glutaminolysis process, an anaplerotic pathway strongly activated in various tumors in
order to supply the TCA cycle with intermediates, is mainly regulated by the transcription factor
c-Myc [93,94]. This factor has been found to be upregulated in many types of cancers [95,96], and it is
able to positively modulate glutamine uptake, as well as the expression of the enzymes responsible for
its metabolism. There are several carriers able to transport this amino acid across the plasma membrane,
while the presence of carriers that mediate its transit across the inner mitochondrial membrane remains
controversial, and is still subject of study [97]. Many studies have shown that the plasma membrane
carrier SLC1AS is overexpressed in several tumors under the control of the c-Myc transcription factor,
thus highlighting the important role played by this transporter in enhancing glutamine utilization in
order to support cancers’ high proliferative rates [98-102]. Furthermore, a very recent study showed
that a SLC1AS5 carrier variant expressed under hypoxic conditions localizes to mitochondria and
regulates the entry of glutamine, thus stimulating glutaminolysis and playing a key role in tumor
metabolic reprogramming [103]. Further studies showed that the loss of function of the SLC1A5
carrier results in cell growth inhibition, autophagy, and apoptosis triggering in solid and hematopoietic
malignancies [104,105]. Moreover, the pharmacological inhibition of this carrier, mediated by the
compound V-9302, was responsible for a reduced tumor proliferation and an increased oxidative stress
that triggers cell death in several in vitro and in vivo models [106].

In addition to inhibiting glutamine uptake, in the past decade, research has focused on the
antitumor effects of inhibition of glutaminase (GLS), the enzyme responsible for hydrolytic deamidation
of glutamine to glutamate in the first enzymatic reaction of glutaminolysis. There are many small
molecules that in recent years have proven to be capable of inhibiting GLS [107,108], such as the
naturally occurring molecules 6-diazo-5-oxy-L-norleucine, azaserine, and acivicin, and the synthetic
compounds BPTES, 968 and CB-839 [109] (Figure 4). Among these, the compound CB-839 is a
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noncompetitive GLS inhibitor able to inhibit the entry of substrates into the TCA cycle, thus reducing
cell viability and cancer stemness, increasing chemosensitivity, and inducing apoptotic cell death in
several cancer types [110-114]. The promising antitumor potential of this compound makes it the
only GLS inhibitor currently undergoing clinical studies (trial IDs: NCI-2018-00876, NCI2019-01365,
NCI-2019-00572).

2.4. Targeting Mitochondrial Biogenesis

A possible target in controlling functions of the cancer powerhouse is represented by systems
controlling mitochondrial biogenesis and turnover. Indeed, there are many pathways that, in a
concerted way, may ensure an optimal level of mitochondrial efficiency in tumor cells [115,116].
In recent years, antitumor research has focused on the dense network enhancing biogenesis and
mitochondrial efficiency, which are features associated with a poor prognosis in different types of
cancer [117]. Mitochondrial biogenesis depends on the synthesis of different mitochondrial proteins,
which is finely regulated at the levels of transcription and translation of both nuclear and mitochondrial
genes (Figure 5).

Expression of mitochondrial proteins is a fundamental process supporting mitochondrial
biogenesis, and it is transcriptionally regulated by PGC-1a and c-Myc. These proteins can act
directly or indirectly (i.e., by interacting with other transcription factors), in order to regulate the
expression of numerous genes that encode mitochondrial proteins. On this basis, such proteins are
known to be of fundamental importance for the metabolic reprogramming that occurs in cancer cells.
Several studies have shown that the increased activation of these pathways in cancer cells stimulates
tumor proliferation [118] and survival in anchorage-independent conditions [119], which lies at the
basis of neoplastic dissemination [120]. Another fundamental target in mitochondrial biogenesis
regulation is represented by mTOR [121,122]. In more detail, mTOR is the catalytic subunit of mTOR
complex 1 (mTORC1) and complex 2 (mTORC2), which are downstream components of the PI3K/AKT
pathway, playing a central role in controlling cell proliferation and energy homeostasis [123,124].

All the previously mentioned signaling pathways are interconnected and work in concert with each
other, thus forming a dense network able to ensure an adequate synthesis of mitochondrial proteins.
Along with the mitochondrial fission—fusion processes, this guarantees a continuous turnover and high
mitochondrial efficiency, which are essential for tumor proliferation. Based on these lines of evidence,
several compounds have been developed over the years that are able to modulate mitochondrial
biogenesis by destroying this important network, thus promoting a remarkable antitumor activity.

PGC-1« represents the central pivot of mitochondrial biogenesis, and it is a widely studied target
by researchers engaged in cancer research [125]. This protein is a transcriptional coactivator that
targets multiple transcription factors, such as nuclear respiratory factors (NRF-1 and NRF-2) and
the estrogen-related receptor o« (ERRex), thus controlling mitochondrial biogenesis and respiratory
function [126,127]. In recent years, the investigation of the close connection existing between PGC-1x
and estrogen-related receptor o« (ERR«) has led to the development of molecules able to interfere with
this pathway, thus exerting promising antitumor activity [126,128,129]. Among these, one of the most
studied is XCT790, which acts as an ERRa inverse agonist. This compound has been demonstrated to
drastically decrease mitochondrial biogenesis in cancer cells, reducing their proliferation and increasing
their sensitivity to chemotherapeutic agents both in vitro and in vivo [130-133].

Recently, some inhibitors of c-Myc transcription factor have attracted considerable interest,
although for many years it had been considered an “undruggable target”. This factor is able to integrate
signals from different pathways, as well as modulating the expression of genes involved in metabolism,
proliferation, apoptosis, and neoplastic transformation [134]. The inhibition of c-Myc function by small
molecules can be achieved at different levels. Recently, inhibitors of BET bromodomain proteins able
to inhibit c-Myc transcription have been developed. This class of inhibitors includes molecules such as
JQ1 [135] and GSK525762, the clinical efficacy of which is currently under investigation in the treatment
of solid tumors and hematopoietic malignancies (ClinicalTrials.gov: NCT01943851, NCT03266159).
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Another strategy to target c-Myc function is to pharmacologically inhibit its dimerization with Max
protein, which is necessary for its activation. Small molecules able to inhibit c-Myc-Max complex
formation include the compounds IIA6B17 [136], 10058-F4 [137], and omomyc, which can block the
cell cycle and induce apoptosis in different tumor types, as well as reducing tumorigenesis in mouse
models [138].
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RN

@

GSK525762

Ja1 1
PGC-1a '

Pl Torin2

( i ) ik 051027

11A6B17 f] ( INK-128

10058-F4 —-— 4/ \————— AZD8055
Omomyc | . Rapamycin
1 ' . | Everolimus
‘ | | Temsirolimus

Mitochondrial protein encoding
gene transcription

Mitochondrial translation P ——

Doxycycline
Tigecycline
Oxazolidinones
Mitoriboscins

\ Mdivi-1
Drpitor1

Mitoribosome Drpitorla

Figure 5. Targeting mitochondrial biogenesis. High mitochondrial efficiency, necessary to ensure
a high proliferation and stemness, is guaranteed by high biogenesis, turnover, and mitochondrial
dynamics. The figure shows the level at which the different molecules discussed in this review
modulate mitochondrial protein expression (at transcriptional and translational level) as well as
mitochondrial dynamics.

A high antitumor potential also characterizes the mTOR-related pathway inhibitors. Rapamycin
(sirolimus), a natural product isolated from Streptomyces hygroscopicus, represents the first mTOR
inhibitor to be identified, and it was initially FDA-approved for the prophylaxis of organ rejection
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in renal transplantation. Its limited solubility and consequent pharmacokinetic problems have
reduced its clinical use. This has paved the way for the development of first-generation analogues of
rapamycin, called rapalogs, such as temsirolimus and everolimus, which are both FDA-approved for
the treatment of renal cell carcinoma (RCC). Second-generation analogues of rapamycin are defined as
ATP-competitive mTOR kinase inhibitors, and they have been demonstrated to have greater selectivity
in inhibiting mTOR catalytic activity compared to the previous class of compounds [121]. This new class
of mTOR inhibitors includes molecules such as AZD8055 [139,140], INK-128 (sapanisertib) [141,142],
OSI027 [143], and torin2 [144]. The latter is currently undergoing clinical studies in order to confirm its
safety and efficacy in the treatment of advanced solid tumors and hematopietic malignancies.

Protein synthesis at the mitochondrial level has proven to be another promising target in cancer
treatment. The mitochondrial translation process takes place at the level of mitoribosomes, which have
been intensively investigated due to their peculiar structure, being different from that of cytoplasmic
ribosomes or those anchored to the endoplasmic reticulum (ER). Interestingly, a close correlation has
been observed between mitoribosomes and different pathologies such as cancer [145,146]. In this
regard, several classes of antibiotics, such as aminoglycosides, macrolides, tetracyclines, lincosamides,
and chloramphenicol, have been proven to be able to inhibit mitochondrial protein synthesis at the
level of mitoribosomes. Such peculiar activity is based on the “endosymbiotic theory of mitochondrial
evolution”, which hypothesizes that mitochondria evolved from engulfed aerobic bacteria [147].
Among the FDA-approved antibiotics that show the greatest potential in targeting mitochondrial
cancer function are tigecycline and doxycycline. These molecules have been proven to reduce
mitochondprial function and tumor stemness in many cancer models, both in vitro and in vivo [148-154].
In particular, in a clinical pilot study, doxycycline was shown to effectively reduce cancer stem cells in
early breast cancer patients [155].

The effects of a recent class of antibiotics, oxazolidinones, from the progenitor linezolid, have been
widely reported the scientific literature. These molecules have been found to potently inhibit
mitochondrial protein synthesis [156], altering the fine homeostasis of this organelle, thus generating
ROS and inducing apoptosis in cancer cells [157-159].

Recently, besides repurposing of FDA-approved antibiotics, the increase in knowledge about
mitoribosomes’ structure and functioning has promoted the development of new molecules specifically
designed to bind and inhibit cancer mitoribosomes, such as mitoriboscins [160].

In addition to protein synthesis, mitochondrial turnover is ensured by a dynamic balance between
mitochondrial fission and fusion processes, of which the main mediators are GTPase dynamin-related
protein 1 (DRP1) and Mitofusin-2 (MEN-2), respectively (Figure 5). A remarkable expression of
DRP1, along with downregulation of MFN-2, is observed in cancer, resulting in an imbalance of
mitochondrial dynamics towards fission and mitochondrial biogenesis [161]. The antitumor potential
of targeting DRP1 has prompted oncologic research to identify small molecules able to modulate
mitochondrial dynamics. The mitochondrial division inhibitor 1, Mdvi-1, a selective inhibitor of
DRP1, has been demonstrated to be a powerful inhibitor of mitochondrial fission. This molecule
has been proven to reduce oxidative metabolism and to arrest the cell cycle at the G2-M checkpoint,
thus impairing cell proliferation, reducing stemness, and triggering apoptosis in breast [162], lung,
and colon cancer cell lines [163] both in vitro and in vivo. Moreover, in a recent report, two ellipticine
analogs, namely Drpitorl and Drpitorla, displayed a selective inhibitory activity against DRP1 by
reducing mitochondrial fission, inhibiting proliferation of cancer cells, and inducing apoptotic death in
both cancer cell cultures and xenograft mouse models [164].

3. Conclusions

Mitochondria play a pivotal role in cancer by influencing several steps in oncogenesis and tumor
progression. Different mitochondrial metabolic pathways may adapt in order to regulate bioenergetic or
anabolic functions, thus contributing to the metabolic rewiring of cancer cells. However, mitochondrial
biology is complex and mitochondrial metabolism is very intricate and tightly regulated. Moreover,
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the structure of these organelles, delimited by a double membrane, limits the entry of molecules into
the mitochondrial matrix, making the processes that take place in mitochondria quite difficult to target.
A further challenge in the clinical development of mitochondrial inhibitors is the potential toxicity
that nonspecific mitochondrial inhibition could trigger. Despite these issues, in recent decades, many
researchers have aimed to develop molecules that act as safe mitochondrial metabolism inhibitors.
In this review, we highlighted the promising antitumor potential of several molecules which have been
proven to be effective in vitro and in vivo. Some of these compounds have displayed interesting results
in preclinical or early clinical trials, others have been already approved by the FDA as anticancer agents,
and for still others, which are FDA-approved for different therapeutic indications, their repurposing
in the oncological field is being evaluated. Overall, this review points out the potential clinical
usefulness of targeting mitochondrial metabolic pathways, and the reported promising evidence
strongly encourages the deepening of knowledge on mitochondria, in order to provide more effective
and better tolerated therapeutic alternatives than those currently applied in clinical practice.
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