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ARTICLE INFO ABSTRACT

Keywords: Metabolic alterations have been observed in many cancer types. The deregulated metabolism has thus become an
Metabolism emerging hallmark of the disease, where the metabolism is frequently rewired to aerobic glycolysis. This has led
Cancer to the concept of “metabolic reprogramming”, which has therefore been extensively studied. Over the years, it
Mitochondria has b h . h h £ bic glveolvsi h k . . £ th £
Fatty acids as been characterized the enhancement of aerobic glycolysis, where key mutations in some of the enzymes o

Amino acids the TCA cycle, and the increased glucose uptake, are used by cancer cells to achieve a “metabolic phenotype”
OXPHOS useful to gain a proliferation advantage. Many studies have highlighted in detail the signaling pathways and the

molecular mechanisms responsible for the glycolytic switch. However, glycolysis is not the only metabolic
process that cancer cells rely on. Oxidative Phosphorylation (OXPHOS), gluconeogenesis or the beta-oxidation of
fatty acids (FAO) may be involved in the development and progression of several tumors. In some cases, these
metabolisms are even more crucial than aerobic glycolysis for the tumor survival. This review will focus on the
contribution of these alterations of metabolism to the development and survival of cancers. We will also analyze
the molecular mechanisms by which the balance between these metabolic processes may be regulated, as well as

some of the therapeutical approaches that can derive from their study.

1. Introduction: cancer and glycolisis

The study of cancer is an ever-growing field, where over the years
new concepts and altered physiological processes have been associated
with the disease. Metabolism has been extensively studied in relation to
cancer, and in particular the ability of tumor cells to rewire and rear-
range metabolism in order to have a better growth advantage, survival
and invasion capacities. Altered metabolism has for these reasons been
acknowledged as one of the ‘new’ hallmarks of cancer (Fouad and Aanei,
2017; Hanahan and Weinberg, 2000). The first observations of cancer
cells metabolism alteration came in 1920 by Otto Warburg and led to the
discovery, in several types of cancer, of the so called ‘Warburg Effect’,
where the cells can turn their metabolism towards anaerobic glycolysis,
even in the presence of oxygen. In order to adapt their metabolism to the
ever-demanding cancer cells growth, the cells develop a plethora of
mechanisms, which have been extensively studied over the years (Lib-
erti and Locasale, 2016). They can vary between upregulation of
glycolytic enzymes, improved glucose uptake, and down-regulation of
oxidative phosphorylation. These processes, as well as the anabolic
processes involved in cancer cells, are briefly summarized in Fig. 1.
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These processes result in what has been defined as a ‘metabolic switch’
that favors anaerobic glycolysis as a primary metabolic pathway in
cancer cells (Yu et al., 2017). The concept of ‘metabolic reprogramming’
has thus become prominent in cancer research, highlighting how tumor
cells are able to rewire their metabolic processes. However, glycolysis is
not the only metabolic process that becomes “highjacked” by tumor
cells. And even the metabolic processes that have been thought to be
downregulated in cancer, such as oxidative phosphorylation (OXPHOS),
may play a role in tumor growth and survival. In fact, while it is true that
in some cases, a higher OXPHOS rate is related to a better prognosis
(Frederick et al., 2020), and that OXPHOS is down-regulated in several
cancers, there is evidence of tumors in which OXPHOS is not just used by
the cancer cells, but it is upregulated (Evans et al., 2021; Zacksenhaus
et al., 2017). Indeed, it has been reported that cancer cells are able to
shift their metabolism towards the oxidation of a specific substrate such
as succinate in order to sustain tumor progression (Schopf et al., 2020).
Furthermore, other types of metabolisms, such as beta-oxidation of fatty
acids and even alteration in specific metabolites such as amino acids, can
be used by the same cancer cells to ensure their survival, growth, and to
promote invasion. While the concept of 'metabolic switch’ that drives
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cancer metabolism towards glycolysis is a well-established concept, also
every metabolic process apart from glycolysis has a unique and proper
‘switch’, intended as a key molecular event, that enhances the metabolic
phenotype. The whole concept of ‘metabolic reprogramming’, then, may
need to be adjusted in order to also reflect the different types of switches.
This review will focus on the several metabolic alterations apart from
glycolysis, and on the molecular mechanisms underlying the various
‘switches’ that may be activated in cancer. We will also briefly highlight
some of the possible therapeutic opportunities that may come from the
detailed understanding of the aforementioned molecular basis of
metabolisms.

2. Mitochondria in cancer
2.1. The renewed role of the mitochondrion in tumors

Until recent years, the “Warburg effect” was considered the main
actor playing in cancer metabolism. It overshadowed other important
molecular mediators of metabolism, many of them pertaining to mito-
chondria. The root of this misjudgment refers to the early notions that
surrounded the Warburg effect, for which the ability acquired by ma-
lignant cells, responsible for the glycolytic switch, would derive from
mitochondrial defects (Warburg, 1956; Warburg et al., 1927). Despite
the crucial contribution that this framework generated in the under-
standing of cancer development (Kubota, 2001), further studies have
highlighted that mitochondrial functions play a pivotal role in each step
of the process, from transformation to drug-resistance (Cairns et al.,
2011; Vyas et al., 2016; Wallace, 2012) (Fig. 2).
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Fig. 2. Cancer and mitochondria. Schematic diagram highlighting the mecha-
nisms by which mitochondria can impact cancer growth and survival. The
indicated features have an impact on cancer cell growth and progression, as
mitochondria act as direct regulators of pro-tumoral mechanisms.
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Fig. 1. Cancer and Glycolysis. Schematic diagram showing the most common mechanisms of the glycolytic switch in cancer. In cancer cells, enhanced glycolysis may
derive from the upregulation of glucose transporters (such as GLUT1, already present on the cell membrane or GLUT4, that needs translocation from the cytoplasm)
in order to increase glucose uptake. This is usually coupled with an increase (in either expression or activity) in key glycolytic enzymes, such as the rate-limiting ones
(highlighted in bold) Hexokinase 2 (HK2), and Pyruvate Kinase (shift to the more active isoform PKM2). As a result, glycolysis becomes the main energy source for
the cells even in aerobic conditions, and in an overproduction of lactate. The basic Warburg effect observed in cancer cells also involves downregulation of the
mitochondrial energy processes TCA and OXPHOS, obtained through an impairment of the mitochondrial function. Figure also briefly shows the basic anabolic
processes used in cancer cells, as well as their way, using the Pentose Phosphate Pathway (PPP), to achieve more NADPH production.
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In fact, in tumors, the mitochondria may exert many key functions as
dynamic regulators of all malignant cellular processes, mainly through a
metabolic rewiring strategy (Fendt et al., 2013; Wise et al., 2011). The
mitochondrial plasticity potential represents a fundamental tool
exploited by tumor cells in all steps of oncogenic occurrence (neoplastic
transformation, tumor development and progression, metastatic
dissemination and therapeutic response), according to their
ever-changing needs (Vyas et al., 2016; Wallace, 2012). In fact, prolif-
erating cells use mitochondria as metabolic machinery to satisfy, the
elevated bioenergetic requirements through ATP production, as well as
the higher anabolic demand, in terms of building blocks and biosyn-
thesis of macromolecules (nucleotides, lipids and proteins).

The readaptation of mitochondrial metabolism in cancer is regulated
by the following mechanisms and an overview of them is shown in
Fig. 2.

2.2. ROS production

Among the earlier events of malignant transformation, there is the
overproduction of reactive oxygen species (ROS); this is considered one
of the major stimuli for tumor onset and progression (Kumari et al.,
2018) and mitochondria are considered the main site of ROS production.
Because of both, their high reactivity as genotoxic agents (Buechter,
1988) and the intracellular signaling regulating capacity (Gius and
Spitz, 2006; Waris and Ahsan, 2006), an accumulation of mitochondrial
ROS (mtROS) is linked to the acquisition of an oncogenic phenotype
(Sabharwal and Schumacker, 2014). MtROS are generated at the level of
the TCA cycle and the Electron Transport Chain (ETC), coupled to
NADPH oxidase (Galvan et al., 2017). The superoxide overproduced by
cancer cells is rapidly dismuted in HyO2 by SOD1/2 (superoxide dis-
mutase 1/2), required for oxidation of some cysteine residues of regu-
lating proteins (among them the best known are Phosphatase and
TENsin homolog deleted on chromosome 10 (PTEN), the Src homology 2
domain containing protein tyrosine phosphatase-2 SHP2 and
MAPK-phosphatases (MPKs, the dual-specificity protein phosphatases
that deactivate MAP kinases), that are responsible for altering redox
signaling thus sustaining initiation, survival, and invasion phases of
carcinogenesis (Guo et al., 2020).

2.3. Maintenance of redox homeostasis

The imbalance of redox homeostasis, due to high levels of ROS,
drives the activation of a programmed cell death signaling (Red-
za-Dutordoir and Averill-Bates, 2016). The maintenance of a redox
balance is therefore fundamental for tumor homeostasis and survival,
and for metastatic dissemination (Lignitto et al., 2019; Sayin et al., 2019;
Wiel et al., 2019). In order to achieve ROS scavenging, cancers use
mechanisms that may be non-enzymatic, such as through NADPH and
reduced glutathione (GSH), or enzymatic (e.g., SOD, catalase, GSH
peroxidase-GPX-). At the transcriptional level, in many cancer types
plays a key role in the redox balance maintenance the up-regulation of
NF-E2-related factor 2 (NRF2), by either gain-of-function mutations or
degradation of its inactivating ligand Kelch-like ECH-associated protein
1 (KEAP1) (Lignitto et al., 2019; Sayin et al., 2019; Wiel et al., 2019). In
other types of tumors is instead involved an enhanced antioxidant ca-
pacity, via the pentose phosphate pathway (PPP) and NADPH related
production, by up-regulation of TP53 induced glycolysis regulatory
phosphatase gene (TIGAR) (Lee et al., 2014).

2.4. Oncometabolites formation

Fumarate, succinate, and the enantiomers of 2-hydroxy-glutarate (2-
HG) are the main known oncometabolites acting as transforming factors
(Dang et al., 2009). In fact, they are used by cancer cells to progress in
tumor development (Thompson, 2009). Their abundance is due to mu-
tations occurred in genes encoding for TCA cycle enzymes, such as

European Journal of Cell Biology 101 (2022) 151225

succinate dehydrogenase (SDH) and fumarate hydratase (FH), isocitrate
dehydrogenase 1 and 2 (IDH1/2) (Dang et al., 2009; Ye et al., 2018),
malate or lactate dehydrogenase (Engqvist et al., 2014). They are all
involved in a metabolic reprogramming that ensure cancer cell prolif-
eration and tumor progression and aggressiveness. Severe hypoxic
conditions have been found to be related with high levels of 2-HG
(Intlekofer et al., 2015), the specific mechanism by which the tumori-
genic effect is exerted remains to be fully characterized, but they involve
DNA methylation and inhibition of DNA repair, as seen in gliomas
(Reiter-Brennan et al., 2018). Interestingly, all these oncometabolites
are considered competitors of a-ketoglutarate in inhibiting enzymes,
such as a-ketoglutarate-dependent dioxygenases, which include also
negative regulators of the hypoxia inducible factor (HIF), and regulators
involved in DNA methylation and epigenetic modifications such as
hypermethylations of cell differentiation-related genes (Baksh and Fin-
ley, 2021; Losman et al., 2013). In some cases, TCA cycle enzymes have
been shown to modulate gene expression by directly altering specific
histones (Martinez-Reyes and Chandel, 2020; Xu et al., 2021; Zhang
et al., 2019).

2.5. mtDNA mutations and nuclear DNA mutations affecting
mitochondria

The mitochondrial genome (mtDNA) only encodes for 13 proteins
involved in the OXPHOS program. Almost all of the remaining mito-
chondrial proteome is encoded by the nuclear genome. Therefore,
mtDNA mutations result in OXPHOS alterations, but the other mito-
chondrial functions are under nuclear DNA control and their regulatory
mechanisms are not yet fully understood. A detailed discussion on
mtDNA mutations can be found in this recent review (Hertweck and
Dasgupta, 2017).

2.6. Evasion from “life and death cycle” control

The implication of mitochondria in the regulation of the intrinsic
apoptosis pathway is well-established (Ciccarese and Ciminale, 2017).
Briefly, the balance between apoptosis inhibitors and effectors when is
shifted versus the inhibitors conveys on triggering the anti-apoptotic
members of the Bcl-2 family that act by binding the pro-apoptotic ef-
fectors, such as Bak and Bax, inlaid in the outer mitochondrial mem-
brane (OMM) and preserving its integrity. Once the OMM integrity is
disrupted, the release of pro-apoptotic effectors, such as cytochrome c, is
allowed thus triggering the apoptotic program through the activation of
the caspases cascade. The altered mitochondrial outer membrane per-
meabilization (MOMP) and mitochondrial permeability transition
(MPT) as well as a decrease in mitochondrial membrane potential and
the telomere erosion are early irreversible steps of the apoptotic process.
In fact, all of these processes have causative roles for the triggering of the
programmed cell death (Czabotar et al., 2014; Izzo et al., 2016; Sin-
ghapol et al., 2013).

2.7. Mitochondria and TME-cells metabolism

Mitochondria are sensors of different types of stress, such as nutrient
depletion, acidosis, hypoxia, energy imbalance (Khacho et al., 2014;
Liesa and Shirihai, 2013; McElroy and Chandel, 2017; Petricca et al.,
2019). For these reasons, mitochondria are defined as the guardian of
metabolism. The crosstalk between mitochondria of cancer cells and
metabolism of the tumor microenvironment (TME) cells, including
endothelial, stromal and immune (CTLs, regulatory T and myeloid) cells,
is (Li et al., 2019b; Makowski et al., 2020; Ryan and O’Neill, 2020)
another hallmark of tumors, developed to survive in limiting conditions.
In this regard, recent studies confirmed that limiting levels of oxygen
and glucose do not block the increase of tumor bulk. This occurs thanks
to mitochondrial adaptations, which allow to alter signaling pathways
affecting gene expression, such as HIFs, required for the metabolic
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rewiring, and so for tumor survival (Hollinshead et al., 2020; Jacobs
et al., 2008; Mukherjee et al., 2020; Reinfeld et al., 2021). As a response
to tumor development, the mitochondria mediate the release of
danger-signaling products (such as ATP, ROS, mtDNA) that allow
recognition of cancer cells by immune cells. In fact, mtROS are necessary
to trigger the activation of T-cells, subsequently to T-cell receptor
binding, and are also necessary for the activation of some transcription
factors, including NF-kB and nuclear factor of activated T-cells 1
(NFAT), required for a good T-cells functionality (Sena et al., 2013;
Weinberg et al., 2015). ROS and mtDNA are also important in inducing
the inflammasome activation, a key part of the anticancer immunity
program (Mills et al., 2016).

2.8. Mitochondrial dynamics, cross-link with metabolism

A high mitochondrial turnover characterizes many types of cancer
cells (Grasso et al., 2020) and the plasticity potential of these organelles
reflects their dynamic nature. In fact, mitochondria are capable to move
inside the cell, and to interact with each other, creating the so-called
“mitochondrial network”, and even with other types of cellular organ-
elles (Vafai and Mootha, 2012). Mitochondria are also capable to
transfer themselves in neighboring cells (Dong et al., 2017). The mito-
chondrial network undergoes a finely-tuned quality control mechanism,
including fusion and fission events and mitochondrial biogenesis and
mitophagy, the basic processes through which they fuse, divide, reno-
vate and eliminate their dysfunctional portions and waste (Chan, 2012;
lorio et al., 2022; Mao et al., 2013). Hence, a dynamic balance of
biogenesis, fission, fusion, and degradation processes is pivotal for the
correct maintenance of healthy mitochondrial pools.

Mitophagy has a central role in the occurrence of some fundamental
metabolic features of cancer cells. In fact, a direct relationship exists
between compromised mitochondria and decrease in tumor develop-
ment and progression. Severe defect of mitochondria functionality, such
as in mitophagy, are related to remission in different types of tumor
models (Guo et al., 2013; Joshi et al., 2015; Rao et al., 2014; Rosenfeldt
et al., 2013). There is evidence that maintaining the integrity of a dy-
namic mitochondrial hub, as well as a functional mitophagy, support the
efficiency of mitochondrial metabolism. In fact, it has been demon-
strated that the increase in metabolism and signaling functions, because
of aberrant mitochondria functions such as in mitophagy, results in
decreased progress to malignancy in different types of tumor models
(Kimmelman and White, 2017). Other evidences have shown that the
differentiation of a particular cell population inside the tumor, such as
folliculin (FLCN)-deficient oncocytic BHD (Birt-Hogg-Dubé syndrome)
tumors, results in the accumulation of a functional mitochondria pool
and increased cell survival. In this process, activation of mTORC1
alongside mitochondrial biogenesis, can regulate the mitophagy rate
(Hasumi et al., 2012).

From another point of view, the fission/fusion events contribute to
the removal of ROS-overproducing and dysfunctional mitochondria, to
elicit a ROS reduction (Galluzzi et al., 2017), and obtain an advantage in
terms of survival. It has also been reported that hypoxia activates
mitochondrial fission events to promote damaged mitochondria elimi-
nation by mitophagy, lowering mtROS production to a harmless level
(Fuhrmann and Briine, 2017). Recent data have demonstrated that
mitochondrial dynamics remain intact in severely hypoxic pancreatic
ductal adenocarcinoma (PDAC) cancer cells and assume a pivotal role in
cell growth and mitochondrial oxidative activity (Hollinshead et al.,
2020). This well explain why dysregulation of these processes is directly
connected to cell viability. Transmission electron microscopy (TEM)
analyses have demonstrated that human pancreas adenocarcinoma
(8988 T) cells are capable to maintain their overall fission, fusion and
degradation balance, thus maintaining integrity of mitochondrial pools,
in terms of number and morphology, under severe hypoxic conditions.
In accord with this, cells in low-oxygen environment exhibited a sig-
nificant drop in mitochondrial mass. Interestingly, the cristae number
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and density were found as indicative of mitochondrial fitness (Hollins-
head et al., 2020). However, the generalization that mitochondrial
fragmentation impairs the respiratory function and is fatal to cell
viability were found to be less accurate. Dynamin-related protein 1
(Drpl) promotes mitochondrial fission and quality control and inhibi-
tion of Drpl- mediated mitochondrial fission can also affect mitochon-
drial function (Liesa and Shirihai, 2013). For example, epithelioid cervix
carcinoma (HeLa) cells with down-regulation of Drpl expression show a
decrease of both, complex IV activity and state-3 (maximal ATP syn-
thesis) and state-4 respiration (proton leak or uncoupling) (Benard et al.,
2007). Accordingly, other recent evidences have shown that the inhi-
bition of mitochondrial fission may represent a promising new thera-
peutic approach for pancreatic cancer (Courtois et al., 2021).

Interestingly, cancer cells have been shown to elicit an intercellular
communication based on mitochondria, that has been defined “mito-
communication”. This may consist on a horizontal transfer of mito-
chondrial material, such as mtDNA, proteins or even whole organelles,
through nanotubular-tunneling structures, extracellular vehicles, or gap
junctions (Guescini et al., 2010; Mistry et al., 2019). In line with this,
recent studies focused on mitochondrial transfer have shown that this
process can restore the tumorigenic capacity in mito-ablated (p0) cells
(that lack mitochondrial DNA and are therefore incapable of aerobic
ATP synthesis) (Dong et al., 2017). In addition, recent evidences high-
lighted the involvement of a mitochondria-to-nucleus communication,
known as retrograde mitochondrial response (MRR), in the latest stages
of tumor progression where MRR can trigger a nuclear response that
leads to activation of the survival pathway mediated by NF-kB (Desai
et al., 2020).

However, despite the efforts in better understanding cancer meta-
bolism, and given the flexibility of mitochondrial functions and dy-
namics in supporting cancer development and the adaptative response
related resistance, further studies are needed in order to leverage these
processes to develop an effective cancer therapy.

3. The role of OXPHOS from tumor progression to therapy
resistance

In the last few years, the concept of a dynamic metabolic heteroge-
neity of neoplastic cells, due to the diversity of carbon fuels, is emerging
as an alternative to a univocal permanent metabolic switch.

Several studies highlighted that in cancer cells mitochondria are still
functionally active and are capable to maintain OXPHOS capacity
(Frezza and Gottlieb, 2009; Jose et al., 2011). For instance, they are a
primary ATP source in some breast cancer (Guppy et al., 2002). More-
over, it has also been demonstrated that glycolytic neoplastic cells not
only retain OXPHOS but are able to restore oxidative metabolism under
glycolysis-inhibited conditions (Bonnet et al., 2007; Fantin et al., 2006).

Indeed, a growing body of evidence supports a dual ability of tumors
to utilize both the glycolytic and oxidative metabolic pathways (Mar-
in-Valencia et al., 2012; Obre and Rossignol, 2015). Alternative carbon
sources, such as glutamine, serine/glycine and fatty acids, are the
oxidizable substrates for the TCA cycle anaplerotic pathway.

Interestingly, in cancer cells a new OXPHOS metabolic profile has
been found. Several studies on lymphocytic B-cells and a subtype of
melanoma overexpressing the peroxisome proliferator-activated recep-
tor y co-activator 1o (PGC-1a) showed a clear OXPHOS gene-expression
pattern (Monti et al., 2005), related to the expression of ETC units and
TCA cycle enzymes (Caro et al., 2012; Haq et al., 2013; Vazquez et al.,
2013). In these tumors the PGC-1a gene has been shown to be under
control of the melanocyte specific transcription factor (MITF), resulting
in enhanced PGC-1a dependent mitochondrial respiration. Maintaining
elevated the OXPHOS rate, supports tumor progression and spreading.
In recent studies, several types of tumors have been shown to acquire a
stronger OXPHOS dependence and an increase in aggressiveness (Hol-
linshead et al., 2020). Furthermore, a mitochondrial switch to OXPHOS
phenotype, expressed through ETC overload, has been shown to be
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involved in promoting the migration and invasive potential, clonoge-
nicity of cancer cells and metastasis formation (Porporato et al., 2014).
In addition, novel findings on the metabolic switch of cancer stem cells
(CSCs) and on the epithelial-to-mesenchymal transition (EMT, a process
enabling cancer spread through metastatic dissemination) demonstrated
an overall increase in mitochondrial functions and the utilization of
OXPHOS as the preferred metabolism to produce energy in CSCs, thus
revealing the OXPHOS addiction as a necessary process to maintain
tumorigenic potential and acquire aggressiveness (Garcia-Heredia and
Carnero, 2020; Lai et al., 2020). A growing body of evidence demon-
strates a direct link between OXPHOS and resistance to therapy. In fact,
the use of inhibitors of certain pathways, such as the pro-glycolytic
MAPKs (Corazao-Rozas et al., 2016) or the pro-mitosis aurora kinases
(Zhang et al., 2021c), induces chemoresistance and a sustained
OXPHOS- addiction as alternative mechanisms to promote tumor cells
survival.

Furthermore, in cancer, a metabolic heterogeneity has also been
found, in fact, the same oncogenic driver can elicit different metabolic
pathways, even in the same tissue, while in distinct tissues the activation
of different oncogenic molecules leads to a similar metabolic profile
(Mayers et al., 2016; Yuneva et al., 2012). The mTORC1 pathway has
been found deeply involved in the direct control of mitochondrial
functions and dynamics, such as mitochondrial biogenesis (Khan et al.,
2017). Furthermore, a signaling network that implies alterations of
LKB1/AMPK axis in tumorigenesis, has also been established. The role
assumed by AMPK, as metabolic stress sensor and mitochondrial ho-
meostasis master regulator, allows to exert both, pro- or anti-tumor
functions. In the presence of distinct tumor-driven oncogenic patterns,
AMPK mediates ULK1-driven upregulation of mitophagy, necessary for
cell survival during starvation (Faubert et al., 2015), or activates
PGC-la-mediated mitochondrial biogenesis, as well as fission/fusion
dynamics, ensuring to the cancer cell a metabolic plasticity (Faubert
et al., 2015). Several works have also suggested that the Bcl-2 pathway,
beyond its role as inhibitor of programmed cell death, is implicated in
promotion of a pro-survival oxidant state, potentiating ETC activity in
leukemia cells, by promoting cytochrome c oxidase (COX) activity on
respiratory complex IV. Bcl-2 physically interacts with the COX Va
subunit, leading to Complex IV and V assembly and, thus, to mito-
chondrial respiration (Chen and Pervaiz, 2007).

Moreover, together with the activation of KRAS and the loss of p53
(Biancur et al., 2021; Zhu et al., 2021), has been observed the sustained
expression or up-regulation of other genes encoding not only for
glycolytic enzymes but also for ETC subunits and TCA cycle components
(Ducker et al., 2016; Martinez-Reyes and Chandel, 2020; Oshima et al.,
2020). Consequently to a higher rate of ETC activation, the
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mitochondrion releases a higher amount of ROS and, at the same time
mediates a PGC-1a-dependent increased level of antioxidant response.

3.1. OXPHOS and the potential advantages of Supercomplexes formation

The components of the respiratory machinery, the ETC complexes,
consist of factors and subunits assembled or disassembled depending on
the ETC tasks. Their structure and organization sustain cancer cells with
an oxidative metabolic profile to support their needs, resulting in an
elevated rate of respiration and an antioxidant counterbalance, respect
to the higher levels of ROS production, in line with the ROS rheostat
theory (Raimondi et al., 2020). Although the strict correlation between
the metabolic switches and mitochondrial complexes composition and
activity are still under investigation, altogether these evidences drive to
the renewed concept of a tumor promoting role for mitochondrial
respiration (Fig. 3).

mtDNA encodes for 13 proteins, such as the ETC proteins and the
COX subunits, that are essential for the OXPHOS-machinery. Mutations
in mtDNA and nuclear genes encoding for proteins implied in mito-
chondrial respiration, occur in OXPHOS-dependent cancer cells, leading
to an increased ROS production and to an overall OXPHOS upregulation
(Schon et al., 2012). Mutations in Mitochondrial Respiratory Complex I,
most commonly on ND2 or ND6 subunits, are selected mutations that
enhance the ETC activity, resulting in a higher rate of respiration and an
improved ROS-scavenging mechanism; these changes are demonstrated
to be also implicated in metastatic dissemination (Raimondi et al.,
2020). Furthermore, several reports have shown a hierarchical higher
level of organization of the Complexes in “Supercomplexes” (Acin-Pérez
et al., 2008; Schagger and Pfeiffer, 2000). In fact, it has been reported
that the individual respiratory chain complexes can undergo mutual
assembly to form the quaternary structures of the Supercomplexes,
distributed within the folds of the inner mitochondrial membrane.
(Enriquez, 2016). For example, the assembly of Complex I is often also
revealed with Complex III and IV, forming the functional element
so-called ‘respirasome’, or even with other Supercomplexes (Schagger
and Pfeiffer, 2001). Interestingly, it has been shown that the shape of
mitochondrial cristae determines the respiratory chain Supercomplex
formation and this is strictly related to respiratory efficiency, in terms of
a more efficient electron transfer activity (Cogliati et al., 2013). As a
result, the increasing efficiency of ETC Complexes and Supercomplexes
decreases ROS accumulation below the critical toxic threshold and
manages redox balance to promote cancer cell survival (Hollinshead
et al., 2020; Ikeda et al., 2019).

In favor of the OXPHOS-dependence by some tumors, a direct
implication of Supercomplexes assembly in tumorigenesis of breast and
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Fig. 3. Mitochondrial molecular mechanisms leading to cancer progression. Mitochondrial dynamics and quality control regulate the balance between OXPHOS, ETC
functions, ROS production and anti-oxidant defense, pointing out to the importance of mitochondria in this field.
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endometrial cancers has recently been demonstrated, together with
increased hypoxia tolerance and metabolic alterations (Ikeda et al.,
2019). Furthermore, respiratory Supercomplexes are required to pro-
mote severely hypoxic pancreatic ductal adenocarcinoma (PDAC),
maintaining intact mitochondrial efficiency, such as membrane poten-
tial, morphology, and the oxidative metabolic activity needed for key
metabolites synthesis and tumor growth, in vitro and in vivo (Hollins-
head et al., 2020). In particular, authors showed that this phenotype
relies on the presence and the functionality of mitochondrial respiration.
Hollinshead and collegues, disrupted the assembly of respiratory
Supercomplex by the genetic targeting of SCAF1 (supercomplex as-
sembly factor 1, also known as COX7A2L), thus reducing the overall
mitochondrial efficiency, without affecting the expression of individual
ETC complexes. These results demonstrate a direct dependence of
mitochondrial respiration and efficiency on Supercomplex structures to
preserve healthy mitochondrial pools, hypothesized by the authors to
enable the most efficient use of the low levels of oxygen available
(Hollinshead et al., 2020). Furthermore, the analyses of ROS production
in order to confirm the role of Supercomplexes in maintaining ETC ef-
ficiency in vivo, have suggested that the lack of Supercomplexes for-
mation increases ROS-mediated damage and cell death as a result of
impaired ETC efficiency (Hollinshead et al., 2020). This confirms that
cancer cells have evolved mechanisms to reduce mtROS and the related
cytotoxic damage threshold (Humpton et al., 2019).

3.2. OXPHOS and therapeutic strategies

The OXPHOS-addictions may render tumors sensitive to OXPHOS
inhibitors. Targeting ETC components, thus inducing levels of ROS
capable to trigger cell death (Dong and Neuzil, 2019), is an interesting
possibility to target cancer cells. Most of the ETC inhibitors that have
been studied target Complex I and have demonstrated efficacy in several
tumors. Among them there are: metformin (Wheaton et al., 2014),
compound ME-344 (Quintela-Fandino et al., 2020), and the more recent
IACS10759 (Carter et al., 2020), used also to prevent resistance in leu-
kemia therapy (Panina et al., 2020). Furthermore, targeting Super-
complexes formation, induces cancer cells to undergo ROS-mediated
damage and cell death. Recent works have shown that the inhibition of
the Supercomplexes, and respirasome assembly, affects the electron
transfer efficiency, and results in an impaired mitochondrial respiratory
capacity, specifically targeting hypoxic PDAC metabolism and prolifer-
ation, as well as tumor growth in vivo (Hollinshead et al., 2020).

A burgeoning interest is ongoing on the search for a selective therapy
targeting cancer cells and sparing normal ones. It has been reported that
cancer cells are dependent on cytosolic NADH for ATP production (Lee
et al., 2020b). Also, clinical data regarding patients with loss of LKB1
and treated with platinum-based anticancer drugs show a higher sensi-
tivity to oxidative damage. These observations are in good agreement
with the concept that tumorigenesis requires a specific mtROS level,
versus a lower cytosolic counterpart, to elicit the best pro-tumoral
mitogenic signaling. In order to increase mtROS above the harmful
level, the use of antioxidants inhibitors could represent a selective
strategy to eliminate cancer cells (Ciccarese and Ciminale, 2017;
Silic-Benussi et al., 2018). In a further recent study, Ciccarese and col-
leagues analyzed engineered nanoparticles (NPs), capable of killing
cancer cells by altering their metabolic flux and redox homeostasis; the
authors showed a selective effect for these nanoparticles on malignant
cells with low side effects on the healthy counterpart (Ciccarese et al.,
2020). In this regard, new engineered NPs with metals, as well as
arsenic-, iron-oxide-, manganese-, are capable to penetrate subcellular
structures and efficiently trigger cancer cell death, by increasing ROS
production through directly reducing the activity of ETC complexes,
thus resulting in mitochondrial function impairment (Ashrafi Hafez
et al., 2019; He et al., 2016; Subastri et al., 2018).

Moreover, Lee and colleagues found that cancer cells show a direct
dependence of autophagy activation on an OXPHOS-driven ATP
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production. In this study, the authors observed how some cells of the
tumorigenic pool were killed by chemotherapy, but at the same time the
cancer cells were able to later acquire resistance and survive anticancer
drug treatment through autophagy induction; this event was demon-
strated to be linked to OXPHOS activation. So, OXPHOS inhibition may
guarantee anti-cancer drug efficacy and reverse drug resistance (Lee
et al., 2020b). Given that ATP depletion in mitotic cells causes cycle
arrest by disrupting energy homeostasis (Park et al.,, 2018),
multi-approach therapies, including OXPHOS targeting, seem to be
interesting tools to face cancer growth (Kosaisawe et al., 2021). Thera-
peutic targeting of ETC components (complex I, II, III, IV or ATP syn-
thase), has been demonstrated to potentiate the anticancer efficacy of
alisertib and others mitotic kinase inhibitors, as a consequence of a
resulting highly OXPHOS-addicted status and a severe energy drop in
ATP-dependent mitotic cells. The combinatorial use of metformin and
alisertib also synergistically reduces in vivo tumor growth (Zhang et al.,
2021c).

3.3. Metabolic reprogramming occurs in the tumor microenvironment:
OXPHOS-glycolysis, a mutual interaction?

Mitochondrial metabolism also seems to differently influence dif-
ferentiation of TAMs (tumor-associated macrophages), the main tumor
microenvironment (TME) constituent, which plays a fundamental role in
tumor growth, development, invasion, and metastasis (Liu et al., 2021).

To circumvent nutrient competition, cancer cells activate a strategy
based on a metabolic crosstalk, directly stimulating the TME-cells
through the release of ROS. An important feature, known as the
“reverse Warburg effect”, regulates the metabolic interplay between the
tumor bulk and its TME, such as CAFs (cancer-associated fibroblasts)
and MSCs (mesenchymal stromal cells), as well as the peripheric cell
population. As seen in melanomas and lung cancers, it has been reported
the existence of an OXPHOS-dependent (tumor bulk) and an OXPHOS-
independent (the external cell population of the tumor, as well as its
microenvironment) cell population. In this context, it is established a
metabolic cross-talk between the OXPHOS-dependent cells and the
glycolysis-dependent ones, defined ‘metabolic symbiosis’. This mutual
interaction acts via a positive feedback loop where lactate, a byproduct
of the glycolytic pathway, is captured by the OXPHOS-dependent
neighboring cells, which in turn stimulate them to increase the glyco-
lytic rate, through a ROS-mediate mechanism (Duda et al., 2020; Ho
et al., 2012). Although these processes are not yet well characterized,
these types of metabolic symbioses are redefining the role of aerobic
glycolysis in cancer (Ma and Zong, 2020).

The mechanisms of increased OXPHOS described in this section,
ultimately resulting in increased cancer metabolism, are integrated with
all the other processes regulated by mitochondria, including ROS pro-
duction, activation of the antioxidant response and enhanced ETC
functions (as summarized in Fig. 3). Mitochondrial dynamics, as well as
their quality control, act as regulators of the balance between all these
mechanisms. for this reason, their role in cancer should be further
investigated.

4. Fatty acid oxidation and cancer

Fatty Acid Oxidation (FAO) is the process that breaks down a fatty
acid into Acetyl-CoA units. The process takes place in the mitochondrial
matrix and couples the cyclic and progressive shortening of fatty acids
with the production of Acetyl-CoA (which enters the Krebs Cycle and is
oxidized to generate ATP), NADH and FADH2 (used for ATP production
in the electron transport chain). FAO can also target unsaturated and
polyunsaturated fatty acids, requiring in this case additional enzymatic
steps. FAO regulation is strictly related to the nutritional status and to
the relative abundance of lipids: the higher the concentration of free
fatty acids, the higher will be the rates of cellular uptake and oxidation
of fatty acids (Schulz, 2013).
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FAO takes place at the peroxisomal level as well, and targets the very
long, or branched fatty acids that mitochondria cannot process
(Schrader et al., 2015). The metabolites coming from peroxisomal FAO
can migrate to the mitochondria for further metabolic processing, and
several studies have also shown that the peroxisomes and mitochondria
can interact in order to coordinate their activities (Schrader et al., 2015;
Visser et al., 2007; Wanders et al., 2016).

Cancers with a very fast rate of growth, rely on FAO for their
metabolic demands, and many types of tumors use it for survival, pro-
liferation, and invasion (Maher et al., 2018; Monaco, 2017; Pacella
et al., 2018). This is the case of gastrointestinal (GI) cancers, pancreatic
cancers, and metastatic breast cancers, in which reports have shown an
overall increase in FAO (Aiderus et al., 2018; Hou et al., 2020; Jariwala
et al., 2021; Lee et al., 2020a; Lin et al., 2020). This is usually coupled
with a decreased glucose availability, and not necessarily with an in-
crease in OXPHOS. More than that, the most aggressive tumors show an
upregulated FAO. Evidence came from early studies in GI cancer, where
the in vivo investigation on the relation between obesity and cancer
(induced by high fat diet) highlighted increased oxygen consumption,
but reduced respiratory rates, thus pointing to a shift towards fat
metabolism (Khasawneh et al., 2009). Moreover, as shown in several
studies in colon cancer, inhibiting the synthesis of fatty acids through
blockage of carnitine palmitoyltransferase 1 (CPT1) or 3-ketoacyl-CoA
thiolase (3-KAT), the rate limiting enzymes of the FAO process (Jar-
iwala et al., 2021; Maher et al., 2018)(Young et al., 2021), have been
effective to achieve cancer regression.

The various types of cancer can increase mitochondrial FAO using
several different mechanisms, both alone and in combination. They
include: Increased Fatty acids uptake, Lipolysis, De novo Fatty Acid Syn-
thesis, Fatty Acids Activation, Peroxisomal FAO.

4.1. Increased fatty acids uptake

Similarly to the principle on increasing glucose uptake, in order to
increase aerobic glycolysis, increasing fatty acid uptake leads to
increased FAO in cancers. In addition, increasing lipids uptake has the
effect of reducing the amount of glucose taken up and utilized by the
tumor cells (Li et al., 2021a; Liu et al., 2010; Lupien et al., 2020). Studies
in ovarian and bladder cancers showed, in cisplatin-resistant tumor
cells, that the metabolic index (intended as the ratio of fatty acids uptake
versus glucose incorporation) was shifted towards FA, and consequent
FAO, implying that an aggressive tumor relies preferentially on FAO
rather than glycolysis (Jin et al., 2018; Li et al., 2021a). Cancer cells,
then, can acquire the needed fatty acids through uptake of dietary lipids
or through the uptake of exogenous fatty acids released by
cancer-associated adipocytes (CAA) (Nieman et al., 2011), or they are
obtained from the tumor microenvironment (Kolonin, 2021). A possible
molecular mediator of this process is the membrane protein
CD36/SR-B2, responsible for 50% of the FA uptake in human and mice
(Hao et al., 2020). It is localized in caveolae, and actually needs them for
its activity. The protein acts as a scavenger receptor, causing the inter-
nalization of the FA via an endocytosis process. The precise mechanisms
by which the fatty acids pass through the plasma membrane is still un-
clear. Nevertheless, prostate and ovarian cancers with an increased lipid
metabolism exhibit high levels of CD36, implying its importance for
lipid uptake in tumors (Glatz and Luiken, 2017) (Hao et al., 2020).

4.2. Lipolysis

Tumor cells can enhance the process of lipolysis, that normally hy-
drolyze triglycerides into glycerol and then free fatty acids, in order to
obtain more substrates for FAO and an enhanced metabolic response.
One key enzyme for this process is Lipoprotein Lipase (LPL), which is a
limiting enzyme for the lipolysis process and hydrolyzes triacylglycerols
and phospholipids from lipoproteins (Kuemmerle et al., 2011). Indeed,
several types of cancers such as triple-negative breast cancer and
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cervical cancer, have increased levels of LPL, pointing out to a major
availability of fatty acids (Abumrad et al., 2021; Senga et al., 2018;
Zhang et al., 2020b). It is important to note that LPL is an extracellular
enzyme, usually expressed in the tumor microenvironment: this means
that cancer cells have to increase their lipid uptake, mainly by increasing
CD36, in order to obtain the fatty acids derived from lipolysis. LPL can
also increase cancer cells lipids uptake with a different mechanism that
involves the upregulation of the very low-density lipoprotein receptor
(VLDLR): a recent study in breast cancer cell lines highlighted a mech-
anism in which they work in concert to rapidly internalize lipoproteins
(Campion et al., 2020), making the cells resistant to drugs by targeting
the synthesis of fatty acids. VLDLR has thus been found to be a very
important mediator of the whole process, causing the internalization by
cancer cells of lipoproteins that will then be degraded into fatty acids
(He et al., 2010; Kim et al., 2017).

4.3. De novo fatty acid synthesis

Another way to increase FAO in cancers, other than increasing lipid
uptake, is by synthetizing more fatty acids to be oxidized. That allows
the cancer cells to survive even in low-nutrient environments (Vogel and
Schulze, 2021). Upregulating key genes involved in the de novo syn-
thesis, usually a process active at very low levels in most tissues, is the
way used by several cancers. This is the case of the fatty acid synthase
FASN, a key enzyme, in this process, with a wide array of functions (Fhu
and Ali, 2020): it is found overexpressed in several cancers (Madigan
etal., 2014) (Cairns et al., 2021; Sena and Denmeade, 2021), usually due
to an increase in EGF, HER2, and PI3K/Akt/mTOR mediated pathways
(Raab et al., 2021; Wagner et al., 2017) (Jin et al., 2010). This results in
enhanced synthesis of fatty acids and increased lipid metabolism. Other
molecular mediators involved in this process are the FA-binding proteins
(FABPs), that regulate lipid metabolism but have a role in lipid uptake as
well. Recent studies highlighted a role for those proteins in cancers:
FABPS5 is upregulated in prostate, colon and breast cancer, both via
epigenetic mechanisms and direct gene upregulation (Liu et al., 2011; Lv
et al., 2019; O’Sullivan and Kaczocha, 2020; Senga et al., 2018; Seo
et al., 2020; Zhang et al., 2020b). This upregulation of key genes related
to lipid synthesis and metabolism, results ultimately in enhanced cancer
progression and metastasis, and a shift towards FAO rather than glucose
utilization. Another FABP family member, FABP7, is also important for
both new FA synthesis and lipolysis: its overexpression in breast cancer
causes a dramatic shift in FAO utilization and an increased fatty acid
synthesis (Kawashima et al., 2020; Kwong et al., 2019). Moreover, when
FABP7 signaling is upregulated (due to PPARa upstream signaling)
cancer cells lose the ability to rely on glycolysis for survival, becoming
completely dependent from lipid metabolism (Kwong et al., 2019).

De novo fatty acid synthesis can also be dependent on the PI3K/Akt/
mTORCI pathway. The process functions through the Sterol Regulatory
Element-binding Proteins (SREBPs), key mediators in the lipid synthesis
(Sato, 2010). As seen in hepatic and lung cancers, the mTORC1 medi-
ated pathway directly regulates SREBP1 at the transcriptional and
post/translational level, resulting in a direct effect in proliferation and
metastasis (Han et al., 2015; Peterson et al., 2011; Zhang et al., 2020a).
Furthermore, mTORCI can also act as a lipid sensor. In fact, high con-
centrations of fatty acids have been shown to activate the pathway in a
phosphatidic acid (PA) dependent manner (Menon et al., 2017).

4.4. Fatty acids activation

Fatty Acids activation is an additional step to make fatty acids
available for the beta-oxidation. A series of enzymes belonging to the
long-chain acyl-coenzyme A synthases (ACSLs) family catalyze the
conversion of fatty acids into fatty Acyl-CoA, that enter the TCA cycle
after the FAO process (Ellis et al., 2010). All of these enzymes are
upregulated in several cancers, as shown in different recent studies in
breast, prostate, liver, colon and lung cancer (Cao et al., 2010; Ma et al.,
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2021; Ndiaye et al., 2020; Radif et al., 2018). Their mechanism of
activation varies from transcriptional activation by peroxisome
proliferator-activated  receptors (PPARs) or nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB) (Cao et al.,
2010), to post-translational modifications (Vargas et al., 2016), tumor
inflammation (Ma et al., 2021) and miRNA activity (Cruz-Gil et al.,
2018). The direct effect of this upregulation is represented by the
increased lipid accumulation in cancer cells, and the dramatically
increased tumor growth and invasive capacity ultimately caused by
increased fatty acid metabolism and increased FAO. Each member of the
ACSLs family can be involved in a different aspect of the tumor pro-
gression: for a wider understanding of this particular subject, we refer
the reader to a recent review (Quan et al., 2021).

4.5. Peroxisomal FAO

Peroxisomal FAO is also deeply intertwined with cancer. In fact, the
process is downregulated in some tumors, especially the ones that show
a high HIF level like the renal carcinoma (Frederiks et al., 2010; Walter
et al., 2014). Reduced peroxisomal FAO is generally related to damaged

Lypolysis
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peroxisomes as well, as seen in colon, breast and liver cancer (Kim,
2020). However, reports have shown an increase of peroxisomal FAO in
prostate, colon, gastric cancers, and melanoma (Jiang et al., 2003; Jin-
dal et al., 2016; Shen et al., 2020; Valenca et al., 2015), pointing out to a
tissue-specific role for the process. Nevertheless, peroxisomal FAO has
been considered a possible target for prostate cancer therapy, by tar-
geting the a-methylacyl-CoA racemase (AMACR) enzyme, a key medi-
ator of the process (Yevglevskis et al., 2019).

All these mechanisms, pointed towards an upregulation of fatty acid
oxidation, often work in combination, in order to sustain a higher lipid
metabolism, often at the expense of glycolysis in highly proliferating
cancer cells, as seen in breast and prostate cancer. For instance, LPL
upregulation (that means more lipids available in the tumor ECM) is
followed by CD36 increase (meaning more lipid uptake). An overview of
the involved mechanisms is shown in Fig. 4. The combination of ther-
apies targeting the various steps of fatty acid oxidation could be pivotal
for the treatment of those cancers with a high growth rate. A possible
combination therapy could be represented by the inhibition of a key
FAO (both mitochondrial and peroxisomal) enzyme such as CPT1,
coupled with FASN targeting, in order to stop de novo fatty acid synthesis
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(new, less toxic FASN inhibitors are currently being used in phase I
studies (Zaytseva et al., 2018)), as well as CD36 inhibition to counteract
a possible tumor resistance, as recently seen in colorectal cancer (Drury
et al., 2020).

5. Alterations in amino acids metabolism and possible
therapeutic strategies

The actively proliferating cancer cell is highly demanding for energy.
Metabolism of amino acids beyond protein synthesis is one of the
mechanisms that cancer cell exploits to match its energy needs.
Furthermore, amino acids metabolism is deeply involved with control of
normal and cancer cell fate through regulation of cell survival and death
(Suraweera et al., 2012).

The metabolism of several amino acids has been implicated in the
growth advantage acquired by cancer cells. Many of these amino acids
need to be synthesized, including arginine, asparagine, glutamine,
glycine, proline, serine, while others, such as methionine, are essential
amino acids and, thus, they must be supplied through the diet. In cancer
cells, in order to meet their high demand for amino acids, is enhanced
the amino acids uptake, through the enhancement of plasma membrane
transporters activity (Fuchs and Bode, 2005; Kandasamy et al., 2018,
2021; Liu et al., 2018).

Most of the amino acids analyzed below activates the mammalian
target of rapamycin mTOR under the form of the mTORC1 complex. This
complex controls protein translation by regulating the activity of the
S6K kinase and by phosphorylating, and thus by inhibiting, the negative
regulator 4EBP1 of the initiator of protein synthesis complex (Fig. 5a, b).
The involvement of mTORC1 functions in cancer have been widely
studied, and it is at the center of numerous therapeutical strategies
(Popova and Jiicker, 2021). The amino acids mechanism of mTORC1
control involves the lysosomal transporter SLC38A9 belonging to the
amino acid-polyamine organocation (APC) superfamily of transporters.
This is a component of the RAG-Ragulator complex that mediates the
activation of mTORC1 (Di Malta et al., 2017) by causing its anchorage to
the lysosomal membrane and its interaction with the small GTPase Rheb
(Yang et al., 2017).
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5.1. Glutamine

Glutamine is a non-essential amino acid; but for some cancer cells it
is recognized as a conditionally essential amino acid because they rely
on extracellular glutamine for their growth. In fact, in cancer cells
glutamine is necessary to sustain the mitochondrial oxidative meta-
bolism and its consumption exceeds its biosynthesis (Cruzat et al.,
2018). In cancer cells glutamine is imported through the membrane by
amino acid antiporters such as members of the ASCs (Na'-dependent
alanine-serine-cysteine transporters ASCT1 e ASCT2) and SNATSs
(Na'-coupled neutral amino acid transporters, SNAT1, SNAT2, SNAT5)
subfamilies (Cha et al., 2018; Kandasamy et al., 2018). Glutamine is also
imported through the broad specific amino acid transporter Sodium- and
chloride-dependent neutral and basic amino acid transporter B(0 +)
(ATBO,+, SLC6A14) and the more selective specific amino acid trans-
porter Solute Carrier Family 38 member 5 (SLC38A5) (Sniegowski et al.,
2021). The key enzyme in glutamine metabolism is glutaminase 1
(GLS1) that operates deamidation of glutamine to produce glutamate
that in the mitochondria sustains the citric cycle after it has been
metabolized by several enzymes. Glutamate is than used to synthesize
several non-essential amino acids and glutamine is used for purine and
pyrimidine biosynthesis. Glutamine exerts an important role also in
controlling the redox status of the cell by conditioning the rate of
glutathione synthesis. Inhibition of key enzymes of glutamine meta-
bolism, such as GLS1, blocks the cancer cell growth by decreasing
glutamine levels and reducing ATP and NADH production (Kodama
et al., 2020). GLS1 is in fact upregulated in several cancer types,
including liver, breast, melanoma, lung and kidney (Edwards et al.,
2021; Feng et al., 2021; Guo et al., 2021a; Jin et al., 2020). Glutamine is
also deeply intertwined with the PI3K/Akt/mTORC1 pathway; the
amino acid is able to activate mTORC1, both by inhibiting its antagonist
AMPK, during the process of glutaminolysis (Bodineau et al., 2021), and
by direct activation (Meng et al., 2020). mTORCI then acts as a down-
stream effector of glutamine, with the precise mechanism depending on
the cell type, and cancer cells are actually able to use this pathway for
sustained growth (Meng et al., 2020).

Based on the key role played by glutamine metabolism in cancer
cells, numerous therapies that target glutamine for cancer treatment
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Fig. 5. Amino acids and mTORC1. A: The mTORC1 pathway and its targets, p70S6K and 4EBP1, leading to protein synthesis and mTORC1 effects on lipid meta-
bolism and regulation of the pathway by RAG GTPases. B: Schematic diagram showing the effects of the single amino acids on the activation of the mTORC1 pathway.
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have been proposed. Among them the approaches targeting glutamine
uptake (see the paragraph dedicated to the transporters as therapeutic
targets at the end of this chapter) and glutaminase GLS1 activity are the
main targets that have been investigated. Inhibitors of GLS1 have been
shown to be effective in reducing the tumor mass in several studies and
in particular bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sul-
fide (BPTES) and CB-839 are the most promising, the latter being the
most advanced in clinical trials (Li et al., 2019a; Pallett et al., 2021; Ren
et al., 2020; Wang et al., 2020; Xiang et al., 2015). Furthermore, it has
also been studied the glutamate metabolism as a possible target for
cancer therapy. Glutamate is converted into a-KG by the glutamate de-
hydrogenase (GDH) and acts as a nitrogen donor for non-essential amino
acids synthesis and production of intermediates of the TCA cycle ana-
plerotic pathway. To counteract the activity of GDH have been devel-
oped several experimental inhibitors that have demonstrated antitumor
effects (Jin et al., 2016, 2015). For instance, GDH1 has been targeted by
shRNA or the small molecule inhibitor R162 that induced an inhibition
of cancer cell proliferation and tumor growth.

5.2. Asparagine

Despite the importance of glutamine for cancer cells, they can adapt
to glutamine starvation by using other amino acids, such as asparagine,
introduced through the diet (Jiang et al., 2018). Furthermore, aspara-
gine can be used by cancer cells as an amino acid exchange factor. In
fact, it can be released by exchange transporters such as ASCT2 in order
to absorb glutamine to promote proliferation (Krall et al., 2016).
Asparagine is a non-essential amino acid. The key enzyme involved in its
synthesis is asparagine synthase (ASNS) (Balasubramanian et al., 2013).
This enzyme gene expression is reduced in acute lymphoblastic leuke-
mia (ALL) cells thus they are dependent from the exogenous asparagine
introduced with the diet. For this reason, a bacterial asparaginase that
hydrolyzes asparagine to aspartic acid is used in ALL therapy to deplete
asparagine (Radadiya et al., 2020). Other types of cancer, and in
particular solid tumors and sarcomas, have recently been shown to
overexpress ASNS, promoting cell growth and metastatic phenotype
(Gwinn et al., 2018; Hanada et al., 2021; Knott et al., 2018; Zhu et al.,
2017). Thus, ASNS may represent a target for cancer therapy, as seen in
recent studies. Besides ASNS, asparagine is also able to regulate
mTORC1 activity, either directly or indirectly, (Meng et al., 2020) and to
impact the mitochondrial respiration (and subsequent ATP synthesis)
via Activating Transcription Factor 4 (ATF4) upregulation (Gwinn et al.,
2018), strengthening its importance for cancer development.

5.3. Arginine

Arginine is a conditionally non-essential amino acid that is necessary
for the synthesis of nitric oxide and polyamine. It is synthesized via
activity of arginine succinate synthase 1 (ASS1) and arginine succinate
lyase (ASL) (Chen et al., 2021). In many tumors ASS1 gene expression is
repressed thus the cells are dependent on the external supply of arginine.
Arginine is taken up into the cells through at least eight known trans-
porters including the cationic amino acid transporters (CAT) and the
heteromeric amino acid transporters (Closs et al., 2006, 2004; Fotiadis
et al., 2013). Furthermore, abundance of the amino acid activates either
the lysosomal transporter SLC38A9 (Wyant et al., 2017), or the Cellular
Arginine Sensor for mTORC1 (CASTOR), (Saxton et al., 2016) and pro-
motes its interaction with the RAG GTPases which in turn mediates
mTORCI activation and its signaling (Kim and Kim, 2016; Sancak et al.,
2008) that sustains tumor progression. An abnormal arginine meta-
bolism has been associated with cancer progression (Du and Han, 2021;
Kuoetal., 2021; Meng et al., 2020; Shi et al., 2021). The lack of arginine,
conditions macrophages functions by conditioning their polarization
toward the cancer tolerating M2 type (Rath et al., 2014). On the other
hand, by reducing the amount of arginine introduced through the diet it
is possible to induce cancer cell death by mitochondrial dysregulation,
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and OXPHOS inhibition, as seen in breast cancer cell lines (Cheng et al.,
2018). Moreover, arginine deprivation in cancers is usually followed by
a biphasic autophagic response, leading ultimately to cancer cell death,
as seen in various tumor cell lines (Szlosarek, 2014). Taken together,
these evidences make arginine a possible target for a starvation-based
cancer therapy.

5.4. Cysteine

Cysteine is a non-essential amino acid that can be obtained by de
novo synthesis from methionine or from protein catabolism. Neverthe-
less, the main source of cellular cysteine is from cystine introduced
through the diet (Bonifacio et al., 2021). In cancer has been observed an
increased cystine import respect to normal cells and this increase has
been associated to poor prognosis (Bonifacio et al., 2021). Moreover,
cysteine appears to be crucial for the adaptation of the tumor cells to
hypoxic stress, as seen in ovarian cancer cell lines (Nunes et al., 2021).
Cysteine represents a source of carbon for biomass and energy produc-
tion but it is also a key substrate for glutathione synthesis, thus it con-
tributes to the remodeling of cancer cell metabolism also by controlling
the redox state of the cell (Bonifacio et al., 2021). The cellular redox
state is also relevant for cancer therapy by conditioning the efficacy of
the chemotherapy (El Banna et al., 2019). Cysteine metabolism is
intertwined to its transport into the cells. This is mediated by specific
transporters such as excitatory amino acid transporter 3 (EAAT3), that is
upregulated in brain, colon, lung and prostate cancer (Guo et al., 2021b;
Ruiz-Rodado et al., 2021; Ye et al., 2016); cysteine uptake may also be
mediated by the cysteine/glutamate antiporter xCT, which is upregu-
lated in several cancer cell lines (Nunes et al., 2021; Ye et al., 2016) and
whose activity is regulated by the redox-associated transcription factor
NRF2 (Habib et al., 2015), once again pointing out to the importance of
cysteine for the tumor cell redox state. Hence, both the redox state
depending on cysteine, and the amino acid uptake may be considered
potential targets for cancer therapy. Furthermore, cysteine starvation is
able to block mTORC1 activation and reduces its lysosomal localization;
this causes a decrease in Glutathione Peroxidase 4 (GPX4, a negative
regulator of ferroptosis) protein levels, which could be utilized for a
ferroptosis-based cancer therapy (Zhang et al., 2021b).

5.5. Methionine

Methionine is an essential amino acid. It is necessary for methylation
reactions but it also plays a key role in the cell redox status and for
nucleotide synthesis in coordination with the folate cycle, supplying
metabolites that lead to the conversion of cysteine (Stipanuk, 2020).
Most cancer cells show an increased uptake of methionine, as seen in
animal models of leukemia, breast cancer, hepatocellular carcinoma,
and neuroblastoma (Hoffman et al., 2019; Hung et al., 2021). Methio-
nine influx into the cells is mediated by the system L-type amino acid
transporter (LAT1). This is an amino acid antiporter that mediates
methionine influx in exchange for intracellular amino acids, such as
glutamine, efflux (Kanai et al., 1998; Meier et al., 2002; Yanagida et al.,
2001). Methionine is involved in key aspects of the cancer metabolism
such as nucleic acid and chromatin methylation, redox state and poly-
amine synthesis that favor the rapid cell proliferation (Higuchi et al.,
2021). In cancer cells, several enzymes involved in methionine meta-
bolism are also found upregulated, such as methionine synthase, the
enzyme directly responsible for methionine biosynthesis (Wu et al.,
2017) and the methionine adenosyl transferases, which catalyzes the
conversion of methionine into S-adenosylmethionine (SAM), the prin-
cipal cellular methyl donor (Kargbo, 2021). Methionine is also involved
in the mTORC1 pathway modulation through mechanisms mediated by
either the methylation of phosphatase 2A (PP2A) (Laxman et al., 2014),
or the taste 1 receptor member 1 (TAS1R1)/taste 1 receptor member 3
(TAS1R3) heterodimer, that acts as a methionine sensor and mTORC1
activator through phospholipase C (Zhou et al., 2018). For further
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details about the methionine modulation of mTORC1, we refer the
reader to a recent review (Kitada et al., 2020). Indeed, many types of
cancer are methionine dependent for their growth, an event known as
the “Hoffman effect” where the tumors are strictly dependent on exog-
enous methionine (Lauinger and Kaiser, 2021). While methionine re-
striction, through a diet that contains a reduced level of methionine
respect to a standard diet, is associated with lifespan extension, the
complete methionine deprivation from diet has been associated with
reduced cancer growth or cancer regression and with increased sensi-
tivity to chemotherapy. Combined with the targeting of methylation,
being dependent on methionine (Higuchi et al., 2021), targeting of
methionine metabolism could be central for the effectiveness of
chemotherapeutic strategies.

5.6. Serine

Serine is a conditionally non-essential amino acid. It can be synthe-
sized as a byproduct of glycolysis or it can be introduced with the diet. It
is taken up by the cells from the external environment through the
ASCT1 and ASCT?2 transporters (Arriza et al., 1993; Scalise et al., 2018;
Utsunomiya-Tate et al., 1996). Its metabolism is frequently dysregulated
in cancer cells (Montrose et al., 2021). Serine can be converted to
glycine by removal of a methyl group that can be used in the folate cycle.
Thus, the role of serine in cancer growth depends on its use as source of
metabolites which are then used for macromolecules synthesis, such as
nucleotides and lipids, beyond its use as building block of proteins. In
this regard, serine synthesis is regulated at the transcriptional level by
the mTOR/ATF4 axis, as seen in pancreatic cancer (Mesclon et al.,
2017), or at the post-translational level by the sirtuins SIRT3 and SIRT5
in colorectal and non-small cell lung cancer (NSCLC), respectively
(Montrose et al., 2021; Rinaldi et al., 2021). In colon cancer, serine
metabolism is also able to prevent degradation of yes-associated protein
(YAP, a central mediator of the Hippo pathway), which in turn promotes
cell growth (Zhao et al., 2021). Furthermore, serine contributes to the
maintenance of the cell redox state, providing the tumor cells with
reductive equivalents (Diehl et al., 2019) and being directly involved in
glutathione synthesis (Kurniawan et al., 2020). For all of these reasons,
cancer cells consume high amounts of exogenous serine and so serine
starvation inhibits cancer cells growth in vitro (Montrose et al., 2021).
Serine starvation also slows tumor growth while improving survival in
vivo (Tajan et al., 2021).

5.7. Proline

Proline is a conditionally non-essential amino acid. Its transport into
the cells is mediated by the brain-specific Na+ -dependent proline
transporter PROT (SLC6A7) and the broad-specific Sodium/Imino-acid
Transporter 1 (SIT1) (Shafqat et al., 1995; Takanaga et al., 2005;
Velaz-Faircloth et al., 1995). Key enzymes involved in proline meta-
bolism are pyrroline-5-carboxylate reductase (PYCR), that catalyzes the
final step of proline biosynthesis from glutamate, and proline dehydro-
genase (PRODH), that catalyzes the oxidation of proline. Both enzymes
have been involved in the progression of several cancers mainly because
of an increase of their gene expression, resulting in increased proline
metabolism and leading mainly to more ATP production through
OXPHOS (Tanner et al., 2018). In particular PYCR activity has been
found associated with increased protein synthesis and cancer growth, as
seen in several experimental models (Li et al., 2021b). Proline can also
be obtained for cancer cell growth from the catabolism of collagen of the
extracellular matrix (Olivares et al., 2017). Furthermore, proline hy-
droxylation of the transcription factor hypoxia-inducible factor (HIF), is
one of the main mechanisms of control of cancer cells response to oxy-
gen deprivation (Snell et al., 2014). Thus, proline exerts a control of
cancer cell growth also when it undergoes to post-translation modifi-
cation. To target proline metabolism for cancer therapy, PRODH inhi-
bition has been explored. It has also been observed that inhibition of
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proline biosynthesis can enhance the efficacy of chemotherapy in some
cancers such as colon, breast or hepatocellular carcinomas (Scott et al.,
2019). Thus, its inhibition may represent a possible means for cancer
therapy. PYCR activity and proline availability are linked to protein
translation, by interfering with the mTORC1 pathway; cancer cells that
exhibit dependency on exogenous proline have an hyperactivation of the
mTORC1/4EBP1 pathway. In this context, proline starvation induces
endoplasmic reticulum (ER) stress and a dysregulation of the mTORC1
pathway, 4EBP1 activity, that blocks protein synthesis, and a conse-
quent inhibition of the cancer cells growth (Sahu et al., 2016).

5.8. Amino acids transporters may be targeted for cancer therapy

As we have mentioned earlier, cancer cells are highly demanding for
amino acids to support their metabolic rewiring and their growth, thus,
amino acids transporters in the cell membrane are frequently upregu-
lated to meet this increased demand. For this reason, they can be tar-
geted for therapeutic purposes. A complication, for the therapeutic
targeting of amino acid transporters, arises from their redundancy and
their specificity. In fact, some of these transporters are tissue specific
while others are broad specific. In fact, many transporters can recognize
more than one amino acid. Furthermore, some of the transporters are
antiporters meaning that they transport an amino acid for the exchange
of another as we have seen earlier in this paper. Finally, different tumors
may depend on different amino acid metabolism and amino acid
transporters to acquire their growth advantage over normal cells (Scalise
et al.,, 2020). For this reason, their targeting requires prior cancer
screening to select the patients who may benefit from the therapy. In the
case of glutamine, a further problem is represented by the metabolic
adaptations to glutamine deprivation (Reid et al., 2013) that ensure the
cancer cells survival and proliferation. Nevertheless, several studies
have reported the feasibility of the targeting of glutamine transporters
for cancer therapy. Glutamine is imported in cancer cells through
several transporters and some of them, such as ASCT2, are highly
expressed and critical for their growth and proliferation. Thus, cancer
cells are more sensitive to amino acids transporters inhibition respect to
normal cells. Table 1 summarizes the most relevant amino acid trans-
porters in cancer cells and the molecules that have been studied or are
under evaluation for their targeting.

6. Conclusions

Cell metabolism and even more cancer cell metabolism is a complex
matter. Here we have reviewed several metabolic alterations commonly
found in cancer cells beyond the Warburg effect and the aerobic
glycolysis. Alterations of mitochondria, OXPHOS, fatty acid oxidation or
amino acids metabolism are all found in cancer cells. In order to pave the
way to the development of novel drugs and therapeutical strategies that,
by targeting these alterations, are able to counteract cancer progression,
it is necessary an increase of knowledge on the molecular mechanisms at
their basis. Furthermore, the various alterations of the cancer cell
metabolism that we have reviewed are only a part of all the molecular
events that occur in the complex scenario of cancer development and
survival. For instance, there are mechanisms of crosstalk between all the
metabolic pathways and the oncogenes and tumor-suppressor genes,
and these mechanisms may act as “master regulators” of cancer cells
growth. These alterations could act as proper “switches” towards a
cancer phenotype and may overall become pivotal for the cancer cell to
acquire an advantage over normal cells and so they could be targeted for
therapeutic purposes. As a consequence, a growing number of drugs is
being developed, or repositioned, in order to target the different meta-
bolic aspects of the cancer cell. Table 2 highlights a representative
number of compounds/drugs, as well as the phase of the clinical trials in
which they are being evaluated. These compounds/drugs target specific
aspects of the cancer cells metabolism, and their use (alone or in com-
bination) may be important to boost the cancer therapy efficacy.
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Table 1
Amino Acids Transporters and their targeting in cancer. In Bold the transported amino acid more relevant to tumor growth; TNBC, Triple Negative Breast Cancer; CRC,
Colorectal Cancer;.

Amino Acid Amino Acid Transported Drug Type of Cancer Phase of Reference
Transporter Development
ASCT1 Serine n.a. Breast, Lung Preclinical (Peng et al., 2021)
(SLC1A4)
ASCT2 Alanine, Serine, Cysteine, V-9302, Benzylserine, 2- Gastric, TNBC, Prostate Preclinical (Edwards et al., 2021; Jin et al., 2020; Luo et al.,
(SLC1A5) Glutamine, Asparagine amino-4-bis(aryloxybenzyl) 2020; Schulte et al., 2018; Zhang et al., 2020c)
aminobutanoic acids
(AABA)
ATBO,+ Serine, Tryptophan a-methyl-DL-tryptophan CRC, Breast, Cervix, Preclinical (Babu et al., 2015; Coothankandaswamy et al.,
(SLC6A14) Pancreatic, Metastasis 2016; Gupta et al., 2006; Karunakaran et al., 2008;
McCracken and Edinger, 2015)
CAT1 Arginine, Lysine n.a. CRC, Chronic Preclinical (Lu et al., 2013; Okita et al., 2021; Werner et al.,
(SLC7A1) Lymphocytic Leukemia 2019)
Cells
CAT2 Arginine n.a. Melanoma, Pancreatic, Preclinical (Li et al., 2017; Sun et al., 2020; Wei et al., 2021;
(SLC7A2) Ovarian Yang et al., 2020)
LAT1 Leucine, Isoleucine, Valine, JPH203 Glioma, Lung, Prostate, Phase 1, (Janpipatkul et al., 2014; Okano et al., 2018;
(SLC7AS5) Phenylalanine, Methionine, Breast, Bladder, Cervix, Preclinical Shimizu et al., 2015)
Tryptophan, Histidine, Skin, Oral, Melanoma
Tyrosine
LAT2 Glutamine n.a. Pancreatic Preclinical (Feng et al., 2018)
(SLC7A8)
SNAT1 Glutamine, Serine n.a. Breast, Osteosarcoma Preclinical (Wang et al., 2013, 2017)
(SLC38A1)
SNAT2 Glutamine n.a. TNBC Preclinical (Morotti et al., 2019, 2021; Pinilla et al., 2011)
(SLC38A2)
xCT Cystine PRLX93936, Sorafenib, Glioma, TNBC, CRC, Phase 1 Phase (Chen et al., 2020; Dahlmanns et al., 2017;
(SLC7A11) Sulfasalazine Multiple myeloma, 2 Hirschhorn and Stockwell, 2019; Ji et al., 2018;
Breast cancer cells Ma et al., 2017; Sehm et al., 2016; Timmerman

et al., 2013; Yoshioka et al., 2019)

Table 2
Drugs and compounds targeting cancer metabolism.
Drug name Mechanism of Action Metabolic process involved Cancer type (s) Clinical stage Ref
p-Lapachone  ROS overproduction Mitochondrial Dynamics Glioblastoma Phase 1 (Beg et al., 2019)
(completed)
Resveratrol ROS production, mitochondrial membrane Mitochondrial Dynamics, Colon cancer, breast Phase 1 (Zhang et al., 2021a)
permeabilization. FAO cancer
FASN inhibitor
Metformin Glucose metabolism inhibitor, Mitochondrial Glycolysis, OXPHOS Prostate cancer, Oral Phase 2-3 (Zhang et al., 2021c)
respiration inhibitor, ETC complex inhibitor, AMPK Cancer, Breast Cancer
activator
ME-344 Complex I inhibitor, ETC inhibitor OXPHOS Solid Tumors Phase 1 (Quintela-Fandino
et al., 2020)
IACS- Complex I inhibitor through ND1 binding OXPHOS Relapsed or Refractory Phase 1 (Yap et al., 2019)
010759 Acute Myeloid Leukemia
Phenformin ETC complex inhibitor OXPHOS Melanoma Phase 1 (Garcia Rubino et al.,
2019)
CTO Calcium influx inhibitor OXPHOS Glioma Phase 1 (Bonnefond et al.,
2018)
Etomoxir CPT1 inhibitor Lipid metabolism — FAO Liver cancer Preclinical (O’Connor et al., 2018)
Perhexiline CPT1 inhibitor Lipid metabolism — FAO Glioblastoma Preclinical (Kant et al., 2020)
Quercetin FASN inhibitor Lipid metabolism - Fatty Squamous cells carcinoma Phase 2 (Vafadar et al., 2020)
acid synthesis
Orlistat FASN inhibitor. LPL inhibitor Lipid metabolism — Fatty Prostate cancer, Breast Preclinical (Qi, 2018)
acid synthesis — Lipolysis cancer, colon cancer
TVB-2640 FASN inhibitor Lipid metabolism - Fatty Colon cancer, solid Phase 2 (Brenner et al., 2015)
acid synthesis malignant tumors
CD36 mAB CD36 inhibitor Lipid metabolism — Lipid Prostate cancer, Breast preclinical (Feng et al., 2019)
uptake cancer
Docetaxel Inhibition of microtubular depolymerization — Also Lipid metabolism — Fatty Advanced solid tumors Phase 3 (Jeong et al., 2021)
FABPS inhibitor acid synthesis
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