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ABSTRACThe rediscovery and reinterpretation of the War-
burg effectin the year 2000 occulted for almost a decade th
key functions exerted by ritochondria in cancer cells. Until
recent times, the scientificcommunity indeed focused on
constitutive glycolysis as a Hlanark of cancer cells, which it
is not, largely ignoringthe contribution of mitochondria to

the malignancy of oxidative and glycdig cancer cells, being
Warburgian or merely adapted to hypoxidn this review, we

highlight that mitochondria are not on} powerhouses in
some cancer cells, but also dynamic regtdrs of life, death,

proliferation, motion and stemness in other types afancer

cells. Similar to the cells that host them, mitochondriare

capable to adapt to tumoral conditions, and probably tc
S22t @S (2 w2y 023SyA0 YAilzxgC
malignant capacities to recipient cells. In the wider quest ¢
metabolic modulators of cancer, treatments have alread
been identified targeting mitochondria in cancer cells, bu
the field is stil in infancy.
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Abbreviatons:

2DG ¢ 2-deoxyD-glucose 2HG ¢ D-2-hydroxyglutarate 3BP ¢ 3-
bromopyruvate h-KG ¢ h-ketoglutarate h-TOS ¢ h-tocopheryl
succinate ACOZ; aconitase 2AML ¢ acute myeloid leukemjaAMPK
¢ AMP kinasgAtg - autophagyrelated Bct2 ¢ B-cell lymphoma 2
CoQg coenzyme QCS- citrate synthase CSC¢ cancerstem cell
DRP1¢ dynaminrelated protein 1EMT( epithelial to mesenchymal
transition; EOCq epithelial ovarian carcinomaER ¢ endoplasmic
reticulumy ETQ; electron transport chainFAOC fatty acid oxidaion;
FH ¢ fumarate hydratase FoxO1¢ forkhead O family protein ;1
FUNDCX FUN14 domaktontaining 1 GAPDH glyceraldehyde3-
phosphate dehydrogenaseGLUT ¢ glucose transporter GSH ¢
glutathione GST¢ glutathione Stransferase HIF¢ hypoxiainducibe
factor; HK ¢ hexokinase;Hsp70 ¢ heat shock protein 7Z0IDH ¢
isocitrate dehydrogenaseIMM ¢ inner mitochondrial membrane
IMS ¢ intermembrane spaceKD ¢ ketogenic diet KRAS; V-Kiras2
Kirstenrat sarcoma viral oncogene homoltogC3¢ microtubule
as®ociated protein light chain;3LDHL1 ¢ lactate dehydrogenas#;
MAVS¢ mitochondrial antiviral signaling MCL:1 ¢ myeloid leukemia
cell differentiation proteirl; Mdivi-1 ¢ mitochondrial division
inhibitor-1; Mff ¢ mitochondrial fission factorMfn ¢ mitofusin;
mtDNA ¢ mitochondrial DNAMtROS- mitochondrialROS mtSNP¢
single nucleotide polymorphism in mtDNArf2 ¢ nuclear factor
erythroidderived 2like 2 OMM ¢ outer mitochondrial membrane
Opalg optic atrophy protein LOXPHOS oxidative phosphorgation;
PDT¢ photodynamic therapy PEP¢ phosphoenolpyruvatePKA ¢
cAMPactivated protein kinase ;APINK1q phosphatase and tensin
homologinduced kinase ;IPTEN; phosphatase and tensin homolog
ROS¢ reactive oxygen specieSCO2¢ synthesis of cytoclume
oxidase 2 SDH( succinate dehydrogenaseSirt ¢ sirtuin; SOD¢
superaxide dismutasg TCA ¢ tricarboxylic acid (cycle)TERT(
telomerase reverse transcriptaseEGF ¢ transforming growth factor
i; TIGARg TP53induced glycolysis and apoptosis reguiatdNTq
tunneling nanotubgVDAGC; voltage-dependent anion channel

INTRODUCTION

The vital role of mitochondria in eukaryotic cells has been
demonstrated over a hundred years ago by Otto Warburg,
who was the firstto perform mitochondrial respiration
experiments [1]. In healthy replicative eukaryotic cells,
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mitochondria regulate important cellular processes, such
as proliferation, death, metabolic adaptation and?Clao-
meostasis. Mitochondria are also the site afiportant
reactions, including fatty acid oxidation (FAO), the tricar-
boxylic acid (TCA) cycle, xidative phosphorylation
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(OXPHOS), the first step of gluconeogenesis, ketogenesis,

heme biosynthesis and Fe/S cluster formation [2]. They
contain DNA that can va with evolution, mutate or be
partially deleted. Given the numerous functions of mito-
chondrig it is not surprising that mitochondrial dysfunc-
tions participate in a series of diseases, including cancer. In
this review, we focus on mitochondrial functioaad their
contribution to carcinogenesis and cancer progression.

Mitochondria in cancer

also concerns several mations in genes encoding TCA
cycle enzymes, which promote malignant transformation
[22]. Indeed, some TCA cycle intermediates, such as
fumarate, succinate, aspartate and-2-hydroxyglutarate
(2HG, ade novometabolite resulting from mutations of
isocitrate dehydrogenases(IDH3), have mportant pro-
carcinogenic effects when accumulating in cells following
genetic mutations and/or cancassociated modifications

of protein expression [23]. Fifth, a distinctive feature of all

MITOCHONDRIA PARTICIPATE IN CANCER DEVELQ@mors is sustained cellular pitdration resulting from

MENT

There are at least five mechanisms by which mitochondria
may be involved in the development of the malignant phe-
notype over the metabolic repgramming of cancer cells.
First, it is widely demonstrated that a large number of dis-
eases are associated with DNA mutations that affect mito-
chondria, mainly due to alterations of subunits of the elec-
tron transport chain (ETC) [3]. For example, subsets of
hepatocellular carcinomaand prostate cancers have been
associatedvith a mutation in the Bloop region of Complex

I, and some neurological cancers harbor mutationsuaf-
cinate dehydrogenase (SDKomplex II) [46]. Second,
oxidative stress due to eetive oxygen species (ROShhis
most important stimulus for cancer generation and pro-
gression towards malignancy [7]. ROS are mainly produced
by mitochondria that release superoxide as a byproduct of
oxidative respiration [8]. Mitochondrial ROS (MtRG&)

be generated either in th&CA cycle or in the ETC [9]. Due
to their high reactivity, ROS act as toxic species for cellular
macromolecules [10] and, at low concentrations, as intra-
cellular signaling agents regulating metabolic pathways [11,
12]. Increaed levels of ROS are often fiod in cancer cells
due to increased metabolic activities and altered antioxi-
dant capacities [13]. Third, mitochondria are directly in-
volved in the regulation of cell death, including but not
limited to apoptosis and necrosj$4, 15]. To induce apop-
tosis, B-cell lymphoma2 (Bci2) family member proteins
interact with mitochondria as they bind to the voltage
dependent anion channel (VDAC) to accelerate its opening
and the release of cytochrome[16]. Thereby, these pro-
teins at¢ asoncogenic or oncosuppress triggers, partici-
pating in cancer progression and therapeutic resistance [17,
18]. One of them, myeloid leukemia cell differentiation
protein-1 (MCL1), an antiapoptotic member of the Be
family, is frequently overexpssedin human cancer and
assoacited with tumor aggressiveness [19]. MCland Bel

xL have been found in different mitochondrial subcom-
partments. They exert their antipoptotic activities by
antagonizing the pr@apoptotic members of the B& fami-

ly when bcated at the outer mitochondél membrane
(OMM)[20], and, when located in the mitochondrial matrix,
by regulating mitochondrial homeostasis and bioenergetics
by preserving the integrity of the inner mitochondrial
membrane (IMM) and promoting the assembdf ATR
synthase oligomers ate ETC [17]. Mitochondria also con-
trol necroptosis, a regulated form of necrosis that needs
mtROS generation and depends on mitochondrial permea-
bility transition [21]. Fourth, metabolic reprogramming
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multiple molecular alterationsOne of these alterations is
the prevention of telomere erosion by constitutive te-
lomerase expression that ensures the maintenance of te-
lomere length [24].t has been shown that telomerase
reverse tansaiptase (TERT) shuttles frothe nucleus to
mitochondria upon oxidative stress, preserving mitochon-
drial functions and decreasing oxidative stress, thus pro-
tecting mitochondrial DNA (mtDNA) and nuclear DNA
(nDNA) from oxidative damage to avoid apop$d2b, 26].
TERT was also foumd accumulate in the mitochondria of
brain cells in mice upon dietary restriction and rapamycin
treatment [27].

MITOCHONDRIA AREON ONLY THE POWERHGJSE
OF THE CELL

Despite the fact that mitochondria are well recognized to
actively participate in cacer progression, their precise
roles in the clinical outcome of cancer patients remain elu-
sive. The interest of scientists for mitochondria has in-
creased over the last 50 years, with discoveries on the im-
pact that these organeds have in multiple vital prcesses

in eukaryotic cells [28].

Mitochondria are tubular organelles of ~0.5 to ~3 pm in
length that undergo a continuous remodeling of their net-
work by fusion and fission events [29]. Textbooks first de-
scribe mitochondria aghe main site of energy pragction
of cells, and, indeed, mitochondria are a major site of pro-
duction of ATP and macromolecules. The reactions of the
TCA cycle take place in the mitochondrial matrix. Together
with CQ and protons, they generate reducing @gaents
(NADH and FADH2na precursors for the synthesis of
lipids, carbohydrates, proteins and nucleotides. Equivalent
reducing electrons fuel the ETC to generate an electro-
chemical gradient that is required both for ATP production
and for the active rangort of selective metablites, such
as pyruvate and ATP, across the IMM [30].

In addition to this important role, mitochondria are im-
plicated in many other functions related to mitochondrial
dynamics and architecture, which influence some of the
mostimportant cellular activities. The mitochondristruc-
ture (Figure 1Ais intrinsi@lly connected to mitochondrial
functions (ATP production, cell cycle control, programmed
cell death control, proliferation and cell signaling) [31].
Mitochondria are indeedconposed of two membranes,
the OMM and the IMM that delimitate an intermembrane
space (IMS) and the mitochondrial matrix inside the orga-
nelle. The OMM can be considered as a platform for ex-
change and signaling, as it is the site where proteins phos

Cell StregsJIUNE 2020vol. 4 No. 6



D. Gassoet al. (2020) Mitochondria in cancer

B Altered ETC activity
associated with mtROS production

H,0,

H*

©

ETC complex
Proton flux

ATP synthase

e & €8

H,PO,"

Matrix
0, 0,

.. SoD2
2H' + 20, H,0,+0,

GPX
2GSH + H,0,—— GSSG + 2H,0

C Reprogrammed TCA cycle
supporting energy production and biosynthesis

Gluconeogenesis
. Pyruvate

Aminoacids,
purines, PEP PC
IMS pyrimidines k

K Oxaloacetate iL Fatty acids,

-
Aspartate g \ steroids
4 Citrate J
Purines

| 7
'
a-Ketoglutarate Other
Succinyl amino acids

Porphyrins, CoA " \
heme W GlutamatEJ

Acetyl CoA

Granules

Pyruvate
*« Ribosomes

°.° ATP synthase particles

. Mitochondrial pyruvate carrier

D Altered mtDNA
potentially linked to tumorigenesis

Haplotype
vap . Haplotype c@o.-r-m

__SNP

mtDNA
16,569 bp
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membrane(IMM) that forms invaginations called "crests'h@IMM delimitates he mitochondrial matrix, a gelatinous material containi
mitochondrial DNAmMtDNA) granules, ribosomes and ATP synthase partidlee. mitochondrial matrix hosts ¢htricarboxylic acid (TCA
cycle, while the IMM hosts the electron transport chain (ETE))n highly metabolically active or hypoxic cancer cells much more the
normal cells under normal conditionsleetronsescape during mitochondrial electron trapat at Complexes | and Il generate superoxi
(O) from oxygen (€) in both thelMS and the matrix. @ is immediately dismutated to 4, either spontaneously or under the catalysis
superoxide dismutases SOD1 (in the IMS) or SOD2 (in the mattix¢ tmatrix, HO, can be neutralized by glutathione (GSH). It can ¢
signal to the cytsol.(Q) In cancer cells, the TCA cycle not only serve to produce reducing equivalents to fuel the ETC (green arrows)
to generate biosynthetic intermediatebat are necessary for cell proliferation (pink arrowBje most important anaplerotieaction pro-

duces oxaloacetate directlfrom pyruvate,and iscatalyzed by pyruvate carboxylase (Pi@)ie arrow).Oxaloacetate carfurther be con-

verted to phosphoenolgruvate (PEP) by PEP carboxykin@®8) contributing to gluconeogenesiéD) Mitochondrial DNA (mtDNA) varie
tions, including single nucleotide polymphisms (SNPs), maternally inherited haplotypes and deletions have been stadibeif associa-
tion with cancer. Among these, onlargemtDNA deletions seem to be associated with malignan@gsc - cytochromec; Gpx- glutathione

peroxidaseQ - coenzyme Q10.
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phorylae substrates and regulate the immune response
after viral infection trough activén of mitochondrial an-
tiviral signaling (MAVS) proteins [32, 33]. The IMM is less
permeable and is the site where ETC complexes are located
for ATP production and supexide generation [34]. The
matrix is the site of mitochondrial mtDNA replicatiorart-
scription and macromolecule biosynthesis, where amphi-
bolic reactions of the TCA cycle take place [35]. The inves-
tigation of mitochondrial mechanisms that control meta-
bolic alterations and mitochondrial morphology has pro-
duced evidence that, in patholagg like caper, they can

be attractive targets for therapy.

Mitochondria in cancer

subunits are dissociated, becoming active and phosphory-
lating a wde range of target proteinghat have the argi-
nine-arginineX-serine motif exposed, such as splicing fac-

tors SRSF1, SRSF2 and SRSF9 [47]. The OMM is also home

to artiviral signaling regulators that activate the immune
response thanks to MAVY®s recentlyreviewed in details
by Mohant Aet al.[48].

OMM signaling is only one of the ways mitochondria
communicate with the rest of the cell. Indeed, mitochon-
dria playa vtal role in other important signaling pathways.
First, they house the production of ace§bA and
Sadenosylmethionie that both regulate epigenetics by
controlling signal transduction of DNA and histones

THE MITOCHONDRION: A COMPARTMENTALIZED OFRhrough acetylation and methylation, respeatiy [49, 50].

GANELLE

TheOMM: a platform for signaling

A man function of mitochondria is to ensure that the cell
does not undertake processes for whimitochondria are
not suiteble, thus avoiding a discrepancy between cellular
metabolic requirements and the mitochondrial capacity.
There are different ways byhich mitochondria can com-
municate with the cell. One of them is through the OMM,
which can becompared to a signaling pfarm. The OMM
connects mitochondria to other organelles within the cell,

Second, mtROS production and release is a response to
cellular stress and a sigling factor to notably actate
transcription factors hypoxinducible factors (HIFshu-
clear factor erythroiederived 2like 2 (Nrf2) and down-
stream gene expres [51]. Third, mitochondria control
C&* homeostasis. Ca acts as a signaling moleculee-
tween mitochondria and theER through contact sites
G§SNYSR WYAII2DXRYRNERE YSYO
[52]. It is one of the most importargignals that these or-
ganelles use for communication [53]. €acts as a bidirec-

such as the endoplasmic reticulum (ER) and lysosomes, and tional signaling molecule, as mithondrial C# uptake

to the plasma membrane [36, 37]. Thanks to VDAC that
forms pores composed of different subunithe OMM is
permeable to smalions and proteins [38]. VDAC carries
nucleotides, ions and metabolites between the cytosol and
the IMS [38], and acts as an intedlalar signaling platform
for the modulation of metabolism and the control of cell
death [39,40]. With respect to metabatiregulation, VDAC
also acts as platform for the anchoring of hexokinase 2
(HK2), the embryonic version of the first enzyme of diyco
sis, to the OMM to facilitate the use of ATP by HK2 in can-
cer cells [41]. Because glucose ppborylation by HK2
traps glicose6-phosphate within cells, this binding implies
that VDAC is involved in the regulation of both glycolysis
and mitochondrial regiration. With respect to cell death,
the binding of BeR family members (Bax, Bak, Bok, Bad,
Bid or Bim) to VDAC leads tfte formation of a pore that
results in the release of cytochrome[16, 42], a small
hemoprotein free to spread among the differemhito-
chondrial compartments [43]. Cytochroneebesides being

a component of the ETC and, théree, being necessary
for the production of ATP at the ETC, also induces caspase
dependent cell death in response to papoptotic stimuli
[44].

Mitochondria al® eert a control on the innate im-
mune system. The OMM is indeed the site of phosphoryla-
tion of a wide range of proteins. Fexample, protein ki-
nase A (PKA), a tetramer composed of two subunits that
bind cAMP and two catalytic subunits, is a mitochondrial
resdent [45]. Mechanistically,-&inaseanchoring proteins
(AKAPSs) are found in the OMM whetey allow the bind-
ing of the PKA catalytic subunits to the organelle mem-
brane, facilitating PKA localization for protein phosphoryla-
tion [32, 46]. When cAMP milsto PKA, the two catalytic
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regulaes mitochondrial metabolism, while mitochondrial

C&" release modulates apoptosis. Indeed, an increased

C&* coneentration inside mitocbndria activates several

TCA cycle enzymes [54] and stimulates the production of

CcAMP [55] which in turn increases AT#Poduction, allow-

ing metabolic adaptation. Conversely,?Cis a signal for

programmed cell death, with high leleeof C&* inducing

the opening of mitochondrial permeability transition pores

(MPTPs), triggering the releaseaytochromec and initiat-

ing apoptosis [56]. Ca released from Effitochondria

contact sites can also activate apoptosis through2Bfem-

ily members upon a fine regation of Ca&" homeostasis

[57]. Furthermore, changes of ATP production by mito-

chondria &t as a signal that is transtted to the cytosol in

the form of AMP: AMP activates energy sensor AMP kinase

(AMPK), thus decreasing anabol@l dunctions in favoof

the catabolic reactions used for ATP production [58].
Overall, mitochondrial signaling a dynamic and com-

plex pracess that affects most cellular functions. By under-

standing these processes, it may be possible to more effec-

tively treat diseases likeaticer.

ThelMM: the ATP factory

Compared to the OMM, the IMMoes not contain porins
and is a highly impermeable bagrito ions and molecules
that require specific membrane transport proteins for bidi-
rectional exchanges [59]. THBIM has an electrochemical
membrane potential of about 180 mV that regulates their
passage. It is also more extensive than the OMM, as it is
or3l yAT SR AY Ay@I3IAylLGAizya
[60] to allow the arrangemerof ETC complexes. Them-
ber of invaginations depends on the energy demand of the
tissue. In muscles, fagxample, mitochondria are particu-
larly rich in cristae [61].
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The IMM further differs from the OMM by its high pro-
tein content, with a proteiro-lipid ratio of 80:20 in the
IMM and of 50:50 in the OMM [59]. This high protein con-
tent is represented by allhe complexes responsible for
OXPHOS, as well as by transpodteins and proteins that
regulate fusion and fission. The respiratory chain consists
of a series of mukenzymaic complexes and hydraand
liposoluble compounds capable of transferring eteot
sequentially through the complexes towards the final ac-
ceptor, Q.. This electron flow creates a motor force that
transfers protons from the mitchondrial matrix (their sé&
of production) to thelMSagainst their concentration gra-
dient, thus generating an electrochemical gradient across
the IMM. The various comptes are arranged in increasing
order of reduction potentials, in sbhca way that transport-
ed electrons pass from a higher energy state to a lower
energy state with consequénenergy release, which is
used, in part, for ATP synthesis. Another part of thergy
produced is used for thermoregulation [62]

The respiratory chaiis composed ofive complexes
(three of which are proton pumps) and two carriers that
act as cesubgrates and electron transporter§Figure 1A
and 1B):

Complex |- NADH dehydrogenaseglso called coen-
zyme Q(CoQ)reductase. Complex | is composed of 45
subunits. Among them, 14 have catalyticiaities and are

Mitochondria in cancer

cer [72], where Complex Il activity is lower compared to
the corresponding normal tissues.

Complex Il Cytochrome bcl complexalso called Cy-
tochrome c reductase.Complex Il is a symmetrical dimer,
and eah subunit is composed of tbe catalytic cores (MT
CYB, CYC1 and UQCRFS1) and seven supernumerary subu-
nits [63]. This complex receives dlens from CoQ and
passes them to dgchromec; then, it carriesfour protons
towards the IMS [73]. A higher than phyisigical activity
of Conplex 1l has been detected in breast cancer [72, 74].

Cytochromec. Cytochromecis a hydrophilic heme pro-
tein locded at the outer surface of the IM. It transfers
electrons between Complexes Ill and IV [75].

Complex IV- Cytochrone ¢ oxidase. Complex IVis
composed of 13 or 14 subunits, and it is the only OXPHOS
complex containing tissuspecific and developmentally
regulated isoforms [63]. This cohex transfersfour elec-
trons (provided byfour molecules of cytochrome) directly
to O, (provided by he blood), reducing it tdwo molecules
of HO, which consumefur protons (taken from the mi-
tochondrial matrix) [76]. A reducedctivity of Complex IV
has been observeth cancer. In renal carcinomas, Complex
IV expression was found to beféd lower compared with
healthy kidney tissues [71].

Complex V- ATP synthaseComplex V is composed of
two distinct domains. The F1 domais extrinsic to the

OFfft SR WSaaSy i Adefenate dzardpfidbic & Q IMM2aid issféuAdCrK the matrixwhile the Fo domain is
(ND1, ND2, ND3, ND4, ND4L, ND5 and ND6) and encodedintrinsic to the IMM. F1 is composed ofne subunits,

by the mitochondial genome, and the othesevenare
hydrophiicoc 0 8 ® ¢ KS NBYl Ay Ay 3-
SaaSydAilt aaedirdpgriait IoOthe assknly
and stability & Complex | and are encoded by the nuclear
genome [64]. Complex | receives two hydrogemasdrom
NADH, which is oxidized, releasing telectrons and re-
ducing flavin mononucleotide (FMN) to FMNHhe latter
transfers the electrons to the second carrief the ETC,
CaQ, through its Fe/S centers. The energy obtained from
the passage of electranis used by Complex | to transport
four protons from the mitochondrial matrix to the IMS,
which represents a flowof two protons for each NADH
consumed §5]. Complex | dysfunctions have been associ-
ated with cancer, as a reduced activity of the complex has
been observed in renal oncocytomas [66, @nd thyroid
adenomas [68].

CQ. CoQis a lipophilicubiquinone carrier embedded
in the IMM lipid bilayer. It is able to separate the protons
(which are released in the mitochondrial matrix) from the
electrons povided by FMNE[69].

Gomplex II- SDH Complex Il is composed &dur nu-
clear encoded subunits, with two hydphilic catalytic sub-

while Fo hagwo subunits [63]. ATP synthase is the com-

& dzdeszyitierd TP iNBoduddd frénS Re subgttgs ADP +

HPQ + H in a reaction at the end of th@XPHOS process.
While electrons traveling across the ETC are finally trans-
ferred to Q at Conplex 1V, most of the protons that were
transferred from to mitochondrial matrix to the IMS return
through the ATP synthase compléa channel protein),
nullifying the electrochemical gradient. The energy re-
leased by the return of the protons accordingth®ir elec-
trochemical potential is used in the form of mechanical
energy to allow the functioning of ATP synthase [77].

Recent déa have suggested that ETC conxgle are
2NEFYAT SR Ay &adzZLISNX)2f SOdzf | NJ &
LX SESEQ Ty 8 dappkk ® D& organizébgO (i dzNS
different ways and to adopt stoichiometry [79]. For exam-
ple, Complex | is frequently bound with a dinoérComplex
Il and with CompleXV [80]. This type of supercomplex is
OFftf SR WNBALIANI 42YSQ o0Séd dzasS A
responsible for the transfer of electrons from NADH down
to Q. It has also been shown that Complex | is always as-
sociated wih supercomplexes, while Complexiéksand IV
also exist as free oligomeric enzymes [80]. This suggests

units, SDHA/SDH1 and SDHB/SDH2, and two hydrophobic that the assembly of theomplexes in a single structure is
subunits, SDHC/SDH3 and SDHD/SDH4 [63]. It contains anecessary for the stabilization and the correct functioning

heme b group and tev CoQbinding sites. It is also part of
the TCA cycle. Complex Il contributesetectron transfer,
but thereis no proton pumping towards the IMS. The two
electrons produced during the oxidation of succinate to
fumarate are directly transferred to CoQ [70hereduc-
tion activity of Complex Il has been shown to be associated
with human cancer in renal carcinonfél] and breast can-
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of Complex | in the respiratoryhain [81]. Indeed, several
studies have shown that loss of Complexes IIl and IV also
causes the loss of Complex | [82, 83].

ETC ativity is associated with cancer in several ways. A
growing amount of experimental evidence indicates that
OXPHOS affects thpeoduction of ATP more significtly in
cancer cells than in normal cells [84, 85]. In particular,

Cell StregsJIUNE 2020vol. 4 No. 6
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OXPHOS is used for a masgiwvoduction of ATP by inva-
sive and metastatic cells, as well as by circulating cancer
cells [86]. Further evidence shows thatncar stem cells
(CSCs) utilize ®KOS as preferred form of energy me-
tabolism, and in general they display higher ratesxyfgm
consumption, ROS production and an overall increase in
mitochondrial functions compared to nestem cancer
cells [87]. Morever, mtROS promote-Kiras2 Kirsen rat
sarcoma viral oncogene homolog (KR#é&8lced anchor-
ageindependent growth [88].

Asdemanstrated by Porporatet al. [89], an ETC over-
load can increase the migration, invasion, clonogenicity
and metastatic potentll of cancer cells through a mito-
chondrial superoxidedependent mechanism that activates
GKS GNIXryaFf2N¥YiAy3
level of src kinase. Despite mitochondrial respiration can
be perceived as an intriguing target for cancer treatt, it
has been amply demonstradethat tumors are metaboli-
cally heterogeneous and influenced by different substrates
and factors from the tumor environment [90]. Not only
does metabolism differ among the various cancer types,
but it also differs betweersubpopulations of cancer cells
within the same tumor [91, 92]. Cellular subpopulations
with different metabolic phenotypes (elevated OXPHOS or
dysfunctional glycolysis) have been identified in melanoma
[93], lymphomas [94], pancreatic [95] and breas6][9u-
mors.

The mitochondrial matrixthe fulcrum of metabolism

The mitochondrial matrix is the inner mitochondrial space
delimited by the IMM. It mostly hosts mtDNA, ribosomes,
enzymes, small organic molecules, nucleotide cofactors
and inorganic ions [7 The mitochondrial matrix is vis-
cous space due to its high protein content with respect to
the IMS, and it has a higher pH than the IMS (7.8 in the
matrix; 7.87.4 in the space) [98]. It is the site of numerous
enzymatic reactions, including thosétbe TCA cycle, ana-
plerotic and cataplestic reactions, the urea cycle (at least
in part), transamination reactions and part of ETC reactions
(Complex ).

The TCA cycle

¢KS ¢/! 0OeoOftsS oFtaz
cle, Figure 1¢ is the mat important process that takes
place inthe mitochondrial matrix. It is composed of a se-
ries of chemical reactions capable of processing -two
carbon units from carbohydrates, amino acided fatty
acids in acetyCoA to generate GTP and the reducing
equivdents (NADH and FADH?2) that fuel the aoliondrial
ETC to generate ATP [97]. AcélylA is oxidized in a cyclic
metabolic pathway to CQwith a net production ofone
CoASH,two CQ, three NADH one FADH2pone GTP/ATP
andthree H* for each moécule of acetylCoA consumed.

The first reaction ofthe cycle is the condensation of
acetylCoA with oxaloacetate by citrate synthase (CS) to
form citrate. Citrate is then converted to its isomer, iso-
citrate, by nitochondrial aconitase (ACO2) and subse-
quey (i £ @ RSO NEexdglaitl NG KB byagito-h
chondrial IDH. In this reaction, a £@olecule is released

OPEN ACCEgsvww.ceblitress.com 119
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and a NADPmolecule is reduced to NADH +.HA second
RSOI Nb2E&f I i A-BFis @étardtucciayk Sy
/ 2! -B@ delydrogenase, whiclso produces NADH +
H*. The next reactions serves to regenerate oxaloacetate
through (1) oxidation of succin@loA in succinate by suc-
cinateCoA synthetase, which produces GTP; (2) oxidation
of succinate to fumeate by SDH with the production of a
molealle of FADHZ2; (3) hydration of fumarate to malate by
fumarate hydratase (FH); and, finally, (4) oxidation of mal-
ate by malate dehydrogenase to regenerate oxaloacetate,
which produces NADH +[97].

The TCA cyclis a focal point of cellular metabolism
with a central importance for both energy production and
biosynthesis. Therefore, to retain the homeostasis of cellu-

YDbtlRvayiaktheT | Oldir Indithbolismg & Halénce between intermediate produc-

tion and consumption must be maintained [99haplerot-

ic reactions are a series of enzgtic reactions that pro-
duce metabolic intermediates aimed to replenish the TCA
cycle, whereas cataplerotic reactions are biosynthetic reac-
tions that use TCA cycle intermediates as substrates for
macromolecule syntsis [99)(Figure 1¢ The TCA cycle, in
fact, not only produces NADH and FADH2 useful for ATP
synthesis at the ETC, but it also provides molecules useful
for other metabolic pathways, such as gluconeogenesis
and the synthesis of fatty acids and nucleo§das].

The most important anaplerotic egtion produces ox-
aloacetate directly in mitochondria starting from pyruvate,

a reaction which is catalyzed by pyruvate carboxylase (PC)
[100]. This reaction is allosterically regulated by acEyA

and aspartate,which signal a deficiency in oxaloacetate
[101]. Other anaplerotic reactions produce different inter-
YSRAIFGSAa 2F (KS 4G proddzédGrons =
glutamate by glutamate&lehydrogenase, succin@loA pro-
duced by FAO, and oxaloacetate produced fraspartate

by aspartate transaminase [100].

When the production of intermediates of the TCA cycle
is sufficient for its correct functioning, cataplerotic reac-
tions intervene to balance metabolite concentrations [100].
Hence, citrate can be exported to tlgtosol and convert-
ed to acetylCoA by ATEitrate lyase, initiating fatty acids
oA2agyiaKSarao
produce glutamate and oxaloacetate by the activity of as-

Ly -KG witiagpsrd® A 0 f S

Ay

partaie N&hsamiaaseOpadidip&ting2 rNduridesiinthdsig [99 O A R

Oxaloacetate can also be converted ttiogphoenolpy-

ruvate (PEP) by PEP carboxykinase (PEPCK), contributing to

gluconeogenesis [99].

Alterations of the TCA cycle in cancer
Mutations in genes encoding TCA cycle enzymes and the
abnormal accumulatio of T@ cycle intermediates can
promote carcinognesis [102, 103]. The main enzymes that
were found to be altered in cancer are SDH, FH, IDH, CS
and ACO2, which by itself highlights an extensive area open
to investigation. Mitochondrial abnormalities inde met-
abolic reprogramming with cells increasipgtelying on
glycolysis, which further supports the tumorigenic process
[104].

The first studies on the implication 8DHmutations in
cancer showed that patients with hereditary paragangli-
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omas and pheochmocytomas, two rare neuroendocrine
neoplasms, dglayed inactivating mutations of subunits of
SDH enzymes [105, 106]. As a consequence, succinate ac-
cumulates in these tumors.

Inactivating mutations ofH predispose to hereditary
leiomyomatosis, renal caec and multiple cutaneous and
uterine leiomyomag107-109]. Indeed, upon accumulation,
FdzYF N» GS 1 OGa Fra Iy
dependent dioxygenases involved in DNA and histone de-
methylation [110, 111]. It also promotes the epithelial to
mesenchyma  transition (EMT) by inhibiting
Sy (BtEMISY &t 2-d@peiiderg PNAdenHad
tion of a regulatory region of antimetastatic miR0, lead-
ing to a decreased expression of R@B0 and Ecadherin,
and an increased expression of Twistl and vitime
among other target genes [112]. Defects BH further
stimulate the nuclear translocation and activity of Nrf2,
and the consequent transcription of antioxidant genes
through antioxidant response elements (AREs). These
genes comprise mitochondrial reents thioredoxin 2,
thioredoxin reductase 2peroxiredoxins and superoxide
dismutase 2 (SOD2), as well as transporters and enzymes
involved in glutathiongGSHpiosynthesis and redox recy-
cling (see reference [113] for a recent review). Nrf2 activity
is mitigaed byKelchlike ECHassociated protein (KEAPL
that interacts with Nrf2 in the cytosol, targeting it for
polyubiquitylation followed by proteasomal degradation
[114], and by transcription modulators that heterodimerize
with Nrf2 in the cell nucleus [B]. Cowversely to its induc-
tion of antioxicant systems, fumarate can directly react
with GSHo produce succinated GSH that mimics the GSH
reductase substrate [116]. This causes NADPH consump-
tion without antioxidant effects, thus increasiraxidative
stress.

IDH presentsthree isoforms, with NADPRdependent
IDH1 found in the cytoplasm and in peroxisomes, and
NADP-dependent IDH2 and NAfdependent IDH3 found
in the mitochondrial matrixIDH1and IDH2have been re-
ported to be mutated in 70% of gradeand 11l gliomas and
glioblastomag117, 118], asvell as in angi@mmunoblastic
T-cell lymphomas [119], acute myeloid leukemia (AML)
[120, 121] and other common cancer types, such as thyroid,
colorectal ad prostate cancers [122, 123PDH1and IDH2
mutations decrease NADPH and GSH levetsling to en-
hanced PI3KAKFMTOR signaling pathway activity and
cancer cell migration [124, 125]. Several studies have
shown that carcinogenesis and cancer progresséwa
modulated byiDHmutations, and it has been perted that
these mutations increas®OS levels inancer cells [126,
127]. Both increased ROS levels andAN3 pathway acti-
vation lead to an increased signaling activity in favor of
cancer formation angbrogression [128, 129]. Interestingly,
mutated IDHs most often gain the function of pducing
2HG, KS w Sy I vy (KG2[¥38]N2ZH@ & arh on-
cometabolite that, when accumulated at a very high con-
centration, inhibits h-KGdependent dioxygenases [131],
such as histondysine demethylases, leading to gger-
methylated state of DNA and histones [132]. lisa acti-
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vates HIFL by inhibiting Him "
prolylhydroxylases [133].

CS is an important enzyme ofteonsidered to be the
rate-limiting enzyme of thelrCA cycle [134]. Its loss causes
a metabolic shift from an oxidative to a glycolytic rabb-
lism and induces EMT, increasing tumor malignancy [135].

However, a high expression of CS has been observed in
h

RSANI RIGAZY

A decreased expression of ACO2 has bessociated
with gastric [139] and prostate [140] ceers. Interestingly,
FHdeficient cells also have impaired aconitase activity
because fumarate accumulating in thesells exerts a
dosedependent inhibition of ACO2 tiity via succination
of critical g/steine residues [141].

When inactivating mutationoccur in TCA cycle en-
zymes, metabolic intermediates different than the direct
substrates of mutated enzymes may accuate, and they
can act as oncometabolites [102,3]0For example, citrate
is an oncoretabolite that, when accumulating, disrupts
the equlibrium of the TCA cycle and promotes cancer de-
velopment [142]. Indeed, high levels of citrate reduce the
activity of pyruvate dehydrogenase, with consequent py-
ruvate acumulation [142]. In this situatiqorcells convert
pyruvate to lactate with NADregeneation, thus causing a
metabolic shift towards glycolysis, a wktiown phenom-
enon in cancer progression [143]. Furth®re, citrate is a
substrate of acetyCoA carbodase, by which acetyffoA
and maloryl-CoA are produced as precursors for lipid and
steroid synthesis [144]. On the one hand, lipids are the
major structural components of biological membranes and
play impatant functions in cell signaling promoting cell
proliferation and transformation [145146]. On the other
hand, acetylCoA derived fromitrate is a mandatory sub-
strate for histone acetylation, modulating chromatin struc-
ture, and, thus, gene transcriptida47].

Histone acetylation consists of a dynaraied reversi-
ble acetyl group transfeprocess controlled by histone
acetyltransferases HATs) and histone deacetylases
(HDACs) [147]. Acetylation of specific histones allows
chromatin relaxation, which fddates the transcription of
important genes thatregulate cell proliferation, cell cle
transition, differentiation and apoptosis, andahe been
linked to tumor development, influencing the cellular
growth program of cancer cells [148]. The use of HDAC
inhibitors has proven to be an effective therapypeaale of
reversing the transformedetiular phenotype, and several
HDAC inhibitors havieeen approved by the FDA for cancer
therapy [149, 150]. Of note, in addition to histones, onco-
proteins, tumor suppresss and enzymes can be acetylat-
ed as well, whichantrols their activities. It is thease of
HIFs, Myc, KRAS, p53, retinoblastoma proteRb and
PTEN, and of enzymes involved in glucose, fatty acid and
glutamine metabolism [147].

Alterations ofmtDNA in cancer
Both mtDNA mutations and deletions havedn associat-
ed with cancer(Figue 1D.

Single nucleotide polymorphisms in mtDNA (mtSNPs
were tested for their potential correlation with an in-
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creased risk of developing cancer or with a more aggres-
sive progression. While on the one hand a study correlated
a decrease in mtDNA copy numbeith colorectal cancer
malignancy [151], on the othehand a similar study ex-
cluded any correlation between mtDNA copy number and
mMtSNPs on cancer progression in colorectal cancer patients
[152]. In this studysix mtSNPs (MaT479C, MitoT491C,
MitoT10@B5C, MitoAB781G, 10398 A/G and 16189 T/C)
were analyzedn 536 patients and mtDNA copy number in
274 patients, comparing tumor and healthy tissues. A po-
tential correlation between mtSNPs and the risk of pros-
tate cancer has alsbeen studied. Following theompari-
son of 350 mtSNPs between 4,086 cancer patientsl a
3,698 healthy subjects in a multiethnic cohort, the authors
reported no associaibn between mtSNPsand the risk of
prostate cancer [153].

Ethnicities are chaxderized by differeh haplogroups,
which can be defined as clusters of mtDNA sequence varia-
tions that are statistically inherited from the ancestral ma-
ternal mitochondrial genome [154]. For exampkurope-
ans presenmnine major haplogroups (H, U, J, TV, I, V
and X) [15} Differences inlie mtDNA sequence can result
in alterations of mitochondal proteins, mostly compo-
nents of the ETC, that influence their activity, ETC efficien-
cy and ROS production. In oncology, haplogroups have
been extensively studd, in particularegarding their pos-
sible correlation with the risk of developing specifamcer
types. Analyses suggested that some haplogroups are in-
deed correlated with an increased risk for specific cancer
types, whereas they simultaneously redude trisk of oth-
er types of cancer [156]For example, haplogroup K would
statistically be protetive against thyroid cancer in South-
eastern Europeans, but would increase the risk of breast
cancer in European Americans [157]. Another interesting
study in a ohort of over 7,70(European individua found
no correlation between haplogroups and breaancer risk
factors, neither in mothers nor in their children [158]. A
major difficulty to link haplogroups to cancer risks is due to
the way results are analyzeds a typical exanip, one
study repoted that haplogroup N is correlated with an
increased 8k of breast cancer [159], whereas another
similar study reported that haplogroup U and haplogroup K
are correlated with a decreased and an increased risk of
breast cancer, respectely [160]. Howeveraccording to
phylotree.org, haplogroup N contains hagtoup U, which
in turn includes haplogroup K, making it complex to define
what is the actual weight of these alterations on the risk of
developing cancer, and rkimg of the compason of dif-
ferent studies a difficult task. From a molecular point of
view, it is still unclear how a same set of mtDNA variations
could simultaneously be pr@and anticarcinogenic.

Large mtDNA deletions usually result in severe altera-
tions of the ETC andpnsequently, in OXHOSlefficiency.
Three main studies have analyzed theguencies of these
events in cancers. In the first study, a 4,977 bp mtDNA de-
letion has been analyzed in more than 1,600 samples of
tumor and adjacent healthy tsies [161]. Resultsuggest-
ed that this particular deletion could be a cancer biomarker,
especially in breast cancer. The second and third studies
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focused on the frequency of a 3,400 bp mtDNA deletion in
prostate cancer [162, 163]. They reported that thisle-
tion is highlyfrequent in prostaé cancer and in the healthy
tissue directly adjacent tthe lesion, while it was absent in
normal prostate epithelium. The 3,400 bp large mtDNA
deletion was therefore proposed asbiomarker of pros-
tate cancer.

Altogether, to the exceptbn of largemtDNA deletions
the amount of contradictory studies regardimgtDNA var-
iations and their correlations with cancers makes it impos-
sible to conclude anything clinically relevant today. In addi-
tion to contradictions, the bioldgal consequences fo
these alteations are poorly characterized at both molecu-
lar and functimal levels. Consequently, targets cannot be
easily identified and pharmacological approaches cannot
be developed. The complete picture is even worse if one
consides that the amountof studies vith statistical or
methodological fallacies, in particular @agling breast
cancer, is so high that Salag®al. wrote an entire article
on that topic [164].

MITOCHONDRIAL REACTIVE OXYGEN SPECIES
Mitochondria as ROS prodecs

¢ KS (S N¥fersYtavan dass of highly reactive mole-
cules containing oxygen and hagim very short average
half-life. ROS collectively design superoxi@®™), the hy-
droxyl radical QH) and hydrogen peroxide fB}). Mito-
chondria are considereddtbe the most importat produc-
ers of superoxide in cells [34].

Mitochondrial superoxide, th@roximal ROS, is mainly
produced at the ETC from the leakage of electrons at the
ubiquinonebinding sites of Complex | (IQ site)daCom-
plex Il (111Qo site) durg electron transporf9] (Figure 1B.
Superoxide production primarily occurs through the dona-
tion of a single electron from totally reduced or partially
reduced electron carriers, such as semiquinone, ¢3@).
The kinetts of O, production depend orthe carrier en-
zyme aveage time in a reduced form and on its concentra-
tion [34], highlightingthat the concentration of enzymes
responsible forQ,” production tunes the functions that
ROS play within cells. Another importarariable is the @
concentraton in cells. According| altering experimentally
the local @ concentration can increase oredrease the
rate of mitochondrial @ consumption, leading to altera-
tions of O~ production [34]. Being highly reactiv€,” is
immediately dismutated to ¥D, either spontaneously or
under the catalysis of mitochondri@ODsSODL1 is present
in the IMS ad in the cytosol where it inactivates superox-
ide produced at ETC Complex Ill, whereas SOD?2 is localized
in the mitochondrial matrix wheré inactivates superoxide
produced at Complexes | and 11l [Bigure 1B.

In addition to ubiquinonebinding sites iINETC Com-
plexes | and Ill, other R@®oducing sites have been iden-
tified in mitochondria: flavin in Comptd (IF site), the elec-
tron transferring flavoprotein Q xidoreductase (ETFQOR)
in FAO, glycerol -Bhosphate dehydrogenase, pyruvate
dehydrogenase an@-oxoglutarate dehydrogenase [165].
Although the mechanisms governing the functioning of
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each of those s&s are not yet fully understoqdstudies
have shown thagll of them produce ROS in the mitochon-
drial matrix, while only the 1llQo site and glycer®
phosphate dehydrogenase can reled@d£in the IMS[165].

In these two cases, once proced in the IMS, #D, can
crossthe OMM and exercisegmaling activities in the cyto-
sol [166] (see SectiokAntioxidant defenses in mitochon-
driaYfor more details).

Strong evidence exists supporting the signaling role of
mtROS as a mode of communication between mitochon-
dria and cellular prcesses involveth the maintenace of
homeostasis and adaptation to stress conditions [167].
mtROS play different signalizatioales in cells by promot-
ing cell survival or by enhancing cell death, and for mito-
chondrid recycling. First, mitochondrial ,8, regulates
posttranscriptional potein modification through oxidation
of the thiol groups of cysteines, thus changing the agtivit
of target proteins and, therefore, the final response [168].
For example, the reaction of:&,with phosphatases, such
as mibgenactivated potein kinase pbsphatase (MKP),
inhibits their dephosphorylative activity, leadingg, to ¢
Jun Nterminal khase (JNK) activation [169]. Second, an

Mitochondria in cancer

alsoa member of the CuznSdBmily, bu is extracellular
[178]. After the conversion of superoxide te® by SODs,
the subsequent conversion ofvo HO, to O, + two H,0 is
catalyzed by peroxidases: catalase, located in peroxisomes,
the thioredoxin systemand GSHperoxidase. The thiore-
doxin systemcoupled to the peoxiredoxins catalyzethe
reduction of HO, to HO in the presence dNADPH, and
consists of thicedoxin peroxidases, thioredaxreductases
and the substrates thioredoxin an peroedoxin [179]
(Figure 2. Mitochondria have their own specific thioredox-
in reductasg(ThxR2Jor redox regulation and peroxiredox-
in for the rediwction of peroxides [180Fnally, in the cyto-
sol, GSHperoxidase catalyzes the conversion ofOkto

HO using GSH as a subs#ratvhich is reduced to GSSG
and then regenerated with the use of NADPH®$Hre-
ductase [180]. Thus, GSsynthesisyia glutaminolysis and
the serine pathway) and NADPH production actively sup-
port O, inactivation [181].

METABOIG AND MITOCHONDRIAL CODIOT®F CELL
DEATH
There is a clear connection between metabolism and cell

increased release of mtROS is an adaptive response of cells death mediated by various sightransduction pathways.

to hypoxia that activates I#s [170]. ROSdeed oxidize tk

iron moiety of HIF prolylhydoxylases (PHDs), thus inhibiting
the activity of these enzymes thatormally initiate the
process of HHEh degradation by catalyzing the hydroxyla-
tion of this HIF subunit [171ROSurther oxidize vitamin
C,which is a necssary cefactor for PHD recycling though
Fe*reduction. Notably, HHE is known to upregulate the
expression of glycolytic enzymes amdrisporters to main-
tain sufficient ATP levels in cells [172] and to enhance the
production of vascularreothelial grovth factor (VEGF) for
the simulation of angiogenesis [173]. Third, mtROS act as a
signal for triggeng autophagy, which exerts either par-
vival or preapoptotic effects [168]. During starvation,
mtROS oxidize and inactivate cysteine pregaAtg4,
which triggers the lipidation of Atg8, an essential step in
the process of autophagy, thysomoting aubphagy and
facilitating the recycling fointracellular molecules [174].
Interestingly, autophagy can further contribute to ROS
accumulation dudo selective atalase degradation [175].
Fourth, mtROS generate signaling responses at nuclear
gene expressiorelel by forming a perinuclear clustegirof
mitochondria, leading to an accumulation of ROS in the
nucleus with subsequent alterations of getranscription
[176].

Antioxidant defenses in mitochondria

In order to maintain the balance between ROS prodrcti
and their harmful consequencesells harbor specific de-
fense mechanisms. They protect cells from detrimental
ROS effectsi.e., damage tolipids, proteinsand nucleic
acids, and induction of double strand DNA breaks [177].
Superoxide produced in mitoohdria is reduced to ¥,

by SODXalso known as cumirinc superoxide dismutase,

In cancercells, p53 coordinates a common central pathway
[182]. p53 is the most important prapoptotic protein and

is mutatedinactivated in -50% of tumors [183]. However,
while p53 has a central role in tumor suppression, #l&
involved in the modulation oftancer metabolism. Two
well-known targets of p53 that regulate cell metabolism
are TP53nduced glycolysis and apogsis regulator (TI-
GAR) [184] and synthesis of cytochrome oxidase 2 (SCO2),
a cytochrome oxidase 2 (COX&jsembly protein [185].
While TIGARIecreases the glycolytic flux by dephosphory-
lating fructose2,6-bisphosphate [184], SCO2 promotes ETC
assembly and ®PHOS [186]. p58 thus able to repress
glycolysis and to promote OXPHOS and FAO [182].

Nutrient avalability is commonly altered duringmor
growth [187]. Abnormal tumor perfusion and, consequent-
ly, nutrient restriction, impact cell death. For instanae
common microenvironmental alteration in tumors is hy-
poxia, which can act as a sigfiat p53 actvation and cell
death induction [188 In addition, the metabolic status of
the cell acts as a signal for p53 induction: when cellular ATP
levels declinethe resulting decrease in the ATP/AMP ratio
activates AMPK, and AMPK phosphorylatesiattds p53
on serine 15, thus initiating an AMRI¢pendent ceHlcycle
arrest [189, 190].

AMPK acts in most cases as a tumor suppressor, not
only by irducing a cell cyelarrest, but also by inhibiting
the synthesis of most cellular macromolecules. AMPI act
vation indeed inhibits mammalian target of rapsain
complex 1 (mTORC1) by phosphorylating its upstream reg-
ulator tuberous sclerosis complex 2 (TSGR&Ys inhibiting
cell growth [191]. ATP levels and AMPK thereby provide an
important connection between f3-mediated regulation of
energy metabolism andrpgrammed cell death [191]. Of

CuznSOD) in the IMS and in the cytosol, and by SOD2 (alsonote, adenosine signaling can further induce apoptosis by

known as manganessuperoxide dismutase, MnSOD) in
the mitochondrial matrix [34{Figure 1B. Of note, SOD3 is
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AGURE2: The arsenal of mitochondrial antioxidant dehses comprisethe thioredoxin andperoxiredoxin pathways. The image depicts
redox reactions catalyzed lje thioredoxin aml peroxiredoxinsystens, comprising thioredoxin reductasgTrxR of which ThxR2 is ex
pressed in mitochondria), thioredoxirf$ry, peroxiredoxins (Prxdnd NADPH. Ehelectron source is NADPWhich mostly originaés from
the pentose phosphate pathwafPAP) Oxidized thicedoxins(TrxS2) are reduced by NADPH and selenoenzymes TrxRs. Electrons
quentially transferred from NADPH to FAD, to théeNninal redox adve disulfide in one subunit of TrxR, afighally, to the Gterminal
active siteof another subunt. Reduced thicedoxins (TrSH) catalyze disulfide bond reduction in many proteins, including,Rhus ensur-

ing oxidative damage repair in proteins aslives HO, detoxification.

caspase and p53upregulated modulator of apoptosis
(PUMAYdeperdent apoptotic response involving a down-
regulation of Bcl2 expression [182].

Mitochondria are another important crossroad be-
tween metabolism and cetleath. They control cell death
through apoptosis (most notably by regulating the release
of cytochromec through VDAC and the mitochondrial tran-
sition por), and some forms of necrosis [14, 192]. Mito-
chondria control the intrinsic apoptotic pathway throug
OMM permeability, which is tightly regulated by Bcpro-
teins [193, 194]. A release of mitochondriaPQa critically
involved in the initiation and féectuation of apoptotic cell
death. In this context, AKT activation confers resistance to
apoptosisby stimulating BeR protein expression [195],
and the binding of HK2 to VDAC on the mitochondrial sur-
face further represses apoptosis [196]. In addition ¢ir-
cumstances where mitochondrial integrity is altered, cell
death is directly related to the metallic activity of mito-
chondria. For example, inhibiting mitochondrial OXPHOS in
renal cell carcinoma cellgesistant to glucose starvation
was reported tomduce cell death under glucose depriva-
tion [197].

Different from classical types of cell death, apit@agy
is considered to exert a dual function in cancer, as it is both
a tumor suppressor and a protectof oancer cell survival
[198]. Autophagy is indictly modulated by metabolic en-
zymes. For example, lactate dehydrogends€LDHL),
catalyzing the cowversion of lactate and NADo pyruvate,
NADH and H recently emerged aa modulator of autoph-
agy [L99]. LDHL indeed interacts with proton pump vao-
lar (V}ATPase at the surface of lysosomes, which it fuels
with protons Another example concerns glycolytic enzyme
glyceraldehyde8-phosghate  dehydrogenase (GAPDH)
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[200]. During glucoseleprivation, GAPDH is phosphory-
lated by AMPK and is translocated to thellcnucleus
where it intera¢s with the NAD-dependent deacetylase
sirtuin 1 (Sirtl) [201]. Both AMRIependent phosphoryla-
tion and the nuclear translocation of GAPDH mediate rapid
Srtl activation in the nucleus, leading to the transcription-
al induction d the autophagic program [2].

Other sirtuins also exert their activities at the interface
between cell metabolism and deatBirt2has dual effects
on mitophagy. In normal metabgaliconditions, it can trans-
locate from the cytosol tanitochondria,where it forms a
complex with heatshock protein 70 (Hsp70), preventing
Hsp70acetylation and thereby,inhibiting mitophagy[202].
However,Sirt2 also exists as a heterodimerith forkhead
O family proteinl (FoxO1) in the cytoplasm of cancer cells
upon serum starvation or oxidative stigs,the complexis
disrupted resulting inFoxOlacetylationand FoxO1 activa-
tion of autophagyrelated 7 (Atg7through proteinprotein
interaction, which triggers autophagic cell death [203].
Comparatively, Sirt3 is a mitochoma resident. Under
hypoxia, it promotes mitophagy and prevents mtROS
induced apoptosis by facilitating the biimgy of Parkinto
VDAC1 [204]The exact mechanism underlyirfyg effect is
not well characterized. Sirt4 could alsoregulate mitoph-
agy, butmolecular detailsare lackingSirt4would promote
mitochondrial fusion, thereby limiting mitophagf205],
while Sirt5would indirectly prevent mitophagy by limiting
ammonia poduction [206]. The expression of botlsirté
and Sirt7 washown tobe importantto preserve funtion-
al autophagy in cancer ce[l207, 208]
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MITOCHONDRIAL DYNAMICS

Mitochondria are dynamiorganelles that move through
the cell, divide, fuse and underga regulated turnover
through mitophagy [209, 210{Figure 3. They can also be
exchanged betwen cells. These mitochondrial dynamics
reflect metabolic alterations

Mitochondrial fission and fusion

Mitochondrial fission is the process during which mito-
chondria divide ito two or more independent structures,
allowing the creation ofnew mitochondria.Conversely,
mitochondrial fusion characterizes the merging of several
neighboring mitochondria, which mixes the content of
partially damaged mitochondria asfarm of complemen-
tation [211]. Both processes require highly regulated
mechanisns to allow the érmation of new, functional or-
ganelles and to avoid a loss of intramit@adrial content.

During fission, mitochondria are dividedtansmaller
pieces, an esseia process to increase their number in
dividing cells. Fission also promoteitochondrial renoval
through mitophagy, facilitates the movement of mito-
chondria throughthe cytoskeletal network and regulates
apoptosis and Cahomeostasis [21:213]. The proess is
initiated by actin and the ER that first mate site of divi-
sionon the OMM[214, 215] (Figure 3A. Once the contact
between ER and mitochondria is estabéidhthroughVDAC
at the mitochondrial surface and the inositol 1,4,5
trisphosphate recemr InsP3R at the ER surface, the ER
releases Ca into the mitochondrion to tigger at¢in
polymerization at the constriction site [216]. This provides
a site for therecruitment and assembly of dynamielated
protein 1 (DRP1), a cytosolic GTPase thahglocates to
the OMM upon activation [217]. DRP1 then recruits mem-
brane-anchoral recepbr protein Fisl [218], ta#nchored
mitochondrial fission factor (Mff) and analed mitochon-
drial dynamic proteins (MiDs) [219]. Together, these pro-
teins spirally suound the mitochondien, constricting and
breaking it in two pieces.

High DRP1 exessiom has been associated with differ-
ent types of cancers, including glioblastomagyrdid, lung
and breast tumors [22Q23], as well as with an increased
metastatic potental of cancer cells [224, 225]. Interestingly,
silencing DRP1 has been shownréglucethe metastatic
capacity of breast cancer cells due to inhibition of lamel-
lipodia rmation, an important mechanism that drives cell
migration [224]. DRP1 was also fouradlie overexpressed

Mitochondria in cancer

synthesis [228, 229]. An intriguing link between mitochon-
drial fission and cancer comes from the functional connec-
tion between DRP1 and dellar gress, where DRP1 has
been proposed as a transcriptional target of p53 [230] and
where oncogenic RAS/MAPK signaling upregul@gs1
mRNA levels [223]. The multiple walyg which DRP1 is
involved in cancer suggest that this protein plays important
roles that could be independent of its principal role of
WaSLINFIGAYIQ YAG20K2YRNRI @

Numeraus studies have addressed the metabolism of
CSCs (see references [231, 232] for reviewd)ile their
metabolic activities varacross tumor types, mitochondrial
fisson ha been singled out to be important for stemness
maintenance [233]. Accordingly, lesicing DRP1 or its
pharmacological inhibition in brain tuménitiating cells
reduced heir tumorigenicity and triggered apoptosis [220].
Similarly, the pharmacologicaihibition of DRP1 by mdivi
1 not only caused a defect in tumor sphere formation by
breast CSCs, but also inhibited their migration and survival
[234]. In another recent exapte, Civennit al. [235] ob-
served that depleting Mff in prostate CSCs rapidlyasst-
ed their tumorigenic potential, which was associated with
the induction of CSC sescence. Interestingly, the high
rate of mitochondrial fission in CSCs has been proptsed
allow mother stem cells to keep an intact mitochondrial
content, whereas dauger cells committed to differentiate
would inherit a pool of intact and deficient mitbondria
[236]. This asymmetric segregation would participate in the
perpetuation of caser stemness despite frequent cell divi-
sions [233].

During fusionfor example felowing mitochondriatep-
lication (also known as mitochondrial biogeneskgure
3B), the OMM and the IMM merge, and the contents of
the IMS and mitochondrial matrix are mixgBigure 3.
Molecularly, fusion is controlled by three dynamin family
GTPasegpitofusin (Mfn) 1 and 2 in the OMM and optic
atrophy protein 1 (Opal) in the IMM [23238]. Opal dis-
plays two long isoforms @pal) and three short isoforms
(SOpal) [239]. Ta fusion of the OMMs is for the most
part synchronized with the fusion of the IMMs.dtan pro-
teins are regulated through ubiquitination of OMM pro-
teins and proteoltic cleavage of IMM proteins [240].
Whentwo mitochondria are in close proximity, Mfnl and
Mfn2 start to dimerize with homoand heterotypic interac-
tions, which creates antipallal connections between mi-
tochondria, allowing the fusion of the OMM throughixm

in squamous cell carcinomas (SCCs), and loss of DRP1 iring the lipid bilayers [241]. Furthenteraction of the two

this tumor type causes mitochondrial elongation with sub-
sequent inhibition of cell prolifer&an and a G2 arrest
[226]. Mechanistically, DRP1 expression was found to posi-
tively corelate with the expression of cell cycle genes that
regulate mitosis in epithedl ovaian carcinoma (EOC) [227].
Elevated DRP1 expression promotes mitosis, thus support-
ing cell proliferation in the development of primary and
relapsed EOC. DRPL1 is alscelihto cancer cell metabolism,
since depletion of DRP1 in HelLa cells has beewsho
decrease the activity of ETC complexes, mitochondrial res-
piration, mitochondrial rembrane conductance and ATP
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fusingmitochondria with theER is believed to facilitate the
process, as Mfn2 has also been found in the ER where
promotes the interaction between mitochondria and ER
and allows the exchamgof C&" for signaling [242]. Fusion
of IMMs is then ensured by Opal together with Mnf4g&.

In cancer cells, mitochondrial fusion appears to have
the opposite effect tlan fission in terms of tumor growth,
metastatic capacity and metabolic activitiéedeed, lower
levels of Mfn1/2 have beefound in mouse medulloblas-
toma cancer cells compad to nontransformed cells [244],
and inhibition of DRP1 by mitochondrial divisimhibitor-1
(Mdivi-1) stimulated fusion and initiated mtDNA replication
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HGURB: A high mitochondrial turnover rate is characteristic of many cancedls. Mitochondrial quality control involves fission and mitophagy
eliminate defective mitochondria, whereas repopulation and functionalization depends on mitochondrial biogenesisiandA) Duringfission,
the mitochondrion is marked and anchorég the endoplasmic reticulum (ER), notably through the binding of inositol 4ri&phosphate receptor
(InsP3R) at the ER surface to voltaiggpendent anion channel (VDAC) at the mitochasidsurface. This leads to the recruitmentdyinaminrelated
protein 1 DRP1), mitochondrial receptor protein 1 (Fis1), mitochondrial fission factor (Mff) and mitochondrial dynamic proteins gNo\is)y
oligomerization and constriction to yield twadghter mitochondria(B) During mitochondrial biogenesis, a mitaetdrion selfreplicates.(C) During
fusion, mitofusingvifnl and Mfn2 are located on the outer mitochondrial membrane, allowing the exchange of calcium for signaling and ¢
antiparalld connections between tev fusing mitochondria. Optic atrophy 1 (Qpaogether with Mnfl participate in the fusion of the inner mitc
chondrial membraneFusion allows the formation of mitochondrial networkP) The mitophagic process consists in the engelit of damaged
mitocchorRNA I Ay | @I Odz2t S S@t (¢KE UAYHR0GA2SLIKAESTHAGO Falkalhd2ey 2F G KS YA dysoL.
some, allows the degradation of mitochondria in macromolecules that are delivered to the cyismphagy carbe non-selective or slective,
using canonical and necanonicapathways. It prevents the accumulation of damaged mitochondria that could harm or even kill the cell if apc
and/or the production of reactive oxygen species would derail.

[245]. Maeover, Mfn2 overexpression reduced luogn- duction [245]. Iterestingly, Mfn2 gene therapy, which
cer growth [222], as well as the migration amyasion of involves theinsertion of genetic material (DNA) into the
breast cancer cell lines [224]. Hyperfused mitochondria are cells to restore Mfn2 gene expresaiohas been reported
found during the G1/S phase of the cell cycle that is associ- to reduce the proliferation of A549 human lung cancer
ated with a greater oxidative capity and higher ATP pro- cells bypromoting apoptosis [222].
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Fusion and fission also allow a subcellular specialization
of mitochondria [246]. Mitochondria indeed distribute
subcellularly depending on whetbeir metabolic function
is required (local demand of ATP,2Qauffering and othe
functions). For example, @&he axonal level in neurons,
mitochondria appear fragmenteddzause they move along
the cytoskeleton (interacting with desmin, vimentin and
tubulin), while at the dendritic level in the region of synap-
ses, they appear elongalebecause in this region theed
mand/consumption of ATP is higher for pumping back the
ionsderived from synaptic vesicles [247]. Fission facilitates
the distribution of mitahondria within the cell, and apop-
tosis through the release of cytochroneg248]. Converse-
ly, fusion benefits th cell thanks to mitochondrial com-
plementation, which allowslamaged mitochondria or mi-
tochondria with altered mtDNA to fuse with healthy mito-
chondria in order to compensate the deleterious effects of
dysfunctional organelleR49].

Mitophagy and mitochadrial transfer

The quality control of mitochondrial dynamiatso includes
mitophagy,i.e., a degradation process that removes dys-
functional & damaged mitobondria Figure 30 [250].This
process is vital to guaranted&é physiological functions of
cellsand tissues and to avoid the onset of diseases like
cancer p51]. It also regulates the number of mitochondria
in response to the metabolic ees of cells and during
some stages of cell development, such as the diffaeent
tion of erythrocytes [252].

Mitochondrial removalmost often uses the molecular
machinery ofmacro-autophagy, a specific type of autopha-
gy characterized by the formation ofitophagosomesi.e.,
doublemembrane structures that form vesiclesround
mitochondria[253, 254]. It can occur thier in a selective
way or in a norselective way where autdppgosomes se-
quester mitochondria together with cytosolic components
and other or@nelles [255].

Selective mitophagy starts with the evaluation of
healthy and damagednitochondria by PTEMduced ki-
nase 1 PINK1)Figure 4. PINK1 is recruited by mitochon-
dria as it contains a mitochondrtargeting sequence [252]
If the mitochondrionis healthy (polarized), PINK1 is trans-
ported from the cytosotowards the mitochondrial miaix
by translocases ahe OMM (TOM) and of the IMM (TIM)
(Figure 4A. When crossg the IMM membrane, it is
cleaved and released back to the cytosol by mitochi@id
protease presenilirassociated rhomboidike protein
(PARL) and matrix processimgptidase (MPP) [252, 256], If
on the contrary, the mitochondrion is dysfunctional, the
IMM becomes depolarized, PINK 1 is not cleaved and can-
not be transported to thdMS. It accumulates in the OMM
(Figure 4B. There, it can recruit and activate Parkiy
phosphorylating OMMesident ubiquitins [257, 258] and
Parkin itself [259]. Parkin & cytosolic E3 ubiquitin ligase
[260] that, once activated, starts to ubiquitir@proteins in
the OMM, including Mfn1, Mfn2, VDAC1, TOM20 and mi-
tochondrial Rho GTPadg initializing mitophagy [26264].

In the cascade, autophagy receptors (such as opting
and autophagy initiators (such as ubt like autophagy
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activating kinase JULK1]) are recruited and activated, as
recently detailed in reference [255]. Proteibiquitination
further activaes microtubuleassociated protein light chain
3 (LC3) [26p which is normally present in the cell cytosol
under the form of LGB When ativated, LC3 is conjugated
to phosphatidylenolamine to form L@B[265], which is
recruited to autophagosomes durirtfpe formation of their
double membrane. Besides this camcal pathway, alter-
natives routes have also been described involving a direct
interaction between an activated form of OMM protein
FUN14 domain containing 1 (FUNDG@hQ LC3, or BH3
only domain preeins (BNIP3 and NIX), beclins and ULK1
[255]. Interestindy, a study by Soubanniet al. [266] fur-
ther showed that mitochondrigerived \esicles can be
formed in early oxidative stress response, and these vesi-
cles are direted to lysosomes independentlgf LC3 as a
form of mitophagy complementation.

Dysfunctimal mitophagy is associated with tumor initi-
ation and progression in many type$ @ancers [267, 268].
In response to stresses such as hypoxia and nutrient star-
vation, mitophagy is activated to rede the overall mito-
chondrial mass, thus preserving valuabhutrients and
preventing excessive mtROS generation [269, 270]. Even if
the exact molecular mechanism is not yet well understood,
part of the response could be medéal by receptors that
dispose 6 Gterminal transmembrane domains localized at
the OMM, hcluding BNIP3, NIX and FUNDC1 [255]. Parkin
has been suspected to be a tumor guessor: its expres-
sion increases oxidative metabolism, limits the Warburg
Effect andregulates levels ofyclin D1,cyclin E and cyclin
dependent kinase 4 (CDK4) in canc@8&7]. Interestingly,
mitophagy appears to have a dual role in cancer treatment
resistance, as both its inhibition (in colorect@aSe€) and
induction (in peclinical AML modelg increased the sensi-
tivity to chemotherapeutic drugs, such as daxoicin [271].
Mitophagy could also participate in the radioresistance of
headr yR yS01 OFyOSNJ OStfta Gz

While mitophagy coupled to mitochondrial biogersesi
is a major pathway to maintain a pool of functional mito-
chondria in cancer cells [273Jancer cells can also acquire
intact mitochondria from nonmalignant cells @ent in the
tumor microenvironment. This mitochondrial transfer in-
volves the formation ointercellular tunneling nanotubes
(TNTs) and larger microtubes that have been obsermed i
several types of cancer cells [274] based on the initial find-
ing that mitoctondriaR S ¥ A O &li§ licould acquire
mMtDNA from host cells [275]. mtDNA transfer wasef
found to involve full mitochondria transfer between non-
malignant donor cells and mghant receiver cells [276]. In
AML, ROS have been identified to drive thenfation of
TNTs that support full mitochondria exchange between
bone marrow stromal celland AML blasts, which was fur-
ther shown to contribute to the metabolic capacity of can-
cer cells [277]. While the molecular mechanisms of TNT
formation have been extemgely reviewed elsewhere [278],
it is in our opinion important to further mention that noi-
chondrial transfer can also transfer malignant capabilities
between cancer cells. In enexample, the experimental
transfer of mitochondria from an invasive (T24lsgeto a
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HAGUREA4: Dysfunctional mito-
chondia are targeted to mi-
tophagy. (A) Healthy mitochon-
dria have a polarized outer mito
chondrial membrae (OMM),
which allows PTEMduced ki-
nase 1 (PINK1) to cross tf
membrane and be degraded b
presenilinrassociated rhomboid
like protein (PARL) at thaner
mitochondrial membrane (IMM).
(B) Impaired mitochondria, in-
stead, have a depolarized OMM
which hnders the entry of PINK:
and, therefore, its degradation
PINK1 can thus bind to parkin t
initiate mitophagy.MPR matrix-
processig peptidase; TIM -
translocase of inner mitochon
drial membrane; TOM- trans-
locase & outer mitochondrial
membrane.

less invasive (RT4 cells) bladder cancer cell line resulted inside mitochondria, shifting cellular metabolism towards

increased invasiverss of RT4 cells [279]. In another exam-
ple, mtDNA transfer between poorly and highly metdie
lung cancer cells was found to simultaneously transfer the
high metastaic traits [280]. In yet another example, Pas-
quier et al. [281] showed that MCF7 breast rezer cells
that received mitochondria from endothelial cells became
more resistant to doarubicin chemotherapy. Together,
even if TNT formation is extremely diffictdt documentin
vivo, these observations support a potential clinical signifi-
cance of intecellular mitochondrial transfer.

Mitochondrial dynamics reflect metabolic alterations

Due to frequent fission and fusion events, different forms
of mitochondria can be found inside a cell. They can mor-
phologically resemble to small vesicles, short bars or re-
ticular nets, which are a snapshot gtiapes resulting from

a constantly changing kence. Their organization further
depends on cellular types and specific stress conditions
[211].

Mitochondrial dynamics have been closely related to
the activities that they perform, and changes in mitochon-
drial morphology have been linked to alteratiotisat oc-
cur in cancer [282]. Many studies have demonstrated the
existence of a link between energy substrates, oxygen sup-
ply andthe mitochondrial architecture [283, 284]. Cellular
metabolic dysfunctions have elen associated with in-
creased mitochondrial fragnmation, whereas hyperfused
mitochondria better resist to metabolic insults and, given
2 GKS YSNHS: OFy LINRGSOU
of the pancreas, Molinat al. [286] have shown that mi-
chondria that are in a nutrientich environmentare sepa-
rated and subject to fission, whereas mitochondria in a
starved environment characterized by a severe deficiency
of nutrient availability below cellular needs tend to create
nets and remain elongatkfor a long duration. Moreover,
starvation inducs the accumulation of fatty acid droplets
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FAOfor ATP production [287]. Mechanistically, nutrient
starvation induces mitochondria elongation throug
cAMRactivated PKA thanhibits mitochondrial fission and
protects the organelles against autophagosomal degrada-
tion [288, 289]. In cancer, existing data suggest that a hy-
perfused state of mitochondria supports the survival of
cancercells not only by mintaining the production bATP,

but also by compensating for damaged mitochondria, sus-
taining intramitochondrial exchanges of fatty acids and
avoiding metabolic reprogramming towards autophagy
[287-289].

THERAPEUTIGTRATEGIES TARGETIMITOCHON-
DRIA INCANCER CELLS

Given thekey unctions that mitochondria exert in cancer
cells, several strategies have been imagined and tested
that considered mitochondria as anticancer targetalfle

1). We here offer a brief overview of major approash
aimingto modulae mitochondrial anapleosis mitochon

drial turnover, the TCA cycle, the ETC, mtROS and mito-
chondriadriven apoptosis.

Targeting mitochondrial anaplerosis
Targetingpathwayssupporting mitochondrial anaplerosis,
i.e., glycolysis glutaminolysisand FAO,has been consid-
ered as an anticancer approach.While these anaplerotic
pathwaysmayin part supportcancercell survivaland pro-
liferation independently of mitochondrial metabolism,
Ly
2-DeoxyD-glucose(2DG)is a competitor of gluamsefor
glucosetransporters (GLUTs)and HKs, which are often
overexpressedin cancer cells, offering some anticancer
selectivityfor the treatment [290]. By interfering with glu-
coseuptake and phosphorylation,2DGreducesthe availa-
bility of pyruvate for mitochondria, thus impairing mito-
chondrialanaplerosisand OXPHOSn additionto its anti-
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TABLEL. Therapeuticstrategies targeting mitochondria in cancer with clinical perspectives

ClinialTrials.gov identi-

Compound name Targeted functions Molecular targets Phase :
fier or reference
. . . Phase | NCT00096707
2-DeoxyD-glucose Mitochondrial anagerosis GLUTs and HKs Phaselll [302, 303]
3-Bromopyruvate Mitochondrial anaplerosis HK2 and GAPDH Case study [307, 308]
Etomoxir Fatty acidoxidation f(;?;r;ténle palmitoyltrans- Preclinical ~ [314, 315]
Mdivi-1/Dynasore Mitochondrial turnover DRP1 Preclinical [368-371]
. NCT02071927,
CB839 TCA cycle Glutaminase Phase | NCT02071888
Pyruvate dehydrogenas: Phase | NCT02168140,
CP1613 TCA cycle and h-ketoglutarate de- NCT02232152
hydrogenae Phasd/Il NCT01766219
Mutant IDH2R140 and NCT01915498,
AG221 TCAcycle IDH2R172 Phase I/l NCT02273739
NCT02492737,
AG881 TCA cycle Mutant IDH1/2 Phase I/l NCT02481154
Carboxyamidotriazole ETC Complex | Predinical [319]
Fenofibrate ETC Complex | Preclinical  [320]
Metformin ETC Complex | Phase IlI NCT01101438
Papaverin ETC Complex | Phase | NCT03824327
. _— Phase Il NCT00237536
Lonidamine ETC Complex lI Phase [lI NCT00435448
Atovaquone ETC Complex I Phase | NCT02628080
Arsenidrioxide ETC Complex IV Preclinical [348-350]
mitoTEMPO ROS signaling Superoxide Preclinical  [89]
MitoQ ROS signaling Superoxide Preclinical  [354]
Photodynamic ther- Mitochondriadriven apopto- Cytochrome: release Phase | NCT03053635
apy Sis Phase Il NCT03945162
Phase IlI NCT02064673,
Curcumin Mitochondriadriven apopt@is  Cytochromecrelease Phase Il NCT02944578,
NCT02782949
Aloe-emodin Mitochondriadriven apoptosis Cytochromecrelease Preclinical [362]
Betulin Mitochondria-driven apoptosis Cytochromecrelease Preclinical [363]
. NCT00256334,
Resveratol Antioxidant modulators Cytochromecrelease Phase | NCT00433576
"-tocopheryl succin- . chondrial destabilization ~ GSTPAL andGSTOL Preclinical  [377]
I O STO&)
Canfosfamide o Prodrug _bic—activated_by
DNA replication GSTPAL in an alkylating Phase IlI NCT00102973
(TLK286)
agent
. _— Prodrug activated b NCT00060203,
Brostallicin DNA replication GSTP gnd GSTM y Phase Il NCT01091454
Pilot NCT0153581
NCT03075514,
Not appli- NCT02286167,
cable NCT01754350,
Mitochondria in cancer NCT03278249
Ketogenic diet Glycolysis cells that would not use NCT00575146,
ketone bodies as a fuel Phag | NCT03451799,
NCT01865162
NCT02046187,
Phase Il \cT02939378
Phase Il NCT02302235

* withdrawn from clinical studiesDRP1- dynaminrelated proteinl; ETG electron transport chain; GLUTglucose transporter; GST
glutathione Stransferase; HKhexokinase; IDHisocitrate dehydrogenase; ROf&active oxygen species; T€Wicarboxylic acid (cycle).

OPEN ACCEgsvww.ceblitress.com 128 Cell StregsJUNE 2020vol. 4 No. 6



D. Gasscoet al. (2020)

metabolic activity, preclinical studies reported that 2DG
exertsadditional anticancereffects that compiise an anti-
angiogenicactivity [291], inhibition of cancer metastasis
[292] and inhibition of the viral replication of Kaposi'ssar-
comaassociatecherpesvirus[293]. It canalsoimprovethe
effectsof autophagyinhibition [294-296]. However clinical
trials were generallyinconclusive as 2DGas a standalone
treatment did not show significantanticanceractivity at
tolerated dosesfor patients[297]. Additionalin vitro andin
vivo preclinicalstudiesneverthelesssuggestedts possible
applicationin combinationwith conventionalchemothera-
py, including cisplatin [298, 299] and doxorubicin [300,
301]. Promisingresultshave also been obtained in combi-
nation with radiotherapyfor the treatment of glioblastoma,
andaPhasdll clinicalis currently ongoing[302, 303].

3-Bromopyruvate (3BP) is an alkylating agent that,
amongother effects,hasbeenreportedto inhibit glycolysis.
3BPindeed inhibits HK2[304] and GAPDH305] amonga
largerlist of targets[306]. However,evenif promisingcase
studies have been published supporting that 3BP exerts
anticancereffectsin humans[307, 308], to our knowledge
no clinical trial has been completedto date. Although a
promisingcompound,3BPfacesseverallimitations for its
clinicalutility, includinga rapid deactivationby GSHand a
burning sensaton when administered intravenously. In
order to limit side effects and potentiate its anticancer
properties, 3BP can be formulated in liposomes, PEG
liposomesor other targeted or untargeted nanocarriers
[309].

Glutaminolysihasbeen shownto support cancercells
growth, in particularin humanpancreaticductaladenocar-
cinoma(PDACJ310, 311]andtriple negativebreastcancer
[312]. Glutaminase€l (GLS1hasbeenproposedasa target
for anticancertreatment, however there are no pharmaco-
logicaltreatmentsavailabletoday.

TargetingFAQis another potential anticancerstrategy.
A speciaffocushasbeenset on carnitine palmitoyltransfer-
asel (CPT1)an enzymelocatedat the OMM that converts
acytCoA (the end product of FAO)to acykcarnitine that
crosseanitochondrialmembranesin order to fuel the TCA
cycle in the mitochondrial matrix [313]. The irreversble
CPr'l inhibitor etomoxir has been shown to improve the
effectivenesof radiotherapy[314], and it may be usedto
treat cachexiaa syndromeassociatedo elevated FAQin
cancerpatients[315]. Etomoxirhasbeentested in clinical
trials for type 2 diabetes and congestiveheart failure,
whichrevealeda safeto useprofile of the drug[316,317].
However,to our knowledge,no clinicaltrial in cancerpa-
tients hasbeeninitiated today.

Targeting the TCA cycle

Whether and how to selectively target the ACQyclein
cancer cells hebeen extensively explored in the past years
and recently reviewed in detailsybAndersonet al. [35].
Importantly, several Phase | and Il clinical trials have been
conducted involving drugs capable of inhibiting deregulat-
ed pahways réated to the TCA cycle. They include&33,

a specific inhibitor of glutaminaséNCT02071927 and
NCT02071888); GB13, a lipoate analog inhibiting py-
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recently tested in Phase | arldl clinicd trials as a single
agent or in combination with standard chemotherapy to
treat diverse types of cancers (NCT02168140,
NCT02232152 and NCT01766219); and enasidinia4G
an orally available inhibitor of mutant IDHR140 and
IDH2R172 that undrgoes Phas /1l clinical trials as a sin-
gle agent for the treatment of AML, angimmunobhstic
T-cell lymphoma and glioma (NCT01915498 and
NCT02273739). In addition, 881 is a promising orally
available dual inhibitor of mutant IDH1 and mutant IDH2
that was in Rasel/ll clinical trial until this year, recruiting
AML patients with mutant IDH2, as well as glioma pa-
tients (NCT02492737 and NCT02481154).

Targeting theETC

As reviewed irthe section Wntioxidant defenses in mito-
chondria cancer cell mitochondria cansal display aéra-
tions in the functions of ETC complexes that constitute
attractive anti@ancer targets.

Complex |

A multiplicity of compounds have been testadvitro and

in vivoto inhibit Complex | [318]which include carboxy-
amidotriazole [319] and feofibrate [320]. However, the
most advanced drugs targeting Complex | are biguanides
metformin and phenformin. These two compounds are
FDAapproved drugs widely used for diabetes treatment
[321]. Interestingly they can also impair the proliferation
of seweral caner cell lines [322, 323], anith vivo studies
further demonstrated that medormin and phenformin
inhibit tumor growth and metastasis formation in several
animal models [324828]. While these two drugwere be-
lieved to primarily act through AMPKta@tion, two stud-

ies published irthe year 2000 demonstrated that metfor-
min primarily nhibits ETC Complex | in cancer cells, conse-
quently inhibiting OXPHOS and activating AMPK [329, 330].
The mode of actiomf these biguanides involves inhibition

of ubiquinone reductio [331]. This finding opened new
perspectives for the use of biguanidedlire field of cancer.

In fact, metformin is currently tested in several clinical tri-
als for cancer patients [332]. Untilow, most promising
results have been obtainedn Phase Il lmical trial
NCTO01101438, which tested the efficacy of metformin for
the treatment of breast cancer, other nonmetastatic can-
cers and cancers with a smaller degree of malignity [333].
After receiing metformin twice a day fofive years afte
diagnosis, patiets experienced a significant improvement
of progressiorree survival Paverin a nornarcotic opi-

oid usually used for the treatment of vasospasms and erec-
tile dysfunctionby inhibiting plosphodiesterase 10A [334],
has also been repoed asa Complex | inbitor in cancer
cells[335]. As a consequence, Bersdj al. [335] reported
that papaverin can, through oxygen sparing, radiosensitize
lung and breast cancer cells and tumdansviva With the
additional description of anticancer effescof papaverin on
prostate [336], breast [337] and hepatocarcinoma [338]
cancercells, as well aen glioma xenografts in mice [339],

a Phase | clinical trial is ongoing where papaverin hydro-
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chloride is tested s a radiosensitizer in nesmall cell lung
cancer patients (NCT824327).

Complex Il

Comparatively to Complex I, there aceirrently no well
characterized Complex Il inhibitors. Lonidamine has recent-
ly been shown to inhibit Complex Il in isolated mitogho
dria and in DBL melanoma cells [340, 341{lowever, the
compourd did not demonstrate any benefit in two ran-
domized Phasdliclinical trials in combination with chemo-
therapy, and was therefore withdrawn from clinical studies
[340].

Complex llI

Atovaquore is an FDAapproved drug used to treat pneu-
mocystis, pneumonia ah malaria [342]. This drug is a
ubiguinone analogue thatcts as a Complex Il inhibitor in
parasites, cancer cell lines and bre@8Csdiminishing the
oxygen consumption ratend reducing tumor hypoxia at
pharmacologically acceptéb concetrations [343347].
Atovaquone is currently tested in ah&e | clinical trial
(NCT02628080) for its effects on hypoxia in +samall cell
lung carcinoma in a preperative window of opportuity
study. While recruitment has been completed, no résul
havebeen published yet regarding this trial.

Complex IV

Arsenic trioxide has been described as a Complex IV inhibi-
tor and is FDApproved for the treatment of acute pro
myelocytic leukemia. Irthe past years, it has been ex-
plored in other types of gzer. Peclinically, because it
inhibits cell respiration, a&enic trioxide was shown to de-
crease hypoxia in Lewis lung carcinoma and transplantable
mouse liver tumors, leading to an improvement betre-
sponse of mice to radiotherapy [348]. Nitric oxidedahy-
drocortisone are other compounds that, among other ef-
fects, can inhibit Complex IV and increase the efficacy of
radiotherapy preclinically [349, 350].

Complex V

To our knowledge, no studiesviolving in vivoor clinical
trials have been reported witldrugs targeting ATP syn-
thase in cancer models.

Targeting mitochondrial ROS production

The use of mitochondritargeted antioxidants like mito-
TEMPO and mitoQ [89] has proven to be a good strategy
repress the migratory, invasive and metastatic phenetyp
of carcer cells. Both drugs repress mtR@&uced activa-
GA2y 27F (K S[89% MIOTEMPRQ isiaksapkeradxide
scavenger able to mimic mitochondrial SODs [351]. It can
easily pass through lipid byjlars and selectively accumu-
lates in negatively chargemitochondriathanks to a posi-
tively charged triphenphosphonium moiety. MitoQ is a
very similar compound, with ra ubiquinone covalently
bound to triphenylphosphonium. Similar to mitoTEMPO, it
can rapidy cross biological membranes and concentrate up
to 100fold in mitochondria [352]It can access the mem-
brane core of mitochondriaacting as a chaibreaking

OPEN ACCEgsvww.ceblitress.com 130

Mitochondria in cancer

antioxidant, which further allows the recycling of MitoQ to
its ubiquinol formvia reduction by EC Complex Il [353].
Besides # antimetastatic poéntial, MitoQ as a mitochon-
dria-targeted antioxidant canwcessfully decreaskRAS
induced pancreatic tumorigenesisvivo[354].

Restoring mitochondriadriven apoptosis

Strategies that stimulate cytocbme crelease can be used

to induce apoptotic carer cell death. Several studies [355
357] have indeedproposed that photodynamic therapy
(PDT) can induce damage in cancer cells by disturbing the
mitochondrial membrane potential, thus triggering the
release of cytochromec and activating caspasgependent

cell death. Several photosensitizers used in PDE hae
approved for clinical applications or are under clinical trials
[358].

Additionally, the use of natural compounds to induce
cancer cell apoptosihas shown interesting results. For
examples, ressratrol [359, 360], curcumin [361], alee
emodin [362]and betulin [363] were shown to stimulate
apoptosis in various cancer cell lines by increasing cyto-
chromec release from mitochondria. Resveratrol ested
in Phase | clinical trigl with colon cancer patients
(NCT00256334, NCT00433576). Encouraging limicat
results obtained with FDApproved curcumin in cancer
were an incentive to launch several clinical trials in cancer
patients (NCT02064673, NC¥®@2578, NCT02782949).
The nontoxicity towards norcancer cells demonstrated by
these natural compoundsdded to the low toxicity in-
duced in normal cells by PDT suggests that targeting cancer
cells by restoring cytochromedriven apoptosis deserves
further research efforts.

Targeting mitochondrial turneer

Mitochondrial fission, fusiorand mitophagy have been
investigated as potential anticancer targets. However, few
studies specifically investigated mitophagy compared to
more general autophagy.

Mdivi-1 can block fission binhibitingthe GTPase activ-
ity of DRP1 [364]thus preventing miphagy. For treat-
ments langer than 24 h, mdivl has a cytostatic effect
[365], which may be an additional advantage over mito-
chondrial impairment [366] in cancer therapyynasore is
another GTPase inhibitor of DRBE7]. Inhibition of mito-
chondrial fssion by dynasore has &e shown to suppress
cancer cell proliferation and to induces apoptosis in A549
lung cancer cells [368]. It inhibits migration and/or invasion
in different cancer cell lines, including bladder canceH
line T24 [369], lung canceell line H1080 [370]ral osteo-
sarcoma cancer cell lines MNNG/HOS [371]-68G371],
and U20S [370]n vivoin mice,dynasore showed additive
effects when combined taisplatin [371].

Inducing mitochondrial fusion cansal have anticancer
effects, as illustrated by S3, a smaditural molecule that
has been show to promote fusion hence inhibiting mi-
tophagy [372]. Its mechanisms of action remain to be elu-
cidated, whichwill necessitatein vivo studies. Of note,
inhibiting mitophagy may be one of the mechanisms of
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action of Temsirolimus, anTOR inhibitor already in use for
other clinical applications than cancer [373, 374].

Other mitochondrial modulators

In addition b mitochondral inhibitors, other compounds
can indiretly modulate mitochondrial functions. Among
GKSY 1002 LIKSNEf aas)Gnh vraldghe ob h
h-i 202 LIKSNER t -tacaphetolisvarpgtentinhibitorh
of cytosolicGSHStransfersses GSTPL [375]and GSTO1
[376],i.e., enzymes that normally dexify endogenous and
exogenous compounds by catalyzing the conjugation of
electrophilic  centers to  GSH. Its  analogue

h-TOS selectively induces apoptosis in cancer cells by de-

stabilizing nitochondria B77]. This activity, however,
seems to be independendf GST inhibition, and would
rather primarily involve ETC Complex | [378] or Complex Il
[379] inhibition.

Interestingly, the catalytic activity of GSTs could also be
used to bieactivate podrugs, alleving their selective ac-
cumulation in cancer cells withigh expression of some

Mitochondria in cancer

cancer cells simultaneously proliferate in experimental and
clinical tumors. Hence, tumor metabolism is generally
characterized by the same hetegeneity as te phenotypic
heterogeneiy of the cancer cells that compose the tumor.
Good exanples are the metabolic cooperativity that exists
between oxidative and glycolytic ceer cells in many tu-
mor types [397, 398] and the observation that, in a given
tumor, metasatic progenitor cells [8] and CSCs [87] have
a different metabolic behaviathan the bulk population of
cancer cells. It is nevertheless noticeable that mutations

genes encoding TCA cycle enzymes [111, 121, 399] or ETC

subunits [67, 105106] logicay limit this metabolic [astic-
ity, but they are rare events in rare tumor types.

This review paper aimed to contribute re-center mi-
tochondria in the overall metabic map of cancers. We
therefore attempted to provide a comprehensive ovieaw
of the many functions that these oemelles exert in cancer
cells, not only as powerhousds,t also as dynamic signal-
ing organelles controlling cell survival and death, mgtilit
stemness and resistance to treatment. However, key ques-

GST isoenzymes. For example, canfosfamide/TLK286, ations have not gt been answeed by the scientific com-

modified GSHanalogue and nitrogen mustard prodrug, is
bio-activated by GSTPLLin an alkylating metbolite capa-
ble of covdently binding DNA [380]. This compound
reachedPhase lliclinical trials with good tolerability [381
383]. Brostallicin is another example af GSTactivated
prodrug [384386]. It is currently in Phase Il clinical trials.

Ketogent diets (kDs) based on a igh fat and low car-
bohydrate alimentation havéhe objective to limit glucose
availability for tumorqd387]. They were initially developed
asa treatment for rare metabolic diseases, such as GLUT1
and pyruvate dehydrogenase (AP complex déciencies
[388,389]. KDs have been reported to decrease blood glu-
co=x levels and to increasketone body use, leading to a
shift from glycolysis to resgition. Their anticancer activity
is based on the assumption that cancer cells witlerai
mitochordria should note able to use ketone bodies [390,
391] Several studig associating mitochondrial modulators
to KDs have been performed to treat cancer pats,
which have recently been reviewed by Welsdral. [387].
The most significanfindings petain to case reprts of
patients with glioblastoma [39394]. While anticacer
activities have been reported, many clinical trials are still
ongoing. Theesults of these studies are expected to con-
firm whether KDs, and which type of KD, kkbhe used as
nutritional support to improve the outcome of some types
of cancers.

CONLUSIONS

Introductory statements in the scientific literature too of-
ten describecancer cells as being constitutively glycolytic.
This reductionist view is based onethiediscoveryof the
Warburgeffect that has strongly increased our knowledge
of cancer lochemistry sincehe year 2000, with the draw-
back that studying other metabolic patlays has been
under pursued for almost a decade. If indeed the Warburg
phenotype povides a bisynthetic advantagdor cancer
cell proliferation [143, 395, 396], it is eéent that not all
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munity. In our opinion, a significant issue is to determin
whether metabolic alterations are a cause or a conse-
quence of the malignant processlements in the literature
support both possibilities. For example, itcigar that an-
aerobic glycolysis coupldd lactic fermentation [170, 172,
400] and increased ruphagy [401] are adaptive survival
pathways to hypoxia, hence consequences of hypokiee
situation is less clear faaerobic glycolysis, where an allo-
steric control d pyruvate kinase M2 by friwse1,6-
bisphosphate (that activates the enzyme) and alen(that
inhibits the enzyme) may dictate progression in the cell
cycle [402], oryice versathe cell cycle could impose met-
abolic cycles to cancer cellBhese cyclesould be charac-
terized by #ernations of energy production and biosyn-
thesis. For mitohondria in particular, experiments of mito-
chondrial transfer have clearly demonated that these
organelles can carry and transfer malignant information,
such as the apacity to metastasize [280]ldentifying
whether specific metabolic alterations driwe merely fol-
low the phenotypic evolution of cancer cells is not trivial,
as in tte first case targeting these changes may block phe-
notypic progression, wéreas in thesecond case metabolic
plastidgty could rapidly overcome therapeutic interventions.
In the last section of this review, we briefly described
the most advanced therapeutmompounds targeting mito-
chondria in cancer. For experts in the field,dtobvious
that the list is short and thamost of the drugs do not have
unique targets. It probablyeflects that the field is still in
its infancy, in the sense that several importdéundamen-
tal discoveries are still to be made that would identify pre-
cise mitochondial alterations in cancer alving specific
anticancer interventions. In other words, éhmolecular

RSTAYAAK @Y RyFA OF YiklditGockKahgfilR NA | Q>

that carryand can transfer malignant information, should
be a priority for basic mearch.Becase they carry their
own genetc material and are subjected to environmental
changes witin cells (such as pH, pQhe availability of
metabolites and exposure to treatments) and as metabolic
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sensors of the extracellular microenvironment, st possi-
ble that mitochondria could underg®arwinian selection
during tumor progression. In supportf ¢his hypothesis,
severa papers already identified mutations in mtDNA with
functional effects [403], for example in renal oncocytomas
[404] and pancreati cancers [49]. The development of
mtDNA editing tools [406] is expected to provide experi-
mental stategies to track, charaetize and repair onco-
genic mitochondria, which will further require a deep un-
derstanding of mitochondrial epigenetics in cancer.
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