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A B S T R A C T   

To adapt to tumoral environment conditions or even to escape chemotherapy, cells rapidly reprogram their 
metabolism to handle adversities and survive. Given the rapid rise of studies uncovering novel insights and 
therapeutic opportunities based on the role of mitochondria in tumor metabolic programing and therapeutics, 
this review summarizes most significant developments in the field. Taking in mind the key role of mitochondria 
on carcinogenesis and tumor progression due to their involvement on tumor plasticity, metabolic remodeling, 
and signaling re-wiring, those organelles are also potential therapeutic targets. Among other topics, we address 
the recent data intersecting mitochondria as of prognostic value and staging in cancer, by mitochondrial DNA 
(mtDNA) determination, and current inhibitors developments targeting mtDNA, OXPHOS machinery and 
metabolic pathways. We contribute for a holistic view of the role of mitochondria metabolism and directed 
therapeutics to understand tumor metabolism, to circumvent therapy resistance, and to control tumor 
development.   
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1. Cancer metabolic transformations and mitochondria 

1.1. Tumor cells metabolic reprogramming and the mitochondrial hub 

1.1.1. Cancer metabolic rewiring 
The metabolic changes that occur in cell malignant transformation 

are distinctive and, currently, recognized as a hallmark of carcinogenesis 
[1]. Otto Warburg first reported that cancer cells produce energy pref
erentially by glycolysis in detriment of oxidative phosphorylation 
(OXPHOS), even in the presence of oxygen [2,3]. This metabolic switch 
in cancer cells towards the “aerobic glycolysis”, also known as “Warburg 
effect”, increases glucose uptake, mediated via glucose transporters 
(GLUT), with pyruvate being oxidized to lactate. This phenomenon was 
initially thought to be a consequence of an irreversible OXPHOS 
impairment. The journey that allowed the conception of the first tumor- 
specific metabolic phenotype by Otto Warburg was recently revisited 
[4]. While it became widely accepted that glycolysis displays important 
role in carcinogenesis, mitochondria are increasingly acknowledged as 

key organelle and a crucial mediator in all steps, as those organelles 
interconnect multiple intracellular pathways [5,6]. In fact, those same 
pathways may be active simultaneously emphasizing the possible need 
to target both and the metabolic plasticity in cancer cells [7]. Below it is 
described the intersection of mitochondria in crucial metabolic path
ways that are at the basis of plastic behavior of cancer cells, targets, and 
available drugs or drug candidates. 

1.1.2. Lactate as a fuel source 
One of the common features of cancer cells is that, even under nor

moxic conditions, they exhibited increased uptake of glucose and lactate 
accumulation. Cancer cells are traditionally thought to mostly rely on 
glycolysis. In tumor cells that rely on the “Warburg effect”, glucose is 
converted to pyruvate, which is then reduced to lactate instead of being 
transported into mitochondria. This reaction is catalyzed by lactate 
dehydrogenase A (LDHA), which is stimulated by hypoxia inducible 
factor 1 (HIF-1) [8,9], with the regeneration of nicotinamide adenine 
dinucleotide, reduced form (NADH) to NAD+ that is necessary to 

Fig. 1. Metabolic remodeling in cancer cells. The metabolic reprogramming in cancer cells is characterized by two major adjustments in energy metabolism: 
increased glycolysis and increased use of glutamine as an energy source. This metabolic shift occurs due to oncogenic changes in several signaling pathways. Growths 
factors lead to the activation of PI3K/AKT, which promotes the increased uptake of glucose through GLUTs, increased activity of key glycolytic enzymes, and induces 
the upregulation of HIF-1 and Myc transcription factors. Both HIF-1 and Myc promote an increase in the glycolytic pathway, in lactate production and MCT-mediated 
lactate extrusion, contributing to the microenvironment acidification. Myc also favors glutaminolysis to support NADPH production and lipid synthesis, and increases 
transcription of transporters such as SLC5A5. NF-kB favors glycolysis by interacting with transcription factors such as p53, being able to modulate each other, thus 
affecting cancer metabolism. p53 is a tumor suppressor that inhibits glycolysis, glucose uptake and PPP, and is usually silenced in cancer promoting uncontrolled 
proliferation of tumor cells. AMPK plays a dual role in carcinogenesis, being dependent on cellular context. After being activated by LKB1, AMPK can induce 
glycolysis and glucose uptake, or it can stimulate fatty acid oxidation and OXPHOS while inhibiting glycolysis. Notch pathway plays a dual role in cancer, and its 
hyperactivation can promote a metabolic shift towards a glycolytic phenotype through the activation of PI3/Akt signaling and Myc. Succinate and fumarate 
accumulation due to FH and SDH oncogenic mutations induces a pseudo-hypoxic response and leads to glycolytic enzymes activation, through inhibition of prolyl 
hydratase enzyme, which signals HIF-1α degradation. Furthermore, IDH mutations promote the accumulation of 2-HG, which leads to tumorigenesis. Oncogenes are 
represented in green and tumor suppressors in red. Abbreviations: AKT - serine/threonine-protein kinase; AMPK - AMP-activated protein kinase; FBP - fructose-1,6- 
bisphosphate; FH - fumarate hydratase; Gln - glutamine; GLS - glutaminase; Glu - glutamate; GLUT - glucose transporter; HIF - hypoxia-inducible factor; HK2 - 
Hexokinase 2; IDH - Isocitrate dehydrogenase; LDHA - lactate dehydrogenase A; LKB1 - tumor suppressor liver kinase B1; MCT - monocarboxylate transporter; NF-kB 
- nuclear factor kappa B; OAA - oxaloacetate; PDH - pyruvate dehydrogenase; PDK - pyruvate dehydrogenase kinase; PEP - phosphoenolpyruvate; PFK - phospho
fructokinase; PHD - prolyl hydroxylase; PI3K - phosphoinositide 3-kinase; PKM2 - pyruvate kinase muscle 2; PPP - pentose phosphate pathway; SDH - succinate 
dehydrogenase; α-KG - alpha-ketoglutarate; 2-HG - D-2-hydroxyglutarate. 
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maintain a high glycolytic flux [10]. However, in cancer, restoration of 
NAD+ pool is not the only advantage of pyruvate oxidation to lactate. 
This metabolite, together with the associated H+ production, is secreted 
to the microenvironment via monocarboxylate transporters (MCT), 
resulting in decreased pH of the extracellular environment and to an 
increased concentration of lactate that can reach 10–30 mM [11,12]. 
This phenomenon contributes to oncogenesis by increasing the activity 
of pro-invasion factors and stimulating tumor cell invasion, immuno
suppression, angiogenesis, and metastasis [13–15], ultimately leading to 
poor prognosis in some types of cancer [11,16,17]. 

It is currently known that some cancer cells have the ability to uptake 
lactate, using it for amino acid formation and as a fuel for oxidative 
mitochondrial metabolism [18,19]. Taking into account the heteroge
neity present within and between tumors [20], it was proposed that 
glycolytic cells work in symbiosis with oxidative cells, with the former 
exporting lactate to the extracellular microenvironment and the latter 
ones importing it [21]. Tumor cells do so by taking advantage of the 
lactate shuttle with the upregulation of MCT transporters expression, 
being MCT1 and MCT4 the isoforms most widely expressed in tumor 
cells. Although both isoforms are bidirectional proton-linked trans
porters, in cancer, MCT4 is predominantly responsible for lactate export, 
and MCT1 for its import [19,22] (Fig. 1). The heterogeneity found in 
solid tumors is regulated by the conditions of the microenvironment 
such as the concentration of oxygen, being the regions near blood vessels 
better oxygenated, and the ones in the center more hypoxic [20]. In 
breast cancer, the increased uptake of lactate only occurs in regions of 
the tumor where oxygen is present [23]. Furthermore, the expression of 
GLUT1 and MCT4 is upregulated in cells exposed to hypoxia, in a hyp
oxia inducible factor 1 subunit alpha (HIF-1α) dependent manner 
[24,25], whereas a higher expression of MCT1 was found in oxygenated 
cancer cells [22]. Interestingly, MCT2 was shown to be primarily 
expressed in the cytosol of various cancer cells, suggesting that it might 
be localized within organelles, such as mitochondria [26–28]. As MCT2 
has also high affinity for pyruvate, this may allow mitochondrial uptake 
of pyruvate, thus providing more substrate for oxidative phosphoryla
tion [27]. 

Upon lactate uptake, oxidative cancer cells convert lactate into py
ruvate by lactate dehydrogenase B (LDHB), also originating NADH as a 
byproduct [19,22]. Chen et al. demonstrated that in H460 cells, LDHB 
has higher activity in isolated mitochondrial lysates comparing with 
whole-cell lysates, suggesting that its activity could be more concen
trated in mitochondria. The same study also suggested that pyruvate re- 
oxidation leads to the formation of Acetyl-CoA, being a source of car
bons for lipid biosynthesis during proliferation [29]. Several studies 
support that circulating lactate contributes to the generation of tricar
boxylic acid (TCA) cycle intermediaries in cancer [19,30], as described 
by Faubert et al. in human lung cancer [19]. Thus, pyruvate is used by 
the TCA cycle, while NADH by the electron transport chain (ETC) in 
mitochondria and, consequently, leads to ATP production through 
OXPHOS. It is important to mention that this is not a static process, 
meaning that even the same cell, under different conditions, remodel its 
own metabolism to fulfill the needs for energy and biosynthetic pre
cursors. In fact, new evidence highlights this, as only a double knockout 
of LDHA/B genes abrogates lactate production in persistent cells 
rewiring their metabolism to OXPHOS to escape death, and only 
partially abolishing tumor growth, thus becoming extremely sensitive to 
the mitochondrial Complex I inhibitor phenformin [31]. 

The tumor microenvironment is constituted by a variety of cells such 
as malignant cancer cells, cancer-associated fibroblasts (CAFs), immune 
cells, endothelial cells, and non-cancer stroma cells [12]. It is also 
believed that there is a cross-talk between cancer cells and stromal cells, 
a process known as the “reverse Warburg effect” [32]. CAFs are 
recruited by cancer cells through reactive oxygen species (ROS) pro
duction to the surrounding area, which ultimately leads to changes in 
their metabolic behavior [33]. There is some evidence that, in some 
cancers, aerobic glycolysis occurs in CAFs, exporting lactate to the 

microenvironment, which is then accumulated by oxidative cancer cells. 
Accordingly, it was observed that the expression of MCT4 is upregulated 
in CAFs of breast [34], head and neck [35], and lung [19] cancers, 
among other glycolytic markers such as LDH and pyruvate kinase iso
zymes M2 (PKM2) [36]. Because of that, CAFs have been associated with 
metastasis, as well as to tumor progression and invasion [12,37]. 

Although lactate was initially considered a waste product of glycol
ysis, the accumulated evidences described above emphasize lactate as a 
crucial regulator of cancer development, maintenance, and metastasis 
[19,38–40], being an important energy fuel and an active signaling 
molecule [41]. 

1.1.3. Glutaminolysis and amino acid metabolism 
Besides having an increased glucose consumption, another metabolic 

feature of cancer cells is an upregulation of glutamine uptake and 
metabolism [42]. Glutamine is the most abundant amino acid in human 
blood, and most cancer cells utilize it at much higher rates than other 
amino acids, despite being a non-essential amino acid [43]. This 
dependence was shown by inducing glutamine deprivation, which re
sults in growth arrest and cell death [44–46]. 

Glutamine can be used as a precursor for the synthesis of amino 
acids, nucleotides, proteins, and lipids, which are needed to cell growth 
and proliferation [47,48]. Once internalized by the cell, glutamine is 
deaminated by glutaminase (GLS) to glutamate and ammonia (Fig. 1). 
Glutamate is then converted in α-ketoglutarate, an anaplerotic substrate 
which replenishes TCA cycle intermediates [49,50] in mitochondria, a 
process known as glutaminolysis. Furthermore, the upregulation of 
glutaminolysis also leads to an increase of glutathione (GSH) and nico
tinamide adenine dinucleotide phosphate (NADPH), key molecules for 
redox balance maintenance and biosynthetic pathways, in the case of the 
latter [47,51]. It was recently described that hypoxia induces GLS1 
expression in colorectal cancer cells, which in turn is associated with a 
poor prognosis, and with an increased risk of metastasis [52]. 

Ippolito et al. demonstrated that docetaxel-resistant PC3-DR prostate 
cancer cells, present an increased uptake of glutamine and exhibited a 
higher rate of OXPHOS. So, data suggest that these cells remodel their 
metabolism towards a more oxidative phenotype in order to survive to 
docetaxel treatment [53]. Moreover, Ko et al. proposed a metabolic 
coupling between endothelial cells and tumor stroma, in which CAFs 
goes through an apoptotic program and release glutamine to the 
microenvironment which, in turn, is up taken by tumor cells. When CAFs 
and tumor cells were co-cultured, glutamine induced an increase in 
mitochondrial mass of MCF-7 cells, while having the opposite effect on 
the fibroblasts [54]. 

Glutamate plays an important role in the biosynthesis of alanine, 
aspartate, proline and serine, which are then used for arginine, aspar
agine, cysteine and glycine synthesis. It was recently described that the 
inhibition of glutamate dehydrogenase 1 (GLUD1), a mitochondrial 
enzyme responsible for glutamate metabolism, promotes an imbalance 
on redox homeostasis [51], and also leads to the attenuation of cancer 
cell proliferation and tumor growth [51,55]. Interestingly, Spinelli et al. 
showed in breast cancer cells that GLUD1 can operate reversibly by 
assimilating ammonia to generate amino acids [56]. This work reveals 
that, although ammonia is potentially toxic in cells, it can support tumor 
biomass in certain cancers by being an important nitrogen source. 
Furthermore, urea cycle, the pathway that converts ammonia into urea 
to be excreted from de body, was observed to be suppressed in several 
tumors [57]. It is described that argininosuccinate synthetase 1 (ASS1) 
and argininosuccinate lyase (ASL), urea cycle genes, are silenced in 
some tumors [58,59], which ultimately leads to nitrogen diversion into 
aspartate for nucleotide biosynthesis. However, this causes a vulnera
bility in cancer cells, since the suppression of this metabolic pathway 
prevent the synthesis of arginine [60], an amino acid that is a compo
nent of the urea cycle. Arginine is involved in the biosynthesis of pro
teins, nucleotides, glutamate, among others, being critical for the tumor 
growth. Thus, these cells are dependent on arginine uptake from 
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circulation, being sensitive to its depletion [61,62]. This particularity 
has been tested in clinical trials as a therapeutic approach in some 
cancers [63,64]. 

Several other amino acids have been pointed out as important 
players in tumor growth and proliferation. For instance, serine partici
pate in purine and lipid biosynthesis [65,66], mitochondrial protein 
translation [67], among others [68]. Moreover, serine metabolism to 
glycine is important for one-carbon metabolism, being this process 
important to sustain the high proliferative rate of tumor cells [69,70]. 
Aspartate, which is generated from glutamate-derived nitrogen and 
oxaloacetate by the mitochondrial glutamic-oxaloacetic transaminase 2 
(GOT2), is known to be involved in providing electrons between mito
chondria and the cytosol via malate–aspartate shuttle. Comparing to 
other amino acids, aspartate concentration in plasma is one of the 
lowest. Thus, it is believed that aspartate biosynthesis is the most rele
vant source of this amino acid, since it is described that, in proliferating 
cells, aspartate is inefficiently transported [71]. It was recently 
described a connection between aspartate biosynthesis and the ETC, 
suggesting that providing electrons acceptors for aspartate biosynthesis 
is an essential role of ETC in proliferative cells [71,72]. Indeed, aspartate 
levels are found diminished in ETC-inhibition-sensitive cancer cell lines 
[73]. In pancreatic cancer cells, GOT2 support most of aspartate pro
duction even under hypoxic conditions, while mitochondria maintain 
respiratory activity [74], suggesting that mitochondrial activity is 
essential for the proliferation of this cancer type, independently of ox
ygen availability. In opposition, aspartate production is suppressed by 
HIF-1 by repressing cytosolic mitochondrial glutamic-oxaloacetic 
transaminase and GOT2, at least in clear cell renal cell carcinoma [75]. 

Although a subset of cancer cells show resistance to ETC-inhibitors 
with dependency on aspartate import and enhanced expression of the 
SLC1A3 glutamate-aspartate transporter [73,76], the use of SLC1A3 
inhibitors restored cells sensitivity to ETC inhibitors [73]. Aspartate is 
important for purine and pyrimidine nucleotides synthesis, and inhibi
tion of aspartate biosynthesis in breast and pancreatic cancer cells was 
shown to inhibit tumor growth [77,78]. Cellular redox status of 
pancreatic cancer cells is also regulated by aspartate following its con
version to oxaloacetate, malate and finally to pyruvate enables the in
crease of NADPH/NADP+ ratio and GSH levels [78]. 

Based on these observations, glutamine metabolism can be consid
ered as a second metabolic shift in tumor cells [79], supporting the 
complexity and heterogeneity that exists between and within a tumor. 
As in other cases, mitochondria appear as a central hub involved in the 
remodeling of amino acid metabolism. 

1.1.4. Metabolic reprogramming activation 
During the last decades, it has been demonstrated that the Warburg 

effect is more closely related to alterations in signaling pathways than to 
mitochondrial defects. The metabolic shift that occurs in cancer has 
been explained by some molecular mechanisms involving the HIF-1 
pathway, oncogenes (MYC, AKT, RAS and NF-kB), and tumor suppres
sor genes (p53, AMPK, succinate dehydrogenase and fumarate hydra
tase) [80]. 

The PI3K/AKT pathway is one of the most commonly activated 
oncogenic signaling pathways in tumors, having a central role in regu
lating cell proliferation and survival, cancer cell invasion [81], and also 
cancer metabolism [82]. The best-known effector downstream of PI3K is 
serine–threonine kinase (AKT), which has been shown to be sufficient to 
stimulate glycolysis [82]. AKT activation facilitates the uptake of 
glucose by up-regulation and/or by membrane translocation of GLUT1 
and GLUT4, which are the primary glucose transporters [83–85]. The 
upregulation of AKT signaling is also known to promote the activity of 
key glycolytic enzymes by phosphorylation, such as hexokinase and 
phosphofructokinase (PFK) (Fig. 1) [86,87]. Hexokinase 2 (HK2) phos
phorylation by AKT increases its association to the voltage-dependent 
anion channel (VDAC), which increases the efficiency and speed of 
glycolysis [88]. Moreover, HK2-VDAC association promotes the 

maintenance of the closed state of the mitochondrial permeability 
transition pore (mPTP), preventing cytochrome c release and protecting 
cells from apoptosis [89,90]. In addition, AKT was demonstrated to be 
present in the mitochondria, being detected within the outer mito
chondrial membrane (OMM), inner mitochondrial membrane (IMM) 
and also in the mitochondrial matrix [91]. It participates in mitochon
drial bioenergetics regulation and accumulates in mitochondria in a 
membrane potential-dependent manner [92]. Moreover, Pelicano et al. 
suggested that mitochondrial respiration defects lead to the activation of 
the AKT signaling pathway. In this study, the authors observed that 
NADH levels increased upon mitochondrial respiration depletion, 
leading to the inactivation of the phosphatase and tensin homolog 
(PTEN), a tumor suppressor, by a redox modulation which, in turn, 
causes AKT activation [93]. AKT also promotes the upregulation of HIF- 
1 and Myc [79]. 

HIF-1 is a transcription factor that is induced under hypoxic condi
tions, and regulates many cellular responses and processes such as cell 
proliferation, angiogenesis, energy production, inflammation, among 
others [94,95]. HIF-1 induces glycolysis, together with downregulation 
of OXPHOS by slowing-down the pyruvate conversion in acetyl-CoA. 
This happens because HIF-1 promotes the transcription of glycolytic 
enzymes such as hexokinase 1 (HK1) and HK2; glucose transporters 
(GLUT1 and GLUT3) [96,97] which induce an increase in glucose up
take; and also LDHA and lactate transporters, promoting the production 
and extrusion of lactate and contributing to the microenvironment 
acidification (Fig. 1). Moreover, HIF-1 also induces the increase of py
ruvate dehydrogenase kinase (PDK) levels, which inhibits pyruvate de
hydrogenase enzyme (PDH), ultimately leading to the diversion of 
pyruvate from mitochondria [98]. HIF-1α is sensitive to oxygen, being 
rapidly degraded in normoxic conditions, and stabilized in hypoxic 
conditions. However, in human cancers, its levels are upregulated even 
when sufficient levels of oxygen are present [99], a term called “pseu
dohypoxia” [94]. This further might explain the Warburg effect, where 
glycolysis is upregulated even in the presence of oxygen. 

Myc, an oncogene that is frequently induced in many human cancers 
[100], is also strongly involved in the regulation of cell metabolism by 
inducing the transcription of genes such as GLUT1, HK2, LDHA, and 
MCTs. Furthermore, it also increases the expression of glutaminase 
[101] and glutamine transporters [102], favoring glutaminolysis to 
support NADPH production and lipid synthesis. It is also described that 
Myc plays a role in inducing mitochondrial biogenesis and function, 
which ultimately leads to increased respiration and ATP production. 
Myc stimulates peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha (PGC-1α) [103] and mitochondrial transcription 
factor A (TFAM) [104] and, moreover, Graves et al. showed that fibro
blast lacking myc presented smaller and fewer mitochondria, with a 
poorly interconnected network [105]. Myc stimulates both metabolic 
pathways, and this could be important for cell adaptation to different 
tumor microenvironments, since it is also described that Myc can work 
in cooperation with HIF-1 in increasing glycolysis under hypoxic con
ditions [106]. 

The oncogene nuclear factor kappa B (NF-kB) also plays a role in the 
metabolic remodeling of cancer cells, stimulating the transcription of 
genes related with glycolysis. Reports have showed that this occurs by a 
cross talking with transcription factors such as HIF-1 and p53 [107,108]. 
Indeed, p53 suppression leads to NF-κB activity enhancement, by uti
lizing members of the IκB kinase (IKK), and consequently glycolysis 
stimulation and GLUT3 upregulation. Moreover, NF-κB was shown to be 
essential for oncogene-induced cell transformation [109]. Other reports 
also suggest that the classical NF-kB pathway induces the upregulating 
of glycolytic genes and PKM2, with HIF-1 being required for RelA 
binding to PKM2 promoter [110]. Furthermore, in lymphoma, NF-kB 
was shown to promote GLUT1 translocation to the plasma membrane 
[111]. Moreover, NF-kB also regulates mitochondrial respiration criti
cally dependent on p53 status. As such, Johnson et al. in both p53− /−

mouse embryo fibroblasts and p53-null human non–small-cell lung 
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carcinoma H1299 cells showed that oxygen consumption and ATP levels 
were compromised after NF-κB member RelA translocation into the 
mitochondria. Mechanistically, is thought that the interaction with 
mitochondrial transcription factors repressed mitochondrial genes as 
cytochrome c and cytochrome b oxidase III [108]. Oppositely, Mauro 
et al. reported on a glucose starvation model that NF-kB can increase p53 
which activates OXPHOS through upregulation of mitochondrial syn
thesis of cytochrome c oxidase 2 (SCO2), a subunit of the mitochondrial 
cytochrome C oxidase (COX) complex and suppress glycolysis, whereas 
RelA loss reverses OXPHOS activity and enhanced glucose transporters 
GLUT1, 3 and 4. A synergistic effect was observed in tumor growth upon 
RelA loss and metformin treatment [112]. Thus, is NF-kB and p53 
modulate each other on a context basis [107,113], which has implica
tions to tumor cell metabolism. 

Tumor suppressor genes code for proteins that normally operate to 
restrict cellular growth and division, repair DNA errors and promote 
programmed cell death (apoptosis). They are usually silenced in cancer, 
which stimulates cells to grow in an uncontrolled way. For instance, p53 
plays an important role as a defense mechanism against tumor devel
opment, being involved in the regulation of apoptosis, DNA repair 
mechanisms, among others [114]. It is also involved in metabolic stress 
response, promoting OXPHOS and inhibiting glycolysis in normal con
ditions. However, in cancer, the phenotype may vary depending on 
mutation and tissue type, since different p53 mutants were shown to 
have different metabolic behaviors [115]. p53 is involved in the inhi
bition of GLUT1 and GLUT2 transcription, and is also responsible for the 
upregulation of TIGAR, an apoptosis regulator that decreases the levels 
of fructose-2,6-bisphosphate [80,116]. Moreover, in response to stress, 
p53 translocates to mitochondria, where it displaces inhibitors of pro- 
apoptotic channel-forming proteins [117]. Another tumor suppressor 
gene that also has an important role in metabolic remodeling is AMP- 
activated protein kinase (AMPK). AMPK is activated under stress con
ditions, such as nutrient deprivation and hypoxia, and functions as a 
cellular sensor of AMP. AMPK promotes OXPHOS and inhibits prolif
eration when the ratio of AMP/ATP is high [118,119]. AMPK activation 
mainly occurs through phosphorylation at Thr172, through the tumor 
suppressor liver kinase B1 (LKB1) [120,121], although it can also be 
phosphorylated at other sites by other kinases. AMPK plays a dual role in 
carcinogenesis, as a large number of studies support the idea that AMPK 
plays an inhibitory role in the growth of cancer, and many other reports 
suggest a tumor-promoting effect [122–124]. Under stress conditions 
and with the objective of restoring the cellular energy balance, AMPK 
goes through biological changes such as suppressing mTORC1 signaling 
and inducing fatty acid oxidation (FAO) [118]. mTOR suppression 
supports cell survival in stress conditions, since this pathway is critical 
for autophagy inhibition and protein synthesis stimulation [125]. AMPK 
activation can also lead to increased uptake of glucose, since it was 
found that it can promote GLUT4 translocation to the plasma membrane 
[126]. Jiang et al. reported that AMPKα is localized and interacts with 
mitochondria exerting a stimulatory effect of OXPHOS and FAO oxida
tion while it inhibits glycolysis. This leads to the arrest of cancer growth 
in vitro as in vivo, underscoring a suppressor function of mitochondrial 
AMPKα [124]. Previous work from Faubert et al. also suggested the 
antitumorigenic role of AMPK in lymphoma through a HIF-1α-mediated 
glycolysis inhibition process [127]. In acute lymphoblastic T-cell leu
kemia (T-ALL), it was previously demonstrated that these cells depend 
less on glycolysis that normal T-cells. Due to Notch signaling, AMPK was 
more active, restricted mTOR pathway and compromised glycolysis 
while promoting mitochondrial oxidative metabolism by upregulation 
of complex I expression, to sustain T-ALL cells survival [128]. Therefore, 
AMPK persistent activation can support tumor survival by regulation of 
cells bioenergetics [128–130] through reprogramming energy meta
bolism. Thus, these data indicate that AMPK pro- or anti-tumoral ac
tivity is very dependent of cellular context. Accordingly, a recent study 
suggest that dormant ER+ breast cancer cells possess upregulated AMPK 
levels and treatment with the anti-diabetes drug metformin also drives 

AMPK induction and fatty acid oxidation, rendering cells survival ad
vantages [131]. AMPK influences mitochondrial homeostasis, since it 
also plays a role in mitochondrial dynamics by inducing fission, and in 
mitochondrial turnover by recycling of damaged mitochondria 
[132,133]. Moreover, it also promotes mitochondrial biogenesis 
through interaction with PGC-1α and nuclear respiratory factor 1 and 2 
(NRF1 and NRF2), important transcription factors that control respira
tory chain complexes encoding genes [134,135]. In prostate cancer, 
AMPK increased PGC-1α, OXPHOS activity, as well as glycolysis upon 
androgen treatment [136]. It was recently described that ROS are a 
physiological activator of AMPK and, in turn, AMPK activation promotes 
a decrease in ROS levels by inducing a PGC-1α-dependent antioxidant 
response [137]. 

The Notch pathway plays a dual role in cancer with studies reporting 
oncogenic or tumor suppressor function [138]. Studies in T-ALL 
revealed that approximately 60% of patients present an aberrant 
expression of NOTCH1, and gain-of-function mutations are commonly 
found [139]. Furthermore, a gene expression analysis revealed that 
Notch 1 receptor (NOTCH1) induces leukemic cell growth by regulating 
directly the transcription of anabolic genes involved in a variety of 
processes, such as nucleotide and amino acid metabolism [140]. Reports 
suggest that NOTCH1 promotes glycolysis mediated by Myc and AMPK 
activation [139,141]. Notch signaling deregulation is also found in solid 
tumors, but is highly dependent on the contexts, and on other signaling 
pathways. Thus, Notch can promote or suppress tumorigenesis in a 
cancer stage- or type-dependent manner [138]. A study in MCF-7 cells, a 
breast cancer cell line, revealed that hyperactivation of Notch induces a 
metabolic shift towards a glycolytic phenotype through the activation of 
PI3/Akt signaling [142]. Besides this Notch effect on cell metabolism, a 
non-canonical Notch signaling activation of AKT by a recombinant 
ligand Jagged 1 in triple negative breast cancer cell lines was recently 
reported. Moreover, Jagged 1 increased mitochondrial respiration, 
while Notch is reported to co-localize in the mitochondria [143]. Thus, 
these data convey the idea that the Notch pathway may also modulate 
tumors metabolic adaptation and mitochondrial function. 

Mutations that interfere with oncogenes and/or tumor suppressor 
genes and their signaling pathways promote alterations in cell meta
bolism, and it is known that cancer cells accumulate them to remove 
environmental constraints. The above data suggest that glycolysis and 
OXPHOS in tumors are not mutually exclusive, and both are needed for 
cell growth and maintenance. 

1.1.5. Tricarboxylic acid cycle enzymes and mitochondrial respiratory 
chain complexes 

Succinate dehydrogenase (SDH) and fumarate hydratase (FH) are 
enzymes involved in the TCA cycle, being responsible for the conversion 
of succinate to fumarate and fumarate to malate, respectively. SDH is 
also a functional member (Complex II) of the ETC [144]. Several studies 
identified them both as tumor suppressors, and oncogenic mutations 
lead to the accumulation of their substrates [144,145]. The increase in 
the levels of succinate and fumarate induces a pseudo-hypoxic response 
and leads to glycolytic enzymes activation, through inhibition of prolyl 
hydratase enzyme, which signals HIF-1α degradation [79]. In SDH- 
deficient renal cell carcinoma tumors, the loss of SDH induces the in
hibition of the TCA cycle, promoting the generation of lactate from 
pyruvate in high amounts. Furthermore, their mitochondria present 
fewer cristae when compared to mitochondria from normal kidney tis
sue, where SDHB was present [146]. 

Isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2), responsible for 
converting isocitrate to α-ketoglutarate via oxidative decarboxylation, 
and are also known to be mutated in several cancers [147–149]. IDH1 is 
localized in the cytosol and peroxisomes, while IDH2 is mitochondrial. It 
is believed that the mutations cause a neomorphic enzyme activity 
[150], and result in the conversion of α-ketoglutarate into D-2-hy
droxyglutarate (2-HG) using NADPH as co-factor [150,151]. The accu
mulation of 2-HG inhibits α-ketoglutarate-dependent dioxygenases, 
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proteins that are involved in the regulation of cellular epigenetic status 
and differentiation [152]. Thus, alterations promoted by IDH1 and IDH2 
mutations may lead to tumorigenesis by altering the epigenetic patterns 
and the fates of progenitor or stem cells [150]. 

Changes in the complexes of mitochondrial electron transport chain 
are also identified in cancer. Complex I is the main entry point of elec
trons in the ETC and plays an important role in generating and main
taining the mitochondrial membrane potential, which support the 
synthesis of ATP. Moreover, Complex I also plays a role in maintaining 
the cellular NAD+ pool and the ratio of NAD+/NADH, which in turn is 
important for the synthesis of some precursors, such as aspartate (see 
Section 1.1.3) [153], and for the induction of adaptative mechanisms to 
hypoxia through HIF-1α (Warburg effect). Upon the inhibition of Com
plex I, decreased α-ketoglutarate dehydrogenase activity occurs because 
of NADH accumulation, promoting the increase of α-ketoglutarate/ 
succinate ratio. Thus, as α-ketoglutarate acts as a substrate of prolyl- 
hydroxylases, that are responsible for HIF-1α degradation, it promotes 
arrest of tumor growth [154,155]. However, there are mutations in 
mitochondrial DNA (mtDNA) that induce OXPHOS defects that actually 
have a pro-tumorigenic effect [156]. For instance, heteroplasmic 
mitochondrial-encoded NADH dehydrogenase 5 (MT-ND5) mutation 
induces the activation of PI3K/Akt pathway and increase resistance to 
apoptosis; and mitochondrial-encoded NADH dehydrogenase 6 (MT- 
ND6) mutations promote the formation of ROS, Complex I deficient 
activity and increased metastatic potential [157]. The controversial 
behavior of Complex I in cancer has been explained as being dependent 
on the severity and type of the OXPHOS disfunction. Porcelli et al. 
suggested that a complete inhibition of Complex I is necessary to have an 
antitumorigenic effect, while a mildly dysfunction in its activity (caused 
by mtDNA mutations) allows the formation of tumors in the same rate 
that cancer cells with normal mtDNA [158,159]. 

As explained previously in this section, Complex II represents a 
connection point between TCA cycle and the ETC. Although it does not 
directly contribute to proton gradients across the mitochondrial mem
brane, it transfers electrons from succinate to ubiquinone (UbQ), which 
is then reduced to ubiquinol and reduces Complex III and IV [160]. 
Complex II mutations have been found to result in increased ROS pro
duction, not only directly but also indirectly via reverse electron transfer 
through Complex I [161,162]. In turn, the increased ROS formation 
results in genomic instability and metabolic stress, promoting tumori
genesis [163,164]. Several reports found mutations in Complex II in 
various types of cancer, including pheochromocytoma, paraganglioma, 
gastrointestinal stromal tumors, and renal tumors [165,166]. 

Complex III activity is also altered in some cancers, such as ovarian 
and breast cancer [167,168]. Complex III is a source of ROS, producing 
superoxide in the mitochondrial intermembrane space and believed to 
be involved in promoting the proliferation and survival of cancer cells. 
During hypoxia, superoxide anion produced by Complex III plays a role 
in stabilizing HIF-1α independently of OXPHOS activity by inhibiting 
the activity of prolyl hydroxylase (PHD) [169–171]. In breast cancer, it 
has been shown that its activity was decreased in metastatic and 
aggressive cancer cell lines, which is associated with an up-regulation of 
Rieske iron-sulfur protein (RISP), a vital part of electron transfer 
through Complex III. Owens et al. showed that a reduction in the in
vasion capacity and alterations of mitochondrial function in MCF-7 
(breast cancer) and 143B (osteosarcoma) cell lines were observed 
when RISP was silenced [168]. Furthermore, Bhattacharya et al. 
demonstrated that inhibiting Complex III in glioblastoma multiforme 
cells results in generation of oxidative stress accompanied by DNA 
damage and cell cycle arrest [172]. 

Alterations and/or mutations in the expression of Complex IV sub
units were also found in some types of cancers. It was described that 
inhibiting Complex IV decreases cell proliferation in glioma and glio
blastoma [173]. However, mutations that lead to loss or decreased 
Complex IV activity were found in colorectal and esophageal cancers, 
ultimately promoting an upregulation of glycolysis and stimulating 

invasion [174,175]. 
Complex V catalytic subunit relative expression is described as 

downregulated in some cancers compared to the corresponding normal 
tissue [176,177], which is accompanied by an upregulation of the 
inhibitory factor 1 (IF1) levels, a protein that regulates the activity of 
Complex V [178]. Inhibition of Complex V by IF1 leads to a metabolic 
remodeling towards a more glycolytic phenotype, promotes a mito
chondrial hyperpolarization and increases superoxide production, 
which ultimately leads to an increased cell survival through HIF-1α 
stabilization [179]. Interestingly, high levels of IF1 have been associated 
with poor prognosis in lung [180] and stomach [181] cancers, among 
others [182], but not in breast cancer. In this particular case, it promotes 
a decrease in cell migration and invasion, being considered a biomarker 
of good prognosis [183]. 

The above data highlight how defects or even subtle changes in the 
mitochondria inherently related members, can lead to mitochondrial 
abnormal function, predisposing tumor cells to a different bioenergetic 
signature or redox state. These adaptations can act as a potential pro- or 
anti-tumor drivers. Thus, one must consider mitochondria role in the 
specific tumoral cellular context and specific alteration to its normal 
function, to predict the potential transformations. However, functional 
ETC supports the OXPHOS activity, which is essential for tumor devel
opment. Inhibitors that target ECT directly disrupting mitochondrial 
respiratory, is an invaluable strategy to kill cancer cells and detailed in 
Section 2.1.1. 

1.2. Mitochondrial DNA and cancer 

1.2.1. The mitochondrial genome: mtDNA 
Mitochondria contain their own genome, which is maternally 

inherited. Upon fertilization, paternal mitochondria and mtDNA are 
eliminated by LC3-dependent autophagy [184]. Interestingly, a recent 
paper has shown biparental mtDNA transmission in humans. Although 
this phenomenon is valid in exceptional cases, it could lead to new in
sights in the mitochondrial field [185]. Mammalian mtDNA is a circular 
double-stranded DNA rich in CpG motifs and regulated on the level of 
transcription, translation and protein synthesis. It contains no introns 
and encodes for 22 tRNAs, 2 rRNAs and 13 subunits of the ETC com
plexes I, III, IV and V (Fig. 2). Each mtDNA molecule possesses a heavy 
and a light strand, which are guanine-rich or -poor, respectively. While 
approximately 93% of the genome represents coding regions, mtDNA 
contains a non-coding regulatory region, the displacement loop (D-loop) 
[186]. Each cell contains thousands of copies of mtDNA, an excess of 
copies relative to the nuclear chromosomes [187]. Unlike nuclear DNA 
(nDNA), mtDNA molecules are packaged into histone-free nucleoprotein 
structures called nucleoids, an organizational unit containing a single 
copy of mtDNA compacted by the mitochondrial TFAM. When nucleoids 
are highly compacted, mtDNA replication and transcription is inhibited. 
More elongated nucleoids are associated with ongoing replication and 
transcription processes [188]. Mitochondrial DNA replication and 
transcription are orchestrated by nuclear-encoded proteins, probably 
transferred en bloc from mtDNA to nDNA during evolution. In addition 
to mtDNA compaction function, TFAM is a transcription-initiation factor 
and regulates mtDNA transcription [189]. TFAM mtDNA binding and 
transcription is influenced by the CpG sequences in the promoters [190]. 

Among the 90 proteins present in the respiratory chain of mammals, 
only 13 are encoded by mtDNA. Additionally, in the past two decades, 
analysis of the mitochondrial transcriptome demonstrated the presence 
of small mRNAs, which encode active mitochondrial-derived peptides 
(MDP). The first peptide identified as encoded by a short open reading 
frame (sORF) in mtDNA was Humanin [191]. More recently, mito
chondrial open reading frame of the 12S rRNA-c (MOTS-c) and small 
humanin-like peptides (SHLPs 1–6) were also identified as MDPs. 
Identification of novel short open reading frames in mtDNA indicates a 
greater mitochondrial genetic repertoire [192,193]. MDPs have been 
detected in multiple tissue and plasma, and affect mitochondrial 
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bioenergetics and metabolism, playing an important role in aging and 
age-associated diseases [194]. MOTS-c, is a 16 amino acid peptide 
conserved in mammalian species. mtDNA-derived MOTS-c is found in 
different tissues, with the skeletal muscle and fat tissues being its main 
organ targets. It is also found in the circulation, acting as a systemic 
hormone. MOTS-c, mediating 5-aminoimidazole-4-carboxamide ribo
nucleotide (AICAR) levels and AMPK activation, increases glycolysis and 
fatty acid oxidation and decreases mitochondrial respiration. Moreover, 
MOTS-c treatment prevents insulin resistance in obese mice [193]. 
Because of the dual genetic origin of respiratory complexes, except for 
Complex II, a coordination between both genomes is critical to avoid an 
imbalance. Mitochondria host >1000 nuclear-encoded proteins that 
regulate their function, as well as mtDNA replication and transcription. 

Some of the main regulators of mitochondrial genes expression and 
function include TFAM, PGC-1, sirtuins, AMPK and mTOR [195–197]. 
Moreover, due to the crucial role of mitochondria in cellular homeo
stasis, mechanisms to recognize and respond to mitochondrial stress are 
also important. Those mechanisms usually rely on retrograde responses, 
signals emitted by mitochondria and targeting the nucleus to impact 

gene transcription. Retrograde signaling is carried out by secondary 
mitochondrial metabolites, transient molecules and damage-associated 
molecular patterns (DAMPS), such as Ca2+, ROS and Cyt c [198]. 
However, mtDNA-encoded proteins have never been implicated in 
mitochondria-nucleus communication until recently. MOTS-c was 
recognized as a retrograde signaling peptide, which binds to transcrip
tion factors in the nucleus, regulating nuclear gene expression. MOTS-c 
translocates to the nucleus in response to cellular stress and in an AMPK- 
dependent manner. Within the nucleus, MOTS-c interacts with several 
transcription factors and modulates nuclear factor, erythroid 2 like 2 
(NFE2L2)-target genes. Thus, both genomes regulate each other in a 
mutual manner [199]. 

Considering the proximity to ETC, a well-known producer of ROS, 
the mtDNA is more prone to damage and mutations compared to nDNA. 
However, mechanisms of mtDNA repair are rather limited in scope. Base 
excision repair (BER) is the mechanism responsible for oxidative lesions 
repair and is managed by DNA polymerase gamma (POLG), a key protein 
involved in mtDNA replication. Other nuclear polymerases have shown 
supportive role to POLG during the repair of DNA damage. REV3 DNA 

Fig. 2. Human mtDNA map. 
Human mtDNA (16.6 kb) showing location of genes. Protein coding genes (blue), ribosomal RNA genes (green) and transfer RNA genes (red). The D-loop regulatory 
region (black) contains two origins of H-strand replication (OH and OH2), whereas the origin of L-strand replication (OL) is displaced by approximately two thirds of 
the genome. Mitochondrial-derived peptides (MDP) are encoded in 16S (Humanin and SHLPs 1–6) and 12S (MOTS-c). Image designed using “GenomeVX (Conant, G. 
C., and K. H. Wolfe. (2007) GenomeVx: simple web-based creation of editable circular chromosome maps, Bioinformatics, in press.) and FoswikiMITOMAP 
WebGenomeLoci.” 
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polymerase zeta subunit has also been found in mitochondria of tissues 
and cell lines, and has shown protective effects again UV exposure 
damage [200]. Complementary to POLG, DNA polymerase beta (POLB), 
participates in the repair of mtDNA. This nuclear enzyme was detected 
in mitochondria, and its absence results in lower BER capacity and 
increased mtDNA damage [201]. The accumulation of damage and 
mutations of mtDNA has severe consequences for mitochondrial and 
cellular function, and they give rise to several pathologies including 
neurodegenerative and cancer. 

1.2.2. Mitochondrial DNA and cancer 
The number of mtDNA copies per cell varies based on different tis

sues and on other physiological factors, such as age; it has been found 
altered in several diseases, including cancer. Large number of mtDNA 
copies per cell, ranging from 100 to 100,000, its inefficient repair, the 
oxidative microenvironment and fast replication can increase the rate of 
mtDNA mutations. It was estimated that 1 in 200 people are carriers of 
mtDNA alterations, however not all mutations are linked to deleterious 
phenotypes and pathologies. Thus, mutations in mtDNA lead to 
phenotypically silent as well as to severe familial diseases. Additionally, 
alterations in mitochondrial proteins encoded by nDNA also contribute 
to mitochondrial diseases [202]. The appearance of diseases is condi
tioned by the level of heteroplasmy, a polyploid state, with a variable 
proportion of wild-type and mutant mtDNA in a population. Different 
levels of point mutations are associated with different pathological 
phenotypes. For a specific mutation in leucine tRNA, the harboring 
percentage of 3243A>G mutation could lead to different outcomes, from 
diabetes to perinatal lethality, and it is connected with mitochondrial 
bioenergetics and structural changes [203]. 

mtDNA mutations are transversally found in all types of cancer, 
although its contribution is not totally clear. Somatic non-synonymous 
mutations are likely to have a higher functional impact [204]. Muta
tions in mtDNA could appear in coding regions of ETC subunits, pro
moting destabilization of the OXPHOS system, but also in tRNAs and 
rRNAs, required for the translation process and consequently for the 
assembly of individual complexes. Among the encoding regions, Com
plex I-related genes appeared as the most affected [159,204]. Interest
ingly, MT-ND5 heteroplasmic frame-shift mutations are associated with 
a metabolic shift towards glycolysis and tumor growth, whereas 
homoplasmic state of this mutation inhibits tumor formation [205]. The 
MT-ND5-coding region has high propensity for mutations, occurring up 
to 7.5% in several types of tumor [204]. Two different homoplasmic 
mutations in Complex I-mitochondrially encoded NADH dehydrogenase 
1 (MT-ND1) subunit have different impact on cybrid osteosarcoma cell 
proliferation. While m.3460G>A/MT-ND1 mutation causes a mild 
decrease in Complex I activity and do not influences tumor growth, the 
frameshift m.3571insC/MT-ND1 causes a severe Complex I dysfunction, 
which halts tumor progression. The dissimilar biologic effect was related 
to the chronic destabilization of HIF-1 and consequent inability to 
rewiring the metabolism to glycolysis. Interestingly, m.3571insC/MT- 
ND1 mutation has been reported in oncocytic tumors, which displays 
Complex I disassembly [159]. A study performed by the Cancer Genome 
consortium, using whole-genome parallel sequencing of tumor and non- 
tumor tissue of 5 different cancers, revealed that 43% of tumors harbor 
somatic mutations. mtDNA mutations levels vary among cancer type, 
ranging from 13% in glioblastomas to 63% of rectal adenocarcinoma, 
and being the NADH dehydrogenase complex the most affected [204]. 
The tumorigenic potential of mtDNA mutations within ETC subunits in 
cancer seems to be dependent on mutation type, load and degree of 
OXPHOS dysfunction, playing a neutral, pro or anti-tumorigenic effect 
[159]. 

A study with 31 samples of gastric cancer 65% carried at least on 
somatic mtDNA mutation, being 69% related to D-loop region, 27% in 
ETC subunits-coding region and only 4% in tRNA genes. Overall, tRNA- 
coding regions encompass the lowest levels of mutations [206,207]. 
7472insC in tRNA-Ser(UCN) somatic insertion is likely to induce a clover 

leaf secondary structure alteration of the tRNA, which leads to Complex 
I impairment and low oxygen consumption, promoting mitochondrial 
dysfunction of gastric cancers [206]. Using a cybrid model, homo
plasmic mutation within the tRNA-Leu (UUR) affects mitochondrial 
protein synthesis and is usually found in oncocytomas, a benign 
senescent-like type of tumor. In osteosarcoma, this mutation has an anti- 
tumorigenic potential. Osteosarcoma 143B cells harboring tRNA 
m.3243A.G/MT-TL1 shows impaired oxygen consumption rate, 
decrease activity of Complex I and Complex I/II-dependent ATP syn
thesis, and inability to form tumors when injected in nude mice [159]. In 
oral squamous cell carcinoma, 240 out of 300 patients were found to 
carry somatic mtDNA mutations. Among them, around 8% were detec
ted in tRNA, which were related with tumor differentiation [207]. The 
previous study also found that 14% of somatic mutations were in rRNA- 
coding regions [207]. 

Large scale mtDNA deletion, known as “common deletion”, is char
acterized by the loss of 4977 base pairs, from 8470 to 13,447 position. It 
comprises the elimination of 5 tRNAs and 7 encoding genes of Complex 
I, IV and V, and is well-described in several types of human cancer [208]. 

However, most mtDNA mutations are reported to occur in the non- 
coding D-loop regulatory region. Mutations in the D-loop affect coding 
sequences and mtDNA transcription and replication, likely affecting the 
OXPHOS system [209]. The D-loop D310 polycytidine stretch region is 
more susceptible to oxidative damage, being the hot spot region for 
mutation in primary tumors [208]. In a study using samples from 22 
breast cancer patients, D-loop mutations were detected in 90% of all 
cases [210]. In another study comparing non-tumor liver tissue and 
hepatocellular carcinoma tissue of 61 patients, homoplasmic D-loop 
mutations were found in 40% of cases [211]. The high mutation rate 
correlated with a poor prognosis and survival among several types of 
cancer. Since D-Loop is a control region for mitochondrial replication 
and transcription, its mutation is usually associated with changes in 
copy number [208]. 

Besides mtDNA mutations, changes in the content of the mitochon
drial genome were detected in several cancers, including breast, renal, 
thyroid and pancreatic cancer [210,212,213]. Depending on cancer type 
and its stage, mtDNA copy number can increase or decrease. However, 
alterations in the mtDNA copy number correlate with increased oxida
tive stress levels [214]. There is no consensus whether mtDNA depletion 
presents a gain or loss of tumorigenic potential in in vitro or in vivo 
models, as well as in patients with primary tumors [215]. Most of the 
types of breast cancer exhibit lower mtDNA content [209,210,216,217]. 
Moreover, low mtDNA content has been associated with epithelial 
mesenchymal transition (EMT), tumor invasion and metastasis, and 
aggressiveness. Reduction of mtDNA content triggers retrograde 
signaling and activation of TGF-β, inducing the mesenchymal transition 
[218–220]. However, the above findings are still inconclusive. One 
example is a report using a broad panel of human breast cancer cell lines 
and about 200 primary breast tumors that did not find any link between 
EMT genes, types of tumors and mtDNA content [215]. Reduced mtDNA 
content was also proposed to be implicated in drug response of cancer 
[221,222]. 

Studies have also reported the importance of mtDNA release into the 
cytosol following mitochondria stress, as an important regulator of im
mune responses including in antiviral responses by activation of inter
feron genes (STING) [223]. Recently, Field et al. showed that regulatory 
T cells (Tregs), which depend on lipid metabolism for their survival and 
function to exert their immunosuppressive effect, overexpress the fatty 
acid binding protein (FABP5), even in tumors. Inhibition of FABP5 leads 
to a rewiring of Tregs metabolism towards glycolysis. Mitochondrial 
dysfunction and particularly mtDNA release lead to the induction of 
STING-type I interferon (IFN) signals and IL-10, thereby inducing the 
suppression of Tregs [224]. Moreover, oxidized mtDNA released by 
ionized radiated cancer cells induce antitumor effect by activation of 
STING signaling in dendritic cells [225]. 

Currently, a well-established phenomenon is whole mitochondrial 
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transfer between cells, allowing for horizontal mtDNA acquisition. In 
tumors, horizontal mtDNA transfer occurs between microenvironment 
donor cells to cancer depleted cells (ρ0 cells). The transfer have shown to 
restore mitochondrial respiration, supercomplex assembly and boost 
tumor growth in vivo relatively to ρ0 cells [226,227]. In fact, mito
chondria transfer from endothelial to malignant cells promotes chemo
resistance [228], whereas in prostate cancer mitochondria acquisition 
inhibits the apoptosis of cancer cells [229]. Thus, these results highlight 
the critical role of mitochondria and OXPHOS importance in tumor 
progression as well as tumor cells plasticity and escape mechanisms. 

1.2.3. Mitochondria biomarkers as prognostic factors 
Early diagnosis of cancer remains as one of the major challenges. 

Nowadays, diagnostic methods are usually invasive or show lack of 
specificity/sensitivity. Changes in mitochondrial metabolism and mito
chondrial apoptosis during tumorigenesis, highlight mitochondria as 
key player in malignancy. Given that, mitochondria appear as a poten
tial source of tumor biomarkers, which may improve the accuracy of 
tumor screening, therapeutic guidance and survival. 

Lisanti’s group employed a bioinformatic approach to identify 
nuclear-encoded mitochondrial genes that can be used as tumor bio
markers of non-small cell lung cancer. Using samples from 726 patients, 
180 mitochondrial biomarkers were validated. The mitochondrial 
biogenesis gene, heat shock protein family D (Hsp60) member 1 
(HSPD1), showed the highest predictive value [230]. Using the same in 
silico strategy, they also found that individual or combined mitochon
drial genes, mainly associated with mitochondrial biogenesis and 
OXPHOS, can predict tumor progression and recurrence, as well as 
clinical outcomes and patient survival of several types of cancer. Over
all, mitochondrial biomarkers can predict high-risk cancer patients in 
advance, up to 5, 10 or 15 years in ovarian, lung or breast cancer, 
respectively [230–233]. Analysis of those mitochondrial prognostic 
factors also allows the stratification of the risk, and consequently 
personalized medicine. 

Due to the metabolic differences between normal and cancer cells, 
oxidative phosphorylation system arises as potential biomarker source 
with clinical value in tumorigenesis. Mitochondrial Complex III, espe
cially its ubiquinol cytochrome c reductase binding protein (UQCRB) 
subunit, is a possible prognostic marker in colorectal cancer. UQCRB 
was detected upregulated in colorectal cancer tissue, both at gene and 
protein level, compared to non-tumor tissue. Moreover, the increment 
and copy number gene variation was correlated with clinical stage and 
pathologic features [234]. Complex IV, along with Complex I, Complex 
III and ATP synthase, is encoded by nuclear and mitochondrial genes. 
The ratio between nuclear/mitochondrial-encoded genes of Complex IV 
changes in parallel with prostate tumor progression. Ovarian, colon, 
esophageal and breast carcinomas demonstrated the same trend. This 
study suggests that the shift may be a valuable biomarker to predict 
tumor evolution even before histological changes [235]. 

Besides tumor and other tissue biopsies, mtDNA can be further found 
in body fluids and collected through a less/non-invasive approaches 
under the form of circulating cell-free mtDNA and extracellular vesicles- 
containing mtDNA [236]. 

Extracellular vesicles are critical mediators for intercellular 
communication and were also found to contain mtDNA. As active car
riers of molecular biomarkers, extracellular vesicles containing-mtDNA 
have potential for detection and monitoring the progression of several 
pathological states [237]. 

Although cell-free genomic DNA has been identified as a biomarker 
in blood-based liquid biopsy in cancer [238], cell-free mtDNA appears to 
be more stable in circulation, revealing a potential clinical prediction 
approach worthy to explore. Mair and his colleagues showed that tumor- 
released cell-free mtDNA detection is a more sensitive method to detect 
glioblastoma compared to cell-free nDNA. Using digital PCR, the authors 
verified that mtDNA was detected more frequently and in higher copy 
number, both in the plasma and urine. Moreover, increased levels of 

mtDNA in orthotopically implanted xenografts of glioblastoma are 
correlated with tumor burden and proliferation. mtDNA release is 
further boosted by temozolomide combined radiotherapy treatment, 
being related with tumor cell death [239]. In a study with 165 epithelial 
ovarian cancer patients and 60 healthy women, the serum level of a 79- 
short fragment and 230-large fragment of mtDNA was significantly 
increased in cancer patients. The increased levels were positively 
correlated with FIGO stages and metastatic potential. Furthermore, 
mtDNA integrity was found to be decreased in the disease group [240]. 
However, and despite the general trend of increased circulating mtDNA 
levels in cancer patients, decreased levels of cell-free circulating mtDNA 
was reported in some cancers, such as renal and hepatocarcinoma [236]. 

Several clinical trials are now covering the prediction value of cell- 
free circulating nDNA (clinicaltrials.gov); however, to the best of our 
knowledge none is taking into consideration specific mtDNA detection 
as a biomarker in cancer. It is important to define and to uniformize 
methods of extraction, type of body fluid and molecular analysis to have 
more coherent results. Distinguish between tumor- and non-tumor- 
derived mtDNA is also a major point that needs to be well established. 

Another study emphasizes that, not a specific mtDNA mutation, but 
the total acquired genomic mutations demonstrate high prognostic 
value in prostate tumors. The number and frequency of somatic mtDNA 
single-nucleotide variances are molecular biomarkers that in combina
tion with Gleason score are useful for risk prediction, and significantly 
correlate with tumor relapse [241]. A prostate cancer study in South 
Africa men, using 87 tissue samples, also associated the load of mito
chondria mutations and aggressiveness of prostate cancer. Again, total 
number of mutations was correlated with Gleason score, indicating 
higher pathological stage and poor prognosis [242]. mtDNA mutation 
patterns have been associated with various types of cancer. The diffi
culty to detect mutations in free-cell mitochondrial genome in circula
tion constrains its use in cancer diagnostic [243]. 

Circulating levels of mitochondrial-derived peptides, including 
MOTS-c and humanin, have been identified as biomarkers for several 
pathologies, usually related with altered metabolism and aging. Since 
both are implicated with tumorigenic process, mitochondrial-derived 
peptides may appear as oncopeptides and potential biomarkers in can
cer, including non-Hodgkin’s lymphomas [244–246]. Humanin has 
been detected overexpressed in gastric cancer using suppression sub
tractive hybridization method. Compared to normal tissues, Humanin 
isoform 3 expression level was about 4-fold higher. The study suggested 
the role of humanin in chemoresistance and as new biomarker [247]. 
Moreover, humanin was also shown 20-times upregulated in tumor 
tissue compared to normal tissue of patients with T2 bladder carcinoma 
[248]. Small humanin-like peptide 2 (SHLP2) was also detected in 
plasma. Since it acts as a retrograde signaling molecule, SHLP2 can be 
used as a mitochondrial biomarker in cancer. In fact, lower levels of 
SHLP2 were associated with increased risk of prostate cancer. However, 
this link was only present in white men, demonstrating a racial disparity 
[249]. 

2. Exploiting mitochondrial and metabolic targets in cancer 
cells 

2.1. Targeting cancer cell metabolism 

As described above numerous metabolic adaptations occur in ma
lignant cells with mitochondria displaying a fundamental role in the 
transformation that allows tumors to progress and evade therapy. 
Below, a description of targets and drug development strategy is 
described. 

2.1.1. Aerobic glycolysis and oxidative phosphorylation targets 
Considering that one of the main metabolic phenotypes in tumors is 

their high glycolytic rate, and almost 70% of human cancers present an 
overexpression of glycolytic enzymes [250], with some tumor 
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presenting defective or less active mitochondria. Thus, therapeutic ap
proaches have been developed in order to efficiently kill malignant cells 
by using inhibitors that target the glycolytic pathway. With this 
approach, some drugs increase mitochondria respiration, which is 
thought to be also essential to induce tumor cells arrest and death [251]. 
Although research on cancer metabolism was mainly focused on 
glycolysis in the past, OXPHOS has also emerged as a potential target in 
recent years [252]. So, we also revise the OXPHOS targeting approach as 
some cancer cells still or preferentially rely on this pathway [253], or 
due to the metabolic shift observed in cancer cells that allows their 
survival to anti-cancer treatments. 

The first step to metabolize glucose involves its transport to the cell, 
which is done by GLUTs, that are often overexpressed in tumor cells 
[254]. Taking this into consideration, several studies were conducted to 
inhibit these transporters. Small molecules such as phloretin, fasentin 
and STF-31 were discovered and have shown promising results in 
inhibiting glucose transport and inducing apoptosis in some types of 
cancer [255–257]. 

3-Bromopyruvate (3BP), a pyruvate analog, is an alkylating agent 
that has a broad-spectrum inhibitor activity that targets multiple 
metabolic enzymes, such as HK2, glyceraldehyde 3-phosphate dehy
drogenase (GAPDH), LDH, among others [258,259]. It is up taken by 
tumor cells by MCTs [259], which are preferentially abundant in several 
cancer cells. 3BP inhibits HK2 enzymatic activity through a covalent 
modification, and this event is also believed to trigger apoptosis by 
inducing HK2 dissociation from mitochondria and the release of the 
apoptosis inducing factor (AIF) [260]. Additionally, recent evidence 
demonstrated that 3BP decreases HK2 mRNA and protein levels [261]. 
The same study also suggested that this compound promotes a decrease 
on the expression of GAPDH protein levels, as well as LDH. Furthermore, 
treatment with 3BP promotes pyruvylation of GAPDH, which results in 
an enzymatic loss of function both in vitro and in vivo [262–264]. In 
addition to inhibiting glycolysis, 3BP also causes oxidative stress and 
depletes cellular GSH [265,266]. A recent study using rat and human 
metastatic prostate cancer cell lines has shown that 3BP was able to 
inhibit their mobility, which was accompanied by decrease in the ATP 
and GSH content [267]. Moreover, synergistic effects using 3BP com
bined with other compounds are also described. In doxorubicin-resistant 
neuroblastoma cells, 3BP seems to enhance their response to doxoru
bicin, suggesting 3BP as a useful mean to overcome chemotherapy 
resistance in human neuroblastoma [268]. The glucose analog 2-Deoxy
glucose (2-DG) inhibits glycolysis by competitive inhibition of glucose 
transport through GLUTs [269]. When inside the cell, it is phosphory
lated by HK2 to 2-Deoxy-D-glucose-6-phosphate, which cannot be 
further metabolize and accumulates within the cell, causing product 
inhibition of HK2 [270]. These events lead to the depletion in cellular 
ATP, decreased biosynthetic precursor production, blocked cell cycle, 
and even cell death [271,272]. Some studies described that, in combi
nation with mTOR inhibitor PF-04691502 or PI3-kinase, 2-DG is able to 
promote a metabolic shift from aerobic glycolysis to OXPHOS, causing 
strong cytotoxicity in primary effusion lymphoma cells [273]. Several 
reports have shown synergistic effects of 2-DG combined with different 
drugs, which also target mitochondria, such as cisplatin, doxorubicin, 
paclitaxel, among others, in different types of cancer [269]. One 
example is, when combined with metformin, 2-DG promotes a decrease 
in the cellular growth of ovarian cancer cells [274]. 

Given the recognized involvement of LDH in tumor metabolism as 
development, and thus a potential target in cancer therapy, several in
hibitors have been developed that target the enzyme directly. Never
theless, their efficacy has proven to be limited because the in vivo 
activity and/or specificity is insufficient. However, drugs such as oxa
mate, a classical LDH inhibitor, in combination with the Complex I in
hibitor phenformin demonstrated anti-cancer synergistic effect [275]. In 
medulloblastoma, oxamate inhibits glycolysis and stimulate OXPHOS 
while inhibit cells proliferation but, unfortunately, at concentration not 
advisable for clinical practice [276]. Despite this, ongoing efforts 

identified novel drugs candidates. The 1-(phenylseleno)-4-(tri
fluoromethyl) benzene (PSTMB) show potent inhibitory effect by 
impairing cancer cells growth while promoting apoptosis on a ROS- 
dependent mechanism [277]. In another study, Oshima et al. showed 
that the LDH inhibitor NCI-066 was able to slow down tumor growth. 
Interestingly, a stunning tumor metabolic rewiring from glycolysis to 
aerobic respiration occurred upon LDH inhibition. The combined inhi
bition of LDH and a specific mitochondrial Complex I (IACS-010759) 
expands the antitumoral activity while directing cell to a quiescent state 
[278]. IACS-010759 applicability as an anticancer therapy is examined 
in more detail below. Therefore, these data support the need of simul
taneously target glycolysis and OXPHOS pathways to potentiate anti
cancer responses. 

Lonidamine is a derivate of indazole-3-carboxylic acid that has anti- 
tumor and pro-apoptotic activity. Its mechanism of action is still not 
clear, but it is described as an inhibitor of HK2. Subsequent studies 
uncovered additional targets for lonidamine, such as the MCT, the 
mitochondrial pyruvate carrier (MPC), the ETC, and the mitochondrial 
permeability transition pore [279]. It was described that in combination 
with other drugs such as doxorubicin, lonidamine induced better anti
cancer effects, potentiating response to doxorubicin in ovarian, prostate 
and breast cancer [280]. Despite its anti-cancer efficacy, lonidamine has 
significant pancreatic and hepatic toxicities [281] and, upon examina
tion of its effect in cancer patients, it provided no significant survival 
benefit, although it slightly increases the tumor response to radiation 
and chemotherapy [282]. 

Dichloroacetic acid (DCA), a structural analog of pyruvate, stimu
lates the activity of PDH by blocking its inhibitor, the PDK, which results 
in an increased delivery of pyruvate into mitochondria [283]. Thus, DCA 
promotes a metabolic shift from glycolysis to OXPHOS, stimulating O2 
consumption, which makes cancer cells more susceptible to hypoxia- 
specific chemotherapy [251]. This metabolic shift was observed in 
vitro and in vivo mouse models of glioblastoma multiforme [284] or in 
multiple myeloma cells lines [285]. Furthermore, this compound also 
induces depolarization of mitochondria, reverting membrane potential 
to basal levels of non-cancerous cells, and increases ROS production, 
promoting a number of pro-apoptotic changes in cancer cells [286,287]. 
Another antitumoral potential mechanism of DCA involves lowering 
lactate accumulation and the consequent acidosis [288,289]. This is 
quite important, since lactate plays a role in tumor growth, metastasis, 
and immunosuppression, as well as in the well-established association of 
acidosis with poor prognosis and survival [290]. DCA administration in 
rodents harboring human tumor xenografts led to a decrease in cell 
proliferation and increased host survival [291]. Several reports have 
shown DCA clinical activity against some types of cancer, such as glio
blastoma and colon cancer [292,293], and synergistic effects of DCA 
combined with different drugs was also observed [294–297]. Further
more, DCA treatment was able to overcome sorafenib chemoresistance 
in highly glycolysis-addicted hepatocellular carcinoma cells [298], and 
oxaliplatin chemoresistance in colorectal cancer cells [299,300]. Over 
the years, the interest on mitochondrial OXPHOS-targeting therapeutics 
has been raising with OXPHOS emerging as a promising target approach 
in recent years and reinforced by the metabolic reprogramming of tumor 
cells. 

Mitocans are small compounds that induce apoptosis of cancer cells 
by targeting and destabilizing mitochondria. According to their molec
ular target, mitocans are classified into several classes. Among mitocans, 
class 5 includes electron transport chain-targeting drugs [301]. 

As mentioned in Section 1.1.5, Complex I is involved in energy and 
ROS production, maintenance of NAD+/NADH ratio or HIF-1α stabili
zation [71]. Thus, Complex I inhibitors may decrease ATP synthesis, 
change ROS levels, inhibit biosynthetic pathways, and prevent hypoxia, 
leading to antitumorigenic activity. Most of the inhibitors are uncharged 
hydrophobic molecules that target the ubiquinone-binding region of the 
complex in a competitive manner [301]. 

Deguelin and other rotenoid-analogues of rotenone, directly inhibit 
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Complex I and cause defective respiration and apoptosis, showing anti- 
tumor activity. These molecules, due to their hydrophobicity, readily 
cross the blood-brain barrier of mammalians promoting neurotoxicity 
and conditioning their use [301,302]. 

Tamoxifen is an antagonist of estrogen receptor and is currently used 
as adjuvant in the treatment of hormone-dependent breast cancer. 
Furthermore, Tamoxifen was also reported to inhibit Complex I at the 
flavin site, which promote an increase of ROS, impair mitochondrial 

respiration, and increase AMP and AMP/ATP ratio. The anticancer ac
tivity was also observed in non-estrogen-dependent tumors. However, 
developed resistance to tamoxifen treatment remains a major clinical 
issue [303,304]. The novel mitochondrial-targeted derivative of 
tamoxifen (MitoTam), by use of the triphenylphosphonium (TPP+)- 
tagged, suppresses human epidermal growth factor receptor 2 (HER2)
high, also called erb-b2 receptor tyrosine kinase, breast tumors in vitro 
and in vivo, unlike its parental compound tamoxifen (Fig. 3). MitoTam 

Fig. 3. Chemotherapeutic agents targeting metabolic alterations in cancer cells. Inhibition of enzymes related with TCA cycle using drugs such as CPI-613, Ivosidenib 
and Enasidenib reveal a great anti-tumor approach. Other agents that target amino acids uptake and metabolism (for example, BPTES, CB-839, TFB-TBOA, UCPH- 
101, V-9302) compromise cancer cell survival and proliferation, and some of them are already on clinical trials. Inhibition of OXPHOS through targeting of complex I 
(Deguelin, Tamoxifen, MitoTam, Metformin, Phenformin, IACS-010759, Sorafenib), complex II (Vitamin E, MitoVES), Complex III (Antimycin A; Myxothiazol, 
Stigmatellin, Resveratrol, Sorafenib) and/or ATP synthase (Sorafenib) are also a promising therapeutic strategies to efficiently kill cancer cells. Nevertheless, cancer 
cells modulate their metabolism, and combined therapy may promote increased efficacy. Abbreviations: Gln – glutamine; Glu – glutamate; IDH - Isocitrate dehy
drogenase; LDHA - lactate dehydrogenase A; OAA – oxaloacetate; PDH pyruvate dehydrogenase; α-KG – alfa-ketoglutarate; 2-HG - D-2-hydroxyglutarate. 
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accumulates at the matrix/IMM interface and suppresses Complex I- 
dependent respiration, as well as disrupts respirasome and other 
supercomplexes, without suppression of other individual ETC subunits. 
The treatment with MitoTam shortly induced mitochondrial ROS, which 
mediate cell death-induction effect. Five-fold lower concentrations of 
MitoTam, when compared to tamoxifen, inhibited growth of HER2high 

breast tumors in different mouse strains Moreover, sub-micromolar 
doses of MitoTam reverted spontaneous tumors, without re-incidence 
up to 8 months. Upon research and pre-clinical trial phases, MitoTam 
has shown promising results against triple negative breast carcinomas in 
a Phase I clinical trial [305]. 

Another group of Complex I inhibitors, biguanides, which includes 
the well-known anti-diabetic drug, metformin, are hydrophilic posi
tively charged molecules that promote a non-competitive inhibition. 
The antiproliferative effect is achieved by the inhibition of Complex I, 
which is supported by the lack of sensitivity when the analog of complex 
I (NDI) is overexpressed in tumor cells [306,307]. Complex I inhibition 
lowers mitochondrial membrane potential and mitochondrial respira
tion, causing decreased ATP synthesis and AMP accumulation. ATP 
depletion further leads to AMPK activation. Metformin-dependent 
Complex I inhibition promotes proliferation arrest and cell death, 
though those effects were specifically detected under nutrients depri
vation conditions. HIF-1α stabilization is also affected by metformin 
treatment. Consequently, HIF-1α downstream target genes are reduced, 
hampering metabolic adaptation of tumor cells [307,308]. NAD+/ 
NADH balance is also affected by metformin treatment, leading to a 
decrease in aspartate levels and, consequently, anti-proliferative effects. 
Indeed, increasing doses of metformin, which are expected to be toler
able in humans, dose-dependently inhibit A549-lung tumors. The effect 
was associated with decreased levels of NAD+ and aspartate in tumors 
[307]. Metformin-conjugated molecules, prepared by tagging TPP+, are 
more selectively accumulated in cancer cells, which enhances anti
proliferative effects, through induction of ROS and AMPK activation. 
MitoMet, mitochondrial-targeted metformin, exhibited an increased 
efficacy by 4 orders of magnitude in comparison with metformin [306]. 
Moreover, metformin acts as an adjuvant therapy and sensitize cancer 
cells to other treatments. Repurposing metformin as an antineoplastic 
agent is an interesting approach due to its known safety profile. 
Although metformin has shown inhibitory effects on cell proliferation in 
vitro at supraphysiological concentrations, environment modulates its 
effects and the concentration found in treated human patients and 
mouse tumors are able to inhibit Complex I-dependent ETC activity in 
vivo. Metabolic alterations induced by metformin treatment in mice and 
human tissues are found in glucose-limited conditions, which are not 
usually used in typical cell culture media [307,309]. Treatment of 
human lymphoma and colon carcinoma cells with AZD3965, a MCT1 
inhibitor, promoted a metabolic shift by blocking glycolysis and 
inducing mitochondrial oxidative PDH flux, thus sensitizing cells to 
metformin [310]. Similarly, recent studies reported that treatment with 
syrosingopine, an anti-hypertensive drug and inhibitor of MCT1 and 
MCT4, also sensitizes cancer cells to metformin. Benjamin et al. 
described that a combination treatment of syrosingopine and metformin 
results in glycolysis and mitochondrial inhibition, which impairs NAD+

regeneration, induces ATP depletion and promotes cancer cells death 
[311,312]. Underscoring this, multiple clinical trials using metformin in 
a context of cancer are currently being under development. In fact, by 
August 2020, 354 clinical trials involving metformin treatment in 
several types of tumors have been registered at clinicaltrials.gov. 

Another biguanide, phenformin, also inhibits Complex I and despite 
higher affinity to mitochondrial membrane, which leads to a greater 
antineoplastic activity, this molecule was associated to increased lactic 
acidosis, which severely limits its clinical use [308,313]. 

IACS-010759 likely mimics the biguanide functional group, inhibit
ing Complex I at the sub-nanomolar to nanomolar range. By targeting 
Complex I, IACS-010759 decreased mitochondrial respiration and 
intracellular nucleotide pools in blood cells of chronic lymphocytic 

leukemia patients. However, the consequently increase of glycolysis 
limited cell death. Combination treatment with the glycolysis inhibitor 
2-DG synergistically promote cell death [314]. In addition, IACS-010759 
also promoted cell death of brain cancer and acute myeloid leukemia, 
possibly trough energy depletion and reduced aspartate synthesis, while 
in vivo also blunted tumors growth [315]. The selective Complex I in
hibitor IACS-010759 is orally bioavailable and is under clinical trials 
evaluation for acute myeloid leukemia and advanced solid tumors 
(NCT02882321, NCT03291938). Both trials comprised an induction and 
a maintenance phase, characterized by once-daily dose for a week and 
twice-weekly dosing, respectively. To the present, no severe side-effects 
were detected. Nonetheless, lactate levels were increased, which is ev
idence that Complex I is targeted, it did not altered acidosis levels [316]. 

Complex II is the smallest of ETC complexes and is exclusively 
encoded by nuclear genes. Vitamin E group, epitomized by α-tocopheryl 
succinate, is characterized by a high selectivity for cancer cells and for 
apoptosis induction, suppressing the growth of several carcinomas 
[317]. Vitamin E analogs act as Bcl-2 homology domain 3 mimetic, 
interacting with the BH3 domains of Bcl-2 and Bcl-xL and inhibiting 
their anti-apoptotic function. Moreover, and probably of major impor
tance, this group of compounds interacts with UbQ site of Complex II, 
interfering with UbQ function and inducing apoptosis. A strong inter
action between α-tocopheryl succinate and the UbQ site induces proton 
leakage, generation of ROS and malignant cell-selective apoptosis [318]. 
Knockout experiments of SDHC subunit of Complex II demonstrate 
inefficient ROS generation and apoptosis induction of vitamin E analogs, 
pointing to Complex II as the main target (Fig. 3) [319]. MitoVES, a 
TPP+-modified mitochondria-targeted analog of vitamin E succinate, 
showed increased anti-cancer activity when compared with the parent 
compound. While maintaining selectivity for malignant cells, MitoVES 
accumulates at the interphase of the mitochondrial matrix and the IMM, 
inducing oxidative stress, and triggering mitochondria-dependent 
apoptosis. In two in vivo pre-clinical cancer models, MitoVES effi
ciently suppressed tumor growth, and was even able to reduce tumor 
size [320]. 

Accordingly to what was described in Section 1.1.5, Complex III 
mediates the transfer of electrons between both electron carriers, from 
UbQ to cyt c, and, along with Complex I, are the major sources of 
mitochondrial superoxide. Grape seed extract targets Complex III and 
shows antiproliferative effects in head and neck cancer. Shrotriya et al. 
showed that this extract decreases Complex III activity and increased 
mitochondrial ROS parallelly with GSH depletion. Induction of AMPK 
and inhibition of Akt/mTOR pathway was also reported, which in turn 
increased autophagy of tumor cells. Overall, oxidative and metabolic 
stress promoted autophagy and apoptotic cell death in head and neck 
squamous cell carcinoma [321]. Inhibitors of Complex III, such as 
myxothiazol, stigmatellin and antimycin A, induce p53-dependent 
apoptosis in cancer cells, which was mediated by pyrimidine pool 
depletion. To note, specific inhibitors of other ETC complexes did not 
show the same effect, unlike dihydroorotate dehydrogenase (DHODH) 
inhibitors [322]. DHODH catalyzes the fourth and only mitochondrial 
step of the de novo pyrimidine synthesis pathway, which is intimately 
coupled with the ETC, requiring UbQ as the direct electron acceptor and 
functional Complex III for UbQ redox-cycling. Indeed, DHODH 
dysfunction resulting from ETC impairment leads to cell cycle arrest and 
tumor growth inhibition in vivo [4,323]. 

Several compounds can be grouped in a different category, as they 
can target multiple complexes of the ETC. Another plant-derived poly
phenol, resveratrol, efficiently inhibits multiple ETC complexes, espe
cially Complex III. Sorafenib, marketed under the name Nexavar, also 
inhibits Complex II and Complex III activity, as well as ATP synthase, at 
low micromolar doses, in addition to its multi-kinase inhibition prop
erties. The inhibitory capacity leads to PINK-Parkin-mediated apoptosis 
[324]. In patients with advanced hepatocellular carcinoma, a phase III 
clinical trial (NCT00105443) showed that sorafenib prolongs overall 
survival by almost 3 months. Sorafenib’s effects could be explained by 
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the conjugation of both mechanisms of action. 
Overall, pharmacological ETC inhibition potentially decreases 

mitochondrial respiration, mitochondrial membrane potential, ATP and 
biomolecules synthesis, and increases ROS levels. Consequently, those 
compounds induce apoptotic death of cancer cells. However, cancer 
cells modulate their metabolism, shifting to a glycolytic pattern, upon 
ETC inhibitors treatment, resulting in resistance to cell death 
[304,314,321]. The use of this strategy as co-adjuvant therapy, may 
promote increased efficacy [324]. Moreover, ETC inhibitors are a crucial 
treatment in specific situations, such as, target subpopulations of tumor 
microenvironment with limit access of glucose, target highly OXPHOS- 
depend cancer cells [325] and target quiescent cancer cells responsible 
for tumor relapse, which rely on OXPHOS metabolism [319,326]. 

2.1.2. Tricarboxylic acid and amino acids approaches 
As described in the above sections, cancer cells can take advantage of 

the TCA cycle and amino acids to remodel their metabolism and survive 
even in harsh conditions. Thus, targeting such pathways could also 
represent a good strategy to efficiently kill malignant cells. 

CPI-613 is a lipoate analog that inhibits PDH and the α-ketoglutarate 
dehydrogenase complexes [327]. This compound is known to activate 
pyruvate dehydrogenase kinases PDK 1–4 that, by phosphorylation, are 
responsible for PDH inactivation in cancer cells (Fig. 3). CPI-613 also 
induces a mitochondrial ROS burst that targets α-ketoglutarate dehy
drogenase complexes, promoting its inactivation by glutathionylation of 
sulfhydryl groups [327,328]. CPI-613 lead to the induction of cell death 
pathways in H460 cancer cells due to mitochondrial metabolism 
disruption [327], and diminished the ability of ovarian cancer stem cells 
to form spheroids [329]. Importantly, CPI-613 treatment increased the 
median survival rates of patients with recurrent acute myeloid leukemia 
in clinical trials, and it also re-sensitized cancer cells to cytotoxic agents 
[330,331]. Several clinical trials using CPI-613 are ongoing for the 
treatment of some cancers, such as metastatic pancreatic cancer 
(NCT01835041) and metastatic colorectal cancer (NCT02232152), 
among others. 

As described in the previous sections, several types of cancer rely 
mainly on aerobic glycolysis. Thus, it is not surprising that the MPC, the 
gatekeeper for pyruvate entry into mitochondria, present reduced levels 
and/or activity in tumor cells. Then, cancer therapies would need to 
stimulate MPC activity or expression [332]. However, there are now 
recent studies that demonstrate that MPC inhibition can have antitu
moral effects. Bader et al. showed that MPC inhibition in androgen 
receptor-driven prostate cancer promotes a delay in tumor growth 
[333]. Tompkins et al. found out that MPC levels are highly expressed in 
hepatocellular carcinoma, and MPC disruption limited glutamine 
availability for GSH synthesis [334]. Corbet et al. showed that MPC 
inhibition blocks lactate uptake and has an adjuvant effect when com
bined with radiotherapy (28). These reports suggest that MPC inhibitors 
could be a good therapeutic approach to the treatment of some specific 
cancer types. 

IDH1 and IDH2 mutations occur in some types of cancer, including 
acute myeloid leukemia and glioma [335,336], and studies have been 
done in order to properly target them. Ivosidenib and enasidenib are 
selective and first-in-class inhibitors of mutated IDH1 and mutated 
IDH2, respectively (Fig. 3). Preclinical studies, in vitro and in vivo, 
demonstrated that, upon treatment with ivosidenib, intracellular levels 
of 2-HG decreased and the myeloid differentiation block was released in 
leukemic cells that possess mutant IDH1 [337,338]. Enasidenib inhibits 
mutant IDH2 by stabilizing the open conformation of the enzyme, 
impeding the formation of 2-HG [339]. Similar to ivosidenib, treatment 
with enasidenib induces a decrease in the 2-HG intracellular levels in 
vitro and in vivo, and acts as a differentiation agent [339]. Both ivosi
denib and enasidenib were recently approved by the United States Food 
and Drug Administration for the treatment of adult patients with 
relapsed/refractory acute myeloid leukemia with IDH1 or IDH2 muta
tions, respectively [340,341]. Several other clinical trials using these 

inhibitors are also ongoing for the treatment of cholangiocarcinoma 
[342], advanced solid tumors [343], among others [338,344]. 

Since many cancers have an upregulation of glutamine uptake and 
metabolism, inhibitors of those pathways have been developed and 
studied. SLC1A5 is a glutamine transporter, thus is an attractive target 
for cancer treatment. V-9302 was recently found as a selective inhibitor 
of this transporter, and its use resulted in increased cell death and 
increased oxidative stress, as well as attenuated cancer cell growth and 
proliferation, both in vitro and in vivo [345]. This data demonstrates that 
targeting glutamine uptake could be a viable approach for cancer 
treatment. Focusing on glutamine metabolism, Bis-2-(5- 
phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide (BPTES) was 
found as a selective inhibitor of glutaminase and had been described as 
having minimal off-target effects. It is thought that BPTES inhibits 
glutaminase by disabling the phosphate-dependent activation of the 
enzyme [346,347], and studies have shown that it promotes a decrease 
in cell growth in vitro, and prolonged the survival of a mice model of 
hepatocellular carcinoma [348]. However, some factors limit the use of 
BPTES for clinical development, such as low solubility and poor meta
bolic stability [49]. Several BPTES-derivatives were then developed, 
such as CB-839, which is a more potent allosteric inhibitor of gluta
minase. Treatment with CB-839 showed an antiproliferative activity 
both in vitro and in vivo models of breast cancer, and it was also 
demonstrated that this compound also affected TCA cycle reprogram
ming and amino acid synthesis (Fig. 3) [349]. Thus, CB-839 is under
going clinical trials for the treatment of multiple types of tumors as a 
combination therapy [49,350]. 

Approaches targeting glutamate uptake and metabolism have also 
been investigated. TFB-TBOA and UCPH-101 are small molecule in
hibitors of the SLC1A3 glutamate-aspartate transporter (Fig. 3) 
[73,351]. A study on a patient-derived xenograft model of head and 
neck squamous cell carcinoma revealed that, upon treatment with TFB- 
TBOA, a decrease in cancer cell proliferation and reduced tumor growth 
were observed [352]. Regarding glutamate metabolism, the small 
molecule inhibitor R162m, a glutamate dehydrogenase 1 inhibitor, was 
recently discovered. Jin et al. demonstrated that this compound pro
motes a decrease in cell proliferation and disrupts the redox balance in 
H1299 and MDA-MB231 cells [51]. 

2.2. Approaches for mtDNA as a druggable target 

Conventional anti-cancer therapies utilize mechanisms such as DNA 
intercalation, microtubule disruption or folate inhibition. Since cancer is 
still a disease lacking efficient treatment, new therapeutic approaches 
are needed [353]. Mitocans that interfere with mtDNA, such as Vitamin 
K3 (2-methyl-1, 4 naphthoquinone, also known as menadione) or fia
luridine, are grouped into class 8 and have been tested for their anti- 
proliferative and anti-cancer potential. These agents can inhibit tran
scription and expression of the mitochondrially coded ETC subunits, 
suppressing assembly of respiratory complexes and supercomplexes, 
and, consequently, blocking mitochondrial respiration [301]. Recent 
studies demonstrated that mtDNA-devoid cancer cells acquire mito
chondria from tumor microenvironment cells to repopulate their mtDNA 
playload. Only upon achieve a minimum threshold of mtDNA and 
mitochondrial respiration, cancer cells can proliferate and initiate tumor 
formation. These papers highlight the importance of functional mtDNA 
in tumor progression [226,227,323]. 

As aforementioned, MitoVES promotes apoptosis and suppressed 
tumor growth but also affects mtDNA, an effect not observed for the 
untargeted α-tocopheryl succinate. At sub-apoptotic concentrations (≤3 
μM), the MitoVES agent suppresses the level of mtDNA transcripts, in 
particular the regulatory region of mtDNA, the D-loop. Derived from this 
inhibition, mtDNA-encoded ETC subunits were also found decreased, 
and mitochondrial function and respiration were affected [354]. 
Moreover, 1-methyl-4-phenylpyridinium ion (MPP+), a neurotoxin that 
inhibits Complex I, was also associated with D-loop destabilization. 
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Upon recognition of D-loop, MPP+ interferes with mtDNA replication 
and promotes mtDNA depletion, independently of Complex I inhibition 
[355]. This compound demonstrated increased toxicity to lung cancer 
by affecting overall mitochondria function and being relative safe to 
normal cells in vitro [356]. Currently, to our knowledge, no clinical trials 
have been attempted yet for these compounds. However, the data 
highlighted the possibility of developing compounds that directly 
interfere with mtDNA as a useful approach. Accordingly, the rhoda
cyanine dye analog MKT-77 damages mtDNA of CX-1 carcinoma cells, 
without hampering nDNA [357] and inhibit the growth of tumor xe
nografts as renal or prostate carcinoma [358]. Although tolerable 
toxicity in animals has been described, renal toxicity was reported in a 
phase I clinical trial [359], thus compromising further trials. POLG is a 
key protein involved in mtDNA replication since it is the irreplaceable 
replicative polymerase in mitochondria. In human cells, POLG is a 
heterodimer constituting a catalytic subunit and 2 accessory subunits, 
and is also responsible for mtDNA damage repair mechanisms [186]. 
Vitamin K3 inhibited POLG activity but did not show any effect on other 
DNA polymerases. The compound was tested in several cancer cell lines, 
demonstrating a wide effect as antitumor agent, due to inhibition of 
mtDNA replication and repair [360]. In a phase I clinical trial, inter
mittent administration of vitamin K3 to patients with colorectal, breast 
cancer or lung cancer was well-tolerated without displaying major side- 
effects at doses shown to inhibit tumor growth in vitro [361,362]. 
Despite the promising results, a vitamin K3 and mitomycin C in combi
nation regime not only failed to offer benefits to not only failed to offer 
benefits to lung and gastrointestinal cancer patients as hematologic 
toxicity was observed [362,363]. Despite this, the administration of 
vitamin K3 and vitamin C demonstrated synergistic effect by delaying 
the disease prostate specific antigen marker increase in a clinical phase 
I/IIa trial of end stage prostate cancer patients [364]. 

Similarly, the thymidine analog fialuridine disrupted PLOG and 
mtDNA replication in HepG2 hepatocyte carcinoma cells. Consequently, 
fialuridine induced mitochondrial structural defects [365]. Despite the 
positive effects observed in initial studies against chronic hepatitis B, a 
subsequent trial demonstrated a severe toxicity characterized by hepatic 
failure and mitochondrial damage [366]. 

Acute myeloid leukemia cells are known to rely on mitochondrial 
respiration, which is supported by increased mitochondrial biogenesis. 
Thus, those cells are more susceptible to mitochondrial-targeted ther
apy, including mtDNA-directed agents. POLG of several leukemia cell 
lines was targeted with the antimetabolite 2′3′-dideoxycytidine, result
ing in decreased mtDNA content, mitochondrial-encoded ETC subunits 
and increased cytotoxicity. 2′3′-dideoxycytidine also abolished tumor 
growth and decreased tumor size in vivo, without affecting normal 
mouse hematopoiesis [367]. POLG was found to be increased in 
pancreatic patients and treatment of cells lines with 2′3′-dideox
ycytidine prompted mitochondrial dysfunction, mtDNA depletion and 
increased total ROS, measured by the 2′,7′–dichlorofluorescin diacetate 
(DCFDA) fluorogenic dye, as well as oxidative DNA damage [368]. 

Broad spectrum of nucleoside reverse transcriptase inhibitors used in 
antiretroviral therapy showed mitochondrial toxicity. Inhibition of 
POLG is the most likely underlying mechanism, which causes mtDNA 
mutations and deletion. Thus, strategies to directed these drugs to 
cancer cells should be tested to potentiate their use as chemotherapeutic 
drugs [369]. Doxorubicin treatment, as well as mitotoxic 2-DG and 
carbonyl cyanide 4-trifluoromethoxy)phenylhydrazone (FCCP), an 
OXPHOS uncoupler, decreased mtDNA content in leukemic cells, but not 
normal blood nor solid tumor cells [370]. Moreover, the anthracycline 
daunorubicin showed mtDNA deletion effects in lung cancer cells. The 
lack of response and increased resistance in mtDNA-devoid cells sug
gests that mtDNA is the target of this drug [371,372]. 

Besides mtDNA replication and transcription, mitochondrial protein 
translation occurs on mitochondrial ribosomes and is initiated under the 
control of mitochondrial initiation factors mtIF2 and mtIF3. This step is 
followed by elongation, which also uses its own elongation factors, such 

as EFTu, EFTs and EFGM [373]. The impact of inhibiting mitochondrial 
translation as an anticancer therapy was evaluated in several studies. 
Tigecycline, a potent inhibitor of the bacterial ribosome, also targets 
mammalian mitochondrial ribosomes blocking mitochondrial trans
lation, but not cytoplasmic translation. Tigecycline treatment involved 
mitochondrial dysfunction, oxidative stress, proliferation inhibition and 
apoptosis activation in leukemic, renal, and ovarian cancer cells. Anti- 
cancer efficacy of mitochondrial translation by tigecycline was also 
demonstrated by tumor growth inhibition in several xenograft mouse 
models. The therapeutic effect was similar to the one promoted by EFTu 
knockdown [374–376]. Furthermore, tigecycline potentiates chemo
therapeutic efficacy of cisplatin, both in vitro and in vivo [376]. Doxy
cycline, another tetracycline antibiotic, that also inhibits mitochondrial 
protein translation, is described as a promising anticancer drug. In fact, 
in the last years, several studies provided evidenced that doxycycline 
targets cancer stem cells [377–379]. The inhibitory effect in spheroids 
formation was transversal in a broad panel of cancer cells lines as breast, 
ovarian, lung, melanoma, prostate, pancreas and glioblastoma [377]. Of 
notice, tigecycline also exhibited similar effects. Additionally, doxycy
cline hampered mitochondrial respiration and glycolytic activity of 
MCF-7 breast cancer cells and radio-sensitizes cancer stem cells [378]. In 
A549 lung adenocarcinoma cancer cell line, doxycycline was shown to 
inhibit mitochondrial protein synthesis, decrease mitochondrial mem
brane potential and cells proliferation but not changed mtDNA copy 
number. The effects where potentiated by gemcitabine combination 
which also lead to apoptosis induction [380]. Furthermore, combination 
of doxycycline (1 μM), azithromycin (1 μM) plus vitamin C (250 μM) 
potentiated the inhibition of cancer stem cells propagation, compro
mised mitochondrial respiration and ATP production-associated oxygen 
consumption rate of MCF-7 cells although, the glycolytic reserve was 
decreased and glycolysis increased [379]. In a recent Phase II window 
pilot trial, doxycycline reduced cancer stem cells population in early 
breast cancer patients, as observed by a decrease of the stem cell marker 
CD44 [381]. Currently, an ongoing phase II clinical trial is exploring the 
potential of treating patients with localized breast or uterine cancer with 
metformin hydrochloride and doxycycline (NCT02874430). 

Humanin, a 24-aminoacid peptide encoded by an open-reading 
frame of mtDNA could have a potential therapeutic impact. It has 
been demonstrated that humanin is cytoprotective in several cell types 
and tissues, decreasing apoptosis. However, the dual role of humanin in 
tumor growth seems to be tumor-dependent. Some studies suggested 
that humanin contributes for tumor progression and chemoresistance 
[247,382,383], whereas others demonstrated its inhibitory effect in 
tumorigenesis, alone or as an adjuvant therapy [384,385]. Thus, 
humanin mechanism and as a potential target in cancer should be 
further investigated. 

No curative treatments are available for mtDNA-encoded disorders, 
since it is hard to modify the mtDNA sequence in mammalian cells. New 
methods to remove and replace defective mtDNA sequences are now 
emerging and are likely to enhance outcomes of mitochondrial- 
associated diseases [202]. Understanding the value of mtDNA muta
tions, mainly pathogenic mutation, and why and how diverse hetero
plasmic levels behave differently in terms of biological outcomes, is 
crucial for development of new treatment methods. Gene-based ap
proaches have been developed to treat mtDNA heteroplasmic conditions 
and involve either replacement of mutant with wild-type mtDNA, 
degradation of mutant mtDNA or targeting of specific mutations. 

A prominent therapeutic strategy for mtDNA diseases are based on 
allotopic nucleus expression of mitochondrial proteins via gene therapy 
or in nuclease targeting of mtDNA mutations. The later consists on the 
targeted degradation of mutant mtDNA, allowing the repopulation by 
wild-type mtDNA. However, this nuclease-based therapy depends on the 
presence of unique restriction sites. Transcription activator-like effector 
nucleases (TALENs) and zin-finger nucleases (ZFNs) can be engineered 
to target specific mtDNA sequences. Those approaches, which promote 
mutant mtDNA destruction instead of repair, have been extensively 
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reviewed in [386,387], and out of scope of this review. Although the 
difficulties to use CRISPR-cas9 system to target mtDNA mutations, 
conditioned by the delivery of a guide RNA into mitochondria, Mok and 
his team have recently discovered an enzyme, that converts C to U, 
meaning a C-T conversion in mtDNA. The enzyme acts on double-strand 
DNA, after being split into two pieces and linked to programmable DNA- 
binding proteins to bind on specific sites of the genome, allowing their 
activation at specific sites [388]. 

The recent advances open new therapeutic opportunities and over
come some drawbacks, that for years conditioned the evolution in 
mtDNA targeting therapeutic field. Notwithstanding those techniques 
are a great promise, showing positive results, both in vivo and in vitro, 
they are far from being employed in cancer treatments. 

3. Final remarks 

The lessons from the last decades should prompt us towards to the 
undoubtedly need to tackle tumors metabolic liabilities, most likely, in 
combination with current used therapies. The metabolic profile and 
reprograming in tumors reflect the molecular adaptation facing the 
constant microenvironment changing conditions. One must integrate 
the cross talk between cancer and stromal cells, cancer cells plasticity or 
emergence of less predominant phenotypes following antitumoral 
treatments. The undeniable convergent central role of mitochondria, 
although nowadays already recognized, in oncometabolism, as tumor 
features for their development and flexibility, should be more than never 
a focus of attention. Thus, the development of improved drugs directed 
to metabolic targets, particularly mitochondria-related ones, holds a 
great promise to improve the success of anticancer treatments. 
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S. Salinas-Sánchez, T. Acker, R. Sánchez Prieto, S.M. Fendt, K. De Bock, 
J. Aragonés, HIF1α suppresses tumor cell proliferation through inhibition of 
aspartate biosynthesis, Cell Rep. 26 (2019) 2257–2265.e4, https://doi.org/ 
10.1016/j.celrep.2019.01.106. 

[76] J. Sun, R. Nagel, E.A. Zaal, A.P. Ugalde, R. Han, N. Proost, J. Song, A. Pataskar, 
A. Burylo, H. Fu, G.J. Poelarends, M. Ven, O. Tellingen, C.R. Berkers, R. Agami, 
SLC 1A3 contributes to L-asparaginase resistance in solid tumors, EMBO J. 38 
(2019), https://doi.org/10.15252/embj.2019102147. 

[77] J.M. Thornburg, K.K. Nelson, B.F. Clem, A.N. Lane, S. Arumugam, A. Simmons, J. 
W. Eaton, S. Telang, J. Chesney, Targeting aspartate aminotransferase in breast 
cancer, Breast Cancer Res. 10 (2008) R84, https://doi.org/10.1186/bcr2154. 

[78] J. Son, C.A. Lyssiotis, H. Ying, X. Wang, S. Hua, M. Ligorio, R.M. Perera, C. 
R. Ferrone, E. Mullarky, N. Shyh-Chang, Y. Kang, J.B. Fleming, N. Bardeesy, J. 
M. Asara, M.C. Haigis, R.A. DePinho, L.C. Cantley, A.C. Kimmelman, Glutamine 
supports pancreatic cancer growth through a KRAS-regulated metabolic pathway, 
Nature. 496 (2013) 101–105, https://doi.org/10.1038/nature12040. 

[79] I.A. Barbosa, N.G. Machado, A.J. Skildum, P.M. Scott, P.J. Oliveira, 
Mitochondrial remodeling in cancer metabolism and survival: potential for new 
therapies, Biochim. Biophys. Acta 1826 (2012) 238–254, https://doi.org/ 
10.1016/j.bbcan.2012.04.005. 

[80] R. Iurlaro, C.L. León-Annicchiarico, C. Muñoz-Pinedo, Regulation of cancer 
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A. Hawley, L. Udd, T.P. Mäkelä, D.G. Hardie, D.R. Alessi, LKB1 is a master kinase 
that activates 13 kinases of the AMPK subfamily, including MARK/PAR-1, EMBO 
J. 23 (2004) 833–843, https://doi.org/10.1038/sj.emboj.7600110. 

[121] R.J. Shaw, M. Kosmatka, N. Bardeesy, R.L. Hurley, L.A. Witters, R.A. DePinho, L. 
C. Cantley, The tumor suppressor LKB1 kinase directly activates AMP-activated 
kinase and regulates apoptosis in response to energy stress, Proc. Natl. Acad. Sci. 
U. S. A. 101 (2004) 3329–3335, https://doi.org/10.1073/pnas.0308061100. 

[122] B. Faubert, E.E. Vincent, M.C. Poffenberger, R.G. Jones, The AMP-activated 
protein kinase (AMPK) and cancer: many faces of a metabolic regulator, Cancer 
Lett. 356 (2015) 165–170, https://doi.org/10.1016/j.canlet.2014.01.018. 

[123] G. Zadra, J.L. Batista, M. Loda, Dissecting the dual role of AMPK in cancer: from 
experimental to human studies, Mol. Cancer Res. 13 (2015) 1059–1072, https:// 
doi.org/10.1158/1541-7786.MCR-15-0068. 

[124] S. Jiang, Y. Wang, L. Luo, F. Shi, J. Zou, H. Lin, Y. Ying, Y. Luo, Z. Zhan, P. Liu, 
B. Zhu, D. Huang, Z. Luo, AMP-activated protein kinase regulates cancer cell 
growth and metabolism via nuclear and mitochondria events, J. Cell. Mol. Med. 
23 (2019) 3951–3961, https://doi.org/10.1111/jcmm.14279. 

[125] J. Xu, J. Ji, X.-H. Yan, Cross-talk between AMPK and mTOR in regulating energy 
balance, Crit. Rev. Food Sci. Nutr. 52 (2012) 373–381, https://doi.org/10.1080/ 
10408398.2010.500245. 

[126] L. Shi, N. Qin, L. Hu, L. Liu, H. Duan, W. Niu, Tiliroside-derivatives enhance 
GLUT4 translocation via AMPK in muscle cells, Diabetes Res. Clin. Pract. 92 
(2011), https://doi.org/10.1016/j.diabres.2011.02.009. 

[127] B. Faubert, G. Boily, S. Izreig, T. Griss, B. Samborska, Z. Dong, F. Dupuy, 
C. Chambers, B.J. Fuerth, B. Viollet, O.A. Mamer, D. Avizonis, R.J. Deberardinis, 
P.M. Siegel, R.G. Jones, AMPK is a negative regulator of the Warburg effect and 

suppresses tumor growth in vivo, Cell Metab. 17 (2013) 113–124, https://doi. 
org/10.1016/j.cmet.2012.12.001. 

[128] R.J. Kishton, C.E. Barnes, A.G. Nichols, S. Cohen, V.A. Gerriets, P.J. Siska, A. 
N. Macintyre, P. Goraksha-Hicks, A.A. de Cubas, T. Liu, M.O. Warmoes, E.D. Abel, 
A.E.J. Yeoh, T.R. Gershon, W.K. Rathmell, K.L. Richards, J.W. Locasale, J. 
C. Rathmell, AMPK is essential to balance glycolysis and mitochondrial 
metabolism to control T-ALL cell stress and survival, Cell Metab. 23 (2016) 
649–662, https://doi.org/10.1016/j.cmet.2016.03.008. 

[129] S.M. Jeon, N. Hay, The double-edged sword of AMPK signaling in cancer and its 
therapeutic implications, Arch. Pharm. Res. 38 (2015) 346–357, https://doi.org/ 
10.1007/s12272-015-0549-z. 

[130] R.R. Chhipa, Q. Fan, J. Anderson, R. Muraleedharan, Y. Huang, G. Ciraolo, 
X. Chen, R. Waclaw, L.M. Chow, Z. Khuchua, M. Kofron, M.T. Weirauch, 
A. Kendler, C. McPherson, N. Ratner, I. Nakano, N. Dasgupta, K. Komurov, 
B. Dasgupta, AMP kinase promotes glioblastoma bioenergetics and tumour 
growth, Nat. Cell Biol. 20 (2018) 823–835, https://doi.org/10.1038/s41556-018- 
0126-z. 

[131] R.A. Hampsch, J.D. Wells, N.A. Traphagen, C.F. McCleery, J.L. Fields, K. Shee, L. 
M. Dillon, D.B. Pooler, L.D. Lewis, E. Demidenko, Y.H. Huang, J.D. Marotti, A. 
E. Goen, W.B. Kinlaw, T.W. Miller, AMPK activation by metformin promotes 
survival of dormant ER+ breast cancer cells, Clin. Cancer Res. 26 (2020) 
3707–3719, https://doi.org/10.1158/1078-0432.CCR-20-0269. 

[132] E.Q. Toyama, S. Herzig, J. Courchet, T.L. Lewis, O.C. Loson, K. Hellberg, N. 
P. Young, H. Chen, F. Polleux, D.C. Chan, R.J. Shaw, AMP-activated protein 
kinase mediates mitochondrial fission in response to energy stress, Science (80-) 
351 (2016) 275–281, https://doi.org/10.1126/science.aab4138. 

[133] D.F. Egan, D.B. Shackelford, M.M. Mihaylova, S. Gelino, R.A. Kohnz, W. Mair, D. 
S. Vasquez, A. Joshi, D.M. Gwinn, R. Taylor, J.M. Asara, J. Fitzpatrick, A. Dillin, 
B. Viollet, M. Kundu, M. Hansen, R.J. Shaw, Phosphorylation of ULK1 (hATG1) by 
AMP-activated protein kinase connects energy sensing to mitophagy, Science (80- 
) 331 (2011) 456–461, https://doi.org/10.1126/science.1196371. 

[134] Z. Wan, J. Root-Mccaig, L. Castellani, B.E. Kemp, G.R. Steinberg, D.C. Wright, 
Evidence for the role of AMPK in regulating PGC-1 alpha expression and 
mitochondrial proteins in mouse epididymal adipose tissue, Obesity. 22 (2014) 
730–738, https://doi.org/10.1002/oby.20605. 

[135] L. Yu, S.J. Yang, AMP-activated protein kinase mediates activity-dependent 
regulation of peroxisome proliferator-activated receptor γ coactivator-1α and 
nuclear respiratory factor 1 expression in rat visual cortical neurons, 
Neuroscience. 169 (2010) 23–38, https://doi.org/10.1016/j. 
neuroscience.2010.04.063. 

[136] J.B. Tennakoon, Y. Shi, J.J. Han, E. Tsouko, M.A. White, A.R. Burns, A. Zhang, 
X. Xia, O.R. Ilkayeva, L. Xin, M.M. Ittmann, F.G. Rick, A.V. Schally, D.E. Frigo, 
Androgens regulate prostate cancer cell growth via an AMPK-PGC-1α-mediated 
metabolic switch, Oncogene. 33 (2014) 5251–5261, https://doi.org/10.1038/ 
onc.2013.463. 

[137] R.C. Rabinovitch, B. Samborska, B. Faubert, E.H. Ma, S.-P. Gravel, 
S. Andrzejewski, T.C. Raissi, A. Pause, J. St-Pierre, R.G. Jones, AMPK maintains 
cellular metabolic homeostasis through regulation of mitochondrial reactive 
oxygen species, Cell Rep. 21 (2017) 1–9, https://doi.org/10.1016/j. 
celrep.2017.09.026. 

[138] P. Ntziachristos, J.S. Lim, J. Sage, I. Aifantis, From fly wings to targeted cancer 
therapies: a centennial for notch signaling, Cancer Cell 25 (2014) 318–334, 
https://doi.org/10.1016/j.ccr.2014.02.018. 

[139] L. Anselmi, S.N. Bertuccio, A. Lonetti, A. Prete, R. Masetti, A. Pession, Insights on 
the interplay between cells metabolism and signaling: a therapeutic perspective in 
pediatric acute leukemias, Int. J. Mol. Sci. 21 (2020) 6251, https://doi.org/ 
10.3390/ijms21176251. 

[140] A.A. Ferrando, The role of NOTCH1 signaling in T-ALL, Hematol. Am. Soc. 
Hematol. Educ. Program. (2009) 353–361, https://doi.org/10.1182/ 
asheducation-2009.1.353. 

[141] V. Slaninova, M. Krafcikova, R. Perez-Gomez, P. Steffal, L. Trantirek, S.J. Bray, 
A. Krejci, Notch stimulates growth by direct regulation of genes involved in the 
control of glycolysis and the tricarboxylic acid cycle, Open Biol. 6 (2016), 
150155, https://doi.org/10.1098/rsob.150155. 

[142] S.K.J. Landor, A.P. Mutvei, V. Mamaeva, S. Jin, M. Busk, R. Borra, T.J. Grönroos, 
P. Kronqvist, U. Lendahl, C.M. Sahlgren, Hypo- and hyperactivated Notch 
signaling induce a glycolytic switch through distinct mechanisms, Proc. Natl. 
Acad. Sci. U. S. A. 108 (2011) 18814–18819, https://doi.org/10.1073/ 
pnas.1104943108. 

[143] F. Hossain, C. Sorrentino, D.A. Ucar, Y. Peng, M. Matossian, D. Wyczechowska, 
J. Crabtree, J. Zabaleta, S. Morello, L. Del Valle, M. Burow, B. Collins-Burow, 
A. Pannuti, L.M. Minter, T.E. Golde, B.A. Osborne, L. Miele, Notch signaling 
regulates mitochondrial metabolism and NF-κB activity in triple-negative breast 
cancer cells via IKKα-dependent non-canonical pathways, Front. Oncol. 8 (2018) 
575, https://doi.org/10.3389/fonc.2018.00575. 

[144] E. Gottlieb, I.P.M. Tomlinson, Mitochondrial tumour suppressors: a genetic and 
biochemical update, Nat. Rev. Cancer 5 (2005) 857–866, https://doi.org/ 
10.1038/nrc1737. 

[145] A. King, M.A. Selak, E. Gottlieb, Succinate dehydrogenase and fumarate 
hydratase: linking mitochondrial dysfunction and cancer, Oncogene. 25 (2006) 
4675–4682, https://doi.org/10.1038/sj.onc.1209594. 

[146] C.-H. Lee, G. Gundem, W. Lee, Y.-B. Chen, J.R. Cross, Y. Dong, A. Redzematovic, 
R. Mano, E.Y. Wei, E.H. Cheng, R. Srinivasan, D. Oschwald, A.A. Hakimi, M. 
P. Dunphy, W.M. Linehan, E. Papaemmanuil, J.J. Hsieh, Persistent severe 
hyperlactatemia and metabolic derangement in lethal SDHB - mutated metastatic 

G.L. Oliveira et al.                                                                                                                                                                                                                              

https://doi.org/10.1128/MCB.25.14.6225-6234.2005
https://doi.org/10.1371/journal.pone.0037699
https://doi.org/10.1371/journal.pone.0037699
https://doi.org/10.3389/fonc.2018.00333
https://doi.org/10.3389/fonc.2018.00333
https://doi.org/10.1016/j.tibs.2012.04.002
https://doi.org/10.1158/0008-5472.CAN-10-4252
https://doi.org/10.1038/ncb1724
https://doi.org/10.1016/j.molcel.2012.09.028
https://doi.org/10.1016/j.molcel.2012.09.028
https://doi.org/10.1158/0008-5472.CAN-11-1715
https://doi.org/10.1158/0008-5472.CAN-11-1715
https://doi.org/10.1038/ncb2324
https://doi.org/10.1038/ncb2324
https://doi.org/10.1016/j.semcdb.2019.05.021
https://doi.org/10.1016/j.semcdb.2019.05.021
https://doi.org/10.1038/nrc2715
https://doi.org/10.1128/MCB.00328-17
https://doi.org/10.1016/j.cell.2006.05.036
https://doi.org/10.1016/j.cell.2006.05.036
https://doi.org/10.1089/ars.2010.3504
https://doi.org/10.1089/ars.2010.3504
https://doi.org/10.1038/nrc2676
https://doi.org/10.1038/nrc2676
https://doi.org/10.1016/j.bbcan.2020.188379
https://doi.org/10.1016/j.bbcan.2020.188379
https://doi.org/10.1038/sj.emboj.7600110
https://doi.org/10.1073/pnas.0308061100
https://doi.org/10.1016/j.canlet.2014.01.018
https://doi.org/10.1158/1541-7786.MCR-15-0068
https://doi.org/10.1158/1541-7786.MCR-15-0068
https://doi.org/10.1111/jcmm.14279
https://doi.org/10.1080/10408398.2010.500245
https://doi.org/10.1080/10408398.2010.500245
https://doi.org/10.1016/j.diabres.2011.02.009
https://doi.org/10.1016/j.cmet.2012.12.001
https://doi.org/10.1016/j.cmet.2012.12.001
https://doi.org/10.1016/j.cmet.2016.03.008
https://doi.org/10.1007/s12272-015-0549-z
https://doi.org/10.1007/s12272-015-0549-z
https://doi.org/10.1038/s41556-018-0126-z
https://doi.org/10.1038/s41556-018-0126-z
https://doi.org/10.1158/1078-0432.CCR-20-0269
https://doi.org/10.1126/science.aab4138
https://doi.org/10.1126/science.1196371
https://doi.org/10.1002/oby.20605
https://doi.org/10.1016/j.neuroscience.2010.04.063
https://doi.org/10.1016/j.neuroscience.2010.04.063
https://doi.org/10.1038/onc.2013.463
https://doi.org/10.1038/onc.2013.463
https://doi.org/10.1016/j.celrep.2017.09.026
https://doi.org/10.1016/j.celrep.2017.09.026
https://doi.org/10.1016/j.ccr.2014.02.018
https://doi.org/10.3390/ijms21176251
https://doi.org/10.3390/ijms21176251
https://doi.org/10.1182/asheducation-2009.1.353
https://doi.org/10.1182/asheducation-2009.1.353
https://doi.org/10.1098/rsob.150155
https://doi.org/10.1073/pnas.1104943108
https://doi.org/10.1073/pnas.1104943108
https://doi.org/10.3389/fonc.2018.00575
https://doi.org/10.1038/nrc1737
https://doi.org/10.1038/nrc1737
https://doi.org/10.1038/sj.onc.1209594


BBA - Molecular Basis of Disease 1867 (2021) 166016

19

kidney cancer: clinical challenges and examples of extreme Warburg effect, JCO 
Precis. Oncol. (2017) 1–14, https://doi.org/10.1200/PO.16.00007. 

[147] D.R. Borger, K.K. Tanabe, K.C. Fan, H.U. Lopez, V.R. Fantin, K.S. Straley, D. 
P. Schenkein, A.F. Hezel, M. Ancukiewicz, H.M. Liebman, E.L. Kwak, J.W. Clark, 
D.P. Ryan, V. Deshpande, D. Dias-Santagata, L.W. Ellisen, A.X. Zhu, A.J. Iafrate, 
Frequent mutation of isocitrate dehydrogenase (IDH)1 and IDH2 in 
cholangiocarcinoma identified through broad-based tumor genotyping, 
Oncologist. 17 (2012) 72–79, https://doi.org/10.1634/theoncologist.2011-0386. 

[148] P. Paschka, R.F. Schlenk, V.I. Gaidzik, M. Habdank, J. Krönke, L. Bullinger, 
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