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Abstract: Mitochondrial respiratory function is now recognized as a pivotal player in all the aspects
of cancer biology, from tumorigenesis to aggressiveness and chemotherapy resistance. Among the
enzymes that compose the respiratory chain, by contributing to energy production, redox equilibrium
and oxidative stress, complex I assumes a central role. Complex I defects may arise from mutations
in mitochondrial or nuclear DNA, in both structural genes or assembly factors, from alteration of
the expression levels of its subunits, or from drug exposure. Since cancer cells have a high-energy
demand and require macromolecules for proliferation, it is not surprising that severe complex I
defects, caused either by mutations or treatment with specific inhibitors, prevent tumor progression,
while contributing to resistance to certain chemotherapeutic agents. On the other hand, enhanced
oxidative stress due to mild complex I dysfunction drives an opposite phenotype, as it stimulates
cancer cell proliferation and invasiveness. We here review the current knowledge on the contribution
of respiratory complex I to cancer biology, highlighting the double-edged role of this metabolic
enzyme in tumor progression, metastasis formation, and response to chemotherapy.

Keywords: respiratory complex I; mtDNA; mitochondria; mtDNA mutations; cancer; tumor
progression; oncojanus

1. Introduction

The mitochondrial oxidative phosphorylation (OXPHOS) system is the major site of energy
production in eukaryotic cells and is composed of four respiratory complexes (complex I, II, III,
and IV) and FoF1–adenosine triphosphate (ATP) synthase organized in functional supramolecular
structures, such as dimers of single complexes or supercomplexes formed by the association of
different complexes [1]. Among these enzymatic giants, respiratory complex I (CI) (also referred to
as nicotinamide adenine dinucleotide (NADH): ubiquinone oxidoreductase/EC.1.6.5.3) is the largest,
being composed of 44 subunits, seven of which (ND1–6 and ND4L) are encoded by mitochondrial DNA
(mtDNA). The remaining 37 subunits are encoded by the nuclear DNA (nDNA), synthetized in the
cytosol, and imported into the mitochondria where they associate with mtDNA-encoded subunits, form
subcomplexes, and then assembly into the functional enzyme [2]. This process is mediated by several
chaperones required for correct assembly but are dissociated from the mature complex and do not affect
its function [3]. From a structural point of view, CI shows a slightly opened L-shape structure, in which
two arms can be identified: the membrane embedded hydrophobic arm composed by both mtDNA-
and nDNA-encoded subunits and the hydrophilic arm, exclusively composed by nDNA-encoded
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subunits, which protrudes into the mitochondrial matrix [4] (Figure 1A). Three functional modules can
be clearly identified in the holoenzyme: (i) the hydrophilic NADH (N)-module oxidizes NADH,
(ii) the hydrophilic quinone (Q)-module provides electron transfer through the Fe–S clusters to
ubiquinone, and (iii) the hydrophobic membrane-embedded proton pumping (P)-module undergoes
conformational changes to perform proton pumping in the mitochondrial intermembrane space [5].
The main function of CI is to couple proton translocation with electron transfer from NADH to
ubiquinone, contributing to generation of the mitochondrial membrane electrochemical gradient, the
driving force for ATP synthesis by FoF1–ATP synthase. As a byproduct of the electron transfer process,
CI generates reactive oxygen species (ROS) having two sites accessible to O2 where formation of
superoxide anion may occur, namely the NADH and the ubiquinone binding sites [6].

Complex I enzymatic defects may arise from the occurrence of pathogenic mutations in CI
structural genes or assembly factors [7], in genes coding for proteins involved in CI subunits import
or maturation, and in all the factors involved in the molecular machinery necessary for mtDNA
replication, transcription, or translation [8]. In addition, CI impairment can be also induced or
worsened by exposure to toxicants or drugs [9–11]. By performing its function, respiratory CI actively
controls the cellular energetic and redox balance, providing a crucial checkpoint of cell metabolism,
proliferation, and survival. Hence, it is not surprising that respiratory CI dysfunctions have been
involved in the pathogenesis of several human diseases, including mitochondrial disorders [12] and
neurodegenerative diseases [13]. Nonetheless, CI plays a pivotal role during the continuously changing
landscape of tumor progression, as it contributes to the control of metabolic plasticity of cancer cells.
Indeed, after the first study revealing pathogenic mtDNA mutations in colon cancer [14], a bulk of
scientific literature reported the occurrence of somatic mtDNA mutations in nearly every type of
human neoplasm. The functional significance of genetic and transcriptional alterations of CI genes,
in both nDNA- and mtDNA-encoded subunits, has been investigated, leading to several hypotheses
regarding their selection and accumulation in cancer and their role in tumor progression, metastasis
formation, and resistance to chemotherapy (Figure 1B,C). In this review, we will summarize the current
knowledge on the double-edged role of respiratory CI in cancer biology, focusing on the molecular
effects of mtDNA and nDNA mutations and gene expression alteration in CI genes and on the targeting
of CI as an adjuvant therapeutic strategy for cancer.
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Figure 1. Complex I subunits involved in tumor biology. (A) Mammalian respiratory complex I (CI)
structure based on the structure reported by Fiedorczuk et al. [15], (PDB ID: 5LNK). Different functional
modules (NADH (N), quinone (Q) and proton-pumping (P) modules) are shown in shades of blue.
The P-module is divided in Pp (proximal P module) and Pd (distal P module) following the most recent
nomenclature [2]. (B) The CI nuclear subunits that have been found differentially expressed in tumors
compared to normal tissues or cells. Downregulated subunits are highlighted in shades of purple,
while NDUFS8, the only subunit found upregulated is colored red. (C) Mitochondrial DNA encoded
subunits (ND1-6 and ND4L) of the membrane arm. Amino acid substitutions induced by missense
mutations reported in the text and involved in tumor biology are shown as spheres and are colored red.

2. Mitochondrial DNA Features and Genetics

Since most CI mutations have been shown to occur in subunits encoded by the mtDNA, a thorough
understanding of mitochondrial genetics, which substantially differs from the nuclear one, is necessary
to comprehend the origin and functional consequences of such lesions in cancer cells. Human mtDNA
is a double-stranded circular molecule of 16,569 bp encoding for 37 genes: 13 genes for respiratory
complexes structural subunits and 22 tRNA and 2 rRNA necessary for translation of mitochondrial
proteins. One of the peculiar feature of mtDNA is the extreme compact sequence organization. In fact, it
lacks repetitive sequences, introns, or intergenic regions, presents with overlapping genes, and transfer
RNA (tRNA) genes are used as the signal for cleavage sites of the polycistronic mRNA. The major
regulatory non-coding region is the D-loop (displacement loop) which contains the replication origin
for the H-strand and the site of transcription from opposing heavy and light strand promoters.
A second non-coding region is composed by 30 nucleotides and encompasses the replication origin
for the L-strand (reviewed in [16]). Mitochondrial genetics follows its specific rules and differs from
Mendelian genetics in three major aspects [17]: (i) maternal inheritance—mitochondria in the zygote
derive from the oocyte because after fecundation, all the mitochondria from the spermatocytes are
degraded. Hence, mtDNA molecules and germ lines mutations are inherited along the maternal lineage;
(ii) heteroplasmy and threshold effect (Figure 2)—mtDNA is polyploid, meaning that a mammalian
cell can contain from hundreds to thousands copies of mtDNA. The condition of homoplasmy is
reached when all the mtDNA molecules are identical (wild type or mutant), whereas heteroplasmy
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occurs when different mitogenomes coexist. As a general rule, heteroplasmic mtDNA mutations must
trespass a critical load to express their phenotype (threshold effect). This threshold usually ranges
between 70% and 90% of mutant mtDNA molecules, but depends of the mutation type and the energy
requirements of the affected cell or tissue [18]; (iii) mitotic segregation—the replication of mtDNA and
nDNA is not coordinated and the distribution of mitochondria during cell division is casual. For this
reason, the mutation load can vary with time in somatic cells.
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Figure 2. Mitochondrial DNA exists in multiple copies in every cell. The condition of homoplasmy is
reached when all mitochondrial DNA (mtDNA) molecules are identical (wild type (WT) or mutant
(MUT)), while heteroplasmy is referred to the coexistence of different mitogenomes. Hence, to exert
their functional effect mtDNA mutations must be accumulated and surpass a specific mutation
threshold that depends on the mutation type and the tissue or cell affected.

The last two peculiar features of mtDNA are particularly important in the context of cancer
biology, since somatic mutations occur and accumulate in human tumors. Given the extremely
compact organization of mtDNA, which is mostly coding, mutations generally end up affecting protein
translation or function, as buffer sequencing such as introns do not occur in mtDNA. Moreover,
respiratory CI and complex III are the major sites of ROS production and they have been appointed
as causative for the high mutational rate of mtDNA, particularly in the context of somatic mutations
generation. However, a recent study demonstrated that the mtDNA mutational pattern found in
tumors is more compatible with the physiological mutational mechanism occurring during mtDNA
replication rather than other external mutagens, since the mitochondrial DNA polymerase (POLG) is
error-prone [19]. Moreover, some germline mutations present at low heteroplasmy in normal tissues
may be found enriched in tumors [20,21]. The mechanism through which these mutations are selected
and accumulated is still debated. On one hand, it has been shown that mutations found in tumor
samples are mostly neutral missense mutations in homoplasmy, whereas severe disruptive mutations
are negatively selected and usually found almost exclusively in heteroplasmy [19]. On the other hand,
protein-altering mtDNA variants that are present at low frequencies in normal cells preferentially
expand under the selective pressure of the tumor microenvironment, suggesting that they may confer
a selective advantage to cancer cells [21]. Lastly, it has been proposed that mtDNA mutations are
subjected to a relaxed selection, resulting in homoplasmic shift in tumors compatible with a random
drift [22]. In this complex scenario, the assessment of the functional role of mtDNA mutations, in
particular those in CI subunits genes, is of pivotal importance. A very valuable tool to understand
the contribution of specific mtDNA mutations in cancer biology is represented by transmitochondrial
cytoplasmic hybrids (cybrids) [23] (Figure 3). This in vitro cell model was created to evaluate the
functional role of mtDNA mutations in the context of a different nuclear background. Cybrids
are generated from the fusion of a nuclear donor lacking mtDNA (Rho0 cells) and an enucleated
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mitochondrial donor (cytoplast). Most of the current knowledge about the role of mtDNA mutations in
tumorigenic properties of cancer cells and their response to chemotherapy was built taking advantage
of functional studies performed on cybrids.Genes 2018, 9, x FOR PEER REVIEW  5 of 18 
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Figure 3. Transmitochondrial cytoplasmic hybrids (cybrids) generation. The original method was
developed in Giuseppe Attardi’s laboratory [23] and allows study of the functional effects of mtDNA
mutations in an isogenic nuclear background. This three-step technique is based on mitochondria transfer
from an enucleated cell line (Rho0, mitochondrial donor) to another nucleated cell (cytoplast, nuclear
donor). Cytoplasmic fusion of generated Rho0 cells and cytoplasts using polyethylene glycol (PEG) allows
generation of cybrids that will be isolated after an appropriate selection step and used both in vitro and
in vivo as cell models to evaluate the impact of mtDNA mutations. This figure has been created by
modifying the templates of the empty cell and mitochondria from Servier Medical Art (https://smart.
servier.com/smart_image/cell-24/; https://smart.servier.com/smart_image/mitochondria-16/).

3. Relevance of mtDNA Mutations in Complex I Genes in Cancer Progression, Metastasis
Formation, and Chemoresistance

A bulk of studies performed in the past 15 years by different groups has aimed at elucidating the
contribution of mtDNA mutations in CI genes in every aspect of tumor biology, from carcinogenesis,
cancer progression, and metabolic adaptation, to metastasis formation, relapse, and therapy resistance.
A major debate regarded the contribution of CI mtDNA mutations in tumor initiation and in the
molecular events favoring disease progression. Although a recent study showed an increased risk
of developing neoplasia in patients with mitochondrial disorders [24], mtDNA mutations per se
are not able to induce carcinogenesis, as genetic alterations in oncogenes and tumor suppressors
are still required for tumor initiation. However, certain mtDNA polymorphic variants can be
considered risk factors for tumor development. For example, multiple reports linked polymorphism
at position 10,398 in MT-ND3 gene with a higher risk to develop breast and prostate cancer in
different populations [25–29]. Forced overexpression of mutant forms of MT-ND5 or MT-ND2
with missense mutations in cancer cells carrying wild type mtDNA increases ROSproduction,
confers a growth advantage and stimulates aerobic glycolysis through hypoxia-inducible factor 1α
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(HIF1α) [30–32]. Increased oxidative stress and activation of Akt pathway were also involved in
promotion of tumor aggressiveness of lung carcinoma cybrids carrying MT-ND6 mutations [33].
In this work, the occurrence of such mutations correlates with the pathological grade, tumor
stage, lymph node metastasis, and with shorter survival rate, implying a negative contribution
of such mutations to disease prognosis [33]. Moreover, the occurrence of homoplasmic missense
mutations as m.11778G>A/MT-ND4 and m.14484T>C/MT-ND6 that are well known to induce a
mild CI deficiency and to stimulate ROS production have been shown to enhance tumorigenesis
of osteosarcoma cybrids [34]. The bioenergetic features of these mutations have been extensively
studied as they are primary pathogenic mutations for Leber’s hereditary optic neuropathy (LHON),
the most common mitochondrial disorder [35]. Interestingly, the third primary LHON mutation
m.3460G>A/MT-ND1, known to be the most severe in terms of bioenergetic defects and clinical
penetrance, has a very mild effect on tumor growth and can be considered neutral [34,36]. To further
complicate this scenario, the heteroplasmic frameshift m.12417insA/MT-ND5 mutation was found to
exert a pro-tumorigenic effect in vitro and in vivo stimulating ROS production which in turn leads
to the activation of Akt kinase [37,38]. However, when this mutation reaches homoplasmy, the
consequent severe CI defect prevents tumor growth stimulating the apoptotic pathway [37], clearly
indicating that the impact on tumor progression depends on the mutation load and on its bioenergetic
consequences. In this context, our group demonstrated that homoplasmic disruptive mutations
in mtDNA-encoded CI, such as the m.3571insC/MT-ND1, hampered tumor growth of cancer cells
deriving from different tissues [36,39]. Beside the evident energy crisis, we found that the lack of
CI was associated with complex metabolic alterations, including the imbalance of α-ketoglutarate
(αKG)/succinate ratio [36,39]. These metabolites are allosteric regulators of prolyl hydroxylases
(PHDs), αKG–dependent enzymes responsible for the hydroxylation of several targets, including
HIF1α [40]. Imbalance of αKG/succinate activates PHDs even in hypoxia, leading to hydroxylation
and continuous degradation of HIF1α, thus preventing hypoxic adaptation and the generation of a
Warburg transcriptional profile [36,39,41]. The outcome of such inability of CI-defective cancer cells to
adapt to the selective pressures of tumor microenvironment was the block of tumor growth in vivo.
The lack of CI due to the m.3571insC/MT-ND1 mutation induced the accumulation of structurally
altered mitochondria, similar to what observed in oncocytomas, a subset of epithelial neoplasms with
a generally indolent behavior [42]. The presence of homoplasmic disruptive mtDNA mutations in CI
genes triggers the oncocytic phenotype and confines aggressive cancers, such as osteosarcoma, into
a benign state of quiescence typical of oncocytomas, while the same mutations in heteroplasmy do
not affect tumor progression [42]. Our findings allowed us to highlight for the first time the oncojanus
nature of mtDNA mutations in respiratory CI genes, based on their effect on CI integrity and on
the subsequent alterations on the overall metabolic status of the cell, which is a function of their
heteroplasmic load as well [36,39,41]. In support of our hypothesis, a recent analysis on mtDNA
mutational burden in breast cancer showed that patients with the highest accumulation of somatic
mutations present with better overall survival [43].

Some studies have also investigated the possible role of mtDNA mutations in CI genes in
metastasis formation. In 2008, Hayashi’s group reported that mouse mtDNA carrying the two
mutations m.13997G>A and m.13885insC in mt-nd6 was able to confer high metastatic potential
when transferred into low metastatic cancer cells [44]. The authors showed that this phenotype was
caused by reduction of CI activity and ROS overproduction, and that it can be reversed by treatment
with antioxidants. Increased levels of HIF1α correlated with ROS production and were thought to be
responsible for the more aggressive phenotype of mutated cells, albeit this finding was not reported in
the same paper for the frameshift mutation in mt-nd6, but only for the missense one. The substitution
m.13997G>A/mt-nd6 was also associated with increased metastatic potential and B-lymphomas
development in transmitochondrial mice, but only in the presence of a favorable specific nuclear
background [45,46]. Interestingly, transfer of mtDNA carrying specific missense mutations was able
to boost metastasis formation also in the context of breast cancer [47,48]. A set of mtDNA mutations
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predicted to affect CI function was found in association with the occurrence of distant metastases in
non-small cell lung carcinoma (NSCLC) and colon cancers patients [49]. Overall, these works suggest
that missense mtDNA mutations may promote invasiveness and metastasis formation. This is in
contrast with the finding that acquisition of mtDNA, and the consequent OXPHOS functionality, is
necessary for escape from dormancy of metastatic breast cancer cells [50] and that highly metastatic
cancer cells showed an enhanced OXPHOS function [51]. Hence, the role of mtDNA mutations in CI
genes in promoting invasiveness is far from being elucidated. For example, a recent work showed
that certain mtDNA landscapes rather than specific mtDNA mutations identify metastatic cells, as
these mitogenomes stimulate the mitochondrial unfolded protein response, promoting metastasis
formation [52].

Lastly, mitochondria have been recently recognized as important players in response to
chemotherapy (reviewed in [53]). The first report about the contribution of mtDNA in resistance
to chemotherapy showed that HeLa cybrids carrying several mtDNA mutations, including
m.10970T>C/MT-ND4 and m.10176G>A/MT-ND3, were resistant to 5-fluorouracil and cisplatin
in vitro and in vivo [54]. Resistance to cisplatin has also been shown in A549 lung carcinoma cells in
which the m.4587T>C/MT-ND2 mutation shifted toward homoplasmy accompanied by increased
mitochondrial biogenesis [55]. The suppression of mitochondrial biogenesis restores sensitivity to
platinum, but the molecular bases of such phenomenon are still unknown. In this context, we
showed that exposure to cisplatin of cancer cells of gynecological origin induced the occurrence
of m.13828C>T/MT-ND5 and the m.8156G>T/MT-CO2 mutations [56]. Such mutations induce
a respiration-deficient phenotype and reduce proliferative and tumorigenic potential, in terms
of migratory and invasive capacity. Moreover, the bioenergetic defect also hampers cytoskeletal
organization, in particular filamentous tubulin, which is the main target of paclitaxel. Indeed, mtDNA
mutations are positively selected and quickly shift to homoplasmy in paclitaxel-resistant clones, and
such resistance is acquired by osteosarcoma cybrids when mtDNA with homoplasmic mutations
is transferred into this nuclear background, highlighting the causative role of mtDNA mutations
in the acquisition of resistance to paclitaxel [56]. This study is supported by our previous in vivo
observation of a residual mass from a patient with ovarian cancer treated with carboplatin and
paclitaxel. The post-chemotherapy paclitaxel-resistant specimen acquired the nearly homoplasmic
disruptive m.10875T>C/MT-ND4 mutation and showed an oncocytic phenotype [57], resulting in
a more quiescent, non-invasive, and low-proliferative neoplasm and reflecting again the oncojanus
nature of mtDNA mutations in CI genes.

4. Emerging Role of nDNA-Encoded Subunits and Assembly Factors of Complex I in Cancer

Several studies showed the altered expression of some nDNA-encoded CI subunits in different
tumor types. Lower levels of NDUFS1, NDUFS3, NDUFA1, NDUFA4, and NDUFB6 subunits
correlated with poor prognosis and may be considered as prognostic markers for survival and disease
outcome [58–62]. The analysis of whole exomes from melanoma patients present in TCGA (The Cancer
Genome Atlas; https://cancergenome.nih.gov/) allowed identification of a recurrent mutation in the
promoter region of NDUFB9 which was predicted to disrupt a highly conserved SP1/KLF transcription
factor binding motif. The occurrence of this mutation reduced transcriptional activity, suggesting it may
lead to decreased NDUFB9 levels in melanomas [63]. Moreover, knockdown of NDUFB9, NDUFS3,
NDUFA13, and NDUFV1 and the consequent reduction of CI activity correlated with increased
invasiveness of breast cancer cells [64–66], although studies in which these genes are knocked out
completely, and CI expression/assembly is abolished are currently lacking, and may be relevant in light
of the importance of a functional threshold for a phenotypic effect that this enzyme displays. Reduced
CI activity upon NDUFV1 downregulation has shown to decrease the NAD+/NADH ratio, promoting
tumor metastasis in vivo, while treating cancer cells with NAD+ precursors prevents this phenotype
by inducing autophagy and downregulating the Akt and mammalian Target Of Rapamycin Complex
1 (mTORC1) pathway, in a ROS independent fashion [66]. On the other hand, downregulation of

https://cancergenome.nih.gov/
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NDUFB9 was found to stimulate mitochondrial ROS levels leading to the activation of the Akt/mTOR
signaling pathway, which subsequently promoted invasion and induced the epithelial-mesenchymal
transition (EMT) [64]. Lower NDUFS3 and NDUFA13 levels were also related to increased ROS
levels and epithelial–mesenchymal transition (EMT) induction [65]. In particular, the CI accessory
subunit NDUFA13, also known as Gene associated with Retinoic-Interferon-induced Mortality 19
(GRIM-19), has been widely investigated for its role in tumor progression and metastasis formation [67].
This protein was first identified as a regulator of apoptosis with nuclear localization [68], but very soon
it became clear that it was an accessory subunit of CI [69]. Loss of NDUFA13 completely abolishes
CI activity and stimulates the Warburg effect, triggering the expression of glycolytic genes [70,71].
Interestingly, the deletion of a single copy of the NDUFA13 gene was found to be sufficient to promote
carcinogenesis of invasive squamous cell carcinomas [71]. Besides its role as CI structural subunit,
NDUFA13 has been shown to suppress the activity of Signal Transducer and Activator of Transcription
3 (STAT3) by direct interaction [72]. NDUFA13 has been found to act as a tumor suppressor by keeping
STAT3 in its inactive state and preventing oncogenic transformation, cell survival and proliferation,
migration, and EMT [73,74]. Indeed, NDUFA13 has been found downregulated in different tumors
including hepatocellular, cervical, colorectal, renal cell carcinoma, and breast cancer compared to their
respective normal tissues [75–79]. Moreover, heterozygous missense mutations in —GRIM-19 were
found in few cases of oncocytic thyroid carcinomas, but not in non-oncocytic tumors or in peripheral
blood from control individuals [80]. The authors hypothesized that two of these mutations (G264C
and G593C), being located in a phylogenetically conserved region, may alter the protein expression
or function inducing CI dysfunction. However, it is important to note that these mutations have
been found exclusively in oncocytic carcinomas and not in other thyroid tumors, indicating that the
hypothetical CI dysfunction may be responsible for the accumulation of dysfunctional mitochondria
rather than being involved in the tumorigenesis process. In this context, functional studies that
would help to elucidate the role of these mutations are still missing. Overall, these works support
the idea that a reduced activity of CI caused by downregulation or mutations in nDNA-encoded
CI subunits promotes tumorigenesis and cancer cell invasiveness. However, conflicting reports are
present in the current literature. For instance, NDUFS3 was found preferentially upregulated in
hypoxic/necrotic areas in invasive ductal carcinoma and can be considered a prognostic marker for
such tumors [81]. Another clear example is represented by the opposite expression of NDUFS1 and
NDUFS8 in NSCLC [82]. In this study, a possible oncojanus role of nuclear CI genes is proposed, as
an overall poor prognosis in a big cohort of NSCLC patients was associated with the combination
of low NDUFS1 and high NDUFS8 expression levels, while the opposite phenotype (high NDUFS1
and low NDUFS8) seemed to have a protective effect. The authors proposed a possible explanation of
this two-sided effect in the multi-step process of CI biogenesis, in which subunits belonging to the
N-module, as NDUFS1 or NDUFV1, are incorporated in the last step, while subunits belonging to
the Q-module, as NDUFS8, are involved in the early steps of CI assembly [2]. In this frame, reduced
expression of N-module subunits may have a mild impact on CI function, while decreased levels
of those belonging to the Q-module would induce a severe dysfunction leading to opposite effects
in terms of tumor aggressiveness [82], similar to what we here propose for the functional effects
of mtDNA mutations. Moreover, benign oncocytomas show reduced levels of nDNA-encoded CI
subunits, probably due to the lack of mtDNA-encoded subunits [83–86]. Overall, an increasing amount
of reports showed that the expression of nDNA-encoded CI genes may influence cancer biology,
but very few studies investigated their molecular and biochemical consequences. Nonetheless, the
oncojanus nature of CI has already emerged, pointing out the need for further efforts to elucidate the
role of nDNA-encoded subunits.

5. Complex I as a Target for Anti-Cancer Therapy?

Based on these premises, it is clear that a possibility to integrate the already existing therapeutic
protocols with other drugs that severely affect CI function is an intriguing hypothesis. However,
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the detrimental effect of ROS overproduction caused by CI inhibition and the possibility of adverse
effects due to the blocking of the function of a ubiquitous and essential enzyme must be taken into
account. Classical CI inhibitors (rotenone, piericidin A, and capsaicin) were found to selectively
decrease tumorigenic potential under metabolic stress conditions in different cancer cell lines [87]
(Table 1). The use of rotenone and piericidin A seems to remain confined into preclinical studies
since these inhibitors blocked electron transfer from Fe–S clusters to the ubiquinone, favoring ROS
production [88].

Biguanides metformin and phenformin have recently drawn attention for their role as potential
anticancer CI inhibitors (Table 1). In particular, metformin has been widely used for many years
for treatment of type II diabetes and several epidemiological studies highlighted the beneficial
effect of metformin in oncologic patients, in terms of reduced risk to develop disease and better
prognosis [89–91]. On these bases, several clinical trials on metformin in different neoplasias have
been undertaken in the past few years. However, the mechanisms through which metformin prevents
tumor progression are not fully understood and most likely depend on the combination of intracellular
and systemic effects of this drug. Nonetheless, other newly discovered CI inhibitors have been recently
found to prevent tumor progression, namely BAY 87-2243 and AG311 (Table 1) [92,93]. These small
molecules share some molecular effects related to CI inhibition that may explain their anticancer
properties. First, they are more effective under glucose starvation, suggesting that cancer cells mostly
rely on glycolysis to survive upon CI inhibition. Accordingly, when glucose concentrations are limited,
treated cells experience a profound ATP depletion leading to cell death [93–95]. Such energetic
crisis triggers the activation of the cell energy sensor adenosine monophosphate (AMP)-activated
kinase (AMPK), which inhibits mTORC1 signaling and cell cycle progression and stimulates catabolic
reactions to restore the AMP/ATP ratio. In this context, AMPK seems to play an anti-tumorigenic role,
although this mechanism cannot exclusively explain the anti-proliferative effect of CI inhibitors as
many cancers unable to activate AMPK are still susceptible to these drugs [96]. We found activated
AMPK in CI-defective models carrying disruptive mtDNA mutations in CI genes and demonstrated
that the activation of this cellular energetic sensor was related to the metabolic adaptation of cells
when CI was missing (i.e., activation of mitochondrial biogenesis, fatty acid oxidation, and glycolysis
stimulation), rather than being a major player in the block of tumor growth [36]. Concordantly with the
demonstrated effects of disruptive CI mutations, metformin, BAY 87-2243, and AG311 also share the
ability to destabilize HIF1α and prevent hypoxic adaptation [92–94]. Increased activation of PHD may
explain the degradation of HIF1α under hypoxic conditions upon CI inhibition. This can occur through
the previously described mechanism mediated by αKG accumulation and allosteric activation of PHD
(pseudonormoxia), and/or by the fact that CI inhibition reduces the intracellular oxygen consumption
leading to a condition of intracellular normoxia even when the extracellular oxygen tension is low, as
recently described [97]. Metformin, but not BAY 87-2243 and AG311, may also have the additional
beneficial effect to reduce ROS production, which are known to stimulate HIF1α transcription in an
Akt-mediated fashion independently from oxygen levels [40].

Another promising drug is fenofibrate, a compound belonging to the fibrates family used for the
therapy of hypercholesterolemia and hypertriglyceridemia and known to reversibly inhibit CI [98].
CI inhibition by fenofibrate induces apoptotic cell death, although cancer cells attempt to respond
to the energetic deficit by stimulating autophagy to sustain cell proliferation [99]. Lastly, several
other synthetic and natural compounds have been recently identified as CI inhibitors with a potential
activity on cancer cells as anti-proliferative drugs (Table 1). All these molecules are at very preliminary
stages of investigation, but they are still very promising as they target the same pathways identified
through ablation of CI by genetic studies, namely adaptation to hypoxia and induction of apoptosis.
The continuously growing number of reports of the anti-proliferative activity of CI inhibitors strongly
corroborates the hypothesis that the complete block of this enzyme is detrimental for tumor progression
and opens the door to new possible therapeutic approaches for solid tumors, as mitochondrial function
in general and adaptation to hypoxia are necessary for tumor progression. Nonetheless, other efforts
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are necessary to disentangle the molecular mechanisms activated in response to CI inhibition and to
identify compounds that are safe enough to act selectively on cancer cells without drastic side effects.

Table 1. Mitochondrial CI inhibitors with anti-cancer proprieties.

Inhibitor Mechanism of Action Cellular Model References

Rotenone Induces cell death under starvation in vitro
Increases ROS production in vitro

Breast cancer cells, bovine heart
mitochondria [87,88]

Piericidin A Induces cell death under starvation in vitro
Increases ROS production in vitro

Breast, pancreatic and lung cancer cells,
bovine heart mitochondria [87]

Capsaicin Induces cell death under starvation in vitro Breast cancer cells [87]

Metformin

Induces cell death under starvation in vitro
Promotes AMPK phosphorylation
Induces HIF1α destabilization under
hypoxic conditions

Colon, lung, breast, cervical,
osteosarcoma, oral carcinoma
cancer cells

[94,96,100–102]

Phenformin

Induces cell death under starvation in vitro
Promotes AMPK phosphorylation
Induces HIF1α destabilization under
hypoxic conditions

Colon and breast cancer cells
and xenografts [94,103–105]

BAY 87-2243

Induces cell death under starvation in vitro
Decreases tumor growth in vivo
Promotes AMPK phosphorylation
Induces HIF1α destabilization under hypoxic
conditionsIncreases intracellular ROS levels

Lung cancer and melanoma cells
and xenografts [92,95]

AG311

Induces cell death under starvation in vitro
Decreases tumor growth in vivo
Promotes AMPK phosphorylation
Induces HIF1α destabilization under
hypoxic conditions
Induces mitochondrial superoxide production

Breast cancer cells and xenografts [93,106]

Fenofibrate Induces cell death in vitro Glioblastoma cells [99]

JCI-20679 Induces cell death in vitro A panel of 39 human cancer cell lines [107]

Celastrol Promotes ROS production and apoptosis in vitro Lung cancer and hepatocellular
carcinoma cells [108]

Kalkitoxin
Induces cell death in vitro
Induces HIF1α destabilization under
hypoxic conditions

Neuroblastoma, breast and colon
cancer cells [109]

Lehualide B Induces cell death in vitro Multiple myeloma cells [110]

AMPK: Adenosine monophosphate (AMP)-activated kinase; HIF1α: Hypoxia-inducible factor 1α; ROS: Reactive
oxygen species.

6. Concluding Remarks

In the past years, an increasing number of studies have highlighted the pivotal role of the
mitochondrial OXPHOS system and, in particular, of CI in all aspects of cancer biology. The initial
hypothesis made by Otto Warburg suggested that mitochondrial respiratory function must be
suppressed in cancer cells as they perform aerobic glycolysis, and this may drive carcinogenesis.
However, recent studies clearly demonstrate that mitochondrial respiration is necessary for tumor
progression and escape from dormancy of cancer cells [50,111,112]. Similarly, the first studies reported
that CI impairment was associated with increased tumorigenic properties of cancer cells, but now it
has been found that the severity of CI dysfunction strongly influences tumor progression, metastasis
formation, and resistance to certain chemotherapeutics (Figure 4). Hence, respiratory CI can be
considered the prototype of oncojanus. It is interesting to note that mutations in mtDNA genes encoding
for CI subunits are frequently found in cancers, where they may contribute to tumor metabolism and,
in turn, tumorigenic properties of cancer cells. However, these mutations are usually passenger events
and only mutations with neutral/mild impact on CI function are accumulated in tumors [19]. The only
remarkable exception is represented by oncocytomas, where disruptive CI mutations in mtDNA induce
a metabolic short-circuit, leading to an almost benign phenotype [42]. MtDNA peculiarities favor
the occurrence and the selection of somatic mutations, while nDNA-encoded CI genes are usually
not affected by genetic lesions, since the consequent CI dysfunction would be transmitted to every
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daughter cell, leading to a profound and generalized metabolic alteration. Indeed, deregulation of the
expression of CI subunits encoded by nDNA has been observed in tumors. The functional role of these
alterations is still unknown and deserves in-depth investigations. Moreover, the current knowledge
on the contribution of CI dysfunction to resistance to chemotherapy is still very poor, opening a
still unexplored research area. Lastly, it is important to note that different metabolic signals derived
from CI dysfunction mainly converge on two molecular players, namely the mTORC1 and HIF1α
(Figure 4). Multiple metabolic signals point to the modulation of these factors. On one hand, severe
CI dysfunction reduces energy charge and impedes mTORC1 activation, blocking protein synthesis
and cell proliferation, while NADH accumulation prevents the stabilization of HIF1α. Conversely,
inhibition of CI function promotes ROS production, thus triggering Akt activation, which in turn
stimulates mTORC1 activation and HIF1α transcription (Figure 4).

As targeting CI is gaining momentum as a possible adjuvant therapeutic strategy for cancer, it is of
pivotal importance to disentangle the metabolic consequence and the molecular mechanisms triggered
by CI ablation or inhibition. Moreover, it is important to note that, as every pharmacological approach,
CI inhibition may also be subject to the induction of resistance and that the unmatched plasticity of
cancer cells may stimulate some still unknown salvage pathways, leading to tumor relapse. In the
coming years, it would be desirable to investigate these aspects in order to develop more effective and
less toxic therapies for human cancers.
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Figure 4. The oncojanus effect of CI encoding genes on tumorigenesis. Mild functional alterations of CI
cause mitochondrial ROS overproduction and subsequent activation of the oncogenic Akt/mTORC1
(mammalian Target Of Rapamycin Complex 1) pathway that leads to cell proliferation and survival,
epithelial–mesenchymal transition (EMT), and HIF1α stabilization, thus favoring tumor progression.
Conversely, severe CI dysfunction provokes the accumulation of tricarboxylic acids (TCA) cycle
products NADH and α-ketoglutarate (KG), which impedes Hypoxia Inducible Factor (HIF) 1α
stabilization, hypoxic adaptation, ultimately arresting tumor growth. Moreover, the energetic crisis
stimulates apoptotic cell death.
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