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Cancer cells are characterized in general by a decrease of mitochondrial respiration and
oxidative phosphorylation, together with a strong enhancement of glycolysis, the so-called
Warburg effect. The decrease of mitochondrial activity in cancer cells may have multiple
reasons, related either to the input of reducing equivalents to the electron transfer chain or to
direct alterations of the mitochondrial respiratory complexes. In some cases, the depression
of respiratory activity is clearly the consequence of disruptive mitochondrial DNA (mtDNA)
mutations and leads as a consequence to enhanced generation of reactive oxygen species
(ROS). By acting both as mutagens and cellular mitogens, ROS may contribute directly to
cancer progression. On the basis of our experimental evidence, we suggest a deep implica-
tion of the supercomplex organization of the respiratory chain as a missing link between
oxidative stress, energy failure, and tumorigenesis. We speculate that under conditions of
oxidative stress, a dissociation of mitochondrial supercomplexes occurs, with destabilization
of complex | and secondary enhanced generation of ROS, thus leading to a vicious circle
amplifying mitochondrial dysfunction. An excellent model to dissect the role of pathogenic,
disassembling mtDNA mutations in tumor progression and their contribution to the meta-
bolic reprogramming of cancer cells (glycolysis vs. respiration) is provided by an often
underdiagnosed subset of tumors, namely, the oncocytomas, characterized by disruptive
mutations of mtDNA, especially of complex I subunits. Such mutations almost completely
abolish complex I activity, which slows down the Krebs cycle, favoring a high ratio of «-
ketoglutarate/succinate and consequent destabilization of hypoxia inducible factor Ta
(HIF1a). On the other hand, if complex I is partially defective, the levels of NAD™ may be
sufficient to implement the Krebs cycle with higher levels of intermediates that stabilize
HIF1a, thus favoring tumor malignancy. The threshold model we propose, based on the
population-like dynamics of mitochondrial genetics (heteroplasmy vs. homoplasmy),
implies that below threshold complex | is present and functioning correctly, thus favoring
tumor growth, whereas above threshold, when complex | is not assembled, tumor growth is
arrested. We have therefore termed “oncojanus” the mtDNA genes whose disruptive muta-
tions have such a double-edged effect.
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ancer cells are characterized by uncon-
Ctrolled proliferation due to gain-of-function
of oncogenes and loss of function of tumor-sup-
pressor genes. Among the hallmarks of the can-
cer phenotype, there is a metabolic reprogram-
ming (DeBerardinis et al. 2008). Cancer cells are
characterized in general by a decrease of mito-
chondrial respiration and oxidative phosphor-
ylation, together with a strong enhancement of
glycolysis, the so-called Warburg effect, first re-
ported by Otto Warburg (Warburg 1956). Ow-
ing to space limitations, for this particular topic
we refer you to recent excellent reviews (More-
no-Sanchez et al. 2007; Mayevsky 2009; Mathu-
pala et al. 2010; Koppenol et al. 2011). Never-
theless, it is not clear which of the two processes
(i.e., decreased respiration and enhanced glycol-
ysis) is the primary event, or even if they are
concomitant consequences of a common causal
event.

Although the decrease of mitochondrial ox-
idative phosphorylation is considered by many
investigators as a universal feature of neoplastic
cells, there are numerous publications in which
cancer cells have been reported to show normal
or even high respiratory activity (Zu and Guppy
2004; Weinberg and Chandel 2009). This appar-
ent paradox can be explained by the hypothesis
advanced by Smolkova et al (2010) that cancer
progression is characterized by waves of gene
expression, where initial waves suppressing mi-
tochondrial function and stimulating glycolysis
are followed by a resumption of mitochondrial
oxidative phosphorylation when glutamine be-
comes the leading substrate for energy produc-
tion and the major carbon source for anabolic
processes. Each malignant tumor is character-
ized by a distinct metabolic phenotype reflect-
ing the history of the different waves during the
sequence of carcinogenic mutations.

The enhanced aerobic glycolysis character-
izing cancer cells (and, in general, highly prolif-
erating cells) at least in some periods of their
progression toward malignancy may be vital to
provide, besides energy, also the starting mate-
rials for active biosynthetic processes (Cuezva
et al. 2009). Indeed, it was recognized early
that incomplete activity of the Krebs cycle allows
the use of citrate as a starting intermediate for

the synthesis of fatty acids and cholesterol (Parlo
and Coleman 1986; Kuhajda et al. 1994), where-
as glycolysis may provide the majority of energy
required for the anabolic processes. The supply
of citrate for lipid biosynthetic processes may be
provided by reductive carboxylation of a-keto-
glutarate by reversal of the isocitrate dehydroge-
nase reaction when the major carbon source is
glutamine (Holleran et al. 1995; Yoo et al. 2008)
and pyruvate dehydrogenase activity is de-
pressed by the activation of pyruvate dehydro-
genase kinase (Kim et al. 2006).

During the cell cycle, the genes for glycolytic
enzymes are overexpressed at the time of active
DNA synthesis (Klevecz et al. 2004). Likewise,
several oncogenes (such as c-myc, HIF1a, Akt)
or tumor suppressors ( p53) are involved in the
transactivation of glycolytic enzymes (Cuezva
et al. 2009). The activation of these genes may
involve mitochondrial dysregulation, for exam-
ple, through unbalance of Krebs cycle interme-
diates (see below).

DECREASED MITOCHONDRIAL
RESPIRATION IN CANCER CELLS

The decrease of mitochondrial activity in cancer
cells may have multiple reasons:

1. Early in the 1920s, it was observed that en-
hanced glycolysis, as in cancer cells, inhibits
respiration (the so-called Crabtree effect); it
was suggested that respiratory inhibition is
caused by competition of glycolysis and ox-
idative phosphorylation for Pi and ADP (Ib-
sen 1961).

2. Decrease of oxidative phosphorylation
(OXPHOS) may also derive from hypoxia
because O, may fall below the K, for cyto-
chrome oxidase (Brahimi-Horn and Pouys-
segur 2007) and thus induce the Pasteur ef-
fect (stimulation of phosphofructokinase by
AMP when mitochondrial ATP synthesis is
deficient).

3. On the other hand, decreased OXPHOS
becomes operative during hypoxia because
of the stabilization of hypoxia inducible fac-
tor lao (HIF1) (Semenza 2003). This factor
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at normal oxygen tension undergoes hydrox-
ylation of two key proline residues by HIF-
prolyl hydroxylases (PHDs), which allow the
recognition of the factor by pVHL, the prod-
uct of the von Hippel-Lindau gene, that
addresses the protein to ubiquitin-mediated
degradation. The factor becomes stabilized
during hypoxia by inactivation of PHD and
binds to hypoxia-responsive elements in
the DNA, stimulating a large array of genes
(Semenza 2007; Kaluz et al. 2008). Besides
glycolytic enzymes, HIF1la enhances the ex-
pression of pyruvate dehydrogenase kinase
(PDK), thus inhibiting pyruvate dehydroge-
nase (PDH) complex and decreasing the in-
put of reducing equivalents to the respiratory
chain (Kim et al. 2006). The decreased input
of carbon into the Krebs cycle must necessar-
ily be limited, otherwise the lack of citrate
would impair the synthesis of lipids and
cholesterol that are required for the forma-
tion of new cellular membranes during tu-
mor growth. This is the reason that glutamine
becomes a preferred substrate for replenish-
ing the Krebs cycle for both energetic and
biosynthetic purposes.

It is of interest that HIFla is also stabi-
lized by several nonhypoxic stimuli, for ex-
ample, by succinate (that inhibits prolyl hy-
droxylase) (King et al. 2006), but also by
pyruvate and oxaloacetate (Lu et al. 2005;
McFate et al. 2008) and, interestingly, by re-
active oxygen species (ROS) (Patten et al.
2010), although the activating effect of ROS
on HIF is still a controversial issue (Bell et al.
2008). ROS could act directly but also by
stimulating PDK, thus leading to accumula-
tion of pyruvate (Sun et al. 2009; Patten et al.
2010). Thus, derangement of the Krebs cycle
may lead to changes in steady-state concen-
trations of important metabolites that are
able to control the activity of HIF1a.

4. Direct alterations of respiratory activity in
cancer cells have not been frequently investi-
gated. In general, a depression of respiratory
activity is observed in cancer cells (Putignani
etal. 2008; Park et al. 2009; Jahnke et al. 2010;
Ma et al. 2010). In the case of Ras-trans-
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formed fibroblasts, we have observed a direct
alteration of the respiratory chain, in partic-
ular, a 50% decrease of complex I content
and activity, and consequently of NAD-
linked respiration and ATP synthesis (Ba-
racca et al. 2010). This seems to be due in
part to decreased expression as seen by tran-
scriptome analysis. However, we do not
know yet if there are disruptive mitochon-
drial DNA (mtDNA) mutations as seen in
oncocytic tumors (see below). The effect of
the adenylate cyclase activator forskolin in
reversing the changes accompanying trans-
formation suggests that the mitochondrial
changes may be caused by impairment of
cAMP-dependent pathways (L Alberghina,
pers. comm.).

5. In some cases, the depression of respiratory
activity is clearly the consequence of disrup-
tive mtDNA mutations (see below).

Tumorigenic mtDNA mutations affect the
respiratory chain complexes and enhance the
production of ROS (Brandon et al. 2006); how-
ever, the pathological relevance of mtDNA mu-
tations in cancer cells is controversial (Frezza
and Gottlieb 2009). Nonetheless, a clear-cut
correlation between occurrence of pathogenic
mtDNA mutations and mitochondrial energet-
ic impairment is a well-demonstrated feature of
oncocytic tumors (Bonora et al. 2006a; Porcelli
et al. 2010), which is dealt with in detail below.

Accumulation of NADH due to either hy-
poxia or alterations of the electron transfer
chain inhibits isocitrate dehydrogenase and
the Krebs cycle when implemented by acetyl
CoA may help the exit of citrate to support lipid
synthesis (fatty acids and cholesterol). On the
other hand, the entry of reducing equivalents
via glutamine may not be inhibited, thus sus-
taining a truncated Krebs cycle via glutamate,
a-ketoglutarate, and the intermediates of the
Krebs cycle, thus reaching malate that is con-
verted to pyruvate by the malic enzyme after
release in the cytosol. Pyruvate would contrib-
ute to stabilization of HIFla and may also be
converted to lactate by lactate dehydrogenase.
The extent of this pathway of glutamine oxida-
tion is determined by the residual activity of the
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respiratory chain, because both glutamate de-
hydrogenase and «-ketoglutarate dehydroge-
nase require oxidized NAD™, and both these
enzymes together with succinate dehydrogenase
require an intact respiratory chain for their
turnover.

THE ROLE OF ROS

An overwhelming body of evidence accumu-
lated in the last decades has shown that mito-
chondria have a central role in the etiology and
pathogenesis of most major chronic diseases and
in aging (Wallace 2005; Lenaz et al. 2006; Lenaz
and Genova 2010). The involvement of mito-
chondria in disease, which has generated the
term “mitochondrial medicine” (DiMauro et
al. 2006), has been largely ascribed to their cen-
tral role in production of ROS and to the dam-
aging effect of the latter on these organelles. In
particular, mtDNA mutations would induce al-
terations of the encoded polypeptides in the
respiratory complexes, with consequent de-
crease of electron transfer activity, leading to fur-
ther production of ROS, and thus establishing a
vicious circle of oxidative stress and energetic
decline (Ozawa 1997). It must be underlined
that mtDNA mutations leading to increased
ROS production are those allowing at least a par-
tial assembly of the respiratory complexes. On
the contrary, for instance, oncocytic tumors dis-
playhomoplasmic disassembling complex I mu-
tations, which may not be ROS-generating mu-
tations, if one considers that the main ROS
production site might be lacking as a whole
(Koopman etal. 2007; Moran et al. 2010; Porcelli
et al. 2010; Tuppen et al. 2010). Moreover, the
mutant load ought to be considered when ana-
lyzing functional effects of mtDNA mutations.
The threshold model we previously proposed
implies that, below threshold, complex I is pre-
sent and functioning correctly, in contrast to the
case of a missense mutation leading to the co-
existence of nonmutant along with mutant ROS
producing complex I (Park et al. 2009).
Decreased mitochondrial activity is consid-
ered to be tumorigenic, mainly because of the
enhanced ROS production. H,0, exported to
the nucleus enhances the transcription of select-

ed genes that favor tumor progression (Wallace
2005). ROS act both as mutagens and cellular
mitogens (Klaunig and Kamendulis 2004). It
has been suggested that oncogenesis and neuro-
degeneration may share common pathogenic
features as differential responses to different in-
sults during different phases of the cell cycle,
leading either to cell death or to cell prolifera-
tion (Morris et al. 2010).

Any lowering of the electron transfer chain
activity, either caused by mtDNA mutations
and hence structural lesions of the respiratory
complexes or depending directly or indirectly
on hypoxia, would enhance generation of
ROS; it is known that ROS generation is en-
hanced in State 4 (controlled state in absence
of ADP), when complex I is inhibited, and para-
doxically under hypoxic conditions.

ROS may contribute to further mitochon-
drial dysfunction by several mechanisms: (1)
direct alterations of respiratory complexes, for
example, complex I, particularly on FeS clusters;
(2) peroxidation of mitochondrial phospholip-
ids, in particular, cardiolipin (Paradies et al.
2010), that are required for proper assembly
and activity of mitochondrial complexes (I,
III, IV); (3) (further) mtDNA mutations affect-
ing respiratory complexes; and (4) stabilization
of HIF1a (Patten et al. 2010).

In this scenario, it is easy to foresee a deep
implication of supercomplex organization as
the missing link between oxidative stress and
energy failure (Lenaz and Genova 2007). It is
tempting to speculate that under conditions of
oxidative stress a dissociation of complex I-III
aggregates occurs, with loss of facilitated elec-
tron channeling and resumption of a less effi-
cient random diffusional behavior with electron
transfer depending on the collisional encoun-
ters of the free ubiquinone molecules with the
partner complexes.

As predicted by Lenaz and Genova (2007),
dissociation of supercomplexes might have fur-
ther deleterious consequences, such as disas-
sembly of complex I and III subunits and loss
of electron transfer and/or proton transloca-
tion; the consequent alteration of electron
transfer may elicit further induction of ROS
generation. Following this line of thought, the
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different susceptibility of different types of cells
and tissues to ROS damage may be a conse-
quence of the extent and tightness of supercom-
plex organization in their respiratory chains,
which depend on phospholipid content and
composition of their mitochondrial mem-
branes. These changes may have deep metabolic
consequences, as depicted in the scheme in Fig-
ure 1. An initial enhanced ROS generation due
to different possible reasons and originating in
different districts of the cell besides mitochon-
dria (Lenaz and Strocchi 2009) would induce
supercomplex disorganization eventually lead-
ing to possible decrease of complex I assembly;
both the lack of efficient electron channeling
and the loss of complex I would decrease
NAD-linked respiration and ATP synthesis.
Here we briefly summarize the experimental ev-
idence pertaining to this hypothesis.

Peroxidized Phospholipids Prevent
Supercomplex Formation

Two roles of phospholipid have been distin-
guished: (1) a dispersive solubilization effect
that can be duplicated by appropriate deter-
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gents, and (2) a catalytic effect that can be spe-
cifically fulfilled only by cardiolipin (Vik and
Capaldi 1977; Fry and Green 1980, 1981; Rob-
inson et al. 1980; Lee 2004). The phospholipids
in closest vicinity to the protein surface, as well
as those in the free bilayer, are actually highly
mobile and free to exchange, but cardiolipin
was indicated as tightly bound, being more like-
ly buried within the protein complexes (Kang
et al. 1979; Sedlak and Robinson 1999; Lange
et al. 2001). Recent results seem also to indicate
that cardiolipin stabilizes respiratory chain
supercomplexes as well as the individual com-
plexes. The availability of a cardiolipin-lacking
yeast mutant provided the opportunity to show
that mitochondrial membranes still contained
the III, -1V, supercomplex, but that it was sig-
nificantly less stable than supercomplexes in the
parental strain (Zhang et al. 2002; Pfeiffer et al.
2003).

Mutations of tafazzin, an acyl transferase
involved in the synthesis of mature tetralinoleyl
cardiolipin (Neuwald 1997), result in Barth
syndrome, a cardioskeletal myopathy with neu-
tropenia, characterized by respiratory chain
dysfunction. The cardiolipin defect in Barth

Loss of

supercomplex
organization

Complex |

mtDNA
mutations
Oxidative
/ stress <
Hypoxia \ ¢
HIF1o
stabilization

destabilization

v

Decreased
NAD-linked respiration
and ATP synthesis

Enhanced
glycolysis

Figure 1. The possible effects of loss of supercomplex organization on mitochondrial function during onco-
genesis. Membrane phospholipid peroxidation and consequent loss of supercomplex organization may occur
because of oxidative stress induced by genetic changes (i.e., mitochondrial DNA mutations) or by exogenous
factors (e.g., hypoxia); the ensuing destabilization of complex I results in OXPHOS deficiency and further
oxidative stress. As a consequence of these changes, cells are forced to rely on glycolysis for energy production.

See text for further details.
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syndrome results in destabilization of the su-
percomplexes by weakening the interactions be-
tween respiratory complexes (McKenzie et al.
2006).

It is well documented that exposure of mi-
tochondria to ROS can affect the respiratory
activity via oxidative damage of cardiolipin,
which is required for the optimal functioning
of the enzyme complexes (Paradies et al. 2000,
2002, 2010; Petrosillo et al. 2003, 2009). We have
shown that the maintenance of a I-III super-
complex after reconstitution into phospholipid
vesicles is abolished if lipid peroxidation is in-
duced before reconstitution (Bianchi et al. 2003;
Genova et al. 2008).

Evidently, the distortion of the lipid bilayer
induced by peroxidation and the alteration of
the tightly bound phospholipids determine dis-
sociation of the supercomplex originally present
in the lipid-poor preparation.

Supercomplex Disassembly Abolishes
CoQ Channeling and Resumes Less
Efficient Pool Behavior

Studies of respiration in pathological condi-
tions (Rosca et al. 2008; van Raam et al. 2008)
showed that electron transfer in absence of
supercomplex organization is lost even if activ-
ity of the individual complexes is normal. In
reconstitution studies of complexes I and III
in phospholipid vesicles (Genova et al. 2008),
electron transfer between complex I and com-
plex III (NADH cytochrome c reductase) shows
rates higher than those predicted by random
behavior in proteoliposomes enriched in com-
plexes I and III at a protein-to-phospholipid
ratio of 1:1 (when kinetic testing according to
flux control analysis indicates the presence of a
supercomplex I-IIT). However, at a ratio of 1:30
(when the supercomplex is dissociated), the
rate of NADH cytochrome c reductase is exactly
that predicted by the pool equation on the basis
of the individual activities of complex I and
complex III. This is a demonstration that su-
percomplex formation, indeed, enhances the
rate of electron transfer above that occurring
via a ubiquinone pool in the membrane (Bian-
chi et al. 2003; Genova et al. 2008), and loss of

supercomplex organization resumes less effi-
cient pool activity of the quinone.

Loss of Supercomplexes Prevents Stability
and Assembly of Individual Complexes

Analysis of the state of supercomplexes in pa-
tients with an isolated deficiency of single com-
plexes (Schagger et al. 2004) and in cultured cell
models harboring cytochrome b mutations
(Acin-Perez et al. 2004; Blakely et al. 2005;
D’Aurelio et al. 2006; Diaz et al. 2006; McKenzie
et al. 2006) provided evidence that the forma-
tion of respirasomes is essential for the assem-
bly/stability of complex 1. Genetic alterations
leading to a loss of complex III prevented respi-
rasome formation and led to secondary loss of
complex I, and therefore primary complex III
assembly deficiencies presented as complex I11/
I defects. Conversely, complex III stability was
not influenced by the absence of complex I.
From these findings, supercomplex assem-
bly emerged as a necessary step for respiration,
its defect setting the threshold for respiratory
impairment in mtDNA mutant cells.

Disassembly of Supercomplex Organization
Enhances Generation of ROS

Indirect circumstantial evidence suggests that
supercomplex assembly may limit the extent
of superoxide generation by the respiratory
chain (Lenaz and Genova 2010). A direct study
on a mitochondrial fraction containing com-
plexes I and III and reconstituted with different
amounts of phospholipids shows that at pro-
tein:phospholipids 1:30, when the supercom-
plex is not formed, the production of superox-
ide is 20-fold higher than at a 1:1 ratio, when
most units are assembled in a supercomplex
(ML Genova, G Barbero, E Maranzana, et al.,
unpubl.).

Although the molecular structure of the in-
dividual complexes does not allow us to envision
a close apposition of the matrix arm of complex
I, where FMN is localized, with either complex
III or 1V, the actual shape of the I, ITI[,1V, super-
complexes from bovine heart (Schafer et al.
2007) suggests a slightly different conformation
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of complex Iin the supercomplexes with a small-
er angle of the matrix arm with the membrane
arm showing a higher bending toward the mem-
brane (and presumably complex III), in line with
the notion that complex I may undergo impor-
tant conformational changes (Radermacher et al.
2006).

Do Cancer Cells Lose Supercomplex
Association?

The validation of the above working hypothesis
requires direct studies on cancer tissues and
neoplastic cells. A general decrease of respirato-
ry chain activity is a common feature of several
cancers. Nevertheless, very few studies have ad-
dressed the respiratory chain supramolecular
organization.

Baracca et al. (2010) reported that down-
regulation of the respiratory chain in Ras-trans-
formed fibroblasts is operated through strong
decrease of complex I activity and content, prob-
ably because of lack of correct assembly of the
subunits as a consequence of altered supercom-
plex organization, as shown by loss of the high-
est-molecular-weight I;II1,IV, , supercomplex.
Significantly, ROS generation was strongly en-
hanced in the Ras cells. In the XTC-UC1 onco-
cytic cell line (see below), we have also found
(Genova et al. 2008) by blue-native electropho-
resis of mitochondrial proteins, a complete ab-
sence of high-molecular-weight aggregates con-
taining either complex I or complex IV, that are
instead present in a control cell line from a non-
oncocytic thyroid tumor. If the absence of
supercomplexes comprising complex I is a con-
sequence of its disassembly due to lack of ND1
(see below), the absence of aggregated complex
IV is in line with the working hypothesis.

The loss of supercomplex assembly seems to
accompany a decrease /loss of complex I activi-
ty; if this decrease is found to be common to
most tumors, the consequences would depend
on the extent of such a decrease. Disruptive
mtDNA mutations in the ND subunits of com-
plex I (as in oncocytomas; see below) almost
completely abolish complex I activity, which
presumably inactivates the Krebs cycle, that re-
quires NAD™, favoring a high-ratio a-ketoglu-
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tarate /succinate and consequent destabilization
of HIF1la. On the other hand, if complex I is
partially defective (as in RAS-mutated fibro-
blasts), the levels of NAD" may be sufficient
to implement the Krebs cycle with higher levels
of intermediates that stabilize HIFle, thus fa-
voring tumor malignancy.

mtDNA MUTATIONS IN CANCER: THE
PECULIAR CASE OF ONCOCYTIC TUMORS

An excellent model to dissect out the role of
pathogenic, disassembling mtDNA mutations
in tumor progression and their contribution
to the metabolic reprogramming of cancer cells
(glycolysis vs. respiration) is provided by an of-
ten underdiagnosed subset of tumors, namely,
the oncocytomas. These neoplasms contain a
high percentage or they are completely made
of cells characterized by an aberrant mitochon-
drial hyperplasia. They originate from epithelial
tissues and occur mainly in endocrine and exo-
crine organs, although the oncocytic phenotype
has been described in many anatomical districts
(for review, see Gasparre et al. 2011a). The ma-
jority of oncocytic tumors are considered as
benign, displaying low invasiveness and show-
ing a usually favorable prognosis. In the thyroid,
nonetheless, the best indicator for prognosis re-
mains the degree of differentiation of neoplastic
cells, which defines adenoma or carcinoma, re-
gardless of the occurrence of the oncocytic phe-
notype.

The most striking feature of oncocytic tu-
mors is appreciated through histochemical and
ultrastructural analyses, which highlight cells
packed with enlarged globular or ovate mito-
chondria with a stack of lamelliform, tubular,
or flat cristae and occupying up to 60% of the
cytoplasm (Tallini 1998; Ambu et al. 2000; Riva
and Tandler 2000). Such heterogeneity in mito-
chondrial morphology has long been an indica-
tor of a functional along with a structural alter-
ation of the organelles in oncocytic cells.

The cause of the mitochondrial hyperplasia
in oncocytic tumors has been suspected to con-
sist in an aberrant mitochondrial biogenesis
triggered bya mitochondrial dysfunction, which
may attempt to compensate for an impaired
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energy production. Evidence that a compensa-
tory mechanism is responsible for oncocytic
phenotype occurrence has accumulated in re-
cent years. It is now clear that the mitochondrial
respiration deficiency originally hypothesized
(Muller-Hocker et al. 1998a) is, indeed, an event
occurring in oncocytic tumors and mainly con-
cerns respiratory complex I (Zielke et al. 1998;
Simonnet et al. 2003). NADH-dehydrogenase
activity is, in fact, reduced concomitantly with
an increase in other respiratory complex abun-
dance and, overall, in mitochondrial mass as
shown by measurements of citrate synthase ac-
tivity and of mtDNA copy number (Zielke et al.
1998; Simonnet et al. 2003; Gasparre et al. 2009;
Porcelli et al. 2010).

In vitro studies with transmitochondrial cell
hybrids (cybrids) have shown that the defective
mitochondrial respiration of thyroid oncocytic
cells is transferred to normally respiring os-
teosarcoma cells when mitochondria, not nu-
clei, are imported (Bonora et al. 2006a). From
this observation, as well as from studies in
which the mitochondrial genome was screened
for oncocytic cancer-specific genetic lesions
such as small and large deletions, depletion, or
point mutations (Tallini et al. 1994; Maximo
et al. 1998, 2002; Maximo and Sobrinho-Si-
moes 2000; Costa-Guda et al. 2007; Gasparre
et al. 2007, 2008, 2009; Mayr et al. 2008; Zim-
mermann et al. 2009; Porcelli et al. 2010; Barto-
letti-Stella et al. 2011), it is now generally
accepted that the genetic hallmark of the onco-
cytic phenotype is the occurrence of disrup-
tive mtDNA mutations, particularly in complex
I subunits. This holds true for virtually all types
of oncocytic tumors analyzed to date (Gasparre
et al. 2007, 2008, 2009; Porcelli et al. 2010;
Bartoletti-Stella et al. 2011), and, inversely,
association between the occurrence of disrup-
tive mutations and that of oncocytic foci has
been shown, for instance, in endometrial car-
cinoma (Guerra et al. 2011). Within the pleth-
ora of disruptive mutations, both frameshift
and pathogenic missense changes are included,
which ultimately lead to complex I impairment
in terms of function and/or assembly. Hence,
the direct consequence of these mutations im-
pinges on respiration, whose impairment may

subsequently trigger a retrograde signaling from
the organelles to the nucleus, leading in a vi-
cious circle to mitochondrial hyperplasia. An
analysis of the entire mitochondrial genomes
sequenced in oncocytic tumor samples has al-
lowed identification of MTNDI1 as a mutational
hotspot (Gasparre et al. 2007). Less importantly
than MTNDJI, at least two of the remaining six
mitochondria-coded complex I genes display a
high rate of pathogenic mutations accumu-
lation, namely, MTND4 and MTNDS5, which
are also among the longest mitochondrial genes
and richest in homopolymeric stretches, where
many frameshift mutations occur. Complex IV
(cytochrome ¢ oxidase; COX) mitochondrial
subunits appear to be the least involved in con-
tributing to the mitochondrial damage leading
to oncocytic transformation, although some
cases have been reported of oncocytomas har-
boring mutations in COX genes (Maximo et al.
2002; Costa-Guda et al. 2007) or being COX-
negative upon immunohistochemical analysis
(Porcelli et al. 2010). These findings suggest
that complex I disruption may affect, in certain
cases, the organization of supercomplexes.
Although for most types of oncocytic tu-
mors such as kidney and pituitary oncocytoma
(Gasparre et al. 2008; Porcelli et al. 2010), up to
70%—100% of cases have been shown to harbor
pathogenic mtDNA mutations, in heteroge-
neous neoplasms such as those of the thyroid, a
lower percentage display the genetic features de-
scribed. Although studies on microdissected
tumors are currently lacking, several oncocytic
cancers do not necessarily harbor mtDNA mu-
tations, which suggests that nuclear genetic le-
sions may create a phenocopy. It is plausible to
think that mutations in nuclear-encoded respi-
ratory complexes subunits (38 belonging to
NADH-dehydrogenase), or in chaperones, may
well trigger the same bioenergetic damage and,
consequently, induce the same phenotype as
mtDNA mutations. Nuclear GRIM-19 (alias
NDUFA13) has been one of the candidate genes,
in which somatic mutations in sporadic forms
of thyroid oncocytic cancer were reported.
However, no GRIM-19 mutations were found
to segregate in familial thyroid oncocytoma
(TCO) (Maximo etal. 2005). The mitochondrial
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protein import system subunit TIMM44 has
been reported to harbor functional mutations
in familial TCO (Bonora et al. 2006b). However,
preliminary investigation of about 40 oncocytic
thyroid tumors has not shown a high incidence
of potentially pathogenic variants in nuclear-
encoded complex I subunits (E Bonora, G Gas-
parre, G Romeo et al., unpubl.). Further inves-
tigation of possible nuclear-coded complex I
mutations in microdissected homogeneous on-
cocytic tissues are still warranted before the in-
volvement of nuclear subunits can be ruled out.

ENERGETIC COMPETENCE IN ONCOCYTIC
TUMORS

Mitochondrial Hyperplasia and the
Compensatory Effect Hypothesis

Retrograde signaling in oncocytic tumors from
the mitochondrion to the nucleus has been hy-
pothesized to affect several pathways (Butow
and Avadhani 2004). A metabolic stress in tu-
mor cells may induce a nuclear response leading
to the activation of mitochondrial biogenesis
pathways to restore a defective respiration.
Increased mitochondrial biogenesis has
been evaluated in oncocytic tumors as well as
in the only existing model of oncocytic cancer,
the XTC.UCI cell line. In both models, a de-
fective mitochondrial ATP synthesis and an
overexpression of uncoupling proteins and of
the biogenesis regulator PGC-1-related coacti-
vator (PRC) have been reported (Savagner et al.
2001a,b, 2003; Higgins et al. 2003; Baris et al.
2004; Finley et al. 2004; Jacques et al. 2005).
From these data, it was initially concluded that
the defective ATP synthesis may explain the mi-
tochondrial hyperplasia and hence justify the
compensatory effect, caused by an oxidative
phosphorylation coupling defect of unknown
cause (Savagner et al. 2001b). Moreover, the
up-regulation of mitochondrial proteins has
been described both in thyroid and kidney on-
cocytomas (Higgins et al. 2003; Baris et al. 2004;
Finley et al. 2004). In kidney oncocytomas, the
increase in mitochondrial proteins and in the
activity of respiratory complexes II, III, IV, and
V as well as of citrate synthase seems to be a

Mitrochondrial Genetics and Metabolism in Cancer

common feature, in correlation with their be-
nign behavior (Simonnet et al. 2003). In appar-
ent contrast, in oncocytes of both normal and
hyperfunctional parathyroids, a deficiency of
cytochrome ¢ oxidase has been observed (Mul-
ler-Hocker 1992; Muller-Hocker et al. 1998b).
In oncocytic cells of the same tissues, a higher
mtDNA content was reported without differ-
ence in expression of mitochondrial transcrip-
tion factor TFAM or mtDNA <y polymerase
(POLG), suggesting a compensatory effect due
to acomplex IV deficiency (Muller-Hocker et al.
1998a). Although the compensatory effect has
been described as a predominant feature in on-
cocytic tumors, the trigger for such a mecha-
nism has not been identified. Godinot’s group
reported that the presence of complex I defi-
ciency might increase mitochondrial biogenesis
to compensate a respiratory dysfunction (Si-
monnet et al. 2003), and our group described
a mitochondrial energetic impairment in the
XTC.UC1 cell line originally characterized by
Zielke et al. (1998). In this cell line we reported
a decrease in both complex I and IIT activity and
a strong reduction of ATP synthesis, driven by
complex I substrates, and mitochondrial mem-
brane potential (Bonora et al. 2006a; Porcelli
et al. 2009). We also showed that the energetic
dysfunction can be transferred along with the
mtDNA in a transmitochondrial cybrid model
and hence concluded that the complex I defect
must be due to an mtDNA mutation. These
functional results were followed by an increased
level of most respiratory chain complexes sub-
units, whereas complex I NDUFA9 and ND6
were strongly reduced. Moreover, we observed
that complex I mitochondria-coded ND1 sub-
unit was absent (Bonora et al. 2006a).

The feature of a mitochondrial energetic
impairment and decrease in complex I subunits
was also reported in a rare case of nasopharynx
oncocytoma (Gasparre et al. 2009) and in a pe-
culiar case of Warthin tumor (Porcelli et al.
2010). Altogether these data point to a dysfunc-
tion of at least respiratory complex I as the main
trigger for oncocytic transformation with a
compensatory increase in other mitochondrial
proteins leading to the high mitochondrial pro-
liferation in oncocytic cells.
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Structural and Functional Consequences
of mtDNA Mutations

The common occurrence of mtDNA mutations
in complex I genes should result in incomplete
or partial assembly and/or function of this en-
zyme depending on the mtDNA mutation type.
Our group showed that the presence of ho-
moplasmic truncating ND mutations mainly
cause a loss of complex I subunits in oncocytic
neoplasia (Gasparre et al. 2009). Moreover, we
took advantage of XTC.UC1 cells bearing the
m.3571insC ND1 mutation to clarify the im-
pact of the homoplasmic truncating mtDNA
mutations on the respiratory complex con-
tent/assembly and energetic function. In these
cells, the ND1 subunit was ablated, and the lev-
els of other complex I subunits (i.e., NDUFA9
and ND6) were significantly reduced (Bonora
et al. 2006a). Similar results were extended to a
survey of a large panel of pituitary, head-and-
neck, and thyroid oncocytic tumors for the
presence of homoplasmic mtDNA truncating
mutations (Porcelli et al. 2010).

The presence of an incomplete or partially
assembled complex I in oncocytic tumors raises
the question of whether this may contribute to
ROS generation. Lack of data on the role of ROS
in oncocytic tumors is mainly because ROS
measurements in tumor biopsies are not feasi-
ble, and cell models for in vitro studies are very
scarce. In XTC.UC1 cells, different degrees of
heteroplasmy of the 3571insC NDI mutation
did not influence ROS amounts, probably be-
cause of a differential expression of ROS detox-
ifying enzymes (i.e., manganese superoxide dis-
mutase and catalase) in the presence/absence of
complex (Porcelli et al. 2010). Kofler’s group
speculated that a lack of complex I in oncocytic
thyroid may increase ROS production inhibit-
ing pro-apoptotic pathways (Zimmermann
et al. 2009). Further studies are warranted to
understand whether ROS may influence the
proliferative potential and the accumulation of
mutations in oncocytic tumors, where most of
the mutations reported are indeed homoplas-
mic and complex I appears to be disassembled.

Because elevated ROS have been proposed
to induce apoptosis, additional studies are re-

quired to determine the role of apoptosis in
regulating the survival and proliferation of on-
cocytic cells. It has been reported that mtDNA
mutations impairing mitochondrial energetic
function may protect cells from apoptosis, pro-
viding a growth advantage (Shidara et al. 2005;
Park et al. 2009), but whether mtDNA muta-
tions prevent apoptosis in oncocytic tumors is
still poorly defined.

Alteration of the oxidative metabolism re-
sulting from mtDNA mutations may trigger
the Warburg effect permitting a shift toward
glycolysis, hence favoring tumor progression
(Chen et al. 2007; Smolkova et al. 2010). Several
observations have linked respiratory complex
dysfunctions to alteration of upstream mito-
chondrial metabolism, that is, Krebs cycle, in
cancer. Mutations in enzymes such as succinate
dehydrogenase (SDH) and fumarate hydratase
(FH) are actively involved in tumorigenesis
through imbalance of the Krebs cycle and sta-
bilization of HIFla (Pollard et al. 2005; King
et al. 2006). Mutations in the B, C, and D sub-
units of SDH have been shown to lead to the
accumulation of the Krebs metabolite succinate
at the expense of a-ketoglutarate. Mutations in
FH lead to increase of fumarate, slowing down
the Krebs cycle (Pollard et al. 2005; Pasini and
Stratakis 2009). The accumulation of succinate
and fumarate are thought to inhibit PHD, key
activators of HIFla degradation (Boulahbel et
al. 2009).

The complex I dysfunction described in on-
cocytic tumors raises the question of whether
a parallel may exist between these neoplasms
and SDH/FH mutated cancers, and what is
the role played by complex I in regulating cancer
metabolism. We recently reported that in the
XTC.UC1 cells bearing the homoplasmic trun-
cating NDI mutation, the ratio between succi-
nate and a-ketoglutarate is opposite to that re-
ported in SDH and FH mutated tumors, with
increase of a-ketoglutarate at the expense of
succinate (Porcelli et al. 2010). It is likely that
the absence of a functional complex I in these
cells leads to accumulation of NADH, which
may, in turn, inhibit a-ketoglutarate dehy-
drogenase and prevent succinate production
with a consequent a-ketoglutarate increase.
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Because a-ketoglutarate is the main reagent
feeding PHD, HIF1a should undergo a chron-
ic destabilization, even in the hypoxic tumor
environment. We have, indeed, shown this to
be the case in oncocytic tumors harboring ho-
moplasmic disruptive mtDNA mutations caus-
ing disassembly of complex I (Porcelli et al.
2010).

CONCLUDING REMARKS: GENERAL
IMPLICATIONS OF THE ONCOCYTIC
TUMOR MODEL FOR CANCER
RESEARCH

During the last few years, the oncocytic tumor
model has been used to ask some basic ques-
tions regarding the functional effects of mtDNA
mutations. First of all, it has been possible
to establish a univocal correlation between
mtDNA mutations and the corresponding bio-
chemical phenotype thanks to the only available
oncocytic cell line, the XTC.UC1, and the cy-
brids derived from it (Bonora et al. 2006a). Us-
ing these tools, it was realized that the mtDNA
physiological polyploidy has a strong impact on
the disease phenotype according to the thresh-
old effect model. This feature of mitochondrial
genetics has not always been taken into consid-
eration when evaluating some basic questions
regarding the pro-tumorigenic or metastatic
potential of mtDNA mutations (Petros et al.
2005; Ishikawa et al. 2008). A further question
that is closely correlated with this typical feature
is the possible selective disadvantage or advan-
tage that mtDNA mutations have in vitro as well
asinvivo (Gasparre et al. 2007) as a result of the
“population dynamics” that might characterize
the evolution of mtDNA mutations during tu-
morigenesis. The possibility of a selective ad-
vantage is strongly supported by recent findings
(Gasparre et al. 2009), which describe disrup-
tive frameshift mtDNA mutations affecting the
ND5 and ND1 subunits of complex I present in
homoplasmy in a nasopharyngeal oncocytic tu-
mor. In both cases, the mutations were inherit-
ed at a low degree of heteroplasmy through the
germline in the patient’s family (Gasparre et al.
2009) or were germline de novo events (Pradella
et al. 2011) but became homoplasmic in the
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patient’s oncocytic tumor. Immunohistochem-
istry has shown a perfect correlation between
presence of a homoplasmic mutation and lack
of the mitochondria-coded ND6 subunit,
which suggests impaired complex I assembly.
In the described nasopharynx oncocytoma, a
few oncocytic areas from the same tumor, ex-
pressing ND6 and heteroplasmic for the ND5
mutation, harbored instead a de novo homo-
plasmic ND1 mutation. Because the shift to ho-
moplasmy of both ND1 (somatic) and ND5
(germinal) mutations occurred exclusively in
the tumor cells of the patient, we can conclude
that these complex I mutations had a selec-
tive advantage that accompanied the oncocytic
change. This last conclusion warrants, in turn, a
revisitation of the hypotheses regarding the or-
igin and fate of oncocytic cells. As shown in
Figure 2, a general mechanism can be hypothe-
sized in which a mitochondrial hit (either in the
mtDNA or in the nuclear-coded subunits of
complex I) may occur at any stage during the
multistep process of tumorigenesis. This partic-
ular mitochondrial hit, which may also be
inherited, will determine whether the tumor
becomes oncocytic or nononcocytic. The neces-
sity of a double hit, one mitochondrial and the
main hit likely being a nuclear one conferring
the transformed phenotype to a normal cell,
seems to date the most plausible hypothesis to
explain oncocytic transformation, as also dis-
cussed in recent reviews (Maximo et al. 2009).
The implications of this model on the selective
advantages or disadvantages of the oncocytic
cells during tumorigenesis demand also a criti-
cal reevaluation of the functional significance
of the impact of mtDNA-coded genes in cancer,
in analogy to nuclear-encoded mitochondrial
genes such as SDH and FH. The role of meta-
bolic genes in tumorigenesis is still very con-
troversial (Thompson 2009). SDH and FH are
nowadays considered tumor-suppressor genes,
as it has been proposed for complex I by Kofler’s
group (Zimmermann et al. 2011), although
exclusively on the basis, primarily, of the obser-
vation of mutations detected in oncocytic tu-
mors. Nonetheless, in our opinion, correlation
studies are not sufficient to assign complex I
genes the status of tumor-suppressor genes,
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Figure 2. The origin and fate of the oncocytic cell. Nuclear hits (light blue lightning arrow) presiding to cellular
transformation contribute to the initiation stage of neoplastic or pre-neoplastic development. 1. No mtDNA
mutations occur, or such mutations are detrimental to cell replication and mutated mitochondria are selected
against, preventing the development of an oncocytic phenotype. 2. During cell replication a mutation (red
lightning arrow) may occur in mtDNA (mitochondrial hit) either conferring a metabolic advantage by con-
tributing to cell adaptation through the Warburg effect or remaining neutral until a mutation load threshold is
reached. 3. Positive selection or random drift may set in through mitochondrial biogenesis, generating the
oncocytic phenotype.The pink dotted lines lead to an enlarged dynamic view of an “oncocytic” mitochondrion
schematically divided into two parts: a white area showing wild-type mtDNA molecules (gray circles) and
correctly assembled complex I, and a shaded pink area with mutated mtDNA and partially or fully disassembled
complex I. An mtDNA mutation disassembling complex I, such as those typical of oncocytic tumors, may not
allow NADH consumption, shifting the NADH/NAD™ ratio toward NADH and leading to an increase of the a-
KG/SA ratio. Such Krebs cycle alteration may foster activity of PHD with subsequent HIF1a destabilization/
degradation even in low oxygen tension conditions (pseudonormoxia). 4. Inactivation of this transcription
factor may functionally lead, on one hand, to the inhibition of expression of pro-tumorigenic and glycolytic
genes (i.e., LDHA, GLUT1I, and VEGF) and, on the other hand, to the down-regulation of glycolysis needed to
compensate for the defective mitochondrial respiration (light blue arrow). This scenario does not allow the
metabolic adaptation of tumor cells (Warburg effect), hampering the tumorigenic potential of cells, explaining
the low-proliferative and low-aggressive features of oncocytic tumors. 5. Furthermore, HIF1o destabilization
may not prevent the inhibition of mitochondrial biogenesis that should occur upon hypoxia sensing, hence
feeding a vicious loop ultimately leading to the pathological mitochondrial hyperplasia of oncocytic cells (red
arrow). CS, citrate synthase; AC, aconitase; IDH: isocitrate dehydrogenase; a-KG, a-ketoglutarate; KG-D, a-
ketoglutarate dehydrogenase; S-CoA-s, succinyl-CoA synthase; PHD, prolyl hydroxylase; HIF1a, hypoxia-in-
ducible factor 1la; GLUT]I, glucose trasporter 1; VEGE vascular endothelial growth factor; LDHA, lactate
dehydrogenase A.
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especially because such definition overlooks the
fundamental differences between mitochondri-
al genetics (whose dynamics are analogous to
those of population genetics) and Mendelian
genetics. The typical homoplasmic complex I
mutations found in oncocytic tumors and
shown to generate the phenotype in vivo ham-
per the tumorigenic potential of cells that har-
bor them (Park et al. 2009; Gasparre et al.
2011b), accounting for the low-proliferative
and low-aggressive behavior of most oncocytic
tumors. This effect has been shown by our
group to be independent from apoptosis and
likely due to the lack of HIF1a stabilization de-
scribed above and pictured in Figure 2. Such
pseudonormoxic status may also explain why
only a complete lack of complex I may deter-
mine the oncocytic phenotype. HIFla is a piv-
otal intracellular oxygen sensor, whose role,
when stabilized during hypoxia/anoxia, is en-
visioned to block mitochondrial biogenesis
when O, is limiting. The release of a HIFla
block may reinforce the induction of the com-
pensatory mitochondrial biogenesis in complex
I-lacking cells, finally leading to mitochondrial
hyperplasia.

Last, we have defined the threshold muta-
tion load needed to induce an anti-tumorigenic
phenotype, which suggests that these genes are
more likely to be lethality associated than ca-
nonical tumor suppressors. Mutated mtDNA
genes that cause complex I disassembly may
hence be anti-tumorigenic, in close dependence
on their mutant load, which needs to be care-
fully measured (Kurelac et al. 2011). Such fea-
ture does not generally apply to nuclear genes.
We have therefore proposed the denomination
of “oncojanus,” reminiscent of the double-fac-
eted Roman god Janus, to indicate the thresh-
old-dependent double-edged properties of CI
mtDNA-encoded genes (Gasparre et al. 2011b).
The understanding of the different properties of
mutations affecting complex I genes and the
dissection of the mechanisms leading to pseu-
donormoxia following complex I disassembly
should provide fundamental insights linking
cancer metabolism to hypoxia adaptation and
will likely lead to the discovery of novel ap-
proaches in cancer therapy.

Mitrochondrial Genetics and Metabolism in Cancer
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