ANTIOXIDANTS & REDOX SIGNALING
Volume 16, Number 10, 2012 CoMPREHENSIVE INVITED REVIEW

© Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2011.4085

Mitochondrial Regulation of Cell Cycle and Proliferation

Valeria Gabriela Antico Arciuch]"* Marfa Eugenia Elguero;
Juan José Poderoso,  and Maria Cecilia Carreras'>*

Abstract

Eukaryotic mitochondria resulted from symbiotic incorporation of a-proteobacteria into ancient archaea species.
During evolution, mitochondria lost most of the prokaryotic bacterial genes and only conserved a small fraction
including those encoding 13 proteins of the respiratory chain. In this process, many functions were transferred to
the host cells, but mitochondria gained a central role in the regulation of cell proliferation and apoptosis, and in
the modulation of metabolism; accordingly, defective organelles contribute to cell transformation and cancer,
diabetes, and neurodegenerative diseases. Most cell and transcriptional effects of mitochondria depend on the
modulation of respiratory rate and on the production of hydrogen peroxide released into the cytosol. The
mitochondrial oxidative rate has to remain depressed for cell proliferation; even in the presence of O,, energy is
preferentially obtained from increased glycolysis (Warburg effect). In response to stress signals, traffic of pro-
and antiapoptotic mitochondrial proteins in the intermembrane space (B-cell lymphoma-extra large, Bcl-2-
associated death promoter, Bcl-2 associated X-protein and cytochrome c) is modulated by the redox condition
determined by mitochondrial O, utilization and mitochondrial nitric oxide metabolism. In this article, we
highlight the traffic of the different canonical signaling pathways to mitochondria and the contributions of
organelles to redox regulation of kinases. Finally, we analyze the dynamics of the mitochondrial population in
cell cycle and apoptosis. Antioxid. Redox Signal. 16, 1150-1180.
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I. Introduction

MITOCHONDRIA ARE the powerhouse of the cells pro-
viding energy for ionic pumps, muscular work,
hormone secretion, and anabolic processes. Energy is
mostly produced by sequential oxidoreductive reactions
where electrons are transferred from NADH to oxygen and
protons are extruded, and energy stored as an inner
membrane potential, finally dissipated and accumulated as
ATP by ATP synthase (Fig. 1). Considering the very low
Km for oxygen of cytochrome oxidase (COX) (1077 M), the
terminal enzyme that transfer electrons to O, to form H,O,
it was previously stated that mitochondria follow the law
of “all-nothing” and consume unrestrictedly all supplied
O,. However, this assumption is more adequate for iso-
lated mitochondria than for the organelles in vivo; indeed,
mitochondria are able to adapt O, uptake to different
physiological or pathological situations. This notion is
relevant, because the production of reactive oxygen species
(ROS) is a consequence of monovalent reduction of mo-
lecular oxygen, and depends on the electron flow rate. In
the last years, we and others demonstrated that nitric oxide
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(NO) is a powerful modulator of oxygen uptake by re-
versible binding to COX and thus, it reduces O, utilization
and increases ROS production. These two effects proved
the regulatory adaptability of mitochondria; many cell
functions are related to the transition between high and
low oxidative rate and among them those normal path-
ways that drive cell fate: proliferation, cell cycle arrest, and
apoptosis. The regulation of mitochondrial oxidative rate
and the production of hydrogen peroxide (H,0,) are also
related to pathological processes such as cell transforma-
tion and cancer, hypoxia, diabetes, and neurodegenera-
tion. In thisarticle, we analyze redox effects and the
function and dynamics of mitochondria in the signaling for
cell proliferation and death.

Il. Introduction to Mitochondrial Biology

A. The physiology of mitochondria and redox biology

Mitochondria are organelles derived from the primitive
symbiosis of archeon ancestors with the prokaryotic o-
proteobacteria species (142). a-proteobacteria similar to Rick-
etsia prowasecki or Bartonella henselae has DNA homologous to
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pathway finally reduces O, to water and, depending on electron entrance, extrudes two or three protons that creates an inner
membrane potential and re-enter by ATP synthase with dissipation of energy and formation of ATP. From a low to high
concentration, NO progressively inhibits cytochrome oxidase, complex II-III, and complex I. Myx, myxothiazole; AA, anti-
mycin A; FeS, Fe sulfur complex; Cyt, cytochrome; SUCC, succinate; FUM, fumarate.
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mitochondrial DNA. However, in the evolution process
leading to modern eukaryotic cells, mitochondria lost the
ability to synthesize most of the proteins encoded by the
primitive bacterial DNA, and only conserve a small circular
polycystronic 16 Kb mtDNA controlling the synthesis of about
67 proteins, including 13 polypeptides of the electron transfer
chain; the rest of the bacterial genes were transferred to the
nuclear genome. It is noteworthy that relatively small DNA
from B. henselae encodes for more than 1600 proteins (128).

Along evolution, mitochondria conserved some bacterial
phenotypic characteristics while acquired new exciting func-
tions given by complex regulation of energy production, the
orchestration of intermediary metabolism, and, importantly,
the control of cell proliferation and programmed cell death.
The most striking fact is that during the transition to modern
organisms, mitochondria incorporated different cell signaling
pathways to become a central modulator of cell fate.

In 1950, Gerschman et al. proposed univalent reduction of
O, as causative of deleterious effects of radiation (84). The
putative formation of superoxide anion (O, ") was later
confirmed by McCord and Fridovich, who recognized cere-
brocuprein as superoxide dismutase (SOD), the enzyme that
catalyzes dismutation of superoxide to nonradical H,O, (148).
Several years later, Boveris, Cadenas, Turrens, and Chance
detected the production of O, and H,O, within mitochon-
dria (18, 19, 221). At first glance, production of ROS was
considered a toxic effect in the active oxygen metabolizing
organelles. Mitochondria contain highly efficient enzymes to
detoxify ROS, such as Mn2+—superoxide dismutase (SOD2),
glutathione peroxidase 1 (GPx1), and members of the thior-
edoxin (Trx2) superfamily that may be included in the nu-
cleoid structure (120). Nucleoids harbor 2-8 mtDNA copies
and the mitochondrial single-stranded DNA binding protein
and mitochondrial transcription factor A (TFAM) are major
constituents of nucleoids. Packaging of mtDNA by TFAM is
likely to be important for transcription and replication, similar
to the regulation of nuclear genes by histones, which are
themselves regulated by protein modification (82).

The existence of Mn”*-superoxide dismutase (SOD2)
consuming the produced superoxide yield, and the further
diffusion of formed H,O; to cytosol and even outside cells
(154) protects mitochondria from undesirable oxidative ef-
fects. However, repeated exposure to oxygen species ac-
cumulates oxidative damage that alters mitochondrial
lipids and proteins through oxidation of cysteine and the
genome through oxidation of nuclear and mitochondrial
DNA. The importance of mitochondrial O, = formation is
best demonstrated by manganese superoxide dismutase
(MnSOD) ™/~ mice, which die postnatally due to dilated
cardiomyopathy or neurodegenerative processes (231).
Major alterations were found in mitochondria such as re-
duced antioxidant capacity, increased mtDNA damage,
and reduced activities of enzymes of the respiratory chain
and citric acid cycle. Almost 20 years ago, Boveris et al. (19)
discovered that the mitochondrial production of ROS de-
pends on the partial reduction of membrane ubiquinone to
intermediary ubisemiquinone (UQ™; reaction 1), a transi-
tional redox status that undergoes auto-oxidation by
one-electron reduction of a small quantity of utilized O,
(2%-3%) to O, ~ (reaction 2) further dismutated to H,O,
(reaction 3), which is freely diffusible to cytosol. In the ab-
sence of mitochondrial inhibitors, the rate of this nonen-
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zymatic compulsive monovalent reduction of O, depends
on the rate of redox electron transfer to molecular O,.

UQH™ +e~ —-UQ ™ (reaction 1)
UQ ™ +0,—UQ+ 0O, ™ (reaction 2)
20, +2H'"->H,0, +0O; (reaction 3)

Otherwise, a maximal rate of superoxide formation is
experimentally achieved by exposing mitochondria to in-
hibitors of mitochondrial complexes. The typical inhibitors
rotenone and antimycin, respectively, block electron trans-
fer through complexes I and III (Fig. 1). Diverse conditions
from genetic mutations (in NDI1-5 and NBD4L genes in
mtDNA, i.e., myoclonic epilepsy with ragged red fibers and
mitochondrial miopathy, encephalopathy, lactic acidosis,
and stroke) to post-translational changes of mitochondrial
components (acetylation, nitration of complex I, or mtDNA
heteroplasmy [rho-0 cells]) markedly slow electron flow
between the mitochondrial complexes and increase the O, ~
yield. In these cases, the O, ~ production rate in mito-
chondria correlates linearly and negatively with selective
inhibition of electron transfer rate at complexes I and III,
whereas in the absence of such inhibition, superoxide yield
is directly dependent on the electron transfer rate (Fig. 2A).

Direct demonstration of superoxide production by com-
plex II was obtained by Zhang et al. (244) in purified succinate-
CoQ reductase and succinate dehydrogenase; the enzymes
were found to generate superoxide by autooxidation of flavin;
and reconstitution of complex II with the bc; complex to yield
an active succinate-cytochrome (cyt) ¢ reductase inhibited
superoxide formation.

B. NO and mitochondrial redox metabolism

Mitochondrial NO utilization involves modulatory aspects
on O, consumption and O, = and H,O, production. It is
worth noting that NO also slows down the electron transfer
between complexes. The components of the electron transfer
chain have different sensitivity to inhibition by NO (Fig. 1)
(184). Below 0.2 uM, NO reversibly inhibits COX and controls
mitochondrial respiration; at 0.3-0.5 uM, it inhibits electron
transfer between cyts b and c1 (182, 184), whereas relatively
prolonged 0.5-1 uM NO exposure selectively inhibits the
NADH dehydrogenase activity at mitochondrial complex I
in intact cells (169) or isolated mitochondria (194), a hall-
mark of aging, sepsis, and neurodegenerative entities, such
as Parkinson disease. Our studies revealed that the resul-
tant segmental inhibition of the electron transfer chain at
complexes I-III by NO is also followed by a very high burst of
O, production rate (Fig. 2B). As a consequence of inhibitory
NO effects, the reduction level of the mitochondrial compo-
nents favors additional reactions of NO with ubiquinol (UQ)
(183) and complex I components, and the formation of per-
oxynitrite (ONOO ™) (reaction 4).

0O, 7 +NO—-ONOO ™ (reaction 4)

The equimolecular formation of superoxide with regard to
NO utilization represents an accurate mechanism to control
mitochondrial NO level and O, uptake. Further, the modula-
tion of NO utilization pathways and mitochondrial NO, O, ~,
H,0,, and ONOO™ generation participate significantly in life
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FIG. 2. Production of superoxide anion and hydrogen peroxide by the inhibition of mitochondrial oxygen uptake. (A)
Inverse relationship between oxygen utilization and superoxide formation in mitochondria. The inverse relationship between
superoxide production and residual Complex I activity is shown in fibroblasts of patients with isolated Complex I defi-
ciency—Measurement of superoxide production was performed with hydroethydine in an inverted fluorescence microscope.
Fluorescence intensity in the indicated compartment (left y-axis) is expressed as percentage of vehicle-treated control (CT).
Closed and open symbols represent patient cell lines with a known (13 patients) and hitherto unknown (8 patients) as mutation,
respectively. Linear regression analysis reveals an inverse correlation between superoxide production and residual CI activity
for the whole cohort of patient cell lines. Reprinted from Verkaart et al. (224). © 2007 by Elsevier. (B) Effects of NO on electron
transfer rate and hydrogen peroxide production. The effects of NO result in the inhibition of mitochondrial respiratory rate
with an inverse increase of mitochondrial H,O, yield, the product of dismutation of O, . The trace was obtained by
simultaneous polarographic determinations of O, utilization and fluorometric detection of H,O,, in rat heart submito-

chondrial particles (reproduced from Poderoso et al.) (182). © Elsevier, 1996. CI, confidence interval.

processes (33, 34). In thisarticle, we show that HO,, and the
related level of oxidative stress play a significant role in the
activation of signaling pathways central to the control of mi-
tochondrial dynamics, energy balance and cell proliferation,
differentiation, apoptosis, and senescence. Moreover, redox
status is clearly related to the activity of growth factors and to
cell transformation and cancer. Our proposal is that grading
production and actions of matrix NO and concomitant changes
in MnSOD modulate H,O, and oxidative stress and set the
platform for cell transformation (33), through opportune sig-
nals for the related physiological or pathological responses.

C. H-O, and antagonistic antioxidant enzymes

H,0; freely diffuses through cell membranes, and, thus, a
similar mitochondrial and cytosolic H,O, steady-state con-
centration ([H,O,]ss) should be expected. In agreement,
[H,0,]s has been calculated as ~107 to 10 M in rat liver
cytosol, rat liver mitochondria, and stimulated perfused liver
(25), as well as after diffusion in hepatocytes (221). In this
context, cell or tissue [H,O,],s could be calculated as the ratio
between H,O, mitochondrial yield (d[H,O,]/dt) and the H,O,
catabolizing enzyme activities (catalase, GPx, and Trx, Eq. 1).

A[H,0,]/dt

H =
(202 kq[catalase + ko [GPx] 4 k3[Trx]

(Equation 1)

More recently, Trx has emerged as a very important anti-
oxidant system. Trx is oxidized during degradation of H,O, to

a disulfide intermediary that can be regenerated by peroxir-
edoxins (Prxs) and Trx reductase (98). Therefore, the actual
function of Trx system relies on its capability to metabolize
H,0, in mitochondria (Trx2) and outside mitochondria in
cytosol and nucleus (Trx1). It is worth noting that the increase
in atmospheric oxygen a million years ago induced cell pro-
liferation and pluricellularity; about 2 billion years ago, the
ambient oxygen tension of the Earth’s atmosphere increased
rapidly from 1% to more than 15% of present levels within less
than 200 million years (96). The development of antioxidant
systems similar to Trx1/2 sustained a discrete cell redox sta-
tus with low [HyO,].s (10 ~1IM). Activation of the extracellular
signal-regulated kinase (ERK) cascade by ROS is consistent
with the observation that relatively low levels of ROS are
mitogenic (77). In addition, ROS may promote tumorigenesis
by oxidizing DNA leading to proto-oncogenic mutations. The
expression of Trx system proteins has been found to be
changed in many diseases including cancer, diabetes, car-
diovascular and neurodegenerative diseases, or rheumatoid
arthritis. In particular, Trx is overexpressed in aggressive tu-
mors that have reduced mitochondrial activity and electron
transfer rate, associated to poor NO and H,O, yields. In
contrast, increase in oxygen during evolution accompanied a
higher redox status with high [H,Os]ss (107%-10"°M) that
signals for cell cycle arrest, aging, senescence, and limits organ
growth and body size (33). A discrete increase of H,O, trig-
gers most of the proliferation signaling pathways by activa-
tion of transcription factors such as nuclear factor-«xB (NF-xB),
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tumor protein (p53), V-raf-1 murine leukemia viral oncogene
homolog (RAF), hypoxia inducible factor-« (HIF-u), adaptor-
related protein complex 1 (AP-1), and glucocorticoid receptor,
etc. Therefore, the maintainance of cell proliferation rhythm
depends on the redox balance between ROS and antioxidants
(i.e., SOD, Trx, catalase, GPx, and nonenzymatic antioxidants
such as gluthatione) (126).

D. The intermembrane space and the redox status

The intermembrane space (IMS) was initially described as a
simple space between the inner and the outer mitochondrial
membranes (OMMs) (~10-15A). Translocation of nuclear-
encoded proteins by the translocases of the outer and inner
membrane TOM-TIM, the assembling machinery complex,
ADP-ATP translocation, and ion fluxes through specific
channels are examples of an intense IMS physiological activ-
ity. As an important part of this article, we and others recently
reported activation of kinases in the IMS as a part of canonical
signaling pathways (79). A common feature in this case, and
in the different mitochondrial IMS pathways, is the depen-
dence on the redox status as determined by the H,O, released
by the organelles in the electron transfer chain. Recently,
Inarrea et al. (108) found that O, ~ reaches also the IMS, and
that Cu-Zn SOD (SOD I) translocates into this compartment,
likely to metabolize superoxide outside the mitochondrial
matrix (223). In the presence of ROS, diverse oxidoreductive
reactions occur in the IMS (102). In first place, electron
transference between some of the components of the mito-
chondrial electron transfer chain proceeds in the IMS, similar
to reduction and release of cyt ¢ or phosphorylation of
NDUFAL1 gene product component of Complex I (41). In this
context, the IMS contains a system to refold proteins by se-
lective oxidation and retains them in mitochondria. An ex-
ample is the disulfide relay integrated by two coupled
proteins: mitochondrial intermembrane space assembly ma-
chinery (Mia40) and the sulfihydryl oxidase endogenous
retroviral sequence 1 (ERV1) (207). Mia40 contains reactive
cysteines forming a disulfide bridge; one of these cysteines is
reduced by thiols of the protein to be imported after entering
the TOM channel in the outer membrane. The two protein
thiols form a new intramolecular disulfide, and reduced
Mia40 is re-oxidized to its dithiol variant by complementary
ERV1 protein, thus closing the cycle; ERV1 is reoxidized by
cyt ¢ (Fig. 3). By this means, the precursor protein can be
oxidized and reduced by determined n times, during its re-
folding in the IMS (153). The Mia40 disulfide bridge has been
recognized as necessary for the import of small Tim chaper-
ones (for instance Tim 8 and Tim 13) that act as chaperones in
the traffic of proteins to the inner membrane and to the mi-
tochondrial matrix (159). As shown in this article, activation
and phosphorylation of cytosolic kinases can be accomplished
in mitochondria. Phosphorylation of kinases as ERK1/2 and
protein kinase B (Akt) 1 and 2 depends on the presence of their
upstream kinases mitogen protein kinase kinase 1 and 2
(MEK1/2) and PI-3K-dependent kinase 1 (PDKI1) that are
constitutively active in the IMS (10). Considering that this
activation requires transitional binding between kinases and
activators and that oxidation of thiols directs the protein in-
teractions, it will be necessary to study the role of Mia40
disulfide bridge in the contributions of mitochondria to cell
signaling pathways.
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FIG. 3. The IMS, a redox compartment with different
functions. Many unfolded proteins traverse the IMS to reach
the inner membrane or to exit mitochondria. The graphic
shows the disulfide bridge relay given by the two comple-
mentary intermediaries Mia40 and Erv1 in the IMS. The two
components compose a cycle by which an unfolded protein
with thiol groups forms a disulfide bridge with oxidized
Mia40 (Mia400x) that allows the protein to be refolded with
intermolecular disulfide formation and Mia40 reduction.
Mia40red returns to its oxidized state by reduction of Ervl,
subsequently recovered by given electrons to Cyt ¢, and ul-
timately to cytochrome oxidase. MIA40, mitochondrial in-
termembrane space assembly machinery; ERV1, endogenous
retroviral sequence; Cyt ¢, cytochrome c¢; COX, cytochrome
oxidase; IMM, inner mitochondrial membrane; IMS, inter-
membrane space; OMM, outer mitochondrial membrane.
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lll. Mitochondrial Metabolism and Cell Proliferation

A. The Warburg effect: The mitochondrial control
of proliferation

Many years ago, the German scientist Otto Warburg re-
vealed that tumors have a reduction of aerobic metabolism and
a parallel increase of glycolysis rate (228, 229). Decreased aer-
obic respiration in the presence of available oxygen was then
referred to as the Warburg effect (196). For many years, this
effect was considered a particular feature of cancer tissues, but
nowadays, it is considered a mandatory metabolic change to
allow cells to divide and proliferate (83, 209). In this context,
and considering the clinical significance of tumor growth and
proliferation, two questions arise: first, what are the mito-
chondrial signaling mechanisms for the control of respiration
rate and second, what is the physiological meaning and the
ultimate reason for reduced O, utilization during cell division
and its contribution to tumor biology? Moreover, recent
studies have shown that the Warburg effect not only results in
intrinsic biochemical modifications in the organelles, but also
depends on selective accumulation of glycolytic intermediar-
ies. A reduction of the respiratory rate results from mutations
in COX in tumors, reduced mitochondrial biogenesis, exces-
sive mitochondrial fission, deficit of proapoptotic proteins
such as p53 and antioxidants such as Trx, excess of mito-
chondrial inhibitors such as myelocytomatosis viral oncogene
homolog (cMyc) or Akt, or reduced Akt catabolism by deletion
or suppression of phosphatase antensin homolog (PTEN). We
will consider in this article the mechanisms that promote the
Warburg effect and the platform of tumorigenesis (Fig. 4).
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FIG. 4. Interaction between ROS and
p53. An equilibrated production of ROS
and p53 in normal cells (left) could be
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B. Mitochondria and redox control in normal
and tumor cells

The Warburg effect underlies the simultaneous increase in
glycolytic rate with a reduced mitochondrial respiratory rate; a
kind of mitochondrial dysfunction that is found in tumor
metabolic reprogramming pathways. We previously reported a
significant decrease in respiratory activities of lung and mam-
mary tumor cell lines, and only a third of the mitochondrial
electron transfer rate of normal organelles could be detected in
the cancer cells (78). Notably, although tumor mitochondria
were more bizarre and with less cristae (Fig. 5), functional re-
spiratory status was similar to those of embryonic proliferating

liver or the pregnant mammary gland, thus indicating that
mitochondrial reprogramming is an essential requisite for both
normal or tumor cell proliferation and organ growth.
Multiple causes participate in the genesis of alterations in
tumor mitochondria. Recent studies revealed that cancer cells
of various tissue origins exhibit frequent mutations in their
mtDNA (52). Deletion of in-frame mtDNA genes has been
documented in human renal, gastric, and colon carcinoma
(188). Since the mtDNA encodes for 13 protein components of
the mitochondrial respiratory chain, it is likely that specific
mtDNA mutations may cause malfunction of the respiratory
chain, thus forcing the cells to increase glycolysis to maintain
their ATP supply. Surprisingly, this condition increases the

FIG. 5. Electron microscopy of
normal and tumor mitochondria.
In the upper panel, mitochondria
from LM3 mammary tumor cells
(right) are compared with those
from normal mammary cells of
pregnant mice. In the lower panel, a
similar comparation is made be-
tween mitochondria isolated from
lung tumor P07 cell line (right)
and organelles from normal lung
cells. Bar=0.33 uM. Reproduced
according to American Associa-
tion for Cancer Research (AACR)
from Galli et al. (78).
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activity of proliferative kinases such as Akt, probably by
NADH accumulation at low mitochondrial respiratory rate
that suppresses PTEN, the phosphatase that inactivates Akt
(177). However, although mtDNA mutations are associated to
high ROS and dysfunctional mitochondria, and cancer, the
existence of similar mitochondrial features in genetic diseases
lacks any particular clinical association with neoplasia, which
suggests that cancer mutations are not the cause of, but a
consequence of disease.

C. Stem cells, mitochondrial ROS metabolism,
and differentiation

The pluripotent embryo cells embryonic stem cells (ESCs)
have a low mitochondrial population. Mitochondria are large,
with low energy potential; most of the energy becomes from
glycolysis, which is limited only by a low ATP reservoir that
precludes glucose phosphorylation to glucose 6-phosphate, re-
quired for the entrance to the cells. Instead, cells differentiated
into trophectoderm of mice and rats, have more elongated mi-
tochondria, with higher membrane potential and more O, uti-
lization (100). This behavior is reciprocal to that described in
tumor cells. The tumor cells have a decreased respiratory rate
associated with an enhancement of anaerobic glycolysis. The
reduction of the respiratory rate depends on a uniform tran-
scriptional reduction of mitochondrial components. It is clear
that the most important effect of decreasing the mitochondrial
respiratory rate is related to a marked decrease of ROS up to a
level that allows a maximal activity of the proliferative kinases,
such as ERK1/2 and Akt, which impedes the triggering of the
apoptotic machinery by exerting the antiapoptotic control and
by non-activation of proapoptotic kinases, such as c-Jun-NH,-
terminal kinase (JNK) and p38 mitogen-activated protein kinase
(MAPK). Conversely, differential activation of JNK and p38
MAPK conducts to cell differentiation and finally to cell cycle
arrest and apoptosis. Differentiating effects of ROS produced
during various electron transfer reactions in vivo have been re-
ported in different species. In the mammalian hematopoietic
system, hematopoietic stem cells contain low levels of ROS.
However and unexpectedly, the common myeloid progenitors
produce significantly increased levels of ROS. The functional
significance of this difference in ROS level in the two progenitor
types remains unresolved. Owusu-Ansah and Banerjee (170)
showed that Drosophila multipotent hematopoietic progenitors,
which are largely similar to the mammalian myeloid progeni-
tors, display increased levels of ROS under in vivo physiological
conditions, which are downregulated on differentiation.
Scavenging ROS from these hematopoietic progenitors by using
in vivo genetic tools, such as overexpression of GPx or catalase,
retards their differentiation into mature blood cells while, con-
versely, increasing the hematopoietic progenitor ROS triggers
precocious differentiation into all three mature blood cell types
found in Drosophila; suggesting that the rise in ROS primed the
relatively quiescent stem-like progenitor cells for differentiation
and that this signaling pathway involves JNK and forkhead O-
box (FOXO) activation.

D. ROS and mitochondrial malignancy: The example
of p53

It was understood that ROS regulates the activation and
duration of signaling through redox-dependent signal trans-
duction pathways involving the cyclic oxidation/reduction of
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cysteine residues in kinases, phosphatases, and other regula-
tory factors (24). Burhans and Heintz noted that “signaling
circuits may be segregated in organelles or other subcellular
domains with distinct redox states, permitting them to re-
spond independently to changes in the oxidation state of two
major thiol reductants, glutathione and thioredoxin” (24). In
the previous years, we emphasized the notion that grading
redox status and steady-state concentration of oxidants, such
as H,O,, bring up differential cysteine oxidations in the sig-
naling circuits and, therefore, different, even opposite re-
sponses on cell proliferation, senescence, or arrest (137). As
just stated, most of the cell H,O, comes from mitochondria, a
subcellular domain with redox variations (O, ~, NO, H,O,,
and ONOO").

The tumor suppressor protein, p53 is a well-known tran-
scription factor modulator of the regulation of cell cycle entry;
p53 is frequently deleted or mutated in cancer cells. In the case
of p53, there exist cross-synergistic effects that exemplify the
extreme complexity of the redox regulation of cell cycle.
Overexpression of p53 induces the activation of several pro-
oxidant enzymes such as ROS-generating proline oxidase and
genes such as p66 that interact with cyt c to increase H,O, in
mitochondria (137). On the other hand, evidence indicates that
redox activation of human p53 involves post-translational
modifications such as thiol redox modulation of critical cys-
teine residues (Cys'”*, Cys®®) in its DNA binding domains.
These post-translational modifications, likewise, explain the
actions of p53 on the cell cycle without modifying non-
transcriptional mitochondrial effects (Fig. 4). In addition, p53
counteracts the transition to a warburgian condition by in-
creasing mitochondrial respiration at the COX level due the
transactivation of SCO2 (synthesis of cyt c oxidase 2) gene (146).
This effect increases the respective percentage of O, ~ and
H,0O; formed in mitochondria where there exist important
targets of transcription-dependent and -independent actions
of p53 required to trigger apoptosis. The effect of p53 in mi-
tochondrial ROS homeostasis is evidenced by its participation
in maintaining mtDNA copy number; p53 null mice and p53
knockdown human primary fibroblasts exhibit mtDNA de-
pletion and decreased mitochondrial mass under normal
growth conditions of cell culture (130). In this situation, the
p53-depleted cells exhibited significant disruption of cellular
ROS homeostasis, characterized by reduced mitochondrial
and cellular levels of O, ~ . Thus, tumors associated with loss
of p53 function involve the simultaneous decrease of mito-
chondrial biogenesis with lowering of mitochondrial respi-
ration, two conditions that increase glycolytic activity, and
allow cells to grow by resetting energy production and ROS
generation. In addition, mutant p53 enhances the mitochon-
drial effects of the oncoproteins rat sarcoma small GTPase
(RAS) and cMyc, which contributes to the mitochondrial
platform of malignancy (178).

It is known that p53 is able to modulate the mitochondrial
ROS production unless it is not clear whether this effect leads
to cell death or promotes malignancy (129, 168). It would also
be noted that the amount of ROS can be determinative for cell
outcome mediated by p53. It is remarkable that low levels of
ROS may result in activation of signaling pathways such as
proliferation and motility and p53 antioxidant functions, and
that in contrast, high ROS levels may result in activation of
p53-mediated apoptosis. These important roles of p53 are
exerted through the shuttling and balance between nucleus
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and mitochondria, especially in the context of ROS and anti-
oxidants (90). In this context, nuclear tumor suppressor p53
can transactivate proapoptotic genes or antioxidant genes
depending on stress severity, whereas cytoplasmic p53 in-
duces mitochondrial-dependent apoptosis without gene
transactivation. Although SIRT1, a p53 deacetylase, inhibits
p53-mediated transactivation, how SIRT1 regulates these p53
multifunctions is unclear. Han ef al. demonstrated that SIRT1
blocks nuclear translocation of cytoplasmic p53 in response to
endogenous ROS and triggers mitochondrial dependent ap-
optosis in mouse embryonic stem (mES) cells. ROS generated
by antioxidant free culture caused p53 translocation into mi-
tochondria in wild-type mES cells, but induced p53 translo-
cation into the nucleus in SIRT1~/~ mES cells. Endogenous
ROS triggered apoptosis of wild-type mES through mito-
chondrial translocation of p53 and Bcl-2, B-cell lymphoma 2
(BAX), but inhibited NANOG expression of SIRT1~/~ mES,
thus indicating that SIRT1 makes mES cells sensitive to ROS
and inhibits p53-mediated suppression of NANOG expres-
sion. These results showed that endogenous ROS control is
important for mES cell maintenance in culture.

Pro-oxidant effects of p53 and ROS increase after p53
translocation into mitochondria can be related to a general
increase of the respiratory electron transfer rate. In addition to
activation of SCO2, p53 is linked to AMP-activated protein
kinase (AMPK). We recently demonstrated that phosphory-
lated AMPK enters to adipose and muscle mitochondria and
inhibits NOS, thus increasing oxygen uptake (70). pAMPK
activates p53 by phosphorylation at Ser'® and in contrast, p53
promotes transcriptional activation of AMPK gene. Since
AMPK increases energy waste by inhibiting energy storing as
fat (i.e., AMPK phophorylates and inhibits acetylCoA car-
boxylase, the first enzyme in fatty acid synthesis), cooperative
effects between AMPK and p53 in mitochondria increase
respiration and contribute to inhibit the Warburg effect and
cell proliferation. This mechanism is useful for critical cell
conditions with death expectancy.

Among the identified targets of p53, there are several genes
with apparent antioxidant function. These are microsomal
glutathione transferase homolog PIG12, aldehyde dehydro-
genase ALDH4A1, GPx1, Mn superoxide dismutase SOD2,
and catalase. In addition, two members of the sestrin family
SESN1 (PA26) and SESN2 (Hi95) were also found to be reg-
ulated by p53 (168). Sestrins act as components of the Prx
regeneration system. In tight cooperation with sulfiredoxin
(Srx), the sestrins act as subunits of cysteinic sulfinyl reductase
by regenerating inactive Prxs that overoxidize in response to
massive bursts of H,O, occurring during signal transduction.
The contribution of these antioxidant products to p53 func-
tions was elusive until it was found that in unstressed cells a
p53 function is required for reducing the intracellular ROS
levels. Abrogation of p53 functions by means of RNA|, or by
overexpression of dominant negative p53, Mdm?2, or papil-
loma virus E6 gene product results in a substantial increase in
intracellular ROS. Similar increases in ROS were observed in
tissues of the p53~/~ mice. The increases in ROS in the p53-
deficient cells correlated with substantial downregulation of
the p53 regulated genes GPx1, SESN1, and SESN2, thus sug-
gesting that basal physiological levels of p53 are sufficient for
maintaining functional state of the antioxidant genes. Basal
levels of p53 were also found sufficient for maintaining the
expression of catalase and TIGAR (168).
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E. The glycolytic effects for mitochondrial
oxidative rate

Sinthupibulyakit ef al. (208) demonstrated that the inhibi-
tion of glycolysis by 2-deoxyglucose (2-DG) is not enough in
wild-type A549 cells to abolish the Warburg effect and set up
the platform for persistent cell proliferation. However, a cy-
totoxic effect of 2-DG was evident when cells were knock-
down for p53, thus indicating that glycolysis takes part in the
Warburg effect only when mitochondria are disabled (208).
However, it was also evidenced that ATP synthesis in selected
tumors is not dependent exclusively on glycolysis but still on
mitochondrial oxidative phosphorylation (OXPHOS). In this
case, the driving force for enhanced glycolysis would not be
the absolute reduction of mitochondrial respiratory rate, but a
relative decrease of both glycolytic and mitochondrial respi-
ration is likewise imposed by uncontrolled tumor cell prolif-
eration (20, 158).

Constitutive levels of p53 are coupled to normal mito-
chondrial respiration through its target gene, SCO2, which
has a critical function in maintaining the cyt c oxidase com-
plex, the major site of O, utilization (137). Increased O, utili-
zation is related to the increase of mitochondrial ROS.
Reciprocally, diffusion of H,O, activates p53 expression, and
the antitumor and pro-warburgian action of p53 is mediated
by inducing transactivation of genes related to ROS produc-
tion. Up-regulation of these pro-oxidant enzymes leads to
oxidative stress and consequently to apoptosis. This was the
first clear connection between p53 and ROS generation. More
candidates have been added to the list of p53-induced pro-
oxidant genes, which include BAX, p53-up-regulated media-
tor of apoptosis (PUMA), and p66™"°. However, p53 also
mediates the modulation of ROS effects and prevention of
apoptotic cell death by stimulating the expression of antioxi-
dant enzymes (197).

F. Mitochondrial signaling in hypoxia

The main transcription factor in hypoxic signaling is the
HIF. HIF is stabilized and reacts with hypoxia-responsive
elements in DNA activating gene promoters to activate pro-
liferative genes (Fig. 6). Moreover, hypoxia impedes the oxi-
dation of prolyl HIF residues by prolyl hydroxylase and
allows HIF to react with pVHL (the von Hippel Lindau pro-
tein), to be ubiquitinated, and degraded in the proteasome
(49), a process activated in the presence of O,. On the contrary,
more stable HIF-1 in anaerobiosis activates the transcriptional
machinery for the glycolytic enzymes in the tumor cells. HIF
also promotes glycolysis by stimulating expression pf PDH
kinase I and decreasing oxidation by pyruvate (158).

During hypoxia, HIF is expressed and integrated as HIF-
la—cMyc axis. Cells with activation of this axis display per-
sistent DNA damage and mutations that sustain malignant
proliferation (239). In addition, hypoxia stimulates mito-
chondrial NO synthase (mtNOS) and, thus, depresses the
electron transfer rate (243).

Mechanisms of HIF in hypoxia rely on deactivation of
genes related to cell proliferation such as vascular growth
factor or insulin growth factor (IGF) (Fig. 6). In addition,
HIF2-« stimulates the expression of one of the genes related to
pluripotency transcription factors, OCT-4, without varying
NANOG or SOXS2 (53). By this modulation, hypoxia sustains
proliferation in embryos and tumoral tissues that share a
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FIG. 6. Hypoxia signaling and HIF. The
scheme shows the pathways for HIF
degradation and proliferation in accord to
oxygen levels. HIF, hypoxia inducible
factor.
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hypoxic milieu (1.5%-5% O,). In those disorders associated
to hypoxia, proliferative signals could be confined to pe-
ripheral tissues, as “clubbing” in the fingers of patients with
lung diseases. The unsolved question is whether hypoxia
increases the production of ROS in mitochondria and con-
tributes to HIF stabilization. Klimova and Chandel (122)
proposed that HIF is stabilized by ROS production at mito-
chondrial complex III. In this case, HIF was not stabilized by
deleting cyt b. However, ROS were not completely abolished
when cyt b was deleted (mutant cybrids), whereas the use of
mitochondria-targeted antioxidants prevent HIF stabiliza-
tion (112). In fact, we observed many years ago that the
complete extraction of mitochondrial UQ abrogates the
production of superoxide and H,O, by the organelles (184).
Moreover, ROS production by complex III requires a selec-
tive inhibition of electron transfer, whereas hypoxia de-
creases electron transfer more uniformly at all complexes
(including I and III ones) by reducing the redox pairs on the
side of substrate. In addition, a blockade at the level of cyt b
in the presence of ATP (likewise glycolytic in the presence of
HIF) could induce retrograde formation of O, ~ at complexI
that would preferably be inhibited in this experimental
condition. In contrast, Vieira ef al. (225) studied the role of O,
and derived ROS in the development of neural tissues. In this
case, the authors highlighted that culturing human ESCs
(hESCs) from blastocysts in 4% O, (instead 20% at normoxia)
impeded differentiation and favored cell self-renewal (64).
Accordingly, low (but not high) O, tension increases the
amount of inner mass cells in the blastocyst (94). Conse-
quently, Vieira et al. remarked on the importance of using
appropriate (low) levels of oxygen in the environment of
hESCs to maintain pluripotency. Westfall et al. (233) char-
acterized oxygen-sensitive transcriptional programs and
gene expression profiles in two distinct hESC lines cultured
in 4% versus 20% O,. At O, tension of 20%, multiple HIF-
controlled genes as well as genes coding for glycolytic
enzymes and pentose phosphate enzymes were down-
regulated in the hESCs. In this context, the transition from
pluripotency to differentiation is accepted as a process that
increases O, and switches glycolytic to oxidative metabolism
with 2.5% higher production of mitochondrial ROS (47). In
contrast, low oxygen levels were required for neuroblast
proliferation. In agreement, Carreras et al. reported (33) that
low ROS production associates to maximal hepatoblast
proliferation during development. However, discrete ROS
production can stimulate, by oxidation of critical cysteines,
proliferative kinases as Akt (10) and, thus, very low ROS

yield could collaborate in stabilizing HIF, an effect rapidly
lost at crescent ROS levels.

G. Mechanistic target of rapamycin (serine/threonine
kinase)/Akt pathways

The mechanistic target of rapamycin (serine/threonine ki-
nase) (mTOR)/Akt pathway plays an important role in the
regulation of cell proliferation, mitochondrial biogenesis, and
energy balance. The complete picture of the different mech-
anisms leading to reprogramming of mitochondrial function
and energy balance are not yet clear. For instance, mTORC1
phosphorylates S6K, and this stimulates mitochondrial bio-
genesis. Otherwise, mTORC2 increases phosphorylation of
Akt at Ser*®; this phosphorylation, and a second one de-
pendent on PDK1 occurring on Thr'® are as well stimulated
by the IGF-1/phosphoinositide 3-kinase (PI3K) pathway that
promotes cell growth and survival (10).

Robey and Hay considered Akt to be the Warburg kinase
(196). In this context, Akt, which is expressed in most tumors,
is accompanied by two- to threefold increase in intracellular
ATP content. The change in energy metabolism induced by
Akt seems to rely on the activation of glycolysis (Fig. 7).
Concerning the specific connections between RTK/PI3K/
Akt/mTOR pathway and the Warburg effect, it is noteworthy
that the rate-limiting glycolytic enzyme pyruvate kinase M2
(PKM2) isoform is exclusively expressed in embryonic, pro-
liferating, and tumor cells, and plays an essential role in tumor
metabolism and growth (147). In addition, Sun et al. (216)
identified mTOR as a central activator of the Warburg effect
by inducing PKM2 and other glycolytic enzymes (hexokinase
[HK], phosphofructokinase [PFK]) under normoxic condi-
tions. The authors suggested that the levels of PKM2 were
augmented in mouse kidney tumors due to the deficiency of
tuberous sclerosis complex 2 and the consequent mTOR ac-
tivation, and was decreased in human cancer cells by mTOR
suppression. As an integrated tumorigenic response, mTOR
up-regulation of PKM2 expression occurs through HIFlo-
mediated transcription activation, and c-Myc-heterogeneous
nuclear ribonucleoproteins-dependent regulation of PKM2
gene splicing (216); disruption of PKM2 suppresses oncogenic
mTOR-mediated tumorigenesis. However, how can increased
respiration by Akt with Warburg’s depression of oxidative
metabolism and mitochondrial impairment be reconciled?
Recently, we reported that Akt2 decreases mitochondrial ox-
idative metabolism through phosphorylation of nNOS pres-
ent in mitochondria at Ser'*'? (68). Akt2-dependent nNOS
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FIG. 7. Transition from high to low
respiratory rate: The Warburg require-
ment for cell proliferation. Different
mechanisms underlie the Warburg effect
characterized by low O, utilization in the
presence of enough available oxygen. This
effect is given by increased glycolysis as-
sociated to high expression and activation
of glycolytic enzymes (PK, GAPDH, PFK,
HK, and LDH) and reduced mitochon-
drial respiration. Low respiratory rate
depends on several factors such as mito-
chondrial fission, and defective com-
bined effects of p53, c-myc, and Akt that
sustain high oxidative rate or promote
adhesion of HK II. GAPDH, glycer-
aldehide 3-phosphate dehydrogenase;
HK, hexokinase; LDH, lactate dehydro-
genase; PFK, phosphofructokinase; PK,
pyruvate kinase.

phosphorylation produces a positive allosteric change re-
sulting in a decrease of Km from 20 to 12 uM L-arginine, and
high-matrix NO levels that inhibit mitochondrial respiration.
It is not clear whether the same effects on nNOS are equally
produced by Aktl and 2; it can be surmised that Akt is ac-
tivated predominantly by the glycolytic pathway, and Akt2
depresses mitochondria, favors displacement of acetyl-CoA to
fat synthesis for cell proliferation, and limits glucose complete
oxidation to be utilized in glycolysis.

H. Hexokinase

HK catalyzes the first step of the glycolytic pathway where
glucose is phosphorylated to glucose-6-phosphate (G-6-P) by
phosphate transfer from ATP. By this means, G-6-P remains
inside the cells and cannot be further released to the extra-
cellular milieu except by hepatocytes that possess glucose-6-
phosphatase to regulate glycemia. Most G-6-P is utilized
through the glycolytic pathway to provide a discrete 2-3 mol
ATP per mol of glucose and more importantly, to allow py-
ruvate to be decarboxylated in mitochondria to acetyl-CoA
and enter into the tricarboxylic acid. There exist four different
HK (1-4) in mammals (235). From a kinetics perspective,
HK1-3 have a very low Km for glucose (~0.02mM), whereas
HK4 or glucokinase has a high Km (~5mM). HK-1 and HK-2
are localized predominantly on the OMM (Fig. 7), HK-3 in a
perinuclear compartment (235), and HK-4 is located in the
cytosol (liver and pancreas).

Different studies have confirmed that the HK-2 isoform is
predominantly expressed in mitochondria from malignant
tumors with high glycolytic rate (26, 27). HK-2 is bound to the
mitochondrial anion channel voltage-dependent anion chan-
nel (VDAC) and to the ADP/ATP translocator (ANT) that is
linked to ATP synthase. On the bases of kinetic behavior and
subcellular localization, Mathupala et al. (145) proposed three
reasons by which HK-2 increases the glycolytic rate. First, in
its localization, HK-2 has preferential access to ATP released
by ANT. Second, binding to mitochondria protects HK-2 from
the potent inhibition exerted by the product of the catalyzed
reaction, G-6-P. Finally, the very low Km for glucose of HK-2
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assures a high G-6-P flow rate to the glycolytic pathway. In
this context, it is clear that HK-2 anchorage to the mitochon-
drial outer membrane is required for increase of glycolysis in
the tumor tissues. It is accepted that pro-proliferative and
anti-apoptotic Akt contributes to cancer metabolic repro-
gramming by increasing HK-2 bound to VDAC (145).

1. The regulation of glycolysis and proliferation
by the ubiquitination system

ATP-mediated inhibition of PFK1 is reverted by increasing
the amount of the enzyme up to physiological levels. As just
mentioned, inhibition of mitochondrial ATP synthesis with NO
(and potassium cyanide or oligomycin) triggers a rapid PFK1
activation in intact, but not in disrupted astrocytes, which in-
dicates that the effect of NO on PFK1 does require an endog-
enous allosteric activator, such as fructose-2,6-bisphosphate
(F2,6P,). F2,6P, is the most potent physiological allosteric ac-
tivator of PFK1. In agreement with this, NO promotes a rapid
and persistent accumulation of F2,6P; in astrocytes, but not in
neurons. Further, the inhibition of 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase (PFKFB3), that is, the bifunctional
enzyme responsible for F2,6P, formation and degradation,
rendered astrocytes unable to increase F2,6P, levels, activate
PFK1 and up-regulate the glycolytic rate. Further, Almeida,
et al. (4) recently discovered that the bifunctional glycolysis-
promoting enzyme PFKFB3 is degraded by the E3 ubiquitin
ligase APC/C-Cdhl, which also degrades cell-cycle proteins.
Therefore, both proliferation and aerobic glycolysis were
prevented by overexpression of Cdhl and enhanced by its si-
lencing. In this study, they also demonstrated that although
glycolysis is essential for cell proliferation, its initiation in the
presence of active Cdhl does not result in proliferation. The
authors linked the notion that the proliferative response, in
normal or neoplastic cells, is dependent on degradation of al-
losteric effectors of regulatory PFK1 with implications for cell
proliferation, neoplastic transformation, and the prevention
and treatment of cancer. Accordingly, the presence of PFKFB3
is tightly controlled to ensure the up-regulation of glycolysis at
a specific point in G1. On this basis, Tudzarovaa et al. (220)
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suggested that this up-regulation of glycolysis and its associ-
ated events represent the nutrient-sensitive restriction point
in mammalian cells. As mentioned earlier, other glycolytic
enzymes, such as HK(s), pyruvate kinase, and glyceraldehyde-
3-phosphate dehydrogenase, are potential targets of NO-
mediated glycolysis activation.

IV. ROS: From Proliferation to Cell Death

It has been more than 30 years since it was proposed that
higher organisms can achieve programmed cell death, which
is illustrated by a common set of morphological features,
coining the term “apoptosis” for cells that display these
characteristics. Apoptosis is central to mammalian develop-
ment and also plays a critical role in cellular homeostasis.
Since apoptosis is crucial for maintaining cell number in the
adult stage, deregulation of this process may contribute to the
development of neurodegenerative disorders, immunodefi-
ciency, and cancer (65).

At a molecular level, apoptosis is regulated by two protein
families: the Bcl-2 family which is involved in the initiation
phase, and the caspase family that is responsible for the exe-
cution part (217). The pathways that lead to caspase activation
during apoptosis have been widely described. These are the
extrinsic and intrinsic pathways that ultimately result in the
activation of caspases-3 and -7, promoting proteolysis of typical
substrates (1). The extrinsic pathway involves binding of tumor
necrosis factor o (TNF-«) and TNF receptor superfamily mem-
ber 6 (FAS) ligand to membrane receptors leading to caspase-8
activation, whereas the intrinsic pathway entails mitochondrial
oxidative stress, damage, and mitochondrial cyt c release. Re-
leased cyt ¢ triggers the assembly of the apoptosome complex
with apoptotic protease-activating factor-1 (APAF-1) and
procaspase-9, which induces activation of caspase-9. Both
pathways converge on caspase-3 activation, thus resulting in
nuclear degradation and cellular morphological changes (191).

The Bcl-2 family constitutes a key regulator in the intrinsic
pathway of apoptosis controlling mitochondrial outer mem-
brane permeabilization and the consequent release of apop-
togenic factors (44, 206). Selective protein interactions among
different pro- and antiapoptotic members of this family are
crucial to apoptosis regulation. These interactions are mostly
influenced by o-helical segments known as Bcl-2 homology
(BH) domains and comprise both cytosolic and membrane
conformers of select family members (131). Bcl-2 family
members have typically been grouped into three classes. One
group inhibits apoptosis (Bcl-2, B-cell lymphoma-extra large
[Bcl-x1 ], Bcl-W, MCL1, Bcl-B and A1), whereas a second class
promotes apoptosis (BAX, Bcl-2 homologous antagonist killer
[BAK] and BOK). A third different class (Bcl-2-associated
death promoter [BAD], Bcl-2 interacting killer, BID, BIM,
BH3-only protein, and PUMA) has a conserved BH3 domain
that can bind and regulate the anti-apoptotic Bcl-2 proteins to
promote apoptosis. It appears that the pro-apoptotic family
members BAX and BAK are crucial for inducing permeabili-
zation of the OMM and the subsequent release of apoptogenic
molecules (such as cyt ¢ and direct IAP-binding protein with
low pl (DIABLO) [also known as second mitochondria-
derived activator of caspases (SMAC)]), which leads to cas-
pase activation. The anti-apoptotic family members, such as
Bcl-2 and Bcl-x;, inhibit BAX and BAK. Recent evidence in-
dicates that BH3-only proteins de-repress BAX and BAK by
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direct binding and inhibiting of Bcl-2 and other anti-apoptotic
family members (234). Contrary, a different model proposes
direct activation of BAX and BAK by some BH3-only proteins
(similar to BIM, truncated BID, and PUMA) (240). BAX and
BAK promote caspase activation by their effects on mito-
chondria. These two pro-apoptotic Bcl-2 family members in-
duce the release of proteins from the IMS (162). Mitochondrial
outer membrane permeabilization results in the release of cyt
¢ and other soluble proteins into the cytosol. At the same time
as cyt c releases, BAX and BAK induce mitochondria to
fragment into smaller units, which suggest a link between
mitochondrial division progression and the role of the Bcl-2
proteins (144). It has been described that lymphocytes can
probably use alternative APAF1-, caspase-9-, and cyt c-inde-
pendent, but pro-apoptotic Bcl-2-dependent, pathways for
caspase activation and cell killing (91). The action of IAPs
(inhibitor of apoptosis proteins) that bind and neutralize
certain caspases can be antagonized by the binding of SMAC/
DIABLO, which is released from mitochondria after the acti-
vation of BAX and/or BAK.

Over the past decade, several investigators have provided
new insights into how the plasticity of the mitochondria plays
a central role in relaying diverse cellular signals. Together,
these studies revealed that H,O, and NO can regulate cell
proliferation (22, 32, 33). Transient production of H,O, is
considered an intracellular signal for cell growth and trans-
formation triggered by surface receptor activation (193) as
well as determined by mitochondrial metabolic status (28).
ERK1/2 activation is a H;O,- dependent process, and it
translocates into the mitochondria during brain development
(5). In vitro, ERK1/2 activation in mitochondria was maximal
at 10~® M H,0,, an effect also observed in embryonic hepa-
toblasts and isolated postnatal P2 hepatocytes, whereas a
decreased phosphorylation concomitant with p38 MAPK ac-
tivation was observed in the quiescent adult cells (33). The
regulation of MAPKSs cascades was associated to the modu-
lation of mtNOS in the progression of proliferating to quies-
cent cell stages. Proliferating phenotypes are characterized by
low levels of mtNOS expression and activity, with a resulting
NO-dependent [H,O;], yield of 107" to 1072 M, and high
cyclin D1 expression. In contrast, quiescent phenotypes pre-
sented an opposite pattern with NO-mediated H,O, levels of
107° M. In agreement, increases of mtNOS and [H,O:], are
parallel during rat brain and cerebellum development at the
stage of synaptic plasticity (195).

Distinctive effects of H,O, are illustrated in transformed
cells; increased proliferation in P07 tumor lung cells and
mammary MM3 cell lines was observed at 1 uM H,O,, whereas
cells became arrested at 50 uM H,O, (78). It is remarkable that
mtNOS expression is reduced in some tumor cell lines such as
M3 and MM3; whereas in others such as P07, it is high but with
an activity consistently lower than in normal tissues. Accord-
ingly, mitochondrial H,O, production is significantly lower in
mitochondria from tumor cells compared with normal mito-
chondria. Redox status also determines cell fate in the NIH/
3T3 cell line. At low H,O, concentrations, cell proliferation
increased, and cyclin D1 expression was up-regulated (Fig.
8A). Conversely, high H,O, concentration caused a decrease in
cell proliferation and cyclin D1 expression and triggered apo-
ptosis (Fig. 8A and B). Apoptosis was achieved on activation of
the mitochondrial-caspase-3 dependent pathway resulting in
the release of cyt ¢ to cytosol and retention of Bel-x. in
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mitochondria (Fig. 8C). In this context, a low functional level of
OXPHOS, decreased mtNOS, and low NO-dependent H,O,
production represent a common pattern of the active tumor
growth and of embryonic tissues.

The antiproliferative effects of NO have been demonstrated
in a variety of cell types from normal tissues and diverse tu-
mors (140, 226). On exposure to NO from different sources,
either NOS or NO-donors, cells stop growth at G1 or G2
phase, or show a delay in S phase progression. Up-regulation
of endogenous NO production, by L-arginine supplementa-
tion or by expression of the inducible NO synthase (iNOS),
inhibited proliferation of lymphocytes, vascular smooth
muscle cells, and pancreatic tumor cells (89). Conversely, the
treatment of hematopoietic progenitor cells with an NO
scavenger increased cell proliferation (118).

The action of NO on the cell cycle elicits a series of molec-
ular events. A well-characterized effect is the up-regulation of
the cyclin-dependent kinase inhibitor p21<**/"afl (109) in a
process mediated by MAPK. Another remarkable action of
NO on cell cycle is the regulation of cyclin expression. Exo-
genous NO decreases the synthesis of cyclin D1 but not of
cyclin E in breast cancer cells, and this down-regulation is
accomplished without an increase in the degradation of
Cdk4/6 regulatory protein (180).

It has been stated that NO directly induces cyt c release
from the mitochondria through mitochondrial potential loss
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(190) or by tyrosine nitration of cyt c (99). High concentrations
of NO and ONOO ™ were reported to cause DNA damage and
lead to p53-mediated growth arrest and apoptosis in tumor
cells (7). NFkB plays a protective role against apoptosis
through the up-regulation of genes encoding anti-apoptotic
proteins (38). NO inhibits NF«B activation by inducing the
expression of the NF«B inhibitor IxBx and by stabilization of
the NFxB/IxkBo complex (179). In contrast to NO, oxidative
stress activates IxB kinase (IKK), which leads to the phos-
phorylation of IxBo and activation of NF«xB. The activation of
IKK and phosphorylation of IxBu is blocked by antioxidants
and NO (38). Inappropriate activation of NFxB has been
linked to inflammatory events associated with autoimmune
arthritis, asthma, septic shock, lung fibrosis, glomerulone-
phritis, atherosclerosis, and acquired immunodeficiency
syndrome. In contrast, complete and persistent inhibition of
NFkB has been linked to apoptosis, inappropriate immune
cell development, and delayed cell growth (12).

Although NO promotes apoptosis in some cells, it also
displays antiapoptotic properties in other cell types. It has
been claimed that the anti-apoptotic mechanism involves the
gene transcription of protective proteins, such as heat shock
proteins, hemeoxygenase and cyclooxygenase-2, and the di-
rect inhibition of the apoptotic activators of proteases of the
caspase family by S-nitrosylation of the cysteine thiol group in
the catalytic site in a cell specific way (48).
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V. Kinases, Mitochondria, and Cell Cycle

Cell cycle stages include a long growth phase (G1), a DNA
replicating phase (S), a short growth phase (G2), and cell di-
vision (mitosis, M). Transition from one phase of the cycle to
the next is coordinated by specific cyclins and the sequential
activation and inactivation of cyclin-dependent protein ki-
nases (39, 95, 60).

A. The MAPK cascade

ERK1/2 (also known as p42/p44MAPK, respectively) be-
longs to the family of MAPKSs, which include ERKS5, the
JNK1/2/3, and the p38 MAP kinases (, f3, 7, 6). These kinases
are activated through a sequential phosphorylation cascade
that amplifies and transduces signals from the cell membrane
to the nucleus and, as recently described, to the mitochondria
(79, 10). On receptor activation, membrane-bound GTP-
loaded RAS recruit RAF kinases (A, B or C) and becomes
activated. Raf phosphorylates two serine residues on the ki-
nase MEK1/2, which, in turn, phosphorylates ERK1/2 on
threonine and tyrosine residues. As a result, active ERK1/2
regulates many cytoplasmatic, nuclear, and mitochondrial
substrates that perform key biological functions. Depending
on the cell type, duration, and magnitude of the stimulus and
its subcellular localization, ERK activation controls a wide
range of cell responses, such as proliferation, migration, dif-
ferentiation, and death (175, 160).

Mitogens induce a biphasic activation of ERK1/2, with a
prompt burst of kinase activity peaking at 5-10 min followed
by a second wave of lower but sustained activity that persists
throughout the G1 phase for up to 6h (115). Nuclear trans-
location of ERK1/2 occurs within 15 min of activation, per-
sists during the entire G1 phase, and can be reversed on
removing the mitogenic stimulus. ERK1/2 activation should
be sustained until late G1 for successful S phase entry and
ERK1/2 translocation to the nucleus is essential for G1 to S
phase progression (238). On translocation to the nucleus,
activated ERK1/2 phosphorylates the factors Elk-1, Sap-1a,
and TIF-IA (42, 245). The ERK1/2 signaling pathway pro-
motes cell survival by a dual mechanism comprising the
posttranslational modification and inactivation of cell death
machinery components, and the increased transcription of
pro-survival genes (8, 125). ERK1/2 can influence the FOXO
transcription factors that activate multiple target genes in-
volved in tumor suppression including BIM and FASL for
inducing apoptosis (23) and p27P! and cyclin D for cell
cycle regulation (63). FOXO3a expression is associated with
suppression of tumor progression, and inhibiting its ex-
pression promotes cell transformation, tumor progression,
and angiogenesis (87). Recently, evidences have indicated
that FOXO3 is placed in mitochondria where it interacts with
Sirtuin3 (SirT3). SirT3 is a member of the class III histone
deacetylases named sirtuins. The sirtuins (SirT 1-7) are a
conserved family of proteins possessing NAD *-dependent
deacetylase activity, distinct from class I and II histone
deacetylases. SirT3 is the major mitochondrial deacetylase.
SirT3 activates FOXO3 by deacetylation and increases its
effects on the suppression of proliferation (110). ERK activity
can also mediate antiproliferative events, such as apoptosis,
autophagy, and senescence in vitro and in vivo. A common
hallmark of this response is the sustained activation of ERK,
which contrasts with the transient nature of ERK stimulation
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characteristic of cases in which ERK regulates progression of
the cell cycle (29).

It has been recently shown that on proliferative stimulus,
hERK1 translocates to mitochondria in HeLa cells where it
associates with transport proteins such as VDAC1, as well as
with proteins related to signaling, metabolism in histones
H2A and H4 providing a new perspective for assessing ERK
function in the regulation of cell signaling and trafficking (80).
Several studies have indicated that ERK can modulate mito-
chondrial functions, predominantly those associated with cell
death. For instance, ERK signaling appears to promote mito-
chondrial ATP synthase function in glucose-deprived astro-
cytes (242), to maintain mitochondrial membrane potential
and prevent cyt ¢ release (132), and to inactivate BAD (113).
Mitochondrial fractions of normal rat brain homogenates
show 10-fold lower levels of ERK1/2 than those observed in
crude homogenates (5). However, the presence of a mito-
chondrial pool of ERK1/2 in normal as well as stressed tissues
supports a potential physiological role for ERK in mitochon-
drial regulation. Our group has previously demonstrated the
presence of ERK1/2, p38, and JNK1/2 within the mitochon-
drion (79). ERK1/2 translocation to brain mitochondria trig-
gers a developmental pattern that is maximal between E19-P2
stages and afterward declines at P3, just before maximal
translocation to nucleus, and up to adulthood. These results
suggest that developmental mitochondrial activation of
ERK1/2 cascade contributes to its nuclear translocation ef-
fects, and further enlightening mitochondrial energetic and
redox status to the proliferating/differentiating nuclear
pathways. Interestingly, both ultrastructural and biochemical
subfractionation studies showed ERK localized within the
mitochondrion in association with the outer membrane/IMS
fraction (5). Consequently, it is clear that ERK is positioned in
an ideal location for modulating mitochondrial death medi-
ators and respiratory or metabolic processes.

The effects of NO and H,O, outcome in the modulation of
MAPKSs and cyclin D1 are noteworthy. ERK stimulates cell
proliferation and induction of active cyclin D1 by numerous
mechanisms including the enhancement of AP-1 activity. It
has been stated that NO induces a gradual elevation of in-
tracellular [Ca® "] that leads to activation of ERK and enhances
cell division. The functional blockade of Ca®* and the inhi-
bition of calmodulin prevent ERK activation and antagonize
the mitogenic effect of NO (152).

Many studies point out a role for p38 MAPK signaling in
regulating cell death events, including translocation of BAX
from cytosolic to mitochondrial compartments (173), caspase-
independent potassium efflux (17), and transcriptional regu-
lation of TR3, a steroid receptor-like protein that translocates
from the nucleus to the mitochondria to initiate the intrinsic
pathway of apoptosis (97). p38 MAPK translationally down-
regulates cyclin D1. This effect is due to phosphorylation
of cyclin D1 at Thr*®®, which leads to the ubiquitination of
the protein. Similarly, NO activates p38 and suppresses
proliferation through the activation of JAK2- signal trans-
ducer and activator of transcription protein 5 and cyclin D1/
cdk4 (103); also, mitochondrial NO activates p38 and pro-
motes cell cycle arrest in normal development and hypothy-
roidism (33, 72, 69).

JNKs play a critical role in death receptor-initiated
extrinsec as well as mitochondrial intrinsic apoptotic path-
ways. ]NKs activate apoptotic signaling by the upregulation
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of pro-apoptotic genes through the transactivation of specific
transcription factors or by directly modulating the activities of
mitochondrial pro- and anti-apoptotic proteins through dis-
tinct phosphorylation events. This is achieved not only through
the activation of intermediates such as BAX (241), but also by
many subcellular fractionation studies showing localization of
activated JNK to the mitochondria. In addition, recent detec-
tion of mitochondrially targeted scaffold proteins provides
compelling evidence for the biological relevance of mitochon-
drial JNK. For example, Sab (SH3BP5), which is a JNK-binding
protein, that co- localizes with mitochondria (236) may serve a
function analogous to that of certain A-kinase-anchor-proteins
(AKAPs) in the localization of kinase activity to the mito-
chondria. The effects of JNK on the mitochondria often entail
stimulation of apoptosis. Treatment of isolated rat brain mito-
chondria with active JNK causes the inhibition of anti-
apoptotic BCL-2 and Bcl-x;, thus promoting the release of cyt c
and a decrease in mitochondrial membrane potential (203).

Kamata et al. (116) showed that TNFa-induced ROS cause
oxidation and inhibition of JNK-inactivating phosphatases by
converting their catalytic cysteine to sulfenic acid. This results
in sustained JNK activation, which is required for cyt c release
and caspase 3 cleavage, as well as necrotic cell death.

B. Akt/protein kinase B

The serine/threonine kinase Akt plays a major role in cell
proliferation, survival, adhesion, migration, metabolism, and
tumorigenesis. The critical effects of Akt activation are deter-
mined by the phosphorylation of its downstream effectors lo-
cated in the cytoplasm, nucleus, and, recently described,
mitochondria (16, 9). Mammals have three closely related PKB
genes, encoding the isoforms Aktl/PKBx, Akt2/PKBf, and
Akt3/PKBy. Although the Akt isoforms are ubiquitously ex-
pressed, evidence suggests that the relative isoform expression
levels differ between tissues. Aktl is the mainly expressed iso-
form in most tissues, whereas Akt2 is highly enriched in insulin
target tissues (36). Aktl deficient mice show normal glucose
tolerance and insulin-stimulated glucose clearance from blood
but display severe growth retardation (46). It has also been
demonstrated that cells derived from Aktl deficient mouse
embryos are also more susceptible to pro-apoptotic stimuli (43).

Akt kinases are typically activated by engagement of re-
ceptor tyrosine kinases by peptide growth factors and cyto-
kines, as well as oxidative stress and heat shock. Akt activation
relies on PtdIns-3,4,5-P5, and, to a lesser extent, on PtdIns-3,4-
P,, which are products of PI3K (74). The interaction of PtdIns-
3,4,5-P5 with the Pleckstrin homology domain of Aktl favors
the binding with their upstream activators, and it undergoes
phosphorylation at two residues, one in the activation loop
(Thr*®) and the other in the C-terminal tail (Ser*”). Phos-
phorylation at Ser*”® appears to precede and facilitate phos-
phorylation at Thr**® (199, 10). Akt1 is phosphorylated at Ser*”
by mTORC2 (107), whereas PDK1 accounts for the phosphor-
ylation at Thr’® (36). Once activated, Aktl not only phos-
phorylates an ever-increasing list of substrates in the cytosol
but also translocates to the nucleus and mitochondria (16, 10).

Akt traffic to mitochondria seems to be important for the
second phophorylation at Thr308. The oxidation of Cys310
that is adjacent to Thr**® to sulfinic acid favors interactions
between constitutive mitochondrial PDK1 and pAktSer*”®
and likewise, a transient phosphoryl-thiol compound (10).
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Inhibition of apoptosis by Aktl can be mediated by multiple
mechanisms, some of them tissue specific. Akt inactivates the
proapoptotic factor BAD (at Ser!®), procaspase-9, and the
transcription factor family Forkhead that induces the expres-
sion of FASL, BIM, and PUMA (Fig. 9). Forkhead phosphory-
lation leads to its cytoplasmatic localization and binding to
14-3-3 proteins, thus rendering it unable to mediate nuclear
transcription. Further, Akt activates the transcription factor,
cAMP response element-binding protein as well as IKK, a
positive regulator of NF-«xB, both of which are regulators of
gene expression with anti-apoptotic activity (185). Regulation
of NF-«B activity occurs mainly by modulation of its associated
inhibitory molecule IxB. When IxB is phosphorylated by the
kinase complex IKKo and -f, it undergoes ubiquitination and
degradation, thus releasing the active transcription factor.
IKKo can be activated by multiple kinases, such as Akt. As a
result, NF-xB positively regulates the expression of Bcl-2, Bcl-
x1, and other antiapoptotic proteins as though IAP.

Once inserted in the mitochondrial membrane, pro-
apoptotic factor BAX is a key regulator of mitochondrial
permeability that mediates apoptosis. BAX is phosphorylated
by Akt in its inhibitory site (Ser'®*) close to the C-terminus
domain that contributes to cell death suppression mediated
by BAX in neutrophils (81). BAX forms a dimer with Bcl-2 and
prevents death repressor activity, thus determining cell sen-
sitivity to apoptosis in response to specific stimuli. On the
other hand, Akt activation induces Bcl-2 expression in BAF/3
cells (3). Later studies have demonstrated that neuronal ap-
optosis induced by NO is accompanied by a Bcl-2 decrease
and a BAX synthesis increase. In addition, Akt1 activation can
cause a protective effect in hippocampal primary neurons
through association with the scaffold protein JIP1 (JNK in-
teracting protein 1) that acts, thus avoiding recruiting and
assembly of JNK and delaying apoptosis start in response to
toxic agents (121).

Akt inhibits apoptosis not only in culture cells but also in
in vivo models. Homozygous PTEN mutant mice develop an
abnormal patterning and over-growth of the cephalic and
caudal regions. Analysis of PTEN mutant embryos reveals re-
gions of increased proliferation. In addition, immortalized
mouse embryonic fibroblast cell lines from PTEN homozygous
mutant embryos show decreased sensitivity to various apo-
ptotic stimuli, including UV irradiation, heat shock, osmotic
stress, and tumor necrosis factor o stimulation (211). Apoptotic
prevention is also observed in freshly isolated MyrAkt thy-
mocytes, which express high levels of cyclins D2 and E (141).

Cell cycle control by Akt resides in the subcellular locali-
zation regulation of FOXO members, cdk inhibitors (p21CIPl
and p27°'"™), and B-catenin as well as the p53 intracellular
concentration (via Mdm?2 stabilization) (Fig. 8). Glycogen
synthase kinase 3 (GSK3) inhibition by Akt prevents the
phosphorylation of f-catenin, which impedes its degradation;
hence, it is translocated to the nucleus. Once in the nucleus,
p-catenin interacts with different transcription factors, such as
human T-cell factor-1 (TCF)/mouse lymphoid enhancer fac-
tor (LEF-1) family, to induce the expression of several genes,
such as Cyclin D1, which induces cell cycle progression via
regulation of RB hyperphosphorylation and inactivation. In a
similar way, decreased Cyclin D1 phosphorylation by GSK3
promotes the stabilization of this protein (62). Akt phos-
phorylates p21 and inhibits its antiproliferative effects by re-
taining it within the cytoplasm (246). A similar mechanism
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FIG. 9. Akt phosphorylates
and inactivates the FOXO
family of transcription fac-
tors. In lower metazoans,
FOXO proteins promote the
expression of pro-apoptotic
genes, such as BIM and FAS.
In mammalian cells, FOXO
also 1]grornotes eleression of
P27 and p21<™*! to inhibit
cell cycle entry. The CDK in-
hibitor p275™" and p21<™*
proteins can also be phos-
phorylated by Akt, leading to
their accumulation in the cy-
toplasm. Akt increases the
translation of cyclin D mRNA
through phosphorylation of
GSK3, and Akt phosphoryla-
tion of Mytl drives the cell
cycle to M phase. A promi-
nent function of Akt on cell
survival is mediated by its
direct phosphorylation and
negative regulation on cas-

pases 3 and 9 as well as BAD.
Phosphorylation of MDM?2

by Akt leads to its nuclear translocation and, thus, promoting p53 degradation and finally leading to a reduction in tran-
scription of p21<™™ mRNA. CDK, cyclin-dependent kinase; FOXO, forkhead O-box; GSK3, glycogen synthase kinase-3; BIM,
Bcl-2-like protein 11; MDM2, mouse double minute 2; Mytl, myelin transcription factor; UB, ubiquitin; FAS, TNF receptor

superfamily member 6.

has been described for p27 (135). After stimulation with
growth factors, Mdm?2 is phosphorylated by Akt and enters
the nucleus, wherein it induces a decrease in both p53 levels
and its transactivation. In the absence of the tumor suppressor
p19/p14°KF, the complex Mdm2-p53 leaves the nucleus and
enters the cytoplasm, where p53 becomes degraded through
an ubiquitin/proteasome-mediated process (205).

G1/S transition by Akt takes place through the blockage of
cell cycle inhibitors p21<"™" and p27*'"" as a result of phos-
phorylation, which mediates their cytoplasmic localization
and binding to 14-3-3 proteins (55). Moreover, p21CIP and
p275"" levels decrease through phosphorylation of FOXO
members, which once in the cytoplasm become unable to
promote the synthesis of the inhibitors (150) (Fig. 8). Further,
although genetic ablation of one Cdkn1b allele accelerated the
development of neoplastic lesions in thyroid glands from
PTEN ™/~ mice, it also abolished the gender differences in
survival and reduced the difference in neoplastic lesion de-
velopment rate, underlining a key role of p27 in mediating
estrogen action in the thyroid follicular cells (11).

Translation inhibition is achieved when 4E-BP1 protein
binds to initiation factor eIF-4E. Akt phosphorylates 4E-BP1,
thus preventing the binding to initiation factor removing the
inhibitory effect on protein synthesis (85). Protein synthesis
stimulation by Akt can favor the expression of a vast gene
number related to growth such as c-Myc, c-Fos and cyclins G1,
D1, and D3.

C. Protein kinase C

The protein kinase C (PKC) family of Ser/Thr kinases
comprises 10 members in the AGC kinase branch of the

kinome (163). PKCs have traditionally been recognized as
lipid-sensitive enzymes that are activated by growth factor
receptors that stimulate phospholipase C, which, in turn,
produces diacylglycerol (DAG) to activate PKC. Recent
studies have shown that PKCs can also be controlled through
phosphorylations on both serine/threonine and tyrosine res-
idues that influence the stability, protease/phosphatase re-
sistance, protein-protein interactions, subcellular localization,
and substrate specificity of the enzyme. What is more, they
can be activated by less conventional lipid cofactors (such as
ceramide or arachidonic acid) or through lipid-independent
mechanisms (such as oxidative modifications or tyrosine ni-
tration) that allow for PKC signaling at all other sites within
the cell (212).

Immunoelectron microscopy studies have shown that «
and f isoforms of PKC are localized in the mitochondrial inner
membrane of carp retinal Miiller cells (67). In agreement,
considerable emerging evidence indicates that PKC isoforms
play a direct role in regulating mitochondrial function.
PKCo activation induces and enhances the apoptotic events
that occur during ischemia—reperfusion and malignant
progression of cancer cells, whereas activation of PKCe in-
hibits and reduces these events (50). Renal proximal tubular
cells react to oxidative stress by trafficking activated PKCe to
the mitochondria, which inhibits the electron transport chain,
ATP production, and Na+ transport, probably in part
through direct phosphorylation of Na*-K*-ATPase (166).
Overexpression of-wild type PKCe in MCF-7 cells inhibits
activation of caspases-8 and -9 and decreases tumor necrosis
factor-induced mitochondprial depolarization, which normally
leads to the release of mitochondrial cyt ¢ and cell death
triggered by TNF-related apoptosis-inducing ligand (14).
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Further studies emphasized that the Bcl-2 level increases,
whereas that of the apoptotic protein BID decreases by PKCe
at both the protein and mRNA levels. Additionally, PKCe
depletion or overexpression of a dominant negative PKCe is
associated with a decrease in Bcl-2 protein levels. These
findings present clear evidence that PKCe mediates its anti-
apoptotic effect via the mitochondria by regulating both the
activities of proapoptotic and antiapoptotic proteins as well as
the translocation of these proteins to the organelle (139).

A connection between PKC and MAPK pathway has been
demonstrated in mammary epithelial cells. PKC zeta over-
expression markedly altered the adhesive, spreading, and
migratory abilities of immortalized mammary epithelial cells
(222). Taken together, these results suggest that in these cells
PKC zeta modulates several of the critical events involved in
tumor development and dissemination through the activation
of ERK pathway.

D. Protein kinase A

Protein kinase A (PKA) is considered the most important
effector of cCAMP action (174, 210). Eukaryotic cells express
multiple forms of PKA regulatory and catalytic subunits,
which assemble as different holoenzyme isoforms. Although
many other AGC kinases possess canonical protein—protein or
protein-lipid interaction modules regulating their targeting,
these are absent in PKA, with the exception of the dimerization
and docking (D/D) domain. This explains and underlines the
need for AKAPs to control the localization of PKA (210). By
these means, PKA is concentrated in particulate membranes
and cellular organelles through interactions with AKAPs.
Different AKAPs bind specific cellular components, thereby
placing PKA to particular cellular localizations and enhancing
the efficiency of signal-transducing pathways by concentrat-
ing PKA near sites of cAMP generation or at PKA targets (66).
Phosphorylation of nuclear and cytoplasmic substrates medi-
ated by PKA is critical for multiple cell functions, including
metabolism, differentiation, synaptic transmission, ion chan-
nel activity, growth, and development (66, 58).

Similar to other kinases, it has been demonstrated that PKA
plays a critical role in mammalian mitochondprial physiology,
thus suggesting that activated PKA can efficiently phos-
phorylate mitochondrial substrates and, therefore, alter their
function. Several mitochondrial proteins are substrates of
PKA, including the nuclear-encoded 18-kDa subunit of com-
plex I (NDUFS4), BAD and steroidogenic acute regulatory
(StAR) protein. Phosphorylation of NDUFS4 by PKA en-
hances the activity of mitochondrial respiratory complexes
(57). This would increase ATP synthesis in response to con-
ditions that induce cAMP signal transduction.

Activation of PKA by extracellular ligands or cAMP ana-
logs leads to the inhibition of apoptosis since PKA phos-
phorylates and inactivates BAD. cAMP signaling to
mitochondria depends essentially on the localization of PKA
to the OMM. Delocalization of PKA from mitochondria in-
duced by dominant negative AKAP121 mutants reduces
phosphorylation of BAD and causes apoptosis (92). On the
contrary, overexpression of AKAP121 increases BAD phos-
phorylation and protects cells against proapoptotic stimuli (2).

Transport of cholesterol from cytosol to mitochondria is
a highly regulated process that is stimulated by PKA-
dependent phosphorylation and activation of StAR. Mi-
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tochondrial PKA along with constitutive MEK1/2 drives
ERK1/2 phosphorylation in this organelle. As a conse-
quence, active ERK1/2 interacts with StAR protein, leading
to the phosphorylation at Ser** in the presence of choles-
terol, thus regulating its transportation (181).

AKAP121, which tethers PKAII to the OMM, includes a K
homology (KH) RNA-binding motif. This domain binds the 3’
untranslated regions (3’'UTRs) of transcripts encoding the Fo-f
subunit of mitochondrial ATP synthase and MnSOD. Binding
requires a structural motif in the 3'UTR that is stimulated by
PKA phosphorylation (86). AKAP121 expressed in HeLa cells
promotes the translocation of MnSOD mRNA from cytosol to
mitochondria and an increase in mitochondrial MnSOD con-
tent. Therefore, AKAP121 can facilitate import of mitochon-
drial proteins in response to cAMP stimulation (86).

It has also been demonstrated that Rab32, a member of the
Ras superfamily of small-molecular-weight G-proteins, in-
teracts directly with type II regulatory subunit of PKA func-
tioning as an AKAP (6). Rab32 and a proportion of the cellular
PKA pool are associated with mitochondria. Transient trans-
fection of a GTP binding-deficient mutant of Rab32 promotes
aberrant accumulation of elongated mitochondria at the mi-
crotubule-organizing center. This implicates Rab32 as a key
factor in synchronization of mitochondrial fission. Thus,
Rab32 is a dual function protein that participates in both mi-
tochondrial anchoring of PKA and mitochondrial dynamics
(6).

Brennan et al. showed that the R1 regulatory subunits of
PKA form interprotein disulphide dimers during cardiac ox-
idative stress (21). In cardiac tissues, this redox change in-
duces a subcellular translocation and kinase activation, thus
resulting in phosphorylation of multiple PKA substrates,
which increases the amplitude of myocyte contraction.

VI. Mitochondrial Biogenesis
A. Transcriptional control of mitochondrial biogenesis

Normal mitochondrial number, structure, and function are
supported by mitochondrial biogenesis, a cellular program
that adjusts energy production by synthesis of new organelles
and organelle components, and mediates inter-organelle in-
teractions. Mitochondria cannot be generated de novo; instead,
they proliferate by growth and division of pre-existing or-
ganelles (232). Mitochondria divide during mitosis, providing
daughter cells with a normal complement of mitochondria.
There are, however, instances in which mitochondrial divi-
sions are not tied to cell cycle. For example, muscle mito-
chondria will proliferate during myogenesis, but also after
exercise (164). Mitochondrial biogenesis can also be stimu-
lated by other pathways such as ROS (189), NO (165), calcium
fluxes (61), and hypoxia (149).

Since the mitochondrial genome encodes only a fraction of
the mitochondrial proteins, mitochondrial biogenesis requires
communication between mitochondria and the nucleus (119).
Further, the large network of enzymes involved in generating
bioenergy by the tricarboxylic acid cycle and fatty acid oxi-
dation pathway are encoded by nuclear genes. In this way,
mitochondrial biogenesis involves the import of nucleus-
encoded proteins from the cytosol, the incorporation of mi-
tochondrion synthesized and imported membrane lipids, the
amplification of the mitochondrial genome, and the transla-
tion of mitochondrion-encoded proteins.
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The most prevalent transcription factors activating pro-
moters of mitochondrial genes are the nuclear respiratory
factor 1 and 2 (NRF-1 and NRF-2), and the estrogen-related
receptor o (ERRo) that work in concert with transcriptional
activators of the peroxisome proliferator-activated receptor-y-
coactivator-1 (PGC-1) family: PGC-1¢, PGC-1f, and PRC
(PGC-1-related coactivator) (201). This family of coactivators
has been identified as a crucial factor linking external stimuli
to mitochondrial biogenesis (132) (Fig. 10). The differential
expression of PGC-1 family coactivators is controlled by an
array of environmental signals including temperature, energy
deprivation, and availability of nutrients and growth factors
(202). The PGC-1 family of coactivators regulates several
metabolic pathways such as cellular respiration, thermogen-
esis, and hepatic glucose metabolism, thus demonstrating the
ability of PGC-1« to alter the metabolic state of the cell in
response to changes in the cellular or extracellular environ-
ment (61, 189).

PGC-1o was originally cloned as a cold-inducible coacti-
vator of peroxisome proliferator-activated receptor-y (PPAR-
y) inbrown adipose tissue (187), but it has emerged as a potent
coactivator of a plethora of transcription factors impacting on
whole-body energy expenditure (54). In order to exert such a
wide array of functions, PGC-1« directly coactivates multiple
transcription factors, including nuclear receptors—such as the
PPARs, or the thyroid hormone receptor, glucocorticoid re-
ceptors, estrogen receptors, and ERRs among others—and
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FIG. 10. Regulation of mitochondrial biogenesis ma-
chinery by calcium and kinases. Extracellular stimuli in-
crease intracellular calcium levels resulting in kinases
activation by transcriptional pathways. Some kinases acti-
vate PGC-1a coactivator by transcriptional activation of its
gene or by direct phosphorylation, thus resulting in the ac-
tivation of nuclear respiratory factors NRF-1 and NRF-2 that
mediate the transcription of several mitochondrial genes that
will promote mitochondrial biogenesis. CaMK, calcium/
calmodulin-dependent protein kinase; CREB, cAMP re-
sponse element-binding protein; ER, endoplasmic reticulum;
NRF, nuclear respiratory factor; PGC-1, peroxisome pro-
liferator-activated receptor-y-coactivator-1; TFAM, mito-
chondrial transcription factor A.
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nonnuclear receptor transcription factors such as myocyte
enhancer factor-2 and the family of FOXO transcription fac-
tors (30). PGC-1a is highly expressed in tissues with high
metabolic demands, such as heart, skeletal muscle, and kid-
ney. A variety of signaling mechanisms have been proposed
to regulate the expression of PGC-lo and mitochondrial
biogenesis, including NO-soluble guanylate cyclase (166),
p-adrenergic/cAMP, calcineurin A, calcium/calmodulin-
dependent protein kinase, and AMPK (189) (Fig. 10). The p38
MAPK is also thought to regulate PGC-1o through phos-
phorylation of Thr**?, Ser*®®, and Thr**® within the repressor
domain of PGC-1g, thus stabilizing the protein and increasing
its ability to function as a coactivator. Interestingly, there is a
strong overlap in the genes transcriptionally regulated by
AMPK and those by PGC-1¢, thus suggesting that PGC-1«
might be an important mediator of AMPK-induced gene ex-
pression. Supporting this hypothesis, AMPK activation leads
to increased PGC-1a expression, and AMPK requires PGC-1«
activity to modulate the expression of several key players in
mitochondrial and glucose metabolism (30). Ectopic expres-
sion of PGC-1« was later shown to stimulate the biogenesis of
mitochondria by increasing the expression of NRF-1 and 2
and enhancing the transcriptional activity of NRF-1 on the
promoter for TFAM (186).

NRF-1 is a 68kDa polypeptide with the presence of a
C-terminal transcriptional activation domain. Serine phos-
phorylation of the N-terminal domain enhances both its
DNA-binding and trans-activation functions (106). NRF-1 has
been linked to the transcriptional control of genes involved in
mitochondrial function and biogenesis. NRF-1 regulates the
expression of many genes required for mitochondrial respi-
ratory function, including the vast majority of nuclear genes
that encode subunits of the five respiratory complexes. NRF-1
also mediates mtDNA transcription and replication through
TFAM. NRF-1 occupancy of the TFAM promoter increases
under pro-oxidant conditions, and the control of TFAM ex-
pression by NRF-1 is blocked by inhibition of NRF-1 phos-
phorylation by Akt (202).

Characterization of COX genes led to the identification of a
second regulatory factor designated as NRF-2 (201). Notably,
most of the known COX subunit genes as well as individual
subunit genes from complexes I, II, and V contain NRF-2 sites.
NRE-2 is a regulator of both cytosolic and mitochondrial an-
tioxidant programs. NRF-2 binds to the antioxidant response
element to regulate the transcription of antioxidant enzymes
including heme oxygenase-1, NAD(P)H quinone oxidore-
ductase-1, glutathione-S-transferases, the glutathione syn-
thetic enzyme glutamate-cysteine ligase, GPx, glutathione
reductase, and the Trx and Prx families (51) (Fig. 11).

B. Mitochondrial biogenesis, NO, and ROS

Mitochondria are crucial to cellular health, so a high level of
mitochondrial biogenesis is considered indicative of intact
metabolic and bioenergetic functionality and cellular well-
being (124). Treatment of various cells with small-to-moderate
levels of NO increases their mtDNA content, and, conse-
quently, mitochondrial biogenesis (165). This effect is sensitive
to removal of NO by the NO scavenger, oxyhemoglobin, and is
dependent on the induction of PGC-1a by cyclic guanosine
3’,5"-monophosphate (cGMP)-dependent signal transduction
pathway(s).
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FIG. 11. NO, oxidative stress, antioxidant enzymes, and
mitochondrial biogenesis. Increased mitochondrial NO
mostly by increased mtNOS activity derives in increased
production of O~ /H,O, by mitochondrial respiratory
complex inhibition. NO is an activator of PGC-1o and sub-
sequently of mitochondrial biogenesis, and increased pro-
duction of ROS activates the nuclear transcription factor
NREF?2 that regulates antioxidant enzymes genes transcription
and mitochondrial biogenesis. SOD, superoxide dismutase;
Prx, peroxiredoxin, HO-1, heme oxigenase 1; Trx, thior-
edoxin; GPx, glutathione peroxidase.

Increased mitochondrial biogenesis is a part of the cellular
response to oxidative stress (Fig. 11). Mitochondrial biogen-
esis attenuates oxidative stress by increasing mitochondrial
capacity to metabolize reducing equivalents. Cells undergo-
ing mitochondrial biogenesis consume less oxygen, maintain
mitochondrial membrane potential, and produce fewer ROS,
which together decrease cellular damage and increase sur-
vival (189). Neurons transfected with PGC-1a are protected
against H,O,-induced oxidative stress (213).

PGC-1o stimulates mSirT3 gene expression, and SirT3
mediates the effects of PGC-1o on decreasing intracellular
ROS levels and increasing mitochondrial biogenesis, in re-
sponse to rising ROS in muscle cells (127). Since mitochondria
are a major source for ROS, mtDNA is particularly vulnerable
to ROS-induced mutations, and lesions and ROS-related
damage have been implicated in cancer, aging, diabetes, and
neurodegenerative diseases. The interaction between mito-
chondrial biogenesis and cell cycle arrest could be the strategy
used for sensing and restoring integrity to damaged mtDNA
and for protecting cells from mitochondrial metabolic disor-
ders.

VII. Mitochondrial Dynamics

In recent years, it has been realized that mitochondria are
not small round organelles, as seen after isolation from
various tissues, but constitute in young and healthy cells a
network of elongated filamentous structures. They are in
constant movement and change shape and size through dy-
namic processes of fission and fusion, conducted by a number
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of dynamin-like GTPases (88). Fusion and fission events fa-
cilitate inner and outer membrane fusion and the exchange of
organelle contents such as solutes, proteins, and mitochon-
drial DNA (136). The processes of fusion and fission are nec-
essary for many cell functions including mitosis, fuel sensing,
ATP production, autophagy, and apoptosis (106) (Fig. 12).

Mitochondrial functions are coordinated to their dynamic
behavior. Mitochondrial morphology is tightly regulated by
balanced fusion and fission events. A shift of this balance
causes excessive fragmentation or elongation of mitochon-
dria. These processes require several factors, many of them
conserved during evolution. Disturbances in mitochondrial
dynamics in humans cause severe neurodegenerative dis-
eases, indicating that neurons appear to be strongly suscep-
tible to mitochondrial dysfunction (157). The most prominent
examples of these disorders are dominant optic atrophy
(DOA) (218), peripheral axonal neuropathies (known as
Charcot- Marie Tooth disease, [Ziichner (250)]), and also
hearing loss (deafness-dystonia-optic neuropathy) (156),
thus demonstrating the importance of these morphology-
modulating mechanisms for normal cell physiology.

Mitochondrial mobility is thought to be especially impor-
tant in neuronal cells to deliver mitochondria to the site of
synapses where they not only provide ATP for sustained
synaptic transmission but also probably help buffer calcium
changes.

Recent reports demonstrated that cells lacking mitochon-
drial fusion are respiration defective, and that mitochondrial
dynamics participates in regulating mitochondrial electron
transport activity, thus indicating the presence of an intricate
form-function relationship (104).

A. Mitochondrial fusion

Mitochondrial fusion is a mechanistically complex event
that involves the fusion of two lipid membranes (the inner
mitochondrial membrane [IMM] and the OMM). This process
is dependent on both mitochondrial membrane potential and
GTP. It is a two-step process, where the outer and the IMM
fuse in separable steps. The pro-fusion protein located in the
IMM (optic atrophy gene 1 [OPA1]) and the pro-fusion pro-
teins located in the OMM (mitofusins [Mfns]) are detected in
the same complex, thereby suggesting that the two steps are
co-regulated or coordinated. The disruption of one of them is
sufficient to stop the whole mitochondrial fusion process
(247).

It was previously demonstrated by cell-free fusion assays
that Mfn 1 and Mfn2 mediate OMM fusion, whereas OPA1
mediates IMM fusion (151). Fusion events can be transient
(outer membrane only) or complete (inner and outer mem-
brane), probably having alternate stimuli and purpose;
however both play an important role in mitochondrial func-
tion (106).

OPA1 was discovered as the gene whose mutations were
responsible for the autosomal dominant optic atrophy
(ADOA) (111). OPAL1 is encoded by a single gene with eight
transcript variants resulting from alternative splicing. These
variants are differentially proteolyzed into long and short
forms yielding different OPA1 isoforms in the mitochondria
that exert various activities in promoting fusion and shaping
mitochondrial cristae. Indeed, the control of mitochondrial
cristae morphology seems to be a specific feature of OPA1
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activity, because Mfnl and Mfn2 disruption does not induce
aberrant cristae structures (214). Proteolytic processing of
OPAL is regulated by four different proteases, and is consid-
ered a potential regulatory mechanism for the inactivation of
fusion, thereby resulting in fragmentation and even apoptosis
(157).

Mins 1 and 2 integrate into the OMM with two transmem-
brane regions separated by 2-3 aminoacids facing the IMS or-
ienting the GTPase N-terminal domain and the C-terminal
coiled-coil regions toward the cytosol. The C-terminal coiled-
coil region of Mfn1 and Mfn2 mediates tethering between mi-
tochondria through homo- or heterotype complexes formed
between adjacent mitochondria. Mfn2 presents a lower GTPase
activity and a higher affinity for GTP, compared with Mfnl
(247). Mfn 1 and 2 knock-out mice die in gestation due a pla-
cental defect.

Mutations in Mfn2 gene cause the autosomal dominant
neurodegenerative disease Charcot-Marie Tooth type 2A
(250). A reduced expression of Mfn2 has been found in obese
and diabetic subjects (248).

Loss of Mfn2 causes a specific alteration in the expression of
subunits that participate in respiratory complexes which leads
to reduced activity. Overexpression of Mfn2 in cultured cells
causes the formation of a perinuclear tightly cluster mito-
chondrial mass, a marked enhancement of mitochondrial
membrane potential, and increased glucose oxidation. Mfn2-
induced mitochondrial cluster is an aggregation of small frag-
mented mitochondria (104). Small mitochondria in the cluster
are functionally impaired and release cyt c to the cytosol, thus
leading to apoptotic cell death. The identical phenotype in-
duced by overexpression of wild-type and the GTPase-defec-
tive mutant of Mfn2 indicates that formation of mitochondrial
clusters is not the result of mitochondrial fusion.

Proteins that participate in mitochondrial fusion or fission
also play a regulatory role in mitochondrial metabolism. In
this sense, Mfn2 ablation causes alterations in mitochondrial
metabolism characterized by reduced mitochondrial mem-
brane potential and cellular oxygen consumption, and de-
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FIG. 12. Mitochondrial dy-
namics and biological func-
tions. Mitochondrial biogene-
sis starts the mitochondrial
cycle by division of pre-exist-
ing organelles, and mitophagy
ends it by degradation of im-
paired mitochondria. In be-
tween, mitochondria undergo
several cycles of fission and
fusion that generate multiple
heterogeneous mitochondria
or interconnected mitochon-
drial networks depending on
the physiological conditions.
Fused mitochondrial networks
are important for the dissipa-
tion of metabolic energy and
for complementation of mtDNA
gene products to counteract
the decline of respiratory
functions in aging in hetero-
plasmic cells.

Multiple
heterogenous
mitochondria
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pressed substrate oxidation. Under these conditions, the
energetic needs of the cell are balanced by a higher rate of
glucose uptake and glycolysis and a lower rate of glycogen
synthesis. A cell with low Mfn 2 activity relies on the use of
anaerobic glycolysis to generate energy (249).

De Brito and Scorrano found that Mfn2 tethers the endo-
plasmic reticulum (ER) to mitochondria (56). Crosstalk be-
tween the ER and mitochondria is a good example of local
Ca?* signaling. The second messenger InsP3 can induce the
release of Ca”" from the ER, which opens high conductance
Ca®*-permeable ion channels, and Ca®* is taken up by mi-
tochondria through a Ca’*-selective uniporter channel in the
IMM (172). In fibroblasts lacking Mfn2, the distance between
ER and mitochondria increased and both organelles had al-
tered shapes. The ER was interconnected and manifest as a
reticular pattern in either wild-type or Mfn 1-deficient cells,
whereas the organelle was swollen and aggregated with re-
duced luminal continuity in cells lacking Mfn2. Mfn2 is,
therefore, needed to maintain an interconnected and tubular
ER (56) and to stabilize interactions between mitochondria,
and mitochondria-ER.

B. Mitochondrial fusion machinery and apoptosis

Mitochondrial fragmentation during apoptosis may result
from insufficient fusion. Silencing of Mfn1 and Mfn2 results in
mitochondrial fragmentation and increased sensitivity to ap-
optotic stimuli (215). Further, overexpression of Mfnl or
Mfn2, in addition to increasing mitochondrial connectivity,
results in delayed BAX activation, cyt c release, and apoptotic
death, thus suggesting a role for Mfns in cell death (214).

Mifns has also been shown to inhibit the ERK/MAPK sig-
naling pathway (40). An Mfn2 mutant lacking the C-terminal
coiled-coil domain, which is required for mitochondrial fu-
sion activity, still inhibits ERK 1/2 activation, thus indicating
that Mfn2 regulation of ERK 1/2 signaling is independent of
its role in mitochondrial fusion. Overexpression of Mfn2 in
heart muscle cells or vascular smooth muscle cells induces
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apoptosis through inhibition of RAS-PI3K-Akt signaling.
Thus, Mfn2 could act in a pro-apoptotic manner (204).

Loss of OPA1 induces spontaneous apoptosis of cells, thus
providing another important link between apoptosis and
mitochondrial morphogenesis (167). OPA1 haplo-insufficiency
is responsible for the most common form of ADOA, a neu-
ropathy resulting from degeneration of the retinal ganglion
cells and optic nerve atrophy. In-vitro studies showed that
down-regulation of OPA1 in HeLa cells using specific small
interfering RNA led to fragmentation of the mitochondrial
network concomitant with the dissipation of the mitochon-
drial membrane potential and a drastic disorganization of the
cristae. These events are followed by cyt c release and caspase-
dependent apoptotic nuclear events. Conversely, over-
expression of OPA1l prevents mitochondrial fission and
protects cells from apoptotic death occurring by the intrinsic
pathway, but not apoptosis induced by the extrinsic pathway
circumventing the mitochondria (75). OPA1 protects against
apoptosis by preventing cyt c release independently from
mitochondrial fusion. OPA1 does not interfere with activation
of the mitochondrial “gatekeepers” BAX and BAK, but it
controls the shape of mitochondrial cristae, thereby keeping
their junctions tight during apoptosis. Tightness of cristae
junctions correlates with oligomerization of two forms of
OPAl, a soluble, IMS and an integral inner membrane one
(75). The pro-apoptotic Bcl-2 family member BID, which
widens cristae junctions, also disrupts OPA1 oligomers (237).

C. Mitochondrial fission

The most relevant genes identified up-to-date that directly
mediate mitochondrial fission are dynamin related protein 1
(Drpl)/dynamin-like gene and fission 1 homolog protein
(hFisl). Drpl is a large GTPase that mediates mitochondrial
fission in mammalian cells (214). Most Drpl1 is found soluble
in the cytosol of cells where it shuttles onto and off mito-
chondria (230). Drpl assembles into spirals at division sites
around the OMM to drive the fission process. Mutations that
block Drp1 GTPase activity yield dominant negative mutants
that inhibit mitochondrial fission, thus resulting in excessively
tubular mitochondrial networks due to ongoing fusion.

Drpl appears to constrict mitochondria due to the assem-
bly of the spiral or to subsequent changes in helical diameter.
The recruitment of Drp1 to the mitochondria in mammals is
still unclear (230). The outer membrane protein hFis1 has been
proposed to fulfill this function but given the uniform distri-
bution of hFis1 on the mitochondrial surface and the fact that
its removal does not alter the recruitment of Drpl to mito-
chondria, it is likely that other factors contribute to the as-
sembly of Drpl and its function. In mammalian cells, actin
filaments and microtubules also appear to function in re-
cruitment of Drpl to mitochondria (59).

The association of Drp1 with mitochondria and its activity
are regulated by phosphorylation, S-nitrosylation, ubiquiti-
nation, and sumoylation (37). During mitosis, Drp1 is acti-
vated by cyclin-dependent kinases (CDKs)/cyclin B
phosphorylation of Ser®'® (human), resulting in mitochondrial
fragmentation. Conversely, Drpl GTPase activity is in-
activated by phosphorylation at Ser®” (human) mediated by
PKA resulting in mitochondrial fusion. Thus, Drpl can be
positively or negatively regulated by kinases. The phospha-
tase calcineurin regulates mitochondrial morphology by de-
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phosphorylating Drp1 at Ser®” in response to Ca®* signals
(232). During physiological (i.e., agonist evoked) Ca** sig-
naling, activation of PKA can prevail over calcineurin-
mediated dephosphorylation of Drpl (35). Moreover,
compartmentalization of both Ca®>* and cAMP signals could
play a role in the local regulation of mitochondrial shape.
Conversely, long-lasting Ca”>* plateaus in the cytosol are
linked to full activation of calcineurin and to generalized
fragmentation that could account for the apoptotic mito-
chondrial fission.

S-nitrosylation is a redox-related modification of thiols
(such as in cysteine residues) by NO, which transduces NO
activity and affects a variety of proteins involved in a number
of cellular processes (71). A recent study has suggested that
NO produced in response to f-amyloid protein, a key medi-
ator of Alzheimer disease, triggers mitochondrial fission and
subsequent synaptic loss and neuronal damage, in part via S-
nitrosylation of Drp1 at Cys®** (45). S-Nitrosylation of Drp1
induces formation of Drp1 dimers, which function as building
blocks for tetramers and higher order structures of Drp1, and
activates Drp1 GTPase activity (161).

Sumoylation by SUMOT1 protects Drpl from degradation
and positively regulates its activity in mitochondrial fission
(93). MARCHS5, a ubiquitin ligase in the outer membrane,
associates with and ubiquitylates Drp1, Fisl, and Mfns. Mi-
tochondrial protein MTP18 and ganglioside-induced differ-
entiation associated protein (GDAP1) also influence
mitochondrial fission (219). MTP18 is a downstream effector
of PI3K signaling, is localized in the IMS, and it has been
proposed to regulate mitochondrial fission through recruit-
ment of Drpl to the OMM. Its absence leads to cyt c release
from mitochondria.

GDAP1 is a mitochondrial outer membrane protein that is
mutated in Charcot- MarieTooth disease type 4A (176). Over-
expression of GDAP1 causes fragmentation of mitochondria
with no effect on cell death, whereas down-regulation of
GDAP1 or the expression of certain patient mutant forms,
which are truncated and no longer localized to mitochondria,
tends to elongate mitochondria.

D. Mitochondrial fission machinery and apoptosis

Mitochondrial fission is an early event during apoptosis,
occurring within the same time as activation of the pro-
apoptotic Bcl-2 family member BAX and permeabilization of
the OMM that leads to the release of multiple IMS proteins,
before caspase activity and membrane bubbling (230). The
process occurs very close in time to cyt c release, either just
before or simultaneously.

Excessive mitochondrial fission can occur in the absence of
apoptosis when mitochondria are exposed to uncoupling
agents that disrupt IMM electrochemical potential (214).
Carbonyl cyanide p-trifluoromethoxy phenyl-hydrazone-
induced mitochondrial fragmentation is reversible. Viral in-
fection also can induce mitochondrial fragmentation that is
not linked to apoptosis. However, apoptosis is invariably
associated with mitochondrial fragmentation. Moreover, the
excessive mitochondrial fission appears to be a requisite step
in intrinsic apoptosis pathways, at least for the normal rate of
cyt c release and caspase activation. On apoptotic stimulation,
Drpl is recruited to the OMM where it localizes with BAX and
Mfn2 at fission sites. During apoptosis, Drpl sumoylation
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increases, along with increased Drpl association with the
OMM and increased mitochondrial fission. Down-regulation
of Drp1 expression by RNAi or overexpression of a dominant-
negative mutant Drpl K38A delays but does not block BAX
recruitment and activation on the mitochondrial membranes
and inhibits cyt ¢ release from mitochondria (73). This implies
that both BAX and Drp1 function upstream cyt c release in the
apoptotic cascade of events with Drp1 potentially participat-
ing in efficient BAX activation. The overexpression of Drpl
K38E blocks remodeling of the mitochondrial cristae, an event
that allows for the translocation of cyt ¢ from the cristae stores
to the IMS, from where it is released.

The link between the fusion machinery and BAX was re-
cently highlighted by the discovery that BAX is required for
the regulation of Mfn?2 activity and lateral assembly into foci
along the mitochondrial tubules (117).

E. Mitochondrial dynamics, NO and ROS

Oxidative stress elicited by NO and/or O, = /H,0O, results
in mitochondrial fission. The dynamic process is thought to
function as a rescue mechanism for dysfunctional/damaged
mitochondria by fusing with healthy ones or alternatively,
when damage is excessive by isolating mitochondria for
subsequent engulfment into autophagosomes (mitophagy), in
order to rescue the cell (88). If this is not possible, then apo-
ptosis or necrosis signal take over and execute cell death.

Since mitochondria are a major source of ROS, mtDNA is
particularly vulnerable to ROS-induced mutations and le-
sions. Gradual and progressive accumulation of mtDNA
mutations leads to a loss of functional respiratory chain
complexes, resulting in a decline of bioenergetic capacity.
When two solitary mitochondria carrying mutations in two
different genes fuse, each one will contribute an intact allele
and synthesize a functional gene product, thus restoring re-
spiratory activity (232). On the other hand, mitophagy con-
stitutes a mechanism to remove dysfunctional mitochondria
from the cell and thereby preventing proliferation of mutated
mtDNA. Remarkably, inhibition of fission decreases mito-
phagy and results in a decline of respiratory capacity, whereas
arrest of autophagy leads to the accumulation of mitochon-
dria with low membrane potential and low OPAI, that are
less likely to be engaged in subsequent fusion events (232).

Barsoum ef al., showed that nitrosative stress triggers
persistent mitochondrial fragmentation prior to neuronal
cell death in isolated neurons in vitro and in an experimental
mouse model of ischemic stroke injury in vivo (13). NO-
induced fragmentation results in ultrastructural damage of
mitochondria, increased ROS, and reduced ATP. The decline
in ATP synthesis and subsequent mitochondrial fragmen-
tation is due to nitrosative stress-dependent respiratory
chain complexes (I and 1V) inhibition. Thus, persistent mi-
tochondrial fission is accompanied by bioenergetic com-
promise. Free radical scavengers such as reduced
glutathione prevent NO-mediated mitochondrial fragmen-
tation and cell death. In the past few years, multiple findings
have suggested that disruptions of mitochondrial function
and dynamics contribute to neurodegenerative diseases
(123). Overactivation of the NMDA-subtype of glutamate
receptor triggers excessive calcium influx, contributing to
neurodegenerative conditions. Such dysregulation of cal-
cium signaling results in generation of excessive free radi-
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cals, including reactive oxygen and nitrogen species.
Excessive calcium-induced NO production can contribute to
the accumulation of misfolded proteins, specifically by S-
nitrosylation of the ubiquitin E3 ligase, parkin, and the for-
mation of S-nitrosylated dynamin-related protein 1, which
causes abnormal mitochondrial fragmentation and resultant
synaptic damage (161).

Mitochondrial fission allows for mitochondrial renewal,
redistribution, and proliferation into synapses the competing
process; whereas mitochondrial fusion allows mitochondria
to interact and communicate with each other, facilitating mi-
tochondrial movement and distribution across long distances
and to the synapses. Probably, mitochondrial fusion serves as
a protective mechanism by preventing deficiencies of indi-
vidual injured and dysfunctional mitochondria from dam-
aging the entire neuron while maintaining an adequate
bioenergetic capacity. However, mitochondrial fission could
also be protective in facilitating autophagic clearance of
damaged and inactive mitochondria.

VIIl. Mitochondrial Biogenesis, Mitochondrial
Dynamics, and Cell Cycle

Cellular proliferation is an energy-consuming activity that
is controlled by checkpoints of the cell cycle (114). Cells that
make the decision to divide should be metabolically prepared
to support the energetic demand imposed by proliferation.
Essentially, the ““metabolic cycle”” during cellular prolifera-
tion alternates between a first oxidative phase that is charac-
terized by the biosynthesis of many cellular components (G1
phase) and is supported by the energy derived from mito-
chondrial activity followed by a reductive phase where the
replication of DNA and the biosynthesis of mitochondria (S/
G2/M phases) is supported by nonrespiratory modes of en-
ergy generation (143, 192).

Alternatively, the cells can become reversibly arrested at
the G1/S boundary (restriction point) of the cell cycle. The
G1/S arrest is triggered by a metabolic stress checkpoint of
the cycle that is controlled by the activation of AMPK, which
is a metabolic sensor of the energy charge in higher eu-
karyotic cells (31). The activation of AMPK promotes the
phosphorylation of p53 at Ser'® (114), a modification that
prevents its degradation and results in the cellular accu-
mulation of p53 and induces the expression of its target gene,
p21. P21 is an inhibitor of cyclin-dependent kinases, which
promotes a cell-cycle arrest at the level of G1 and G2 (138).
Owusu-Ansah et al. (170) showed that mutations in genes
encoding components of complex IV and complex I activate
the G1-S checkpoint using distinct mechanisms that result in
cyclin E down-regulation or inactivation of Cyclin E-CDK2
restricting entry into S phase. These mechanisms involved
the reduction of ATP and activation of AMPK by the rise of
AMP or the increase in ROS production and the activation of
JNK and FOXO.

Recent findings in mammalian cells showed that cyclin D1,
which is involved in the phosphorylation and inactivation of
the retinoblastoma protein, marking the entry of cells into the
S phase of the cycle, inhibits mitochondprial function (198) and
represses the activity of NRF-1 (227, 200).

The control of mitochondrial biogenesis during the cell
cycle in mammalian cells remains unknown and controver-
sial. Recently, Lee et al. showed in synchronized cultures of
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HeLa cells that mitochondrial mass and membrane potential
increased during the progression of G1 to mitosis and after
cell division, these parameters were reduced again (133). In
addition, mitochondrial DNA contents increased from G(1)/S
to G(2) phase concomitant with a consistent increase of NRF-1
level, although the levels of TFAM and PRC were not chan-
ged. The strongest in vivo link between NRF-1 and the control
of mitochondrial function comes from the results of targeted
disruption of the NRF-1 gene in mice (105). Homozygosity of
the null allele results in lethality between embryonic days 3.5
and 6.5 (E3.5 and E6.5). The null blastocysts fail to grow in
culture despite having a normal morphology. Homozygous
null blastocysts are defective in maintaining a mitochondrial
membrane potential and have severely reduced mtDNA
levels (119).

PGC-1o and PGC-1f stimulate Mfn2 expression through a
transcriptional mechanism involving the activation of the
Mfn2 promoter, which requires the integrity of an ERRu-
binding element. PGC-1f also alters mitochondrial mor-
phology. Under conditions of enhanced energy expenditure,
PGC-1a is induced and stimulates mitochondrial biogenesis,
Mifn2 expression, and mitochondrial function.

Morphological changes of mitochondria during the cell
cycle were also reported (133). Individual mitochondria act in
a concerted manner at different stages of the cell cycle (106)
(Fig. 13). In mitosis, fragmented mitochondria localize to op-
posite telomeres of daughter mitochondria in M phase, thus
indicating concerted movement and dispersion between
daughter cells. In GO, both filamentous and fragmented mi-
tochondria occur. In G1-S, most surprisingly, mitochondria
form a giant tubular network with tubular elements under-
going fission and fusion. The giant voluminous mitochondrial
network at G1-S could serve several cellular functions such as
efficient homogeneization and complementation of mito-
chondrial DNA in the continuous matrix, enhanced mito-
chondrial ATP to compensate for reduced glycolytic ATP
during G1-S, and cell protection against apoptosis at this
crucial cell cycle stage (155). Inducing mitochondrial hy-
perfusion by acute inhibition of Drp1 leads to buildup of cy-
clin E and initiation of replication in serum starved cells at GO.
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Regulation of cyclin E levels by hyperfused mitochondria at
G1-S could explain why knockouts of Mfns phenocopy the
effects of cyclin E knockouts. Several lines of evidence support
the view that Mfn2 exerts a regulatory role on the cell cycle.
Mfn2 overexpression in vascular smooth muscle cells
(VSMCs) causes growth arrest characterized by an increased
number of cells in GO/G1 stage and a reduction of cells in S or
G2/M phases. Whether the effects of Mfn2 are universal in
different cell types and species is unknown. (136).

The rapid changes in mitochondrial morphology and
dynamics that accompany mitosis might be of relevance for
the appropriate segregation of the organelles and mtDNA
into daughter cells during proliferation (143). Fission of
mitochondria is an early event of mitosis that might be
triggered in response to the signaling cascades that ac-
company progression through the cell cycle. Fission of the
organelle is likely to be triggered by proteasomal degra-
dation of Mfns. Functionally, fission of mitochondria as-
sures a stochastic distribution of the organelles within the
two daughter cells by a process that might be actively
controlled and mediated by microtubules. However, it has
been reported that after mitochondrial fission 25%-40% of
the organelles lack mtDNA (134). This situation could
contribute to the asymmetric segregation of mtDNA into
daughter cells explaining certain mtDNA depletion syn-
dromes. However, the fusion of mitochondria in late telo-
phase, just before cytokinesis, a process that is controlled
by Mfns and the development of AV, is likely to ameliorate
the possible unequal distribution of mtDNA during cellular
proliferation. Mitochondrial biogenesis increases mito-
chondrial mass, whereas mitochondrial fission increases the
actual number of mitochondria. Berman et al. (15) showed
that Bcl-x;, increases mitochondrial fission, fusion, and
biomass in neurons. The authors found that the rate of
fission was markedly higher than the rate of fusion in
healthy neuronal processes, and that this imbalance was
compensated by growth of mitochondrial organelles me-
diated by Becl-x.. Thus, fission and fusion are integrated
with the control of mitochondrial mass (biogenesis and
degradation) to determine mitochondrial morphology.
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IX. Concluding Remarks

Endosymbiosis leads ancient bacteria to be transformed
into modern mitochondria. During evolution, the organelles
lost many bacterial functions, but they gained two important
new functions. First, to release ATP to the cytosol via the ATP/
ADP translocase that is not present in bacteria. Second, to
modulate cell fate by the adjustment of cell cycle for devel-
opment and growth, or alternatively for aging, involution, or
senescence. These actions depend on the regulation of electron
transfer rate and on the production of ROS that are controlled
in vivo by NO and by the combined transcriptional activity on
nuclear and mtDNAs. Although bacterial NOS are present in
mitochondria from proteobacteria, they require a comple-
mentary oxidative domain to provide electrons for NO syn-
thesis. Modern mitochondria utilize NO from canonical
cytosolic NOS or from NOS translocated into mitochondria to
reversibly inhibit COX or to release H,O,. We and others have
previously shown that the level of H,O, determines cell fate
by acting on transcription factors, signaling pathways, and
cell cycle regulators. It is highlighted here that kinases par-
ticipating in cell cycle and cell protection, such as Akt and
ERK1/2 and PKA /PKC, are trafficked to mitochondria where
they are activated by redox modifications through specific
cysteine oxidations.

The involvement of cell-cycle regulators and oncogenic
proteins in cancer development extend beyond the control of
cell proliferation, to new functions that may be implicated in
metabolic alterations related to the pathogenesis of human
cancers. This is consistent with the observation that changes
in metabolism are part of a coordinated response of the cell to
distinct physiological and pathological conditions. In mam-
malian cells, the metabolic response entails a permanent co-
ordination of cell activity, including cell proliferation with
nutrient availability, hormonal and stress signaling, and with
regulation of energy homeostasis (101). This links external
signaling events with the activation or inhibition of particular
metabolic pathways, such as oxidative or glycolytic metabo-
lism, and biosynthetic routes. The clinical relevance of the
mitochondrial regulation of the cell cycle is already given by
the changes in proliferation and apoptosis, and in interme-
diary metabolism and synthesis of macromolecules as re-
ported in cancer with low mitochondrial production of H,O,
and activation of ERK1/2 and Akt, or in neurodegenerative
disorders, hypothyroidism, and diabetes with high mito-
chondrial H,O,, and activation of JNK and p38MAPK. It is
then remarkable that the proliferative effects of Warburg ef-
fect are linked to low mitochondrial ROS levels rather than to
low respiration rate and high glucose consumption; high NO
levels are associated to high H,O, and cell cycle arrest in spite
of the low oxygen utilization.

The mitochondrial morphology is continuously modified
by functional requirements to adapt to different cell demands.
Mitochondria can exhibit continuous shape changes such as
branching, bending, and retractions, an increase in the num-
ber of cristae or change in their shape and may fuse or increase
in size to form giant mitochondria. The mitochondrial respi-
ration and metabolism may be spatially and temporally reg-
ulated by the architecture and positioning of the organelle.
The orchestrated synthesis of mitochondrial components and
mitochondrial biogenesis and the transitional dynamics var-
iations of the organelles are as well regulated by H,O, and NO
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and contribute to set the respiratory rate, the redox status,
and, ultimately, cell behavior.

The structural mitochondrial alterations in human tumors
are heterogeneous and not specific for any neoplasm. Mi-
tochondrial changes are associated with mitochondrial-DNA
mutations, tumoral microenvironment conditions, and mito-
chondrial fusion-fission disequilibrium. Functionally, the
structural alterations suppose the presence of hypoxia-tolerant
and hypoxia-sensitive cancer cells. Pharmacological ap-
proaches designed to act on both glycolysis and OXPHOS can
be considered as a new approach to selectively kill cancer cells.

On the other hand, the study of the pathogenesis of the
neurodegenerative disorders appears terribly complex; nev-
ertheless, the common role of mitochondria dysfunction
(metabolic, morphologic, or dynamic) appears very clear,
and provides not only a leading theme for further studies, but
also a promising pharmacological target in these devastating
diseases.
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Abbreviations Used

2-DG = 2-deoxyglucose
3’'UTRs =3’ untranslated regions
ADOA = autosomal dominant optic atrophy
AKAP = A-kinase-anchor-proteins
Akt =protein kinase B
AMPK = AMP-activated protein kinase
ANT = ADP/ATP translocator
AP-1 = adaptor-related protein complex 1
APAF-1 = apoptotic protease-activating factor-1
BAD = Bcl-2-associated death promoter
BAK = Bcl-2 homologous antagonist killer
BAX = Bcl-2, B-cell lymphoma 2
Bcl-x;, = B-cell lymphoma-extra large
BH = Bcl-2 homology
BIM = Bcl-2 interacting mediator of cell death
CaMK = calcium/calmodulin-dependent protein
kinase
CDKs = cyclin-dependent kinases
COX = cytochrome oxidase
CREB = cAMP response element-binding protein
cMyc = myelocytomatosis viral oncogene homology
cyt=cytochrome
DIABLO = direct IAP-binding protein with low pl
Drp = dynamin related protein
ER = endoplasmic reticulum
ERK = extracellular signal-regulated kinase
ERRo = estrogen-related receptor o
ERV1 =endogenous retroviral sequence 1
ESCs = embryonic stem cells
FAS =TNF receptor superfamily member 6
FOXO = forkhead O-box
F2,6P, = fructose-2,6-bisphosphate

ANTICO ARCIUCH ET AL.

G-6-P = glucose-6-phosphate
GDAP1 = ganglioside-induced differentiation
associated protein
GPx = glutathione peroxidase
GSK3 = glycogen synthase kinase 3
hESCs =human ESCs
hFis1 = fission 1 homologue protein
HIF =hypoxia inducible factor
HK = hexokinase
[H2O,]ss =HO, steady state concentration
IKK =1IxB kinase
IMM = inner mitochondrial membrane
IMS = intermembrane space
JNK = c-Jun-NH,-terminal kinase
MAPK = mitogen-activated protein kinases
MEK = mitogen-activated protein kinase kinase
mES = mouse embryonic stem
Mfn = mitofusin
Mia40 = mitochondrial intermembrane space
assembly machinery
mtNOS = mitochondrial NO synthase
mTOR = mechanistic target of rapamycin
(serine/threonine kinase)
NF-xB =nuclear factor-«xB
NO = nitric oxide
NRF = nuclear respiratory factor
0, ~ E =superoxide anion
OMM = outer mitochondrial membrane
ONOOE = peroxynitrite
OPA1 = optic atrophy gene 1
OXPHOS = oxidative phosphorylation
p53 = tumor protein p53
PDK1 = PI-3K-dependent kinase 1
PFK = phosphofructokinase
PFKFB3 = 6-phosphofructo-2-kinase/ fructose-2,
6-bisphosphatase
PGC-1 = peroxisome proliferator-activated
receptor-y-coactivator-1
PIBK = phosphoinositide 3-kinase
PKA = protein kinase A
PKC = protein kinase C
PKM2 = pyruvate kinase M2
PPAR-y = peroxisome proliferator-activated
receptor
Prx = peroxiredoxin
PTEN = phosphatase antensin homolog
PUMA = p53-up-regulated mediator of apoptosis
RAS =rat sarcoma small GTPase
RAF = V-raf-1 murine leukemia viral oncogene
homolog
ROS =reactive oxygen species
SirT3 = Sirtuin3
SMAC = second mitochondria-derived activator of
caspases
SOD = superoxide dismutase
StAR = steroidogenic acute regulatory
TFAM = mitochondrial transcription factor A
TIM = translocase of the inner membrane
TNF-o = tumor necrosis factor o
TOM = translocase of the outer membrane
Trx = thioredoxin reductases
UQ = ubiquinol
VDAC = voltage-dependent anion channel




