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In 1870, Eduard Pfluger demonstrated that respiration takes place in cells and
around a full century ago, in 1910, Kingsbury postulated that respiration takes
place in “mitochondria.” However, Carl Benda coined the term “mitochondria”
(thread granules) in 1898 to describe these ubiquitous cellular structures. After the
initial discovery of mitochondria, the respiratory chain was conceptualized by
Keilin, Warburg, Hartree, and others in between the 1910s and 1930s. From the
1920s to 1950s, key aspects of aerobic metabolism were elucidated. The
chemiosmosis hypothesis for ATP generation was then proposed by Peter Mitchell
in 1961. This era was followed by mitochondrial isolation and the publication of
first high-resolution images of mitochondria by George Palade and Fritiof
Sjostrand. In the 1960s and 1970s, much of the focus remained on ATP synthesis,
electron transport chain (ETC), and anion translocators. With the sequence of the
human mitochondrial genome in 1981, a new era of mitochondrial biology was
initiated resulting in the recognition of mitochondrial inheritance. In 1998, the first
mitochondrial proteome was published, and eventually by 2008, the complete
catalog of mitochondrial proteins, “MitoCarta,” was unveiled. The ever growing
interest in mitochondria and pharmacology, as well as the physiology associated
with them, is widely discussed in several scientific meetings and literature.

Classically, mitochondria were defined as the key regulators of cellular energy.
However, now it is universally accepted that they are dynamic, interconnected, and
integrated with other cellular organelles. In addition to their role in the generation
of ATP by oxidative phosphorylation, mitochondria are involved in controlling cell
metabolism and are key players in cellular calcium signaling, free radical homeo-
stasis, lipid transport and biosynthesis, apoptosis, cell cycle and differentiation, and
cellular aging. They also participate in retrograde signaling with nucleus and cross
talk with endoplasmic reticulum either directly or via mitochondria-associated
membranes. Pharmacology of Mitochondria, the focus of this handbook, is a
unique effort by leading experts and researchers to assimilate information on
pharmacology and physiology of mitochondria. Topics covered in the handbook
expand beyond canonical roles assigned to mitochondria. The information
presented will be highly useful for mitochondrial biologists and researchers work-
ing in physiology, medicine, and plant sciences.



Vi Preface

In the Handbook of Pharmacology, information is delineated from mitochon-
drial genetics to mitochondrial diseases and physiology. Even though mitochondria
possess their own genes, the majority of proteins imported into mitochondria are
encoded by nuclear DNA and a chapter in our book titled “Nuclear Transcription
Factors in the Mitochondria: A New Paradigm in Fine-Tuning Mitochondrial
Metabolism” provides an overview of nuclear-encoded factors. Ionic homeostasis
plays a major role in maintaining the structural and functional integrity of
mitochondria. The majority of the proteins involved in maintaining the mitochon-
drial ionic homeostasis are encoded by the nuclear DNA; however, information on
these proteins responsible for transporting ions is still in its infancy. Several ion
channels and transporters involved in mitochondrial ionic homeostasis have been
shown to present by either pharmacological or genetic approaches. In this hand-
book, chapters titled “The Mitochondrial Permeability Transition Pore and ATP
Synthase”; “The Roles of Mitochondrial Cation Channels Under Physiological
Conditions and in Cancer”; “Anion Channels of Mitochondria”; “Guide to the
Pharmacology of Mitochondrial Potassium Channels”; and “The Mitochondrial
Ca** Uniporter: Structure, Function, and Pharmacology” provide an overview of
different classes of ion channels and transporters present in mitochondria, pharma-
cology associated with them, and their roles in diseases.

Mitochondrial structural and functional dynamics are associated with human
physiological and pathological conditions. To maintain the structural and functional
integrity of mitochondria, they continuously undergo fission, fusion, and traffick-
ing, regulate lipid transportations, modulate reactive oxygen species production,
and regulate cellular metabolism. Any deviation or abnormality from mitochondrial
structural and functional integrity can result in human pathological conditions and
diseases. Several chapters titled “Mitochondrial Fission in Human Diseases”;
“Mitochondrial Cholesterol and the Paradox in Cell Death”; “Mitochondrial
Changes in Cancer”; “The Emerging Role of Mitochondrial Targeting in Kidney
Disease”; “Mitochondrial Dynamics as a Therapeutic Target for Treating Cardiac
Diseases”; “Mitochondria in Alzheimer’s Disease and Diabetes-Associated
Neurodegeneration: License to Heal!”; “Leber Hereditary Optic Neuropathy: A
Mitochondrial Disease Unique in Many Ways”; and “Leber Hereditary Optic
Neuropathy: Exemplar of an mtDNA Disease” summarize the association of mito-
chondrial structural and functional integrity with human diseases.

Pharmacologically, mitochondria have undergone a renaissance in the last two
decades. Several novel approaches at pharmacological and genetic levels have been
incorporated to the mitochondrial medicine. The recent first live birth of three-
parent baby carrying mitochondria from donor mother is the spectacular break-
through in treating mitochondrial diseases. However, several new approaches and
treatments are required to treat mitochondrial diseases and disorders. Chapters
discussing new as well as existing therapeutic approaches in this handbook
“Mitochondria-Targeted Agents: Mitochondriotropics, Mitochondriotoxics, and
Mitocans”; “Mitochondrial Flashes: Elemental Signaling Events in Eukaryotic
Cells”; “Role of Mitochondrial Reactive Oxygen Species in the Activation of
Cellular Signals, Molecules, and Function”; “MITO-Porter for Mitochondrial
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Delivery and Mitochondrial Functional Analysis”; and “Toxicity of Antiepileptic
Drugs to Mitochondria” provide highly useful overview on mitochondria in phar-
macology. In the current era the amount of data generated by multidisciplinary
approaches on a daily basis, there is an urgent need of integrating the big data to
derive useful information and a chapter focused on understanding the complexity of
mitochondrial phenome titled “Equipping Physiologists with an Informatics Tool
Chest: Toward an Integrated Mitochondrial Phenome” provides an excellent plat-
form for the same.

The authors and editors of the Pharmacology of Mitochondria hope that the
chapters presented herein will provide extremely beneficial and inspiration infor-
mation to mitochondrial enthusiasts, researchers, students, and clinicians. The
chapters contributed by leading mitochondrial researchers in the Handbook of
Pharmacology will take us through the novel pharmacological strategies via
mitochondria to understand their physiological and pathological role as well as
present them as therapeutic targets. We hope that the handbook will motivate the
current and new generation of researchers to pursue the unanswered questions and
understand the pharmacological and physiological implications of this fascinating
and complicated organelle, “mitochondrion.”

Philadelphia, PA, USA Harpreet Singh
Shey-Shing Sheu
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Abstract

Noncanonical functions of several nuclear transcription factors in the
mitochondria have been gaining exceptional traction over the years. These
transcription factors include nuclear hormone receptors like estrogen, glucocor-
ticoid, and thyroid hormone receptors: p53, IRF3, STAT3, STATS, CREB,
NF-kB, and MEF-2D. Mitochondria-localized nuclear transcription factors reg-
ulate mitochondrial processes like apoptosis, respiration and mitochondrial
transcription albeit being nuclear in origin and having nuclear functions.
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Hence, the cell permits these multi-stationed transcription factors to orchestrate
and fine-tune cellular metabolism at various levels of operation. Despite their
ubiquitous distribution in different subcompartments of mitochondria, their
targeting mechanism is poorly understood. Here, we review the current status
of mitochondria-localized transcription factors and discuss the possible targeting
mechanism besides the functional interplay between these factors.

Keywords
Metabolism ¢ Mitochondria ¢ Nuclear receptors and transcription factors e
Protein import ¢ Protein targeting and signaling

1 Introduction

Mitochondria are crucial organelles involved in various cellular processes. Besides
the production of ATP for cellular needs, they are also participating in the metabo-
lism of fatty acids and amino acids. Also, mitochondria play a significant role in
apoptosis by integrating the extracellular cues with intracellular signaling
pathways. Further, the involvement of mitochondria in cell proliferation, motility,
and ion homeostasis is well documented (McBride et al. 2006). Thus, it’s not
surprising that mitochondrial dysfunction is often associated with various disease
conditions like cancer and neurodegenerative disorders. Paradoxically, mitochon-
drial DNA encodes only for a handful of proteins. A majority of mitochondrial
proteins are nuclear encoded. Mitochondria, though, have a handful of proteins
encoded by mitochondrial DNA to execute all these functions; it depends on a
majority of nuclear-encoded proteins for its optimal function. These nuclear-
encoded mitochondrial proteins are synthesized on cytosolic ribosomes and
transported to the mitochondria through mitochondrial protein import machinery
(Mokranjac and Neupert 2009). Therefore, the mitochondria and nucleus act in
concert with each other to mount an appropriate response toward extracellular
stimuli. For example, nuclear transcription factors and coactivators like NRF-1,
NRF-2, and PGC-1 regulate the expression of mitochondrial OXPHOS subunits to
achieve fine-tuning of mitochondrial function toward altered metabolic demands of
the cell (Leigh-Brown et al. 2010; Scarpulla et al. 2012). For this reason, consider-
able interest has been gained toward understating the role of nuclear receptors,
transcription factors, and other signaling proteins in the establishment of harmonic
equilibrium between these two organelles.

Nuclear receptors and transcription factors are activated in response to growth
factors and cytokines to regulate the gene expression in the nucleus. Some of these
transcription factors control mitochondrial function indirectly by regulating the
expression of mitochondria-associated protein factors. On the other hand, increas-
ing evidence suggests that some of the nuclear receptors and transcription factors
are also present in mitochondria to potentially influence various mitochondrial
functions (Szczepanek et al. 2012). For example, glucocorticoids and other tran-
scription factors regulate mitochondrial transcription, while p53 and IRF3 regulate
apoptosis and respiration. Also, p53 and STAT3 are known to influence the opening
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of mitochondrial permeability transition and also affect ROS generation from the
mitochondrial OXPHOS system (Szczepanek et al. 2012). Sufficiently reasonable
attempts have been made to understand the role of various mitochondrial transcrip-
tion factors. However, information on their mitochondrial targeting is lagging
behind as the nuclear transcription factors entering the mitochondria lack the
canonical mitochondrial targeting sequence.

In this review, we will provide an outline of various transcription factors
associated with mitochondria and discuss how their submitochondrial localization
contributes to their overall biological function. Also, we will summarize the
potential mechanism of their transport to mitochondria and involvement of these
mitochondrial transcription factors in retrograde signaling and functional interplay
between these factors.

2 Nuclear Hormone Receptors Present in the Mitochondria
2.1 Estrogen Receptor

Estrogen receptors (ESRs), ESR1 and ESR2, belong to the nuclear receptor super-
family of transcription factors responsible for estrogen-mediated transcriptional
induction of genes in reproductive and nonreproductive tissues. ESR1 and ESR2
are highly homologous proteins except in the DNA-binding domains that render
ESR2 to be a poor transcription factor when compared to ESR1. Noncanonical
functions of estrogen receptors in the cytosol, endoplasmic reticulum, and plasma
membrane have been well documented. ESR1, ESR2, and its isoform ERB2 have
been found to be present in various tissues and cell lines (Cammarata et al. 2004;
Chen et al. 2004; Milner et al. 2005; Solakidi et al. 2005). Mitochondria-localized
ESR plays a significant role in apoptosis and reduces ROS by activating manganese
superoxide dismutase (MnSOD) enzyme. When cancer cells are irradiated with
UV, it induces mROS species generation and activation of c-Jun N-terminal kinase
(JNK), and protein kinase C (PKC) 8. This triggers apoptotic cell death. Estradiol
(E2) inhibits all these events, by directly activating manganese superoxide
dismutase (Pedram et al. 2006). Mitochondria-localized ESR2 has also been
shown to suppress apoptosis induced by cisplatin in non-small cell lung cancer
cells. ESR interacts with Bad and inhibits translocation of Bax to mitochondria (Xie
et al. 2015). It also has been shown that downregulation of ESR2 enhances Bax
activation and translocation to mitochondria in a ligand-independent manner (Liang
et al. 2015). Interestingly, in ovarian cancer, it was observed that cytoplasmic ER[2
is associated with lower apoptotic rate, whereas mitochondria-localized ER(2
inhibits apoptosis by interacting with Bad protein (Ciucci et al. 2015). Recently,
it has been shown that ESR1 affects beta-oxidation in mitochondria by directly
interacting with beta subunit of HADHB (hydroxyacyl-CoA dehydrogenase/3-
ketoacyl-CoA thiolase/enoyl-CoA hydratase) (Zhou et al. 2012). In addition to
these transcription factors, recent reports also suggest the possible role of G-
protein-coupled estrogen receptor 1 (GPER1) in modulating the opening of
mitochondrial permeability transition pore via phosphorylation of ERK1/ERK2/
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GSK-3p (Bopassa et al. 2010; Kabir et al. 2015). However, further studies are
needed to understand the mechanistic details of GPER1 action on mitochondria.

2.2 Glucocorticoid Receptor

GRs are expressed in all tissues and cell types and regulate cell metabolism,
immune response, and development in response to glucocorticoids such as cortisol.
GRs are the first nuclear receptors reported to be present in mitochondria. Mobili-
zation of GR from the cytoplasm to mitochondria has been observed when rats were
administered with dexamethasone. However, the precise mechanism of this trans-
location is not clear (Demonacos et al. 1993). GR has been detected in mitochondria
of HeLa cells, cytoplasm, and mitochondria of rat brain synaptosomes (Moutsatsou
et al. 2001; Scheller et al. 2000). GR binds to glucocorticoid response element
(GRE) consensus sequence present on cytochrome c oxidase I and III genes and the
D-loop region of mitochondrial DNA (Demonacos et al. 1995). These studies
indicate that GR present in the mitochondria may be regulating mitochondrial
transcription independent of its nuclear role. Overexpression of mitochondrial GR
increases RNA synthesis, ATP production, and cytochrome ¢ oxidase 1 protein
(Psarra and Sekeris 2011). Further, it has been shown that GR forms a complex with
Bcl-2 before its translocation into mitochondria in corticosterone-treated brain
cells. This translocation inhibits the release of cytochrome ¢ and calcium ions
from mitochondria, thereby protecting the neuron (Du et al. 2009). In contrast,
mitochondria-localized GR has been shown to induce apoptosis in dexamethasone-
treated thymocytes where the mitochondrial import of GR correlates with the
release of cytochrome ¢ and activation of caspase 3 (Talaber et al. 2009).

23 Thyroid Hormone Receptor

Thyroid hormone receptor is a nuclear receptor that regulates cellular metabolism
and heart rate by activating transcription of genes in response to thyroid hormone. It
has been 3 decades since Sterling and his colleagues discovered the presence of
thyroid hormones in mitochondria (Sterling et al. 1984). Thyroid receptors TRa and
TR are encoded by two genes c-erbA-1 and c-erbA-2, respectively. p43 and p28
are alternate translational initiation products of TRa, and these are exclusively
localized to mitochondria. Mitochondria-localized TRa induces the expression of
mitochondrial 12S rRNA by binding to the thyroid hormone response element of
mitochondrial DNA (Morrish et al. 2006). p43 depleted mice exhibits decreased
mitochondrial DNA replication and respiratory chain activities. p43 has also been
implicated in maintaining glucose homeostasis and insulin secretion. It would be
interesting to see the effect of p43 depletion in pancreatic cells and on the mito-
chondrial and nuclear cross talk. Depletion of p43 may cause decreased levels of
Glut2 and Kir62 that may ultimately lead to pancreatic cell dysfunction and
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lowered insulin secretion (Blanchet et al. 2012). Further, overexpression of p43
induces a shift in skeletal muscle fiber types and causes muscle atrophy during
aging through two muscle-specific E3 ubiquitin ligases, atrogin-1/MAFbx and
MuRF1 (Casas et al. 2009; Casas et al. 2008). This data demonstrates the physio-
logical importance of mitochondrial thyroid hormone receptor. Interestingly,
human dermal fibroblasts overexpressing p43 undergo cellular transformation by
upregulating c-Jun and c-Fos and concomitantly decreasing the expression of tumor
suppressor genes p53, p21WAFI, and Rb (Grandemange et al. 2005) (Fig. 1).

Fig. 1 Mitochondria-localized nuclear hormone receptors: nuclear hormone receptors that are
present in mitochondria are estrogen receptor (ESR), glucocorticoid receptor (GR), and thyroid
receptor (TR). Numbers in the figure represent the action of receptors, which are (/) transcriptional
regulation of mitochondrial genes by ESR upon binding to its ligand. (2) ESR decreases the
amount of ROS generated in mitochondria by activating MnSOD. (3) ESR interacts with Bad,
thereby reducing the translocation of BAX to mitochondria. (4) GR interacts with GRE present in
mitochondria and regulates the transcription independent of nucleus. (5) Overexpression of
mitochondrial GR increases the production of ATP. (6) GR complexes with Bcl-2 and inhibits
the translocation of cytochrome c. (7) TR interacts with TRE in mitochondria and regulates
transcription. (8) p43, alternate translational product of TRa, has shown to play a role in insulin
secretion and glucose homeostasis
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3 Nuclear Transcription Factors Associated
with Mitochondria

3.1 Interferon Regulatory Factor 3

IRF3 belongs to an interferon regulatory transcription factor family and is known to
play a major role in innate immune response. Though IRF3 may not be localized to
the mitochondria, it is known to regulate mitochondrial functions in a transcription-
independent manner. In support of this theory, IRF3 mutant’s deficiency in its
transcription activity is still capable of activating apoptosis by releasing cyto-
chrome c from mitochondria (Chattopadhyay et al. 2010). It is well documented
that mitochondria-associated proteins and MAVS are required to orchestrate the
IRF3 nuclear-mediated antiviral signaling and apoptosis. For carrying out its
nuclear and mitochondrial roles, cytosolic IRF3 has to be activated by
mitochondria-associated MAVS through synthetic or viral generated dsRNA-like
vesicular stomatitis viruses. For IRF3 to influence mitochondrial functions, a pool
of cytosolic-activated IRF3 interacts initially with Bax, a pro-apoptotic Bcl2 family
protein through its BH3 domain. This interaction triggers Bax translocation to
mitochondria, and its subsequent oligomerization on the mitochondrial membrane
results in the release of cytochrome c and initiation of apoptosis cascade. Intrigu-
ingly, Bax seems to be also required for phosphorylation and nuclear translocation
of IRF3 (Sharif-Askari et al. 2007). It is not clear whether Bax is directly involved
in the phosphorylation of IRF3. More studies are required to understand if addi-
tional factors are involved in the interaction between phosphorylated IRF3 and Bax
and also the mechanism that prevents the entry of cytosolic IRF3 into nucleus. A
more definitive evidence is required to completely rule out the possibility of IRF3
entry into mitochondria.

32 p53

P53 is a tumor suppressor protein that responds to a myriad of stresses that include
oxidative stress, DNA damage, nutrient stress, and ischemia (Zilfou and Lowe
2009). It is believed that p53-induced apoptotic changes were mediated by its
ability to activate transcription of a particular section of genes within the nucleus;
however, recent reports suggest that this ability to induce apoptosis and necrosis is
attributed to its noncanonical role in the mitochondria. Most of the apoptotic
signals, like gamma radiation, oncogenic deregulation, hypoxia, and genotoxic
and oxidative stress, stimulate the translocation of p53 from cytosol to the outer
mitochondrial membranes and to interact with multi-domain Bcl-2 family of
proteins so that it can promote membrane permeabilization and apoptosis (March-
enko et al. 2007). p53 interacts with Bcl-2 family of proteins such as pro-apoptotic
BAX and BAK and anti-apoptotic proteins Bcl-xL and Bcl-2. During stress, p53
competes with anti-apoptotic Mcl1 protein for its interaction with BAK in order to
induce apoptosis (Leu et al. 2004). Similarly, p53 interaction with BAX disrupts the
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sequestration of BAX by Bcl-xL. This disruption allows for the oligomerization of
BAX on the outer mitochondrial membranes and opening of the permeability
transition pore (PTP) (Chipuk et al. 2004). Unlike other transcription factors that
reside in the mitochondria, the DNA-binding domain of p53 is critical for its
mitochondrial function. In addition to its influence on outer mitochondrial Bcl2
proteins, p53 is also present in the subcompartments of mitochondria. A fraction of
p53 resides in the mitochondrial matrix and interacts with cyclophilin D (CypD).
This interaction facilitates the ROS-mediated opening of PTP and induction of
necrosis. Thus, mitochondria-localized p53 is required for induction of
mitochondria-mediated apoptosis and necrosis. In addition, another fraction of
p53 that is also present in the mitochondrial matrix interacts with mtHSP70,
mtHSP60, mitochondrial DNA polymerase y, and mtTFA. However, the precise
function of matrix-localized p53 in mitochondrial transcription, DNA binding, and
protein folding is yet to be understood. Matrix-localized p53 has also been shown to
sequester MnSOD to initiate apoptosis (Zhao et al. 2005). It appears that necrosis is
operated when apoptotic process is stalled and necrosis seems to be operated only
under oxidative stress conditions. However, it is not clear whether there is any cross
talk between these two pathways to initiate the death signaling. Elucidation of the
upstream signaling mechanism that determines the translocation of p53 to different
subcompartments of mitochondria will provide valuable insights into p53 function
vis-a-vis its mitochondrial positioning.

Though the mitochondrial translocation mechanism of p53 is not clear, mito-
chondrial p53 is known to regulate the OPA1 processing, mitochondrial dynamics
in cisplatin (cis-diamminedichloroplatinum (II)), and CDDP-induced mitochon-
drial fragmentation (Kong et al. 2014). In response to oxidative stress, p53 interacts
with Drpl, a mitochondrial fission protein before translocating to mitochondria.
Although the mechanism of p53 translocation is yet to be unraveled, there are some
indications of the possible path that p53 might be taking. It has been shown that
Mdm?2-dependent mono-ubiquitination of cytosolic pS3 triggers p53 translocation
to mitochondria (Marchenko et al. 2007). Drpl may act as a facilitator for the
Mdm?2-dependent mono-ubiquitination of p53 (Guo et al. 2014). The translocated
p53 probably undergoes deubiquitination in a HAUSP-dependent manner to revert
back to a fully functional form on mitochondrial membrane. Curiously, serine
phosphorylated p53 appears to be accumulated in the mitochondrial matrix of
mouse cortical neurons (Pei et al. 2014). This suggests that posttranslational
modifications of p53 may be employed as a signature for the accurate targeting of
p53 into the mitochondrial subcompartments. This possibility is all the more
appealing as p53 is known to undergo different kinds of posttranslational
modifications including methylation and acetylation besides phosphorylation. Phar-
macological drugs and stress conditions can directly modulate mitochondrial trans-
location of p53 without affecting its nuclear translocation (Strom et al. 2006).
Hence, understanding the mechanistic details of p53 translocation to mitochondria
might be useful for novel therapeutic interventions as p53 regulates tumor devel-
opment and ischemic reperfusion injury.
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3.3 cAMP Response Element-Binding Protein

The cAMP response element-binding (CREB) protein is a transcriptional factor
known to be involved in synaptic transmission and neuron survival. CREB is
activated by a set of kinases such as cyclic AMP-dependent protein kinase A
(PKA), extracellular regulated kinases (ERKSs), and calcium-activated calmodulin
kinases (CaMKs) (Altarejos and Montminy 2011). CREB activates transcription
upon binding to cAMP-responsive elements present in the upstream region of target
genes. Although CREB does not contain any mitochondrial localization signals, it
has been shown that CREB gets imported into mitochondria through the TOM
complex in a membrane potential-dependent manner with the aid of mitochondrial
matrix-residing heat shock protein, mtHSP70. mtHSP70 is known to be involved in
the unfolding and translocation of proteins across the mitochondrial inner mem-
brane (Lee et al. 2005). In support of CREB’s movement to mitochondria, CREB-
binding sites have been detected on the D-loop of mitochondrial genome by
chromatin immunoprecipitation (ChIP) assay (Marinov et al. 2014). Mitochondrial
depletion of CREB has shown to decrease the expression of several mitochondria-
encoded RNAs of complex I with a concomitant reduction in the complex I activity
(Lee et al. 2005).

Intriguingly, recent reports have suggested the presence of phosphorylated
CREB in mitochondria similar to phosphorylated p53. It is possible that
mitochondria choose a similar mechanism for import of both CREB and p53.
CREB has also been implicated in the regulation of neuronal survival by regulating
mitochondrial gene expression in response to various stimuli in a cell (De Rasmo
et al. 2009). Besides the aforementioned functions of CREB in the mitochondria, it
also appears to be responsible for pathophysiology of Huntington disease
(HD) (Bogdanov et al. 1998; Lee et al. 2005). In addition, CREB is also known
to be involved in the regulation of cell death. CREB binds to the CRE element
present in the promoter of Bcl-2 gene to induce Bcl-2 overexpression that causes
inhibition of apoptosis (Wilson et al. 1996). Hence, CREB multitasks to contribute
not only to the activation of a subset of nuclear genes but also in the regulation of
apoptosis and neuronal survival.

34 NF-kB

NF-kB family of transcription factors responds toward diverse stimuli which result
in the expression of genes involved in inflammation, metabolism, cancer, and
development. It is well documented that NF-kB transcription factors regulate
mitochondrial metabolism through a canonical transcriptional activation pathway.
However, there are reports suggesting that they might be playing additional roles in
a transcription-independent manner. Along with its inhibitor, Ik-B, several
members of the NF-kB family are present in mitochondria. NF-kB was shown to
interact with ATP-ADP translocator-1 (Bottero et al. 2001). This interaction
promotes the mitochondrial recruitment of NF-kB with a concomitant decrease in
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its nuclear activity. This result is further corroborated with decreased expression of
known nuclear anti-apoptotic NF-kB target genes, Bcl-xL and c-IAP-2 (Zamora
et al. 2004).

Coincidentally, RelA, a NF-kB family member, is also present in the
mitochondria, binds to mitochondrial DNA, and inhibits the expression of cyto-
chrome ¢ oxidase III (CoxIIl) (Cogswell et al. 2003). It is striking to note that
mitochondrial p53 levels negatively correlate with mitochondrial RelA levels. This
potential interplay between mitochondrial pS3 and RelA levels is further supported
by the fact that overexpression of p53 mitigates the inhibitory effect of RelA on
mitochondrial gene expression (Johnson et al. 2011). It has been proposed that the
actions of p53 and RelA on mitochondrial respiration influence the metabolic
switch from OXPHOS to glycolysis (Johnson et al. 2011).

3.5 Signal Transducer and Activator of Transcription

In response to a variety of cytokine stimuli, signal transducer and activator of
transcription (STAT) family proteins translocate to the nucleus from cytoplasm to
regulate target gene expression (Bromberg et al. 1999). These transcription factors
often work together or in opposite manner to regulate various cellular processes. In
fact, they regulate energy metabolism and mitochondrial function by modulating
the expression of nuclear-encoded mitochondrial genes (Avalle et al. 2012; Walker
et al. 2009). Despite their well-established nuclear functions, it has been reported
that a pool of STATs are also present in mitochondria and regulate diverse
mitochondrial functions (Bourke et al. 2013; Chueh et al. 2010; Wegrzyn
et al. 2009). To date, only three of the STAT family members have been reported
to be present in mitochondria. These are STAT3, STATS, and STATI.

STAT3 was the first STAT family member to be found in the mitochondria. It
was shown to regulate the activities of complexes I and II (Wegrzyn et al. 2009).
Mitochondrial STAT3 was also shown to mediate the Ras-induced cellular trans-
formation (Gough et al. 2009). Though Tyr705 phosphorylation is required for
nuclear functions of STAT3, mitochondrial functions of STAT3 also require
phosphorylation, however, at Ser727 (Gough et al. 2009; Wegrzyn et al. 2009).
Mitochondrial STAT3 was also shown to protect against ischemic injury by
preventing the leakage of electrons from complex I of ETC (Szczepanek
et al. 2011). Studies indicate that mitochondrial STAT3 interacts with CypD,
thereby suggesting a possible role of this transcription factor in permeability
transition (Boengler et al. 2010). A recent study also suggested the involvement
of STATS3 in gene expression. SIRT1 is a major NAD-dependent deacetylase and an
important marker for cardiovascular, neurological, and aging disorders. SIRT1 is
known to be involved in mitochondrial metabolism through deacetylation of
PGC-1la and LKB1 (an upstream kinase of AMPK) besides regulating STAT3-
mediated mitochondrial respiration (Nemoto et al. 2005). SIRT1 knockdown in
MEFs enhances the mitochondrial respiration rate and enzyme activities due to the
accumulation of phosphorylated STAT3 in the mitochondria (Bernier et al. 2011).
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Taken together, the above studies underscore the importance of the intricate
interplay between STAT3 and SIRT1 for executing their mitochondrial functions.
STATS is a transcription factor majorly involved in the growth and development
of blood cells. However, recently it was also shown to be present in mitochondria.
The IL-2 treatment increases mitochondrial recruitment of STATS5 to mitochondria.
It also binds to D-loop of mitochondrial DNA and interacts with an E2 subunit of
mitochondrial pyruvate dehydrogenase complex (Chueh et al. 2010).

STATI, a key regulator of antiviral immune response, is also localized to
mitochondria. Though there is no function ascribed to this transcription factor, it
may be repressing the mitochondrial gene expression as IFN-f inhibition activates
STAT1 (Bourke et al. 2013), mitochondrial RNAs, as well as nuclear-encoded
mRNAs of ETC.

3.6 Myocyte-Specific Enhancer Factor-2D

The myocyte-specific enhancer factor-2 (MEF-2) family of transcription factors
play a major role in immune response, muscle differentiation, and carbohydrate
metabolism. Though the involvement of MEF-2 family protein in mitochondrial
biogenesis has been known for a long time, only recently the localization of
MEF-2D in mitochondria was demonstrated (She et al. 2011). MEF-2D binds to
the consensus sequence present in the light strand of the mitochondrial DNA that
encodes a complex I subunit called ND6. Disruption of MEF-2D resulted in
decreased complex I activity, increased ROS production, and decreased ATP
levels. Rotenone treatment decreases the binding of MEF-2D to the ND6 promoter
(She et al. 2011). In addition, MMP+ treatment resulted in declined levels of
MEF-2D and ND6, which is associated with decreased neuronal viability in brains
from MMP+-treated mice. Intriguingly, reduced levels of ND6 and mitochondrial
MEF-2D have been documented in postmortem brains of PD patients. These results
suggest the crucial role of MEF-2D in regulating the mitochondrial metabolism
through modulation of ND6 (Fig. 2).

4 Mechanistic Insights into the Mitochondrial Transport
of Nuclear Receptors and Transcription Factors

Mitochondria being a semiautonomous organelle, a majority of its proteins are
nuclear DNA encoded. These proteins are synthesized on the cytosolic ribosomes
and imported into mitochondria posttranslationally. Nuclear-encoded mitochon-
drial matrix-targeted proteins, in general, possess cleavable, N-terminal
pre-sequence which forms an amphipathic alpha helical structure on the mitochon-
drial surface. Import receptors that are present on the outer and inner mitochondrial
membranes known as TOM and TIM complex, respectively, drive the precursor
protein across the inner membrane into the matrix with the help of matrix-localized
Hsp70 molecular motor (Schulke et al. 1999; Schulke et al. 1997). Most of the inner
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Fig. 2 Mitochondria-localized nuclear transcription factors and their role. (a¢) During stress
conditions, mono-ubiquitylated p53 translocates into mitochondria. Matrix-localized p53
sequesters MnSOD and initiates apoptosis. In matrix p53 interacts with CypD and mediates
ROS-mediated permeability transition pore opening. p53 interacts with Bcl2 family proteins and
anti-apoptotic proteins Bcl-xL and Bcl2. (b) During viral infections, RIGI binds to viral dsRNA
and interacts with mitochondrial MAVS protein, which activates IRF3. This activated IRF3
interacts with Bax and induces the release of cytochrome c for apoptosis initiation. (¢, d) CREB
and MEF-2D translocate to mitochondria by mtHSP70 and induce mitochondrial gene expression.
(e) GRIM-19 acts as a chaperon to import STAT3 into mitochondria

membrane, outer membrane, and intermembrane space mitochondrial proteins do
not contain any cleavable N-terminal targeting sequence; instead, the targeting
sequences are embedded within the mature protein sequence (Chacinska
et al. 2009). Precursor proteins that contain internal targeting sequence are
recognized and made to traverse through the outer membrane receptors Tom70
followed by Tom20 and Tom40/Tom22 of the TOM complex
(Anandatheerthavarada et al. 2008; Sepuri et al. 2007). However, pre-sequence-
containing proteins are first recognized by Tom20 followed by Tom40/Tom?22 of
TOM complex. Besides, the mitochondrial recruitment of these proteins requires a
cytosolic chaperone system. Both Hsp90 and Hsp70 chaperones guide proteins that
harbor an internal targeting sequence, while Hsp70 alone is sufficient to accompany
proteins with pre-sequence to the outer membrane receptors.

In contrast nuclear transcription factors despite lacking either of the canonical or
non-canonical mitochondrial targeting sequences can translocate to the mitochondria.
These proteins make a significant contribution to the myriad functions of
mitochondria (Szczepanek et al. 2012). The investigation into their mitochondrial
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recruitment has become an active area of research in cell biology. Attempts were made
to study the role of Hsp70, Hsp90, TOM complex, and alternative translation initiation
in the mitochondrial recruitment of few transcription factors like CREB, RelA, and
p53. The exact mechanism adopted by mitochondria to import these nuclear transcrip-
tion factors is yet to be unraveled despite studies that tried to understand the role of
chaperones and mitochondrial import receptors in their import. Studies on alternative
translation initiation have also been futile.

One of our studies had focused on the mitochondrial pool of STAT3 and its role
in cellular respiration. Our studies showed that mitochondrial STAT3 plays a very
critical role in a vast array of cellular processes. Using in vitro and in vivo studies,
we have shown that the gene associated with retinoid interferon-induced cell
mortality 19 (GRIM-19), a complex I subunit, involved in the recruitment of
STAT3 into mitochondria. GRIM-19 acts like a chaperone to enhance the import
and integration of STAT3 into mitochondrial complex I. GRIM-19 mediated import
of STAT3 requires a Ser727 phosphorylation as a phospho-mutant fails to integrate
into the membrane (Tammineni et al. 2013; Zhang et al. 2013).

5 Conclusions and Future Perspectives

In general, transcription factors translocate to the nucleus in response to extracellu-
lar cues and regulate gene expression. Recently, novel functions for these transcrip-
tion factors were also being reported in mitochondria. These mitochondria-
localized transcription factors regulate myriad cellular functions like apoptosis,
cell survival, and mitochondrial gene expression. In fact, the list of transcription
factors associated with mitochondria and their functions is increasing exponen-
tially. These findings suggest a new paradigm that mitochondrial function of
transcription factors serves as the key determinant of cell fate over their nuclear
function (Szczepanek et al. 2012). Despite the significant role of nuclear transcrip-
tion factors in mitochondria, our understanding of their mitochondrial functions and
targeting is limited at this moment.

Mitochondrial proteins utilize either cleavable canonical mitochondrial
targeting sequence or internal bipartite sequence for their transport to mitochondria
(Chacinska et al. 2009). Since most of the transcription factors do not have either of
the mitochondrial targeting sequences, understanding their mechanism of mito-
chondrial transport would be an active area of research. Initial studies in this
direction identify the importance of some of the chaperones and mitochondria-
associated proteins in this process. However, it would be of more interest to see
whether these transcription factors compete or cooperate for their mitochondrial
targeting or utilize unique or shared pathways for their transport to mitochondria.
Since most of the transcription factors identified so far are associated with various
disease conditions like cancer and cardiac injury, understanding the mechanism of
mitochondrial recruitment may also provide novel insights into precise therapeutic
interventions sparing their nuclear functions intact.
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Moreover, each subcompartment of mitochondria is discrete in structure and
function. Precise submitochondrial localization of transcription factors rather than
mitochondrial localization per se would provide novel insights into our current
understanding of various cellular functions.

Another important aspect would be to investigate the cross talk between various
transcription factors in regulating the mitochondrial functions. The role of tran-
scription factors in controlling each other’s function in the nucleus is well
established. However, it remains largely unknown whether such regulation also
exists in the mitochondria to regulate either their targeting or mitochondrial func-
tion. For instance, STAT3 promotes cell proliferation and motility to promote
tumorigenesis. On the other hand, STATI, in general, triggers antiproliferative
and pro-apoptotic responses in tumor cells (Avalle et al. 2012). As these two
transcription factors are present in mitochondria and mitochondria play a significant
role in tumorigenesis, it would be interesting to see how these transcription factors
regulate mitochondrial function and whether loss of this balance sufficiently
triggers tumorigenesis. Likewise, IRF3 and p53, though, respond to similar kinds
of stresses and translocate to mitochondria. Do they have opposing effects on
mitochondrial RNA expression? Hence, investigating the cross talk among tran-
scription factors would probably provide novel insights into our current understand-
ing of these processes.

Steady-state levels of most of the nuclear transcription factors, under normal
physiological conditions, in the mitochondria are very minimal. These transcription
factors are subject to change in response to various stimuli. Very little progress is
being made in understanding the role of the posttranslational modification in
directing the transcription factors to mitochondria. For instance, phosphorylation
of STATS3 at Ser727 is shown to be essential for its mitochondrial functions (Gough
et al. 2009; Wegrzyn et al. 2009), whereas upstream kinase or signal that is
responsible for STAT3 phosphorylation in the context of mitochondria remains to
be understood. Similarly, it remains to be elucidated the significance of mono-
ubiquitination in mitochondrial targeting of p53 (Marchenko et al. 2007). Hence,
further studies are needed to understand whether posttranslational modifications are
sufficed to target them to mitochondria or increase their interaction with chaperons
or other mitochondria-associated proteins to share their ride to mitochondria. It is
also possible that phosphorylation may expose cryptic mitochondrial targeting
sequence present (Robin et al. 2002) or induce conformational changes such that
noncontiguous sequences brought together to generate the mitochondria-targeting
sequence. However, further studies may shed light on the mechanistic details
employed by mitochondria to import these nuclear transcription factors. Neverthe-
less, mounting evidence suggests that nuclear transcription factors in their novel
milieu help in fine-tuning mitochondrial metabolism to evoke response toward
environmental cues.
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Abstract

Mitochondrial ATP generation by oxidative phosphorylation combines the step-
wise oxidation by the electron transport chain (ETC) of the reducing equivalents
NADH and FADH, with the generation of ATP by the ATP synthase. Recent
studies show that the ATP synthase is not only essential for the generation of
ATP but may also contribute to the formation of the mitochondrial permeability
transition pore (PTP). We present a model, in which the PTP is located within
the c-subunit ring in the F,, subunit of the ATP synthase. Opening of the PTP was
long associated with uncoupling of the ETC and the initiation of programmed
cell death. More recently, it was shown that PTP opening may serve a physio-
logic role: it can transiently open to regulate mitochondrial signaling in mature
cells, and it is open in the embryonic mouse heart. This review will discuss how
the ATP synthase paradoxically lies at the center of both ATP generation and
cell death.

Keywords
ATP synthase ¢ Bioenergetics ¢ Electron transport chain ¢« Embryonic heart *
Mitochondria  Permeability transition pore

1 Mitochondrial Energy Production
1.1 Metabolic Substrates and Energy Supply

Oxidative phosphorylation (OXPHOS) can be defined as the oxidation of metabolic
substrates by cytosolic and then mitochondrial enzymes to release energy that is
transferred to ATP, which is the basic energetic currency of the cell (Fig. 1). The
main metabolic substrates for all cellular processes are carbohydrates, fatty acids,
and proteins. Carbohydrates are transformed into glucose and, via the glycolytic
pathway, pyruvate, which enters the mitochondrion where it is decarboxylated and
acetylated by pyruvate dehydrogenase to produce acetyl coenzyme A (CoA). A
second source of acetyl-CoA is the f-oxidation of fatty acids in the mitochondrial
matrix. Proteins can be hydrolyzed into peptides and amino acids, which are then
deaminated and converted into pyruvate or acetyl-CoA. In the mitochondrial
matrix, acetyl-CoA enters the tricarboxylic acid (TCA, aka. citric acid, Krebs)
cycle, which generates NADH and FADH,, the substrates for the mitochondrial
ETC, which is located in the mitochondrial cristae membrane.

1.2 The Electron Transport Chain

The mitochondrial ETC consists of five large, multi-protein complexes (Fig. 1). The
proximal complexes (I, II, III, and IV) use the energy supplied by electron transport
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Fig. 1 Model of oxidative phosphorylation and the electron transport chain. (Left) Macroscopic
diagram of a mitochondrion and metabolic pathways. Mitochondria utilize carbons from the
metabolism of glucose, fatty acids, proteins, and other metabolic pathways to feed the TCA
cycle, which produces NADH. Mitochondrial structures that are indicated are as follows: the
cristae, the inner mitochondrial membrane (IMM), the intermembrane space, the matrix, and the
outer mitochondrial membrane (OMM). (Right) Microscopic diagram of the electron transport
chain. The oxidation of NADH to NAD" donates electrons (¢”) to complex I (I, NADH-
ubiquinone oxidoreductase/dehydrogenase), where they are eventually passed to ubiquinone (q,
coenzyme Q). In the TCA cycle, succinate (Suc) is oxidized to fumarate (Fum) at complex IT (II,
succinate dehydrogenase, the electron carrier is FADH,), and electrons are passed to q. Electrons
flow from q to complex III (III, ubiquinol/cytochrome c¢ oxidoreductase/dehydrogenase) to
cytochrome ¢ (C) to complex IV (IV, cytochrome ¢ oxidase), where they reduce O, to water.
Complexes I, 111, and IV pump protons (H*) across the inner mitochondrial membrane to generate
the membrane potential (Ay,,) that complex V (V, ATP synthase, F;F, ATPase) taps to synthesize
ATP. The matrix and intermembrane space are indicated

to generate an electrochemical gradient across the mitochondrial inner membrane
(IMM), which complex V (also known as ATP synthase or F{F,-ATP synthase) is
used to produce ATP. The subunits of complexes I, III, IV, and V are encoded in
both the nuclear and mitochondrial genome, while the four subunits of complex II
are nuclear encoded (Wallace 1999).

Electrons enter the ETC at three sites: complex I, complex II, and ubiquinone
(Fig. 1). Oxidation of NADH in the hydrophilic, matrix-protruding arm of complex I
donates electrons that flow through a series of iron-sulfur-containing subunits to
eventually reduce ubiquinone. Complex II of the ETC is also the succinate dehydro-
genase enzyme of the TCA cycle, and the oxidation of succinate to fumarate reduces
complex II, which then reduces ubiquinone. At least three other enzymes can also
directly reduce the ubiquinone pool (Nicholls and Ferguson 2013). Ubiquinol
(reduced ubiquinone) is then oxidized by complex III, which then uses these
electrons to reduce cytochrome c. Cytochrome c in the intermembrane space then
reduces complex IV, leading to the final redox reaction where complex IV reduces
oxygen to water.

Energy released from the flow of electrons is used by complexes I, III, and IV to
pump protons against their electrochemical gradient into the intermembrane space
(Fig. 1). This gradient is called the electrochemical proton gradient (Auy, propor-
tional to the proton motive force, Ap) that is the product of the electrical (Ay,,) and
proton (ApH) gradients across the IMM. Maintenance of this gradient is essential to
OXPHOS (see below) and requires high capacitance of the inner mitochondrial
membrane so that neither Ay, nor ApH are dissipated. Mitochondria prevent such
leaks by tightly regulating any leak currents as well as the many ion channels and
transporters that reside in the IMM (reviewed in Szabo and Zoratti 2014).
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The major source of mitochondrial reactive oxygen species (ROS) is the ETC
(Fig. 1), although other enzymes may play lesser roles. Slipping of electron flowing
through complexes I and III can form superoxide anions in the matrix, while
complex III can also release superoxide into the intermembrane space (Nickel
et al. 2014). In addition, it was recently suggested that complex II can also produce
ROS (Quinlan et al. 2012).

1.3 Electron Transport Chain Assembly and Respirasomes

The four proximal members of the ETC are large, multi-subunit protein complexes
that must be assembled to function efficiently. Each requires additional assembly
factors, and their assembly may be controlled by the assembly of the other
complexes, but the exact mechanisms that regulate the assembly of each remain
unclear. Assembly proceeds through sub-complexes, monomers, dimers, and
higher-order homo- and hetero-oligomers (Fig. 2).

An example of this assembly is complex I. In mammals, it is the largest and most
complicated ETC complex and contains at least 44 subunits that combine to form a
membrane-embedded hydrophobic domain and a hydrophilic domain containing a
chain of the redox centers that protrudes into the matrix (Hirst 2013). It remains
unclear how the assembly of these subunits into a functional complex I monomer is
regulated, but additional assembly factors/proteins are required (Mimaki
et al. 2012). In addition, its assembly can be stabilized if it is co-assembled into
respirasome supercomplexes (Fig. 2) (Calvaruso et al. 2012).

Assembly of respirasomes adds an additional layer of complexity to ETC activ-
ity. Technical advances and the development of blue and clear-native electrophore-
sis show that complexes I, III, and IV (along with ubiquinone and cytochrome c)
have the tendency to form respiratory active supercomplexes (Dudkina et al. 2008;
Wittig et al. 2007). The formation of respirasomes appears to confer a bioenergetic
advantage, because the close proximity of the complexes increases the efficiency of
electron transfer (Cogliati et al. 2013; Genova and Lenaz 2013). Respirasomes are
functionally active even after purifying them by blue native electrophoresis (Acin-
Perez et al. 2008). It appears that complexes III and IV begin the process of the
respirasome formation followed by the addition of partially assembled and still
de-active complex I (Moreno-Lastres et al. 2012). Not only does respirasome

Respirasomes
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Fig. 2 Electron transport chain assembly into respirasomes. When the individual complexes of
the ETC transfer electrons by random collision, electron flux is less efficient (/eff). However, the
assembly of complexes I, III, and IV with ubiquinone and cytochrome ¢ into supercomplexes
called respirasomes greatly increases the efficiency of electron transfer and oxygen consumption
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formation increase ETC efficiency, but it also decreases ROS production, perhaps
due to the more efficient flow of electrons through the chain (Maranzana et al. 2013).
However, it is not clear whether respirasomes are permanent structures (solid model)
or form depending on the bioenergetic requirements of the cell (plastic model)
(Cogliati et al. 2013; Genova and Lenaz 2013; Lapuente-Brun et al. 2013).

1.4 ATP Synthase

The proximal four complexes of the ETC accept and transfer electrons from NADH
and the TCA cycle, and subsequent proton translocation by complexes I, III, and IV
from the mitochondrial matrix into the intermembrane space creates the proton
motive force (Ap) to drive ATP synthesis by ATP synthase (complex V or F|F,
ATP synthase; Jonckheere et al. 2012). The monomer of the mammalian ATP
synthase is a ~600 kDa protein complex of 15 subunits and consists of 2 functional
units (Fig. 3): the membrane-embedded F,, subunit and the matrix facing F; subunit.

Fig. 3 ATP synthase structure and assembly into synthasomes. (a) Diagrams of structure of an
ATP synthase monomer. (Left) The structural components of the complex are F; (green), F,
(orange), central stalk (brown), and stator (pink). (Right) The position of the 15 subunits in the
complex is labeled (adapted from Dickson et al. 2006). The F; component contains the a- and
B-subunits. The F, component contains the a-, b-, c-, e-, -, g-, and A6L-subunits. The F; and F,
components are connected by the central stalk (J-, -, and y-subunits) and the stator (b-, d-, Fs-, and
OSCP-subunits). (b) ATP synthase monomers combine to form dimers, which then assemble with
adenine nucleotide translocase (ANT) and the phosphate carrier (PiC) into supercomplexes called
synthasomes that increase the efficiency of energy (ATP) production and energy transfer into the
sarcoplasm. Ribbons of synthasomes likely increase this efficiency and mold the cristae into
tubular structures
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In bovine heart, F, contains a ring of 8 very hydrophobic c-subunits and the subunits
a,b,e,f, g, and A6L. A central stalk composed of the subunits J, €, and y connects the
c-subunit ring to the catalytic F; unit, which consists of a hexamer of alternating
and g subunits, where ATP synthesis and hydrolysis occur. Finally, a lateral stalk or
stator containing the subunits b, d, and F6 and the oligomycin-sensitivity conferring
protein (OSCP) connects the lateral portion of F, to the top of F;. Movement of
protons between the c- and a-subunit causes rotation of the c-subunit ring and
provides the energy necessary for F; to synthesize ATP (Walker 2013).

ATP synthase monomers are enzymatically active, but recent studies show that
in vivo the ATP synthase forms dimers and ribbons of even-numbered oligomers
(Fig. 3) (Bornhovd et al. 2006; Davies et al. 2011; Wittig and Schagger 2008).
Oligomerization of ATP synthase has been shown to shape the cristac membranes,
and this may confer a physiologic advantage (Cogliati et al. 2013; Davies
et al. 2011). For example, ATP synthase oligomerization is essential to build and
to maintain the mitochondrial membrane potential and local proton charge to
increase ATP synthase activity (Bornhovd et al. 2006). Since the mitochondrial
ATP synthase harbors the PTP (see below), elucidating the functional regulation of
monomers, dimers, and oligomers will provide important knowledge of how the
ATP synthase transforms into the PTP (see below for detailed discussion).

The ATP synthase also forms supercomplexes with the mitochondrial creatine
kinase (mtCK), adenine nucleotide translocase (ANT), and phosphate carrier (PiC)
(Fig. 3). These “synthasomes” connect the machinery required for ATP generation
(ATP synthase) to that of ADP/ATP and phosphate exchange (ANT, PiC) and
energy transfer to the cytoplasm (ANT, mtCK), therefore creating a regulatory
unit where energy production and exchange pathways meet (Chen et al. 2004; Saks
et al. 2012).

2 The Permeability Transition Pore

The permeability transition was first described in the 1950s as an acute swelling and
uncoupling of mitochondria when exposed to high calcium concentrations and
phosphate, oxidative stress, or other conditions (Fig. 4; for more details of the
history of the PT, see Bernardi 2013). The term permeability transition was
introduced by Haworth and Hunter, who first described the pharmacological
properties of the permeability transition pore (PTP) (Haworth and Hunter 1979;
Hunter and Haworth 1979a, b). Their work and that of many others indicated that
during PT, a large pore/ion channel opens to allow molecules of up to 1.5 kDa
across the IMM.

2.1 Physiologic Consequences of the Permeability Transition

For a long time, the opening of the PTP was considered to be a traumatic event
leading to cell death (Fig. 4). Increased permeability of the IMM causes
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Closed PTP
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Fig. 4 The mitochondrial permeability transition pore. Under most conditions, the PTP is closed
(Upper), maintaining the high capacitance of the IMM, the relative negative charge of the matrix,
and the mitochondrial membrane potential (Ay,). When the PTP is open (Lower), the capacitance
of the IMM falls, the negative charge of the matrix dissipates, and Ay, collapses. This can also
lead to release of cytochrome c, which, along with other factors, initiates cell death pathways. Note
also that transient PTP opening can occur, and this does not lead to cell death and may serve a
physiologic function

mitochondrial swelling due to the high osmotic pressure of the matrix, and this
swelling leads to rupture of the outer mitochondrial membrane (OMM) and the
release of proteins (cytochrome ¢, apoptosis inducing factor) from the mitochondria
that push cell death pathways past the point of no return (Petit et al. 1997). In
addition, the energetic failure due to uncoupling of the IMM and subsequent
reversal of the ATP synthase reaction to consume ATP is also thought to play a
role in cell death. Over the years, the PTP has been extensively studied for its role in
ischemic injury in brain, heart, and other organs as well as in neurodegenerative
conditions (Bonora et al. 2015). In the heart, data suggest that opening of the PTP
during early reperfusion after ischemia is a harmful event that precipitates further
damage to the myocardium (Griffiths and Halestrap 1993). Additional data suggest
that cell death pathways may regulate or be regulated by the PTP, and the general
consensus now is that uncontrolled opening of the PTP leads to cellular necrosis
and, perhaps, apoptosis (Baines 2011; Bernardi 2013).
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However, more recent data suggest that transient PTP opening can serve a
physiologic purpose. Transient opening was described in the late 1990s (Huser
and Blatter 1999; Ichas and Mazat 1998; Jouaville et al. 1998; Petronilli
et al. 1999). In the heart, transient opening of the PTP during preconditioning can
be protective, thus serving a physiological role even during injury (Hausenloy
et al. 2004). This transient PTP opening in striated muscle mitochondria may be
associated with transient increases in ROS (so-called superoxide flashes) which are
proposed to serve as a signaling mechanism (Wang et al. 2008, 2012) Furthermore,
it has been hypothesized that transient opening of the PTP releases mitochondrial
matrix Ca®* to maintain mitochondrial homeostasis (Elrod et al. 2010), although
this function of the PTP has recently been questioned (De Marchi et al. 2014).

In the embryonic heart, the PTP appears to be open at early stages of myocyte
differentiation (Beutner et al. 2014; Hom et al. 2011). The early heart derives most
of its energy from anaerobic glycolysis (Porter et al. 2011), and the activity of the
ETC is low (Beutner et al. 2014). At an early stage of development (mouse
embryonic day 9.5), myocytes have an open PTP, low Ay,,, and high levels of
ROS, and closure of the PTP using CsA increases Ay, and decreases ROS, leading
to further myocyte differentiation (Hom et al. 2011). These changes in PTP activity
are associated with increased assembly and activation of the ETC at or after
embryonic day 11.5 (Beutner et al. 2014).

2.2 Defining the Permeability Transition Pore

In the late 1980s, patch-clamping experiments defined the biophysical, electrophys-
iological, and pharmacological properties of the PTP and began to establish criteria
for defining PTP activity (Table 1) (Kinnally et al. 1989; Petronilli et al. 1989;
Sorgato et al. 1987). In 1987, the first patch-clamping recordings of liver mitochon-
drial inner membrane isolated from cuprizone-fed mice demonstrated an ~100 pS
channel, although its relationship to the PTP remains unclear (Sorgato et al. 1987).
Then, in 1989, a putative PTP was recorded by patch-clamping mitoplasts
(Petronilli et al. 1989). Channel activity occurred at positive potentials of the
patch pipette and was found either in whole organelle mode or in single channel
recordings in the organelle-attached configuration. Gating was less common at
negative potentials and prolonged openings, and fewer subconductance states at
negative patch potentials were observed. The activity was slightly anion selective
and had multiple conductance states ranging from 30 pS to a peak conductance of
1.3 nS, with the lower conductances attributed to substates of the larger channel
openings. The mitochondrial multi-conductance channel (MCC) in mouse liver
mitoplasts was also described in 1989 to have similar properties (Kinnally
et al. 1989). During recordings, this channel initially had low activity that progres-
sively increased with time. Rectification was observed at both positive and negative
potentials, and channel activity was weakly cation selective with multiple
conductances ranging from 10 to 1,000 pS.
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Table 1 Electrophysiological properties of the PTP and ATP synthase

Preparation
PTP

IMM, patch
clamping,
induced by
cuprizone
Mitoplast, patch
clamping

Mitoplast, patch
clamping
(mitochondrial
multi-
conductance
channel)

ATP synthase
ATP synthase
dimers in lipid
bilayers

ATP synthase
monomers in
liposomes, patch
clamping
Purified ATP
synthase
c-subunits in lipid
bilayers

Purified ATP
synthase
c-subunits in
liposomes, patch
clamping

Conductance

~100 pS

Multiple
conductances
(30 pS to 1.3 nS)

Multiple
conductances
(10 pS to 1 nS)

Peak
conductance of
1-1.3 nS with
multiple
subconductance
states

Multiple
conductances
(~800 pS)

Multiple
conductances
(15 pS to 2 nS)

Multiple
conductances
(100 pS to 2 nS)

Selectivity

Slight
anion
selectivity

Slight
anion
selectivity

Slight
cation
selectivity

Not
determined

Not
determined

Relative
cation
selectivity

Slight
cation
selectivity

Rectification

Not determined

Positive rectification at
positive potentials and
negative rectification
at negative potentials
Variable rectification
at positive and
negative potentials

Not determined

Not determined

Not tested

Slightly negative
rectification
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Reference

Sorgato
et al. (1987)

Petronilli
et al. (1989)

Kinnally
et al. (1989)

Giorgio
et al. (2013)

Alavian

et al. (2014)

Azarashvili
et al. (2014)

Alavian
et al. (2014)

These studies also delineated the activators and inhibitors that are used today to
investigate the PTP (Table 2). The PTP can be induced by elevated mitochondrial
matrix Ca’*, ROS, inorganic phosphate (P;), fatty acids, and intracellular acidifi-
cation. In contrast, it is inhibited by adenine nucleotides, divalent cations (Mg>* >
Mn** > Ba®* > Sr**), and acidification of the matrix. Early in these investigations,
it was found that cyclosporine A (CsA), an immunosuppressant that was known to
inhibit cyclophilin proteins, inhibits these large conductance channels in the IMM
by binding to a site in the mitochondrial matrix (Szabo and Zoratti 1991).
Sub-micromolar concentrations of CsA inhibited a Ca**-activated, large conduc-
tance (1.3 nS) channel, but not the lower (~100 pS) substate conductances,
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Table 2 Activators and inhibitors of the PTP

Activators Reference Inhibitors Reference
Acidification, Gendron Acidification, Haworth and Hunter (1979) and
intracellular et al. (2001) matrix Nicolli et al. (1993)
Atractyloside Hunter and ATP/ADP/ Haworth and Hunter (1979), Hunter
Haworth AMP and Haworth (1979a), and Hunter
(1979a) and Haworth (1979b)
Calcium Hunter Bongkrekic Hunter and Haworth (1979a)
et al. (1976) acid
Fatty acids Hunter Cyclosporine Crompton et al. (1988) and Fournier
et al. (1976) A et al. (1987)
ROS Brookes Mg2+ and Hunter and Haworth (1979b)
et al. (2004) other divalent
cations
Inorganic phosphate | Hunter
et al. (1976)
Phenylarsine oxide Lenartowicz

et al. (1991)

Polyhydroxybutyrate | Elustondo
et al. (2013)

Polyphosphate Seidlmayer
et al. (2012)

suggesting that this activity might be due to a separate ion channel (Szabo and
Zoratti 1991). In addition, PTP activity could be induced by atractyloside
(an inhibitor of ANT; see below) and phenylarsine oxide (an oxidizing agent) and
inhibited by bongkrekic acid (an inhibitor of ANT; see below) (Lenartowicz
et al. 1991). It should be emphasized that many of these agents, such as CsA,
alter the amount of matrix Ca”* required to open the PTP; thus, they are said to
sensitize or desensitize the PTP to Ca2+, but the mechanisms of this sensitization
remain unknown.

2.3 The Search for the Identity of the Permeability
Transition Pore

Since the electrophysiological studies of the late 1980s, much effort has been made
to define the molecular identity of the PTP. A long list of candidates has been
proposed, but subsequent studies demonstrated that many of these factors were
either not related to the PTP or merely regulated its function (summarized in
Table 3). Potential PTP candidates included the targets of common inducers and
inhibitors of the PTP, such as ANT and cyclophilin D (CypD). Additional proteins
that were proposed to be the PTP because their function seemed to control its
activity include hexokinase (HK), mtCK, PiC, TSPO (translocator protein of
18 kDa, previously called the peripheral benzodiazepine receptor), and VDAC
(voltage-dependent anion channel). For the most part, these proteins were
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Table 3 Proposed PTP and PTP regulatory molecules

Protein/complex
(Abbreviation, gene)
Adenine nucleotide
translocase (ANT,
Slc25a4-6)

ATP synthase

Creatine kinase,
mitochondrial
(mtCK, CkmtlA, 1B,
2)

Cyclophilin D
(CypD, Ppif)

Hexokinase (Hkl-4)

Phosphate carrier
(PiC, Sic25a3)

Evidence for role in PTP

For

PTP-like activity of
ANT in bilayers
(Ruck et al. 1998),
effect of ADP, ATP,
ATR and bongkrekic
acid on PTP activity
(Haworth and Hunter
1979; Hunter and
Haworth 1979a, b)

Binds to or associates
with PTP regulatory
molecules (ANT,
CypD, mtCK, PiC;
see text). PTP
activity found in
ATP synthase dimers
and the C-subunit
ring (Alavian

et al. 2011; Giorgio
et al. 2013)
Knockout of Ckmtl1
increases
susceptibility to PTP
(Datler et al. 2014)

Inhibition of CypD
with CsA closes the
PTP

Phosphorylation of
glucose by
mitochondrial bound
HK I and II inhibits
PTP (Azoulay-Zohar
et al. 2004)

Binds to ANT and
CypD (Leung
et al. 2008)

Against

Deletion of ANT1
and ANT2 (Slc25a4
and Slc25a5) does
not eliminate PTP
activity, but
decreases its
sensitivity to Ca**
(Kokoszka

et al. 2004)

The exact
mechanisms of PTP
regulation within
ATP synthase remain
unknown

Deletion of CypD
does not eliminate
PTP (Baines

et al. 2005; Basso
et al. 2005;
Nakagawa

et al. 2005; Schinzel
et al. 2005)

Deletion of PiC does
not eliminate PTP
activity, but
decreases its
sensitivity to Ca>*

31

Probable role in the
PTP

Regulates PTP
activity, perhaps
through interactions
with ATP synthase as
part of the
synthasome

Although ATP
synthase dimers have
been proposed to
create the pore of the
PTP, more evidence
exists suggesting that
the Fo C-ring does
this, but how this is
regulated remains
unresolved

Regulatory, connects
energy-producing
and energy-
consuming
mechanism (Saks

et al. 2012)

Regulatory, binds to
ATP synthase at
OSCP but exact
mechanism unknown

Regulatory, binds to
VDAC, creates
micro-compartments
with high capacitive
coupling to favor
ADP/ATP exchange
(Vyssokikh and
Brdiczka 2003)

Regulates PTP
activity, perhaps
through interactions
with ATP synthase as

(continued)
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Table 3 (continued)

Protein/complex
(Abbreviation, gene)

Polyphosphate and
Polyhydroxybutyrate

Spastic paraplegia
7 (Spg7)

Translocator protein
of 18 kDa (TSPO,
Tspo)

Unfolded proteins

Voltage-dependent
anion carrier

(VDAC, Vdacl-3)

Evidence for role in PTP

For

The naturally
occurring molecules
increase PTP
(Elustondo

et al. 2013;
Seidlmayer

et al. 2012; Stotz

et al. 2014)

Binds to CypD and
VDAUC, and its
knockdown inhibits
the PT
(Shanmughapriya
et al. 2015)

TSPO was isolated
with ANT and
VDAC (McEnery
et al. 1992)

He and Lemasters
(2002)

Pathway for
cytochrome c release
(Shimizu et al. 2000)

Against
(Gutierrez-Aguilar

et al. 2014; Kwong
et al. 2014)

Deletion of TSPO
does not eliminate
PTP activity
(Sileikyte et al. 2014)

Deletion of VDACI,
VDAC2, and
VDAC3 does not
eliminate PTP
activity (Baines

et al. 2007)

G. Beutner et al.

Probable role in the
PTP

part of the
synthasome

Regulates PTP
activity, perhaps
through interactions
with ATP synthase
and the C-ring

Regulates the PTP
through currently
unknown
mechanisms. Its role
in pore formation is
unknown

Probably plays no

role in creating the
PTP

Unknown

Interaction with HK
or mtCK keeps
VDAC in anion-
selective state
(Vyssokikh and
Brdiczka 2003)

eliminated as candidates to form the pore of the PTP by experiments where their
expression was deleted (summarized in Table 3). Finally, it has also been
hypothesized that unfolded proteins in the IMM might form a nonspecific, high-
conductance pore (He and Lemasters 2002), and other recent reports suggest that
polyphosphate chains and polyhydroxybutyrate may, when in the presence of
elevated Ca®*, regulate or participate in the formation of the PTP (Elustondo
et al. 2013; Seidlmayer et al. 2012).

Two particular IMM translocators (ANT and PiC) were purported to form the
PTP. In the 1990s, ANT was the prime candidate (Beutner et al. 1998; Crompton
et al. 1998; Halestrap and Davidson 1990), because the PTP activator atractyloside/
carboxyatractyloside and the PTP inhibitor bongkrekic acid both inhibit the
ADP/ATP translocase activity of ANT. Interestingly, these agents have different
effects on the conformation of ANT (Brustovetsky and Klingenberg 1996; Haworth
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and Hunter 2000). In addition, several papers showed that the ANT can form
channels with properties of the PTP, although issues with the purity of these
preparations may have led to this conclusion (Brustovetsky and Klingenberg
1996; Ruck et al. 1998). Later, the PiC was proposed as an integral component of
the PTP due to its binding to two proteins that regulate the PTP, ANT, and CypD
(Leung et al. 2008). However, more recent studies have demonstrated by genetic
deletion of ANT1 and 2 and of the PiC that these proteins are not essential to PTP
formation, although these studies still support regulatory roles for these
translocators (Gutierrez-Aguilar et al. 2014; Kokoszka et al. 2004; Kwong
et al. 2014) (Table 3).

CypD, a peptidyl-prolyl cis/trans isomerase, is the most important regulator of
the PTP and was a candidate to create the pore. However, deletion of CypD in mice
did not eliminate PTP activity, although this did decrease the sensitivity of the PTP
to Ca®* and oxidative stress (Baines et al. 2005; Basso et al. 2005; Elrod and
Molkentin 2013; Nakagawa et al. 2005; Schinzel et al. 2005). Although it is well
known that CypD is the target of CsA, which is known to prevent its binding to
target proteins, how this regulates the PTP and to what protein CypD binds to confer
this activity remains controversial (see below). Interestingly, it was recently found
that CypD binds to SPG7 (spastic paraplegia 7), an IMM protein that may link
CypD to VDAC in the OMM (Shanmughapriya et al. 2015). SPG7 appears to be an
important regulator of the PTP, but its role in creating the pore of the PTP remains
untested.

3 ATP Synthase and the Permeability Transition Pore
3.1 ATP Synthase and the Permeability Transition Pore Interact

Metabolic pathways are known to regulate the PTP. For example, glycolysis in the
cytoplasm can regulate PTP activity via the binding of hexokinase II to the OMM
(Pasdois et al. 2013). In addition, since the ETC proteins make up the majority of
the proteins in the IMM, it is logical to assume that the PTP is either physically
associated with the ETC or derived from its components. In fact, electron transport
chain activity regulates the PTP, as an increase in mitochondrial energization
(Ay,) inhibits the PT, while de-energization/depolarization (a fall in Ay,,)
enhances it (Di Lisa et al. 2011; Haworth and Hunter 1979; Hunter and Haworth
1979a, b). Furthermore, inhibition of complex I using rotenone or metformin can
inhibit the PTP when CypD is present at low levels, and it was proposed that CypD
may bind to complex I (Li et al. 2012).

However, recent evidence has suggested an interaction between ATP synthase
and the PTP. Many of the proteins that are known to regulate the activity of the PTP
can also bind directly or indirectly to ATP synthase and/or CypD. First, CypD can
bind directly to ATP synthase at the OSCP (oligomycin-sensitivity conferring
protein) subunit (Giorgio et al. 2009, 2010). Second, CypD can bind to Bcl-2
(Eliseev et al. 2009), while Bcl-X;, an anti-apoptotic member of the Bcl-2 family,
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interacts with the p-subunit of ATP synthase and increases the efficiency of ATP
production by decreasing a leak current in the IMM (Alavian et al. 2011; Chen
et al. 2011).

Third, CypD binds to ANT and the PiC and disruption of this association affects
PTP activity (Leung et al. 2008; Woodfield et al. 1998). This interaction is very
interesting. As discussed above, ANT and the PiC interact with ATP synthase in
synthasomes that also contain mtCK, which binds to ANT (Beutner et al. 1998;
Leung et al. 2008; Saks et al. 2012; Vyssokikh et al. 2001; Woodfield et al. 1998).
Furthermore, the interaction between ANT and VDAC may confer indirect
associations between synthasomes and both HK and TSPO in the OMM (McEnery
et al. 1992).

3.2 The Permeability Transition Pore Lies Within or Around ATP
Synthase

In the last 2 years, more direct evidence supports the idea that the pore of the PTP is
associated with ATP synthase (Alavian et al. 2014; Azarashvili et al. 2014; Bonora
et al. 2013; Giorgio et al. 2013). In particular, work from the Bernardi group
suggests that the PTP forms in the membrane surrounding dimers of ATP synthase
(Giorgio et al. 2013). To extend their work showing that CypD binds to the stator of
ATP synthase (Giorgio et al. 2009), they showed that this binding is specifically at
the OSCP subunit and that decreasing the expression of OSCP decreases the
association of CypD with ATP synthase (Giorgio et al. 2013). Furthermore, they
demonstrated that a novel inhibitor of ATP synthase that binds to OSCP,
benzodiazipine-423, inhibits the interaction of OSCP and CypD and, like CypD,
opens the PTP in response to Ca*. These data suggested that ATP synthase and in
particular OSCP are somehow associated with and control the PTP. They also
showed that conditions that promote ATP hydrolysis by ATP synthase decreased
the sensitivity of the PTP to Ca®* compared to ATP synthesis and that OSCP may
control this Ca”* sensitivity.

The Bernardi group purified ATP synthase monomers and dimers from native
gels, incorporated these into lipid bilayers, and tested for PTP ion channel activity.
It is important to note that monomer and dimer preparations contained no
associated CypD, ANT, or VDAC, but that purified dimers did contain complexes
I and III. No conductance was reportedly observed in monomer preparations, but
dimers exhibited conductances of 1-1.3 nS with multiple subconductance states
(Table 1). Conductance required the presence of Ca®* and P;, was induced by
benzodiazepine-423, was inhibited by Mg?* and adenine nucleotides, and was not
affected by typical PTP sensitizing (atractyloside, phenylarsine oxide) and
inhibiting (CsA, bongkrekic acid) agents. Additional data from this group
suggested that dimerization was important for PTP formation, because deletion of
the e- and d-subunits of yeast ATP synthase decreased PTP opening (Carraro
et al. 2014). Based on these data, the authors proposed that the PTP forms at the
membrane interface of the dimers and is perhaps related to changes in the lipid
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D. ATP synthase
assembled disassembled

closed open

IMM

oMM

Fig. 5 Models of the permeability transition pore derived from ATP synthase. (A—C) Three
current models of the PTP as part of ATP synthase. In (A), the PTP lies within the membrane
between a dimer of ATP synthase (V, modified from (Bernardi 2013). In (B), the PTP is the C-ring
of the F, component of ATP synthase. In (C), the lipid plug (LP) in the central pore of the C-ring is
controlled by the p-side density (PD) to regulate C-ring conductance. (D) For ATP synthase
assembly (/eft), F; is added to the C-ring and other components of F,,. Assembly (center) allows the
flow of protons (H") between the C-ring and the stator, causing rotation of the C-ring, which
provides energy for F; to synthesize ATP. In this model, binding of CypD to ATP synthase during
assembly promotes the presence of unassembled C-rings that create the open mPTP in the
embryonic heart (/eft). Assembly and pore formation are reversible (double arrows), and CypD
also causes disassembly of ATP synthase to create the pore in mature cells (right). (E) Control of
PTP opening by CypD occurs due to its binding to OSCP, while Ca**, adenine nucleotides (ATP,
ADP, and AMP), and Bcl-x;, may control PTP by binding to ATP synthase at other sites. Other
proteins may regulate the PTP via the assembly of ATP synthase, ANT, and PiC into synthasomes
that associate with mtCK in the intermembrane space, VDAC in the OMM, and HK attached to
the OMM

environment in that region upon PTP induction (Fig. 5a) (Bernardi 2013), but no
further information has been published that clarifies this hypothesis.
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3.3 The C-Ring of ATP Synthase Creates the Permeability
Transition Pore

The data presented in the last two sections suggest that ATP synthase is related to
the PTP in some way, but the exact molecular identity of the pore is not defined in
these studies. However, additional reports in recent years suggest that the pore of
the PTP lies within the c-subunit, a major membranous component of ATP
synthase. Membranous pores are usually formed by integral membrane proteins,
but, as outlined above, the only membrane-delimited IMM proteins (ANT, PiC) that
have been proposed to form the PTP were not required for PTP in genetic deletion
models. The ATP synthase subunits a, b, and ¢ are highly hydrophobic membrane
proteins and evolutionally conserved, making them candidates to form the PTP.
However, the a-subunit is not required for the PTP, as it is absent in pO cells that
lack mitochondrial DNA, but do undergo PT (Masgras et al. 2012).

Attention has focused on the c-subunit because the c-subunits form a ring in the
membrane and have ion-conducting properties. The known C-ring structures con-
sist of 8 (bovine heart) and 1015 (bacteria) c-subunits, and bacterial C-rings have a
torus shape with a central hole (Pogoryelov et al. 2007). In the late 1990s, reconsti-
tution experiments by the McGeoch laboratory showed that purified mammalian
c-subunits have ion channel activity (McGeoch and Guidotti 1997; McGeoch
et al. 2000; McGeoch and Palmer 1999). Exposure of these purified subunits to
water induces a conformational change whereby a channel with a diameter of 3 nm
(McGeoch and McGeoch 2008), close to the estimated size (2.3 nm) of the PTP
pore, is formed (Crompton and Costi 1990). Finally, c-subunit homologues in the
Vo component of vacuolar H*-ATPases line a water-accessible pore structure and
are involved in creating gap junctions between cells (Harrison et al. 2003; Jones
et al. 1995; Peters et al. 2001).

A recent study published evidence in 2013 that the c-subunit was important for
the PT (Bonora et al. 2013). When all three mammalian isoforms of the c-subunit
(ATP5G1, ATP5G2, ATP5G3) were deleted in HeLa cells using siRNA, there was
no effect on ATP production, as these cells are glycolytic. However, depletion of
c-subunits prevented ionomycin-induced opening of the PTP, mitochondrial frag-
mentation, oxidative stress-induced mitochondrial depolarization, and release of
cytochrome c. Overexpression of ATP5G1 had the opposite effect on PTP. Under
conditions of Ca®* overload (ionomycin) or oxidative stress, c-subunit depletion
prevented cell death in HeLa cells and attenuated glutamate-induced cell death in
primary cultures of cortical neurons.

PTP-like activity has been observed using mitochondrial proteins purified by
chloroform/methanol extraction. In 2005, the Pavlov lab attributed such activity to
polyhydroxybutyrate, although they later concluded that this preparation probably
contained the c-subunit (Elustondo et al. 2013). In addition, work from the Saris lab
over the last 15 years suggests pore-forming activities of the c-subunit. In the early
2000s, they isolated a phosphorylated form of the c-subunit from liver mitochondria
and found that it induced, while a c-subunit antibody inhibited, the PT in isolated
mitochondria and that dephosphorylation of this protein was associated with
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opening of the PTP (Azarashvili et al. 2002). Furthermore, this isolated fraction
increased conductance of lipid membranes, an effect that was blocked by c-subunit
antibodies (Azarashvili et al. 2002). These results were further explored in 2014,
when they demonstrated that dephosphorylated c-subunit was more effective than
phosphorylated c-subunit at inducing PT and that the c-subunit could bind Ca®*
(Azarashvili et al. 2014). Furthermore, the conductance of the c-subunit in lipid
bilayers was found to be 15 pS to 2 nS, consistent with previous recordings of the
PTP (Table 1).

Starting in 2004, the Jonas laboratory began to study the molecular identity of
the PTP when they found that overexpression of the anti-apoptotic protein, Bcl-xy ,
in neurons increased cytoplasmic ATP levels yet decreased oxygen consumption,
consistent with the idea that Bcl-x; overexpression increases mitochondrial
bioenergetic efficiency (Alavian et al. 2011; Chen et al. 2011). Furthermore,
Bcl-x;, was found to bind to the fB-subunit of ATP synthase to increase ATP
synthesis, and its depletion or inhibition increased an IMM leak current in patch-
clamping experiments (Alavian et al. 2011).

These data suggested that a regulated leak current lay within the ATP synthase
and the Jonas and Porter laboratories began to study this further (Alavian
et al. 2014). Patch clamping of purified ATP synthase subunits reconstituted in
liposomes revealed that extremely pure c-subunit preparations with no other
associated proteins formed channels in proteoliposomes. These channels had
multi-conductance states that ranged from 100 pS to 2 nS, were slightly cation
selective (Table 1), and were inhibited by c-subunit antibodies and high
concentrations of ATP but not CsA. Additional patch clamp studies were performed
on purified ATP synthase monomers that contained no CypD. In contrast to results
reported by Giorgio et al. (Giorgio et al. 2013), these studies revealed that calcium
and purified CypD induced an ~1 nS conductance (with multiple subconductance
states, Table 1). Similar experiments, using mitoplasts, submitochondrial vesicles
(purified IMMSs), and urea-stripped submitochondrial vesiicles stripped of non-
membrane-embedded proteins with urea, revealed multiple levels of regulation of
this C-ring channel. The conductance in mitoplasts and submitochondrial vesicles
had the expected properties of the PTP — activation by Ca®* and inhibition by CsA.
However, when the c-subunit is stripped of non-membrane-embedded proteins,
submitochondrial vesicles were neither responsive to Ca** nor inhibited by CsA,
suggesting that regulatory components were peripheral to the c-subunit and were
removed by urea. Interestingly, the conductance associated with the C-ring could be
inhibited with specific purified ATP synthase F; components.

Additional experiments revealed that the C-ring expands upon exposure to
calcium to open the PTP and that mutation of the c-subunit to make the C-ring
larger increased its conductance and enhanced PTP opening and associated cell
death in neurons. In contrast, depletion of the c-subunit attenuated PTP opening and
cell death.

Combined, these data suggest a model whereby in the intact synthase complex
the central stalk and F; of the ATP synthase inhibit opening of the c-subunit
channel; in contrast the C-ring of ATP synthase is exposed upon induction of the
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PTP (Fig. 5b, d). Release of the C-ring from ATP synthase was demonstrated by
exposing mitochondria to calcium and immunocapturing the ATP synthase using an
antibody directed at the F; (Alavian et al. 2014). These studies showed that calcium
exposure indeed destabilizes, in a CypD-dependent manner, the connection
between the stalk and the c-subunit, disrupting protein/protein interaction between
the c-subunit and F,. Furthermore, this dissociation was prevented when CsA or
ADP was added to prevent PTP opening (Alavian et al. 2014).

4 A Current Model of the Permeability Transition Pore

Overall, the data presented above suggest a model, in which the PTP is contained
within the C-ring of ATP synthase (Fig. 5b). In this model, induction of the PT
disrupts ATP synthase to unmask the face of the C-ring to the matrix and expose its
central pore. As molecules flow through this pore, the IMM depolarizes and the
ETC uncouples (Figs. 4 and 5d). The PTP can be regulated by CypD due to its
binding to OSCP on ATP synthase and by Ca**, adenine nucleotides, and Bcl-x;_ at
the level of ATP synthase (Fig. 5e). Furthermore, control of ATP synthase assembly
and PTP opening by other proteins known to regulate this process (ANT, PiC,
SPG7, mtCK, VDAC, and HK) occurs at the level of the synthasome where the
ATP synthase forms connections to the latter three proteins in the intermembrane
space or at the OMM.

However, this model does not explain all of the current data, and many other
issues must be resolved to refine this model. The first issue is whether it is logical
and possible for ATP synthase to disassemble and expose a pore within its central
structure when the mitochondrion faces stressful situations. Experimental
conditions in which this occurs are consistent with known matrix calcium
concentrations; the 60 uM Ca** required to open the PTP is well within the range
of physiological Ca®* concentrations found within the mitochondrial matrix or
adjacent to the mitochondria in Ca®" microdomains (Csordas et al. 2001; Rizzuto
et al. 2000, 2009; Rizzuto and Pozzan 2006; Schneggenburger and Neher 2005). In
addition, the opening of the PTP is reversible (see above), so under physiologic
conditions, PTP opening might only occur as a transient exposure of the C-ring pore
with subsequent reconstitution, as has been observed for ATP synthase (Pedersen
et al. 1978).

The inhibition of the C-ring pore by F; components of ATP synthase (Alavian
et al. 2014) may play a role in transient pore opening. Alternatively blockade of the
PTP by F; components may prevent PTP opening when ATP synthase becomes
disassembled or has not yet assembled as it is forming (Havlickova et al. 2010), but
further work will need to be done to address this issue. However, under certain
conditions, this disassembly may become irreversible and safety mechanisms may
fail, thus causing pathophysiologic PT and rupture of the OMM. Finally, it is also
important to note that opening of only a few C-rings/PTPs would be required to
depolarize the IMM, as this pore has such a large conductance, so even a low
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probability event of ATP synthase disruption could lead to devastating
consequences for the mitochondrion.

Structural studies suggest that the center of the C-ring contains lipids that would
prevent the observed conductance. However, a recent cryo-electron microscopic
study suggests that this lipid plug lies close to the matrix side of the ring center and
this may be attached to a portion of ATP synthase composed of the e-subunit (Zhou
et al. 2015). Furthermore, a recent review of this work suggested that this p-side
density (or death finger) could pull the lipid plug toward the matrix, opening the
center of the C-ring to allow conductance (Fig. 5c) (Gerle 2016). Additional
experiments must be done to explore this potential mechanism of C-ring activity.

Many questions are unanswered regarding the regulation of the PTP. Probably
the most interesting question is: what is the mechanism, by which Ca** and ROS
regulate the PTP? These molecules play the most central and powerful roles in this
process, but where they bind or what they modify to regulate PTP opening is still
completely unknown. Most likely, they affect the proteins described in this chapter,
but other targets may be involved. For example, lipids such as cardiolipin likely
play a major role in the assembly and control of both of these structures and provide
a site for Ca**-mediated regulation.

Despite the long-standing and justified idea that CypD plays a central role in PTP
regulation, the mechanism, by which it does this, is unclear. It has recently been
assumed that the binding of CypD to OSCP is important for this function; as
suggested by Giorgio et al., CypD can induce PTP opening in purified ATP
synthase preparations (Alavian et al. 2014), but it is not isolated with ATP synthase
monomers or dimers (Alavian et al. 2014; Giorgio et al. 2013). Thus, its binding to
OSCP/ATP synthase may be weak. It is possible that other, more important targets,
such as ANT or SPG7, are as important as OSCP, but this remains to be determined.
It is also unclear how the protein folding (peptidyl-prolyl, cis-trans isomerase)
activity of CypD is important for its regulation of PTP function, as suggested by
mutation studies (Lin and Lechleiter 2002).

The exact role of the other proteins that control the PTP (Table 3) remains
unclear, and the mechanisms by which they exert their effects can only be surmised
from incomplete data. Figure Se suggests one possible model, but more work must
be done to establish the importance of the association of the synthasome with
mtCK, VDAC, and HK in the regulation of PTP. Furthermore, how the ANT
inhibitors, atractyloside and bongkrekic acid, have opposite effects on the PTP is
a mystery, but the answer probably lies in their ability to lock ANT into two totally
different conformations, as discussed above. It is possible that defining the effects
of these agents on ANT may also shed light on the role of CypD’s enzymatic
activity, as it was reported that Ca®" stabilization of ANT’s “c” conformation is
related to its proline isomerization (Pestana et al. 2010).
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5 Summary

OXPHOS and the mitochondrial ETC are essential for eukaryotic life as they
produce the majority of ATP in most cells. However, disruption of mitochondrial
function can lead to cell death, and the PTP plays a major role in both the energetic
failure and the activation of programmed cell death pathways that lead to cellular
demise. The molecular identity of the PTP has long been sought, and recent
evidence suggests a model where ATP synthase, the major producer of ATP in
the cell, also contains within its core the PTP. Further work must be done to
delineate the exact nature of the pore of the PTP, how it is derived from ATP
synthase, and what controls this process.
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Abstract

Bioenergetics has become central to our understanding of pathological mech-
anisms as well as the development of new therapeutic strategies and as a tool for
gauging disease progression in neurodegeneration, diabetes, cancer, and cardio-
vascular disease. The view is emerging that inner mitochondrial membrane
(IMM) cation channels have a profound effect on mitochondrial function and,
consequently, on the metabolic state and survival of the whole cell. Since dis-
ruption of the sustained integrity of mitochondria is strongly linked to human
disease, pharmacological intervention offers a new perspective concerning neu-
rodegenerative and cardiovascular diseases as well as cancer. This review sum-
marizes our current knowledge regarding IMM cation channels and their roles
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under physiological conditions as well as in cancer, with special emphasis on
potassium channels and the mammalian mitochondrial calcium uniporter.

Keywords
Calcium uptake ¢ Cancer « Magnesium channel ¢« Mitochondria * Potassium
channels

1 Introduction

Oxidative phosphorylation requires an electrochemical gradient across the inner
mitochondrial membrane (IMM). The matrix-negative difference in electrical poten-
tial across the IMM (Aym, ranging between —150 and —180 mV) is maintained by
the proton pumps of the respiratory chain (RC). Consequently, cations (K*, Ca®*, and
Mg**) flow from the intermembrane space (where the concentration of ions is com-
parable to cytosolic concentrations because the OMM is permeable to these ions via
the voltage-dependent anion channels (VDACS)) to the matrix when a permeation
pathway opens. To compensate for charge movement, the RC must increase the rate
of proton transfer from the matrix to the intermembrane space (IMS). To increase RC
activity according to the chemiosmosis model, the transmembrane electrochemical
proton gradient (Afiy, composed of mainly Aym) must decrease. Thus, passive
charge flow and Ay (Aym) are coupled, and the opening of cation channels in the
IMM will lead to depolarization. Vice versa, closing cation channels leads to an
increase of Ajiyy (Aym) (i.e., hyperpolarization). Such alterations may in turn have
consequences on the rate of superoxide formation (see, e.g., O-Uchi et al. 2014;
Szewczyk et al. 2006; Zorov et al. 2014). Reactive oxygen species (ROS) are emer-
ging as key players in the context of pathological conditions (e.g., during tumor-
igenesis, neurodegenerative diseases).

In general, due to the lack of molecular identity or to multiple localization in
the case of several IMM cation channels (see below), unfortunately, studies in this
field must contend with a number of important issues, including difficulties in the
generation of genetic models (cells or animals) exclusively lacking the IMM cation
channels.

2 Mitochondrial Potassium Channels

IMM K* channels recorded by patch clamp include calcium-dependent channels —
big-conductance potassium channel (BKCa) (Singh et al. 2012), intermediate-
conductance K* channel (IKCa) (De Marchi et al. 2009), small-conductance K*
channel (SKCa) (Dolga et al. 2013), voltage-gated shaker-type K* channel Kv1.3
(Szabo et al. 2005), and the ATP-dependent potassium channel (mitoKATP) (Inoue
et al. 1991). In addition, biochemical evidence indicates the presence of the two-pore
potassium channel TASK-3 (Pocsai et al. 2006), of Kv1.5 (Leanza et al. 2012b), of
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ROMK?2, and of Kv7.4 (Testai et al. 2015a) (for recent reviews see, e.g., Laskowski
et al. 2016; Szabo and Zoratti 2014). Since IMM K" channels are encoded by the
nuclear genome, the molecular identities of the observed channel activities are still
under debate in many (but not all) cases. Basically all above-mentioned IMM K*
channels identified thus far are considered to be the mitochondrial counterparts of
well-known plasma membrane (PM) channels and many of them display even mul-
tiple subcellular localizations: (1) SKCa has been found to be located in PM, mito-
chondria, and ER as well, where it is essential for Ca** uptake by ER in neurons and
cardiomyocytes (Kuum et al. 2012); (2) Kv1.3 is present in the PM, in mitochondrial
IMM (Szabo et al. 2005), in the cis-Golgi compartment (Zhu et al. 2014), and in the
nuclear membrane system (Jang et al. 2015) (see below); (3) BKCa is present in the
PM, Golgi, ER, and mitochondria (Singh et al. 2012; Toro et al. 2014). The role of
these channels in the different membranes is only partially established as is (are) the
targeting mechanism(s) allowing their localization to different subcellular
compartments. The question still waiting for answer in many cases is whether the
same protein is sorted to different compartments within the cells or specific
mechanisms account for its localizations. As for mitoBKCa, this channel in the
heart is encoded by a splice variant of the PM BKCa (KCNMAI encoded) and harbors
a 50 aa splice insert that is essential for trafficking to the mitochondria (Singh et al.
2013). Instead, the possible mitoKATP component, ROMK?2, the renal outer medul-
lary K* channel ROMK2 (Kirl.1b), is a short form of ROMK. ROMK2 has been
proposed to be the channel-forming subunit (Foster et al. 2012); however the molec-
ular components of mitoKATP are still debated (for recent reviews see Szabo and
Zoratti 2014; Testai et al. 2015b). To our knowledge, targeting mechanisms have not
been identified for the other mitochondrial K* channels, but interestingly, a short
sorting signal in the C-terminal transmembrane domain has been reported to de-
termine targeting of a viral potassium channel to mitochondria versus PM when ex-
pressed in mammalian cells (von Charpuis et al. 2015). It is important to underline
that not all these intracellular channels have been recorded in all tissues, but most of
their PM counterparts have relatively wide tissue-expression profiles and the mito-
chondrial channels were found to be active in healthy tissues as well.
Unfortunately, genetic models, which are fundamental to the investigation of
the physiological and pathological roles of mitochondrial K* channels, are largely
unavailable. In the case of BKCa, KCNMAI ™'~ animals have been used, though
these animals also lack the PM BKCa. In KCNMAI '~ cardiomyocytes, changes
in ROS production and an attenuated oxidative phosphorylation capacity were
observed, suggesting a mitochondrial role of BKCa channels in fine-tuning the
oxidative state of the cell (Soltysinska et al. 2014). Despite the wide expression and
important physiological functions of IKCa, the absence of this channel protein in
transgenic KO mice does not result in severe physiological changes, possibly
because of developmental compensation (Wulff and Castle 2010). Similarly, in
animals lacking Kv1.3, expression of other Kv channels and even of anionic
currents has been shown to largely compensate for the lack of Kv1.3 (Koni et al.
2003). ROMK-KO mice have been obtained, although they are short lived (Lu et al.
2002). To the best of our knowledge, no studies have yet been performed on these
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animals and in TASK-3 KO mice (Gotter et al. 2011) to assess mitochondrial
function. In summary, the available genetic models target both the PM and intra-
cellular forms of the channels and/or are prone to developmental compensation.
The generation of adequate cellular/animal models would allow genetic evidence to
be obtained regarding the relative importance of these channels (which are often
co-expressed in the same tissues) in the regulation of mitochondrial bioenergetics
and of the physiological consequences.

Nevertheless, numerous studies applying pharmacological agents point to a crucial
role of IMM K" channels in the context of energy conversion and cellular protection
and provide evidence that K* transport modulates the tightness of coupling between
mitochondrial respiration and ATP synthesis. As mentioned above, IMM K* channels
have been proposed to contribute to the regulation of matrix volume, in addition to
influencing A¥m and ApH, calcium transport, production of reactive oxygen species,
and mitochondrial dynamics. Activation of a mitochondrial calcium-dependent K*
channel modulates K* uptake and matrix volume while maintaining mitochondrial
membrane potential (A¥m) and confers protection without compromising oxidative
phosphorylation during recovery from metabolic stress (Aon et al. 2010). In this case,
activation of the channel is proposed to increase bioenergetic efficiency. Other studies
instead indicate that a protective mechanism involving the activation of different
IMM K channels includes a slight uncoupling effect, i.e., a slight depolarization
leading to increased respiration not coupled to ATP production. Such uncoupling
would decrease energetic efficiency (Cardoso et al. 2010). Similarly, activity of the
evolutionarily conserved ATP-dependent K* channel mitoKATP has been linked to
ischemic preconditioning, ischemic postconditioning, and cytoprotection in general
(Garlid et al. 2009; Lefer et al. 2009), even though in heart mitochondria the increased
K" influx associated with mitoKATP opening was able to depolarize the membrane
by only few millivolts (Kowaltowski et al. 2001). In addition, a recent piece of work
demonstrated that the Kv7.2-7.5 activator retigabine depolarized the mitochondrial
membrane potential, decreased mitochondrial Ca* levels, and in vivo largely pre-
vented the functional and morphological changes triggered by global ischemia/reper-
fusion in Langendorff-perfused rat hearts, even though ROS production was increased
(Testai et al. 2015a). The exact basis of K* channel openers’ (KCO) cytoprotective
properties still remains to be elucidated, although it is suggested that (1) attenuation of
ROS production in mitochondria may play a significant role; (2) activation of mitoK*
channels controls matrix volume, preserving a narrow intermembrane space, neces-
sary for efficient oxidative phosphorylation; and (3) opening of mitoK* channels
produces a mild decrease of membrane potential, thus reducing uptake of Ca** into
the mitochondrial matrix and preventing Ca®* overload and subsequent permeability
transition pore opening. As mentioned above, most of these studies employed isolated
mitochondria and/or relied on the use of nonspecific inhibitor or activator drugs
displaying pleiotropic effects. The second consideration is especially true for the
mitochondrial KATP and BKCa channels: the bulk of the evidence supporting the
involvement of mitoKATP channel in protection against ischemic/reperfusion dam-
age is pharmacological (Laskowski et al. 2016; Szewczyk et al. 2010). Unfortunately,
other cellular targets possibly accounting for the observed effects have been identified
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and most, if not all, of the pharmacological agents reportedly activating mitochondrial
KATP can behave as membrane-permeable weak acid/base pairs, and thus as un-
coupling, Aji-dissipating agents, possibly accounting for their protective effects. But
specificity issues apply also to the other KCOs. For example, the CGS7184 (ethyl1-
[[(4-chlorophenyl)amino]oxo]-2-hydroxy-6-trifluoromethyl-1H-indole-3-carboxy-late),
a synthetic BKCa channel opener, directly activates the ryanodine receptor calcium
release (RYR2) channel in the sarcoplasmic reticulum (Wrzosek et al. 2012).
Furthermore, SERCA, complex I of the respiratory chain, and ATP-synthase inhibi-
tion are involved in pleiotropic effects of the BKCa channel activator NS1619 on
endothelial cells (Lukasiak et al. 2016).

3 Mitochondrial Potassium Channels and Cancer

Besides a role in cytoprotection (see above), modulation of mitochondrial K* channels
can also lead to cell death and to regulation of autophagy. Ion channels in general have
emerged as “oncogenic” proteins during the last two decades, since they have an
aberrant expression in cancers compared to normal tissues and contribute to several
hallmarks of cancer, such as metabolic reprogramming, limitless proliferative poten-
tial, apoptosis resistance, stimulation of neo-angiogenesis, as well as cell migration
and invasiveness. In the latest years, not only plasma membrane but also intracellular
channels and transporters (Peruzzo et al. 2016), especially mitochondrial ones (Leanza
etal. 2014), have arisen as oncological targets and were proposed to be associated with
tumorigenesis. Therefore, the research is currently focusing on understanding the
possible role of intracellular ion channels in cancer development and progression on
the one hand, and on the other hand on developing new possible drugs able to mod-
ulate either expression or activity of these channels. The relevance of studying on-
cogenic channels (both PM and intracellular ones) is underlined by recent studies
demonstrating that their pharmacological modulation can reduce tumor growth even
in vivo in preclinical models of brain, lung, stomach, colon, blood, cervix, bladder,
skin, prostate, breast, esophagus, and oral cavity cancers (Leanza et al. 2015). Among
these examples, efficacy of mitochondrial channel-targeting drugs/molecules in
reducing tumors has already been demonstrated even in vivo in preclinical mouse
models for VDAC1 (Arif et al. 2014) and Kv1.3 (Leanza et al. 2012a).

Among mitochondrial potassium channels, the example studied in most detail in
the context of cell death and cancer is the mitochondrial Kv1.3 channel. MitoKv1.3
mediates an inward potassium flux to the mitochondrial matrix and likely has a role
in the organellar K* cycle that participates in the modulation of coupling between
ATP synthesis and mitochondrial respiration, although a direct proof is missing
(Szabo et al. 2012). In vivo evidence has been obtained suggesting that modulation
of mitoKv1.3 by pharmacological means represents an unconventional but prom-
ising strategy to selectively eliminate cancer cells. Kv1.3 is overexpressed in var-
ious cancer tissues/cells and expression of PM-located Kv1.3 seems to correlate
with that of the mitochondrial counterpart, mitoKv1.3. MitoKv1.3 was identified as
a novel target of Bax: physical interaction between the two proteins via K128 of
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Bax took place in apoptotic cells, leading to inhibition of channel activity (Szabo
et al. 2008, 2011) and consequent Aym changes, increased ROS production, and
cytochrome c release, whereas Kv1.3-deficient mitochondria were resistant. In agree-
ment with these results, Psora-4, PAP-1, and clofazimine, three distinct membrane-
permeant inhibitors of Kv1.3 (Cahalan and Chandy 2009), induced death in multiple
human and mouse cancer cell lines by triggering the same series of events. In
contrast, membrane-impermeant, selective, and high-affinity Kv1.3 inhibitors ShK
or margatoxin did not trigger apoptosis, suggesting a crucial role for the mitochon-
drial Kv1.3 versus PM Kv1.3. Genetic deficiency or siRNA-mediated downregu-
lation of Kv1.3 abrogated the effects of the drugs, proving specificity of their action
via Kv1.3. In a preclinical mouse model, intraperitoneal injection of clofazimine
significantly reduced melanoma tumor size while no adverse effects were observed in
several healthy tissues (Leanza et al. 2012a). Furthermore, these drugs induced death
of only the pathological primary tumor cells from B-cell chronic lymphocytic leu-
kemia patients (Leanza et al. 2013) and clofazimine efficiently reduced by more than
50% the size of pancreatic ductal adenocarcinoma in an SCID mouse model using
Colo357 cells which express high levels of Kv1.3 (Zaccagnino et al. 2016). Even
though following silencing of Kv1.3 clofazimine-induced death does not take place,
in vivo tumor reduction by clofazimine due to some pleiotropic effect cannot be fully
excluded. Clofazimine has been in clinical use since the 1960s and is well tolerated,
although bioaccumulation of the drug can lead to visible (but reversible) changes
in skin pigmentation. It possesses anti-inflammatory and immunosuppressive activ-
ities; therefore it is used in various cutaneous, nonmicrobial, and chronic inflamma-
tory disorders but more recent studies suggested an expansion of the clinical use
of clofazimine to non-cutaneous inflammatory disorders such as multiple sclerosis,
rheumatoid arthritis, and type I diabetes mellitus (Cholo et al. 2012). Clofazimine has
recently been identified in a large-scale screening as an inhibitor of Wnt signaling
(Koval et al. 2014). In addition, clofazimine has been shown to exert an inhibitory
action on ABCB1/MDR1/P-glycoproteins (Pgp) (Van Rensburg et al. 1994) and to
have the potential to inhibit p53—MDM?2 interaction leading in turn to stabilization
and activation of the tumor suppressor p53 (Casey et al. 2009; Patil 2013). Therefore,
a more specific drug, acting exclusively on the mitochondrial counterpart of Kv1.3,
would be required to more efficiently and specifically target this channel.

The intermediate-conductance potassium channel (IKCa or KCa3.1) is expressed
in various tissues, such as epithelial and endothelial tissues, immune system, sensory
neurons, and microglia but not in excitable tissues. PM IKCa is involved in sever-
al physiological processes modulating membrane potential and calcium signaling,
including cell proliferation and differentiation in numerous cell types, and it shows a
differential expression in cancer cells with respect to normal cells. An intracellular
localization for the IKCa (mitoIKCa) in the inner mitochondrial membrane of human
colon carcinoma and HeLa cells, as well as in mouse embryonic fibroblasts, has been
demonstrated by electrophysiology and Western blotting (De Marchi et al. 2009;
Sassi et al. 2010). The plasma membrane channel and the mitochondrial one seem to
have the same pharmacological properties, since both are inhibited by TRAM-34 and
clotrimazole (De Marchi et al. 2009). A connection between IKCa channels and the
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intrinsic apoptotic pathway has been observed in a human glioblastoma cell line
(McFerrin et al. 2012) and inhibition of IKCa by TRAM-34 increased the sensitivity
of melanoma cells to TRAIL treatment (Quast et al. 2012). In addition, clotrimazole
reduced cell viability of chronic leukemic B lymphocytes (Grossinger et al. 2014),
even though, surprisingly, TRAM-34 did not exert the same effect. These examples
raise the exciting possibility that the mitochondrial IKCa might also become an on-
cological target.

Mitochondrial TASK-3 channels are also likely to contribute to the regulation of
apoptosis since silencing of TASK-3 in melanoma cells resulted in compromised
mitochondrial function, i.e., mitochondrial membrane depolarization, and reduced cell
survival inducing apoptotic cell death (Nagy et al. 2014). The tandem of P-domains
(K2P) in weakly inward rectifying K* (TWIK)-related acid-sensitive K" channel
3 (TASK-3) is the most recently identified group among the K* channels. K2P chan-
nels are “leak” K* channels that set resting membrane potential and regulate cell
excitability (Enyedi and Czirjak 2010). PM TASK-3 is normally found in the adrenal
cortex, gastrointestinal tract, neuronal tissue, and salivary glands and is modulated by
alterations in extracellular pH and by anesthetic agents, and plays a role in aldosterone
secretion (Enyedi and Czirjak 2010). Altered PM/intracellular TASK-3 expression has
already been defined in several types of cancer, i.e., in breast cancer, and the gene
encoding TASK-3 (KCNK9) was found to be overexpressed by five- to >100-fold in
44% of tumors: in lung, colon, and ovarian cancers (Peruzzo et al. 2016), as well as in
melanoma (Pocsai et al. 2006). Unfortunately, no highly specific mtTASK-3 mod-
ulators are available but dihydropyrrolo[2,1-a]isoquinoline (DPI) compounds, that are
able to inhibit TASK channels, could become possible candidates for developing new,
selective inhibitors (Noriega-Navarro et al. 2014).

Finally, sporadic information exist regarding a link between mitoBKCa function
and cell death. The large-conductance calcium- and voltage-activated K* channel
BKCa (KCal.l) is expressed at the PM of both excitable and non-excitable cells,
including sensory and epithelial cells, smooth muscle, and cardiac muscle, where it
is involved in muscle contraction but also in cytoprotection during ischemia/re-
perfusion. MitoBKCa has been observed in mitochondria of glioma cell lines, in
astrocytes, as well as in ventricular cells, skeletal muscle, brain, and endothelial
cells (Szabo and Zoratti 2014). The known modulators of the plasma membrane
channel act also on the mitoBKCa. These compounds can be divided into activators,
such as calcium, diCI-DHAA, NS1619, 17-estradiol, and hypoxia, or inhibitors like
charybdotoxin, iberiotoxin, and paxillin. To our knowledge, none of these drugs act
exclusively on the mitochondrial channel (Szewczyk et al. 2009), and as mentioned
above, they may also exert pleiotropic effects. MitoBKCa has been associated with
cell death, since Bax can inhibit the channel leading to the activation of the MPTP
(Cheng et al. 2010). Recently a modified channel function of mitochondrial BKCa
has been linked to amyloid-beta (Af)-induced neuronal toxicity (Jafari et al. 2015).
Thus, even though alteration of mitoBKCa function seems to be linked to cell death,
to our knowledge, no direct evidence for involvement of the mitoBKCa in cancer
development and/or progression exists to date.



54 |. Szabo and L. Leanza

In summary, the relationship between mitochondrial potassium transport and
diseases linked to altered mitochondrial function is still only partially explored, but
the so-far available data point to IMM K™ channels as possible targets for therapeu-
tic application against various pathologies, including cancer.

4 Mitochondrial Calcium Channels

Mitochondria play a crucial role in intracellular Ca®* regulation by shaping, re-
modeling, relaying, and decoding Ca”* signals, due to their ability to rapidly and
transiently accumulate Ca®* (Drago et al. 2011). A membrane potential of —180 mV
(negative inside) generated by the respiratory chain would theoretically lead to a
1,000,000-fold accumulation of matrix Ca** if electrophoretic Ca** passage was un-
restricted. Accordingly, the protonophore CCCP does not only collapse the mem-
brane potential but also the Ca* transport (Selwyn et al. 1970). Ca>* uptake into
mammalian mitochondria is additionally blocked by low concentrations of ruthenium
red and Ru360, which leads to a direct inhibition of the uniporter (Moore 1971; Reed
and Bygrave 1974; Vasington et al. 1972). In animal cells mitochondria were the first
intracellular organelles to be associated with Ca* handling, and well before the
identification of the mitochondrial calcium uniporter complex (MCUC) components,
its ability to rapidly sense Ca®* signals and to act as localized buffers with high
capacity in proximity of PM and ER Ca** channels/transporters has been proven
(Rizzuto et al. 2012). Indeed, mitochondrial Ca®* uptake, by impacting on local cal-
cium concentrations and on calcium-mediated feedback mechanism known to mod-
ulate the activity of Ca”* channels, influences frequency and amplitude of cytosolic
calcium signals. For example, calcium flux across both the PM/ER-located calcium
release-induced calcium channel CRAC (Orail/Stim1) and the ER-located inositol-
1,4,5-trisphosphate receptor is influenced by physical vicinity of mitochondria. This
proximity, sustained by specific contacts, the so-called mitochondria-associated mem-
branes (MAMs) via chaperons such as sigma receptor 1, in turn sets the extent and
duration of mitochondrial calcium increase (Rizzuto et al. 2012). In addition, espe-
cially in large cells, recruitment of mitochondria to specific regions seems to be
important for constraining Ca** signals to defined cell domains. As a result, mito-
chondrial calcium uptake has been shown at least in vitro to govern numerous path-
ophysiological processes ranging from insulin secretion, neuronal excitotoxicity, and
cardiomyocyte function to tumorigenesis. The reader is advised to consult excellent,
recent reviews on this topic (e.g., De Stefani et al. 2016; Foskett and Philipson 2015;
Rizzuto et al. 2012).

Significant advances in identifying the molecular players of the mitochondrial Ca**-
handling machinery have been achieved only during the last decade. The finding that
a highly Ca**-selective ion channel, displaying a very small conductance of only 5 pS
in 100 mM Ca** in vitro, recapitulated the key characteristics observed for the mam-
malian mitochondrial uniporter in classical bioenergetic experiments represented a
milestone toward the molecular identification of the uniporter (Kirichok et al. 2004).
The MitoCarta database, containing more than a thousand of mitochondrial proteins
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(Pagliarini et al. 2008), then provided the basis for the identification of several mi-
tochondrial calcium uniporter complex (MCUC) components in mammals, including
the central pore-forming protein mitochondrial calcium uniporter (MCU) (Baughman
et al. 2011; De Stefani et al. 2011). At the current stage MCUC appears to include at
least the pore-forming protein MCU, an MCU paralog (MCUD), the essential MCU
regulator (EMRE), the regulatory MICU proteins, and possibly the mitochondrial
calcium uniport regulator 1 (MCURI1) in mammals, unlike in other systems containing
a more simplified MCUC (Wagner et al. 2016). MCU is a 40 kDa protein that is
inserted into the IMM via two transmembrane domains and oligomerizes into multi-
mers (penta- or tetramers) (Oxenoid et al. 2016; Raffaello et al. 2013) to form a pore
that allows Ca®* entry into the mitochondrial matrix driven by the electrical mem-
brane gradient (Baughman et al. 2011; De Stefani et al. 2011; Raffaello et al. 2013).
Recombinant MCU protein, when incorporated into an artificial membrane, mediates
Ca**-permeable activity, resembling the electrophysiological characteristics of the
mitochondrial uniporter (De Stefani et al. 2011; Kirichok et al. 2004). Mammalian
MCU activity can be regulated through its paralog MCUb. MCU and MCUDb share
50% sequence similarity and both proteins physically interact. MCUD carries two
conserved amino acid exchanges in the IMS-exposed loop of MCU which is neces-
sary to permit Ca®* transport through MCU in lipid bilayer experiments (Raffaello
et al. 2013). In cultured cells, MCUb forms heterooligomers with MCU and likely
constitutes a dominant-negative regulator of MCU transport activity. The mammalian
MICU protein family consists of three members that share more than 40% sequence
identity. MICU1, the first uniporter component identified (Perocchi et al. 2010), is a
50 kDa protein with two functional and two pseudo EF-hands that resides in the
mitochondrial intermembrane space (Csordas et al. 2013; Hung et al. 2014; Patron
et al. 2014; Petrungaro et al. 2015; Wang et al. 2014). It was quickly referred to as the
uniporter “gatekeeper” that sets a threshold for mitochondrial Ca** uptake through
MCU at low extramitochondrial Ca®* concentrations but activates the channel when
surrounding Ca* concentrations are high (Csordas et al. 2013; Mallilankaraman et al.
2012). Recent findings showing that elevations in cytosolic Ca”" are sufficient (ECsg
of 4.4 pM) to induce rearrangement of MICU1 multimers and to trigger activation of
mitochondrial Ca®* uptake are in agreement with this concept (Waldeck-Weiermair
et al. 2015). Interestingly, a splice variant with much higher affinity for calcium has
been identified in skeletal muscle (Vecellio Reane et al. 2016). The initial model for
MICU function was further refined after the identification of two MICU]1 isoforms,
MICU2 and MICU3 (Plovanich et al. 2013). As MICU3 was found to be almost
exclusively expressed in neural tissues (Plovanich et al. 2013), functional characteri-
zation focused on ubiquitously expressed MICU2. MICU?2 forms a heterodimer with
MICUI through an intermolecular disulfide bond and closes the channel at low
extramitochondrial Ca®* concentrations (Patron et al. 2014; Petrungaro et al. 2015).
The stability of MICU2 depends on MICU1 (Patron et al. 2014; Plovanich et al. 2013)
and loss of MICU2 in MICU1-silenced cells complicates assignment of individual
MICU1 and MICU2 functions. However, in electrophysiological experiments
MICU?2 inhibits the channel activity in the absence of Ca2+, while MICU1 activates
the channel in the presence of calcium, in accordance with the proposed model of
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MICU?2 and MICU?2 being gatekeeper or activator, respectively (Patron et al. 2014).
Currently, two models coexist that find MICU1 (1) to act exclusively as a uniporter
activator at high cytosolic Ca”* concentrations (Patron et al. 2014) or (2) to gradually
disinhibit the uniporter with increasing Ca** concentrations in the cytosol (Csordas
et al. 2013).

Another core component of the mammalian MCUC is EMRE, a 10 kDa protein that
spans the inner mitochondrial membrane with only one transmembrane motif. The
proposed role of EMRE in mammals is that of mediating the physical interaction
between MCU and a MICU1/MICU2 dimer and regulating MCU channel activity
depending on the matrix Ca®* concentration (Sancak et al. 2013; Vais et al. 2016). In
vitro MCU protein alone is sufficient to form a functional channel (De Stefani et al.
2011) even though structural studies allowed to forward the hypothesis that the outer
and inner juxtamembrane helices as well as a loop region in MCU are unstable regions
which may undergo conformational changes upon activation by EMRE in order to
create the lateral exit path for Ca”" in the MCU channel (Oxenoid et al. 2016). EMRE
is a metazoan-specific protein and its role is supported by reconstitution of a functional
uniporter in budding yeast as heterologous system without a endogenous mitochondrial
Ca®* uniporter: while expression of MCU from the slime mold Dictyostelium alone
was sufficient to import Ca®* into yeast mitochondria, human EMRE needed to be
expressed alongside MCU to form an active Ca®* uniporter system (Kovacs-Bogdan
et al. 2014). A recent study, using mammalian MCU, suggests that both regulators,
MICUI1 and the splice variant of MICUI, are able to interact with immobilized MCU
or with MCU/EMRE complex displaying very similar affinity, suggesting that the
presence of EMRE is not (or only poorly) involved in MCU-MICU1 (Vecellio Reane
et al. 2016). In summary, the role of EMRE is far from being clarified.

As to the pathophysiological importance of mitochondrial calcium homeostasis,
Ca”* elevations in the mitochondrial matrix are known to stimulate respiration and
ATP synthesis to cover temporarily high energy needs of cells (Denton 2009). Ca**
overload, by contrast, can trigger cell death (Duchen 2000). Increased biosynthesis
rates of ATP rely on the activation of three mitochondrial dehydrogenases by Ca**
(McCormack et al. 1990). In addition, increasing evidence suggests that cross talk
between mitochondrial calcium and ROS signaling systems promotes fine-tuning
of the cellular signaling networks and of metabolism (Gorlach et al. 2015). For
example, the mammalian pyruvate and 2-oxoglutarate dehydrogenases are a source
of mitochondrial O, and H,0,, are regulated by Ca’*, and contain a dihydroli-
poyl dehydrogenase subunit that is inhibited by H,O,-induced glutathionylation
(McLain et al. 2013; Nulton-Persson et al. 2003; Yan et al. 2013). Besides the
pyruvate dehydrogenase (PDH) (Denton et al. 1972) and oxoglutarate dehydro-
genase (OGDH) (McCormack and Denton 1979), NAD-isocitrate dehydrogenase
(NAD-ICDH) (Denton et al. 1978) is also activated by physiologically relevant Ca**
concentrations (100 nM and 1 pM) in mitochondria isolated from mammalian tissues
(Denton and McCormack 1980; Denton et al. 1980) and phosphorylation of PDH is
thought to be modulated by the calcium-sensitive phosphatase PDP1 (Holness and
Sugden 2003). Ca”" elevations in intact cells result in NAD(P) reduction (Duchen
1992; Pralong et al. 1992), supporting a central role for Ca**-dependent regulation of
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mitochondrial metabolism. Knockout of the MCUC regulator MICUI that results in
an increased resting-state level of Ca®* in the mitochondrial matrix accordingly alters
the PDH phosphorylation state in cultured cells (Mallilankaraman et al. 2012). In
addition, lower levels of basal matrix calcium in the MCU ~/~ mice led to markedly
increased levels of PDH phosphorylation in these animals (Pan et al. 2013), although
the animal model used in this study is highly debated especially in view of the modest
phenotype and of the fact that viable mice could be obtained only in a mixed genetic
background (see, e.g., Pendin et al. 2014). Indeed, the consensus view is that con-
ditional and inducible, tissue-specific knockout models, as well as viral based gene-
delivery systems, will be needed to conclusively assess the real physiological impact
of mitochondrial calcium homeostasis in vivo. A few recent in vivo studies in fact
demonstrate that mitochondrial calcium homeostasis is crucial for regulation of me-
tabolism and its alterations are linked to pathologies. Genetic manipulation of MCU
in lower organisms such as zebrafish (Prudent et al. 2013) and Trypanosoma brucei
(Huang et al. 2013) resulted in major developmental and energetic defects. Postnatal
manipulation of MCU levels in mice (by using adeno-associated virus-mediated gene
transfer) demonstrated the contribution of MCUC to the regulation of skeletal muscle
tropism. MCU overexpression or downregulation caused muscular hypertrophy or
atrophy, respectively. These processes were likely independent of metabolic alter-
ations, but were linked to a novel Ca®*-dependent mitochondria-to-nucleus signaling
pathway via transcriptional regulators (Mammucari et al. 2015). Finally, in mice
with myocardial MCU inhibition by transgenic expression of a dominant-negative
(DN) MCU, a strong correlation between MCU function, MCU-enhanced oxidative
phosphorylation, and correct pacemaker cell function has been found (Wu et al.
2015).

The importance of the correct calcium handling is illustrated by the finding that
homozygous patients carrying a loss-of-function mutation of MICU1 are charac-
terized by myopathy, cognitive impairment, and extrapyramidal movement dis-
order (Logan et al. 2014), along with an increased agonist-induced mitochondrial
Ca”* uptake at low cytosolic Ca®* concentrations and a decreased cytosolic Ca**
signal. However, at least under resting conditions, the fibroblasts from affected
individuals do not display defects in overall cellular metabolic function, but chronic
elevation of the mitochondrial matrix Ca®* load seems to lead to moderate mi-
tochondrial stress, resulting in fragmentation of the mitochondrial network. Fur-
thermore, MICU1 has recently been shown to be vital for adaptation to postnatal
life and for tissue repair after injury of liver (Antony et al. 2016). Ca** overload-
induced mitochondrial permeability transition pore (PTP) opening was accelerated
in MICU1-deficient hepatocytes. PTP inhibition prevented necrosis and rescued
regeneration. This work further highlights the importance of regulating MCU under
stress conditions when the risk of Ca** overload is elevated.

Other mitochondrial Ca** uptake modes (e.g., Ca**-selective conductance (mCa)
1 and 2 and rapid mode of uptake (RaM)) have also been observed in animals. These
uptake modes were proposed to differ from MCUC-mediated Ca** uptake in terms of
Ca** affinity, uptake kinetics, and pharmacological control. These modes have been
studied in heart cells and are — similar to MCU - inhibited by ruthenium red
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and activated by spermine (Sparagna et al. 1995), yet at higher concentrations. The
relative and/or tissue-dependent contribution of these other uptake pathways with
respect to MCU still has to be elucidated. MCU knockdown very efficiently abolishes
Ca®* transients in mammalian cell culture (Baughman et al. 2011; Bondarenko et al.
2014; De Stefani et al. 2011), indicating that the MCUC can have a dominating role
among uptake mechanisms. In accordance, Ca** uptake into mitochondria was al-
most completely abolished in the liver of MCU '~ animals (Pan et al. 2013). On the
other hand, this does not rule out the possibility that other mechanisms make major
contributions to Ca®* uptake, particularly in specialized tissues. Potential candidates
include the TRPC3 channel (Feng et al. 2013; Wang et al. 2015) and the mito-
chondrial ryanodine receptor (mRyR1). A low level of RyR1 is detectable in heart
mitochondria and provides rapid transport of Ca”* that is insensitive to ruthenium red
(Beutner et al. 2001, 2005). The availability of several animal model systems in
which MCU is genetically knocked out should help to test the hypothesis of MCUC
being responsible for different uptake modes and clarify the presence and kinetics of
coexisting uptake mechanisms.

5 Mitochondrial Calcium Homeostasis and Cancer

Besides its physiological role, MCU has been implicated also in cancer-related pro-
cesses, in particular in the control of metastasis. Recently, Hall and colleagues (Hall
et al. 2014) described that breast cancer patient outcomes negatively correlated with
increased MCU Ca**-conducting pore subunit expression and decreased MICU| regu-
latory subunit expression. However, they showed that a widely used breast cancer cell
line did not require MCU or MICUT activity for survival in contrast to cervical, colon,
and prostate cancer-derived cells. Our research in a publically available database
(Peruzzo et al. 2016) suggests that indeed expression of MCU is often altered only
slightly in tumoral tissues, in accordance with previous findings (Davis et al. 2013). On
the other hand, Tang and colleagues revealed that MCU expression correlates with
metastasis and invasiveness of breast cancer. MCU inhibition by ruthenium red or MCU
silencing by siRNA abolished migration of breast cancer cells and reduced serum-
or thapsigargin (TG)-induced store-operated Ca®* entry (SOCE). Serum-induced mi-
grations in these MDA-MB-231 cells were blocked by SOCE inhibitors, suggesting that
MCU plays a critical role in breast cancer cell migration by regulating SOCE (Tang
et al. 2015). In an independent study, MCU expression has been related to breast tu-
mor size and lymph node infiltration (Tosatto et al. 2016). In a triple-negative xeno-
graft model using MDA-MB-231 cells, ablation of MCU induced a reduction in tumor
growth and metastasis formation. MCU downregulation hampered cell motility and
invasiveness and reduced tumor growth, lymph node infiltration, and lung metastasis. In
MCU-silenced cells, production of mitochondrial ROS was blunted and expression of
the hypoxia-inducible factor-1oe (HIF-1ot) was found to be reduced, suggesting a sig-
naling role for mitochondrial ROS and HIF-1a, downstream of mitochondrial Ca>*.
HIF-1a has been demonstrated to be a major effector of MCU, since rescuing HIF-1a
expression the tumor cells restored the ability to migrate. In addition, in breast cancer
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mRNA samples, a positive correlation of MCU expression with HIF-1a signaling route
was present (Tosatto et al. 2016). Finally, it has been proposed that a small molecule,
AG311 (5-[(4-methylphenyl)thio]-9H-pyrimido[4,5-b]indole-2,4-diamine), shown to re-
tard tumor growth and to reduce lung metastases, might induce breast cancer cell death
by activating MCU, although direct proof is missing (Bastian et al. 2015).

In summary, there is an urgent need to identify pharmacological agents able to
impact mitochondrial calcium uptake via their specific action on MCUC com-
ponents, since the so-far used ruthenium red and lanthanides are wide-spectrum
modulators. This task could be much greatly helped by structure—activity relation-
ship (SAR) studies, taking advantage of the recently resolved 3D structure of MCU
(Oxenoid et al. 2016).

6 Mitochondrial Sodium Homeostasis in Cellular Physiology

As other cations, Na* is expected to be strongly attracted into mitochondria because
of the highly negative electrical potential inside the mitochondrial matrix. Classical
bioenergetics studies suggest that mitochondria possess a very active Na*(Li")-selec-
tive H"/Na" antiporter (NHE) that does not transport K* (Cockrell 1973; Mitchell and
Moyle 1969). This antiporter is readily inhibited by amiloride analogs (Brietley et al.
1989) and its activity declines at pH values higher than 7.0 (Douglas and Cockrell
1974). Unlike the K*/H" antiporter, NHE is not regulated by Mg** and is insensitive to
quinine (Nakashima and Garlid 1982). NHE function is probably linked to the set-
ting of the steady-state Ca®* cycling in energized mitochondria, which largely oc-
curs through coupling of electrophoretic influx via the Ca®* uniporter and efflux via the
Na*/Ca** antiporter (NCLX) (Crompton and Heid 1978). The current view is that
fluxes of Ca®*, Na*, and H* during the Na*-induced efflux of Ca®* support a series
of events in which the Na*—H"* exchange enables unidirectional Ca®* fluxes via the
uniport and antiport systems to be integrated into a cycle (Crompton and Heid 1978;
Drago et al. 2011). The main Na™ efflux mechanism is represented by the mitochon-
drial NHE, while the main influx pathway is the NCLX (Murphy and Eisner 2009).
Whether the electrogenic NCLX which mediates the flux of three Na™ ions against one
Ca”" ion might, at least under some conditions, be linked to the previously described
sodium uniport activity is still unclear. It has been shown that addition of EDTA
to mitochondria is followed by swelling in NaCl and LiCl but not in KCI solution,
suggesting the existence of an inner membrane channel with selectivity for Na* and Li*
(Bernardi 1999). Considering that this Mg>* depletion-induced Na™ flux is finely reg-
ulated by Mg**, ruthenium red, pH, and glibenclamide (Bernardi et al. 1990; Kapus
et al. 1990; Szewczyk et al. 1996), it is likely not to occur through an unspecific leak,
but rather via a specific channel in the inner membrane. However, to our knowledge
no electrophysiological study identified an activity with the above characteristics and
the molecular identity of the uniport observed by classical bioenergetics still awaits
clarification.

Cytosolic Na* changes are transmitted to the mitochondria by the NCLX and Ca**
plays an important role in regulating Na* flux, suggesting the existence of a Na* sensor
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in the mitochondria: indeed, a decrease in intracellular Ca* was observed to lead to a
reduced mitochondrial Na* uptake, while an increase in Ca%* availability enhanced
mitochondrial Na™ influx (Bernardi 1999). Since cytosolic Na* oscillations may in-
fluence intracellular (mitochondrial and ER) Ca>* variations, which in turn intimately
regulate mitochondrial metabolism and are implicated in several diseases, the correla-
tion existing between Na* and Ca®* fluxes (see above) might acquire importance
in pathological settings. Indeed, in melanoma cells, an increase in cytosolic Na*
mediated by a splice variant of the Na* channel Nav 1.6 has been shown to promote
mitochondrial Ca®* release (indirectly, via the Na*/Ca®* exchanger), which enhanced
the invasiveness of these tumor cells (Carrithers et al. 2009). Activation of mitochon-
drial Na*/Ca®* exchange by an increase in intracellular Na* is also a prime suspect in
several cellular pathologies such as heart failure, cancer, and hypertension (Murphy
and Eisner 2009). For example, in cardiomyocytes from failing hearts, insufficient
mitochondrial Ca** accumulation (as a consequence of cytoplasmic Na* overload and
activation of the mitochondrial Na*/Ca** exchanger) decreases the NAD(P)H/NAD
(P)(") redox potential and increases oxidative stress upon increase of the workload.
These effects were shown to be abolished by acute treatment with CGP-37157 (CGP),
an inhibitor of the mitochondrial NCLX (Liu et al. 2014). In another study however,
knocking down of NCLX resulted in downregulation of MCU-dependent mitochon-
drial Ca®* uptake (Nita et al. 2016). CGP-37157 has been exploited also in the context
of cancer and shown to induce calcium overload-linked cell death of malignant cells
in vitro (Choudhary et al. 2014; Yoon et al. 2012).

7 The Mitochondrial Magnesium Channel Mrs2
in Physiology and in Cancer

Mitochondria do not only store calcium, but also take up magnesium to maintain the
optimal cytosolic Mg>* concentration (0.5-0.7 mM) (Kubota et al. 2005). Mg** can
be accumulated inside the mitochondria via the Mg**-selective channel (Kolisek et al.
2003) that takes advantage of the driving force produced by the mitochondrial mem-
brane potential and is feedback regulated by increasing Mg>* concentration in the
matrix. Human mitochondrial Mrs2 protein (hMrs2) is a magnesium-transporting
channel in the IMM. It was identified as an upregulated gene in a multidrug-resistant
(MDR) gastric cancer cell line compared to its parental cells by subtractive hybrid-
ization. Expression of hMrs2 in mrs2-1 knockout mutant yeast partly restored mi-
tochondrial magnesium concentrations that were significantly reduced in this mutant
(Zsurka et al. 2001). Knockdown of Mrs2 caused cell death by inducing loss of
respiratory complex I and by triggering mitochondrial membrane depolarization
(Piskacek et al. 2009). On the contrary, an upregulation of Mrs2 has been observed
in parental human gastric adenocarcinoma cell lines, indicating that high expres-
sion of Mrs2 may protect against death (Wolf and Trapani 2009). hMrs2 expression
positively regulated adriamycin resistance of gastric cancer cells both in vitro and
in vivo (Chen et al. 2009). Additionally, hMrs2 promoted cell growth and cells
with decreased expression exhibited significant inhibition of cell growth with G(1) cell
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cycle arrest. Upon hMrs2 overexpression, p27 was downregulated whereas cyclinD1
was upregulated. Interestingly, an augmented expression of MRS2 gene has been re-
ported by comparing normal and cancer organs with a general increase of around two-
to threefold (but in testis tumor a 17-fold increase), which has been observed in blood,
skin, ovarian, kidney, breast, lung, and bladder tumors when compared to the normal
tissues (Peruzzo et al. 2016). Thus, it would be worthwhile to further deepen our
understanding on the possible role of mitochondrial Mg®* fluxes in cancer develop-
ment as well as to gain insight into the complete structure of the Mrs2 proteins (so far
only the N-terminal part has been resolved) (Khan et al. 2013) in order to exploit SAR
strategies to design specific drugs.

8 Future Outlook

The most critical question that will have to be addressed in future studies is related
to the organelle-specific targeting and determination of the molecular identity of
some of the above-mentioned channels (e.g., mitoKATP), in order to fully appreci-
ate the physiological functions of these ion channels. Hopefully, technical improve-
ment in proteomic techniques (increase of sensibility, preparation of highly purified
membranes) will help us to identify more and more organelle-located channel
proteins. Once the localization of a given protein is validated also in intact cells
(e.g., using tagged proteins), its channel function can be demonstrated by (1) ex-
ploiting the innovative in vitro translation/transcription system for expression and
reconstitution of active membrane proteins (Berrier et al. 2004; Ezure et al. 2014);
(2) using purified membrane vesicles; (3) direct patch clamping of mitoplasts (mi-
tochondria without outer membrane). An indication for the in vivo function and
physiological role of a given channel might be obtained by comparison of WT and
mutant organisms lacking a given protein that likely forms the channel. The above
approach however might lead to misleading results, since function of a missing
channel can be overtaken by, e.g., another member of the same family. This prob-
lem, arising from redundancy of proteins with structural similarities and likely
fulfilling the same task, should not be underestimated. Emerging techniques al-
lowing multiple genetic manipulation (e.g., CRISPR-Cas9) in diverse organisms
might be of great help in this respect. Elucidation of the regulation of mitochondrial
ion channels by posttranslational modifications is also a major challenge for the
future as is the design and synthesis of specific drugs able to act exclusively on the
mitochondrial counterparts of the channels that are present at multiple sites within
the cells. It also has to be mentioned that in addition to ion channels, a plethora
of cation-transporting carriers have been described in mitochondrial membranes,
whose function is likely to be well coordinated with that of the channels. Such
coordinated action, which might be fully appreciated by using multiple knockout
organisms, is expected to allow fine-tuning of bioenergetic efficiency. In conclu-
sion, a combination of diversified approach will certainly lead to a considerable
increase in our knowledge of the mechanisms of organelle function mediated by the



62 |. Szabo and L. Leanza

ion channels and will also improve our understanding of the importance of mito-
chondrial channels for tumorigenesis and/or tumor progression.
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Abstract

Mitochondria are the “power house” of a cell continuously generating ATP to
ensure its proper functioning. The constant production of ATP via oxidative
phosphorylation demands a large electrochemical force that drives protons
across the highly selective and low-permeable mitochondrial inner membrane.
Besides the conventional role of generating ATP, mitochondria also play an
active role in calcium signaling, generation of reactive oxygen species (ROS),
stress responses, and regulation of cell-death pathways. Deficiencies in these
functions result in several pathological disorders like aging, cancer, diabetes,
neurodegenerative and cardiovascular diseases. A plethora of ion channels and
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transporters are present in the mitochondrial inner and outer membranes which
work in concert to preserve the ionic equilibrium of a cell for the maintenance of
cell integrity, in physiological as well as pathophysiological conditions. For,
e.g., mitochondrial cation channels K,tp and BK¢, play a significant role in
cardioprotection from ischemia—reperfusion injury. In addition to the cation
channels, mitochondrial anion channels are equally essential, as they aid in
maintaining electro-neutrality by regulating the cell volume and pH. This chap-
ter focusses on the information on molecular identity, structure, function, and
physiological relevance of mitochondrial chloride channels such as voltage
dependent anion channels (VDACs), uncharacterized mitochondrial inner mem-
brane anion channels (IMACsS), chloride intracellular channels (CLIC) and the
aspects of forthcoming chloride channels.

Keywords
Anion channels » Chloride intracellular channels (CLICs) ¢ Inner membrane
anion channel (IMAC) « Mitochondria « Mitochondrial permeability transition
pore (mPTP) » Uncoupling protein (UCP) ¢ Voltage dependent anion channel
(VDAC)

1 Introduction

Typical ionic concentration and composition of the cytosol dramatically differ from
the extracellular environments. All the cells from prokaryotes to eukaryotes main-
tain a cytosolic pH of ~7.2, with concentration of potassium ions (K*) many fold
higher than sodium (Na*) and calcium (Ca2+) ions (Bose et al. 2015; Prindle
et al. 2015). In addition to cations, several organic and inorganic anions such as
halides exist in cytosol to counter cations and also play an active functional role in
cells. Intracellular ions exist in either free or remain bound to cytoplasmic proteins;
however, they are classically divided by intracellular membranes, and are enclosed
in intracellular organelles. The distribution of intracellular ions in different cellular
compartments as well as cytosol is chiefly governed by Gibbs—Donnan effect
(Sollner 1955), and is responsible for maintaining physiological functions of
the cell.

Cell membranes possess a wide array of ion transporters and channel proteins in
order to maintain physiological ionic concentrations (Jentsch et al. 2004). The ionic
gradients and membrane potentials across cellular membrane (plasma and intracel-
lular organelle) are key drivers of several physiological processes such as neuro-
transmission, cardiac conduction, and muscle contraction and relaxation (Jentsch
et al. 2004). Intracellular ion transport is important for cell cycle-regulation, energy
production, cellular signaling, and apoptosis (Leanza et al. 2013). Ion transport
across the plasma membrane has been discussed in several reviews (Feske
et al. 2015; Bates 2015; Singh et al. 2012a; Toro et al. 2014), and therefore in
this chapter, emphasis is on the ion channels across mitochondrial membranes.
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Several models of energy production in the mitochondrion indicate that the
presence of an ion channel on mitochondrial membrane would lower efficiency
and effectiveness of the process (O’Rourke 2007). In addition, theoretical opening
of any ion channels, for example, a mitoBK, will readily depolarize mitochondrial
membrane within few nanoseconds, hence supporting the earlier hypothesis that
mitochondria should not possess ion channels (Singh et al. 2012a; O’Rourke 2007).
At the same time, it is well-recognized that membrane potential of inner mitochon-
drial membrane (IMM) is~—180 mV (mV) (Colombini 2012; Colombini and
Mannella 1818; O’Rourke et al. 2005). However, when compared to the electric
potential of plasma membrane (~ — 70 mV), mitochondrial membrane seems to be a
better capacitor in storing charge. To further signify the effectiveness of mitochon-
drial membrane potential (o), We can precisely calculate the charge stored by
these cellular capacitors. It is known that the IMM is ~7.0 nm thick (Perkins
et al. 1997) thus the voltage gradient across the IMM is 0.180 V per 7.0 x 10~
cm. This is equivalent to 257,142.90 V per cm which is significantly higher than
high-voltage transmission electricity supply lines employing voltage gradient of
about 200,000 V per km (and higher to the plasma membrane voltage gradient of
200,000 V per cm as well) (Lodish et al. 2000). Majority of the membrane potential
across the mitochondrial inner membrane is generated by proton transport which is
directly coupled with ATP production.

Increasing evidence indicate that both outer mitochondrial membrane (OMM)
and IMM possess ion channels (Szabo and Zoratti 2014). As stated earlier, until
1980s, scientific community was highly skeptical and divided over existence of
typical ion channels in mitochondria (Colombini and Mannella 1818; O’Rourke
2000; Colombini 1979). However, isolation of voltage dependent anion channel
(VDAC) from paramecium, and reconstitution in lipid bilayers in 1976 set the
ground for mitochondrial ion channels (Schein et al. 1976). This was immediately
followed by characterization of permeability transition pore (PTP) (Hunter
et al. 1976), and in the last 40 years several ion channels of OMM and IMM were
established (Szabo and Zoratti 2014). More recently, mitochondrial ion channels
are shown to be the key modulators involved in protection from ischemia—reperfu-
sion (IR) injury, apoptosis, and several other pathophysiological disorders
(O’Rourke 2007; O’Rourke et al. 2005; Szabo and Zoratti 2014; O’Rourke 2000).
Even though anion channels (VDAC) were the first one to be described in
mitochondria (Colombini 1979), majority of the physiological functions are
attributed to the cation channels (Szabo and Zoratti 2014). This is chiefly due to
non-availability of specific pharmacological agents for anion channels and lack of
molecular identity of mitochondrial anion channels residing in IMMs.

Much like plasma membrane anion channels, mitochondrial anion channels are
proteinaceous pores which allow passive diffusion of negatively charged ions down
their electrochemical gradient. Anion channels may conduct other anions (F—, Br™,
I, or NO3) better than C1~ but they are often referred as Cl™ channels, as Cl™ is
the most abundant anion, predominantly permeating under physiological conditions
(Ashley 2003). Apart from VDAC which resides in the OMM (Colombini and
Mannella 1818; Colombini 1979), chloride intracellular channel 4 (CLIC4), and
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CLICS (Ponnalagu et al. 2016a), molecular identity of other inner mitochondrial
anion channels is not known. Also classification of anion channels is still ambigu-
ous (Roelfsema et al. 2012). Previous attempts to classify them on the basis of their
localization (plasma membrane vs. intracellular membranes), single-channel con-
ductance, and/or regulatory mechanism could not comprehend the diversity of
anion channels (Verkman and Galietta 2009). We believe that mitochondrial
anion channels can be systematically classified on the basis of their localization,
outer membrane anion channels and inner membrane anion channels (IMACs), as
well as on the basis of their selectivity. As anion channels are known to be
permeable for other ions, we propose to classify them as anion-selective anion
channels [ASACs, non-selective for anions], cation-selective anion channels
(CSACs, prefer cation over anions), and non-selective anion channels [NSACs,
not selective for cations or anions]. These channels will be discussed in detail in
following sections.

In this chapter, we have presented an overview of mitochondrial anion channels,
investigated their mitochondrial localization as well as distribution, and also show
how some of the known anion channel inhibitors affect mitochondrial reactive
oxygen species (ROS) generation.

2 Anion Channels of Outer Mitochondrial Membrane
2.1 Voltage Dependent Anion Channels

VDAC, an intrinsic membrane channel, is the first channel to be reconstituted and
studied at the single-channel level (Colombini and Mannella 1818; Schein
et al. 1976). It is a highly conserved protein, homologous to bacterial porins and
is localized in the OMM (Colombini 2012; Mertins et al. 2014; Neumann
et al. 2010) as also observed in the mitochondria of rat cardiac myogenic cell
line, HO9C2 (Fig. 1). Geographical distribution of VDACI1 by stimulated emission
depletion (STED) nanoscopy also indicates their unique clusters at nano-resolution
in H9C2 cells (Fig. 1) as observed earlier in U20S cells transfected with VDAC
(Neumann et al. 2010). It is the principle mode of transport of ions and metabolites
across the OMM, and also a probable contact point between the inner and outer
membrane (Colombini 1979). VDAC had a serendipitous discovery; it occurred as
a result of failed attempts in characterizing voltage-gated calcium sensitive
channels from Paramecium aurelia (Colombini and Mannella 1818). It is widely
distributed in many species across the taxon, yeast have two (POR1 and POR2), and
vertebrates have three isoforms (VDACI1, VDAC2, and VDAC3) (Szabo and
Zoratti 2014). Humans, like all other vertebrates canonically encode three different
isoforms. It is a well-characterized mitochondrial anion channel in terms of struc-
ture and function. Amongst the various isoforms, VDAC1 was the first one to be
discovered. VDAC1 and VDAC?2 have very strong pore-forming characteristics,
while VDAC3 forms smaller conductance channels (Checchetto et al. 2014) and
consequently modulates the physiological functions of other proteins.
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Fig. 1 Localization of VDACI1 in H9C2 cells. HI9C2 cells loaded with mitotracker (b) were
labeled with anti-VDACI antibody (a), and stained with a nuclear marker, DAPI (c). (d) is merge
image of a, b, and ¢ showing colocalization of VDACI to the mitochondria of HOC2 cells. e, f, g,
and h are enlarged images of the squared regions a, b, ¢, and d, respectively. STED microscopy of
HOIC2 cells showing expression of VDACI (j, k). Confocal image of HOC2 cells labeled with anti-
VDACI antibody (i) Corresponding STED image (j), overlay of i and j highlights increased
resolution of VDACT localization to mitochondria with STED microscopy (k). I, m, and n are
enlarged images of the squared region in i, j, and K, respectively

2.1.1 Structural Insights

VDAC, a small, >30 kDa protein consisting of 280 amino acid residues, shows high
sequence homology (>80 %) within the same species. Using X-ray crystallography
and nuclear magnetic resonance (NMR), three independent studies (Hiller
et al. 2008; Ujwal et al. 2008; Bayrhuber et al. 2008) have revealed that VDAC
forms f-barrel structures similar to bacterial porins, comprising of 19 unique
B-strands connected with 18 loop-like connections, and a short N-terminal o-helix
between residues 7 and 17. All the B-barrel strands are oriented in the anti-parallel
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fashion except strands 1 and 19 which are parallel to each other and close the
B-barrel structure (Ujwal et al. 2008). The height and width of the B-barrel were

reported to be 35 A and 40 A, respectively (Ujwal et al. 2008), and the path for

solute passage measures ~15 A by 1 A. The N-terminal p-barrel strands (1-4)
contribute to conformational stability of VDAC whereas Glu73 is a key residue
determining the structural stability of the protein. This residue is conserved in all
the VDAC isoforms present in humans. The N-terminal helix folds up inside the
B-barrel wall to reach the midpoint of the hydrophobic portion of the membrane.
The positively charged residues of the helix face the interior of the p-barrel, while
the negatively charged residues interact with the most conserved residues in the
B-barrel wall of VDAC proteins (Bayrhuber et al. 2008). As a result the N-terminus
is a site for many molecular interactions. The preceding N-terminal region is lightly
attached to the f-barrel wall and orients towards the pore outlet (Bayrhuber
et al. 2008). Each loop contributes a specific role in channel-gating, ion-selectivity,
pore size, and structural stability of VDAC. The long loops fold into the pore lumen
and determine the ion-selectivity and the gating of the channel. The short loops
provide structural support by linking with the adjacent pB-strands. The stability of
B-strands is also important for the voltage-gating, and protein—protein interactions
of VDAC. Similar to other porins, the C-terminal region extends to the intermem-
brane space (IMS) (Bayrhuber et al. 2008; Schulz 2002). Various studies indicate
the ability of VDAC to form oligomers (Malia and Wagner 2007). Using crystallo-
graphic symmetry operators, a model for dimeric form of VDAC was constructed
which indicated that the dimeric interface residues reside in p-strands, f1 (Ile-27,
Leu-29), B2 (Glu-50, Thr-51), P18 (Leu-257, Leu-259), and P19 (Leu-277)
(Bayrhuber et al. 2008).

2.1.2 Electrophysiological Properties

The channel properties of VDAC have been studied mainly by using planar bilayer
systems. VDAC forms a large voltage dependent pore with maximum conductance
of 4-5 nS in symmetrical 1 M KCI (Szabo and Zoratti 2014; Colombini 2004; Bera
and Ghosh 2001). At lower holding potentials of 20-30 mV, VDAC exists in fully
open state and exhibits weak anion-selectivity, whereas at higher holding
potentials, it is cation selective, and the conductance observed is approximately
half of the original conductance shown by the “closed” state of the channel (Szabo
and Zoratti 2014). Exposed charge residues of the pore are the key determinants for
anion selectivity. Amino-terminal sequence determines the voltage-induced gating
of VDAC (Mannella 1997; Shoshan-Barmatz et al. 1797). Although channel activ-
ity is observed in bilayers, a consistent conductance is not yet recorded through
patch clamping studies (Kinnally and Antonsson 2007). VDAC possesses a binding
site for Ca** (Gincel et al. 2001) and also transports calcium (Ca2+), ATP, and
superoxides. The open state of the channel poorly conducts Ca®* (Pcf/PCa2+ ~25),
while partially closed state still prefers Cl1~ over Ca®*, with a Poy /Pc,>" as 1-4.5
(Szabo and Zoratti 2014; Tan and Colombini 1768). Mitochondrial VDAC-like
conductance was also observed in excised patches of plasma membrane
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(Bahamonde et al. 2003) of neuroblastoma cells. Thus, suggesting VDAC as a
molecular correlate of the plasma membrane maxi CI~ channels (Bahamonde
et al. 2003). In another study, electrophysiological and immunocytochemical
evidences showed the activation of VDAC in plasma membrane of neurons during
apoptosis (Elinder et al. 2005). These observations are supported by the identifica-
tion of a VDAC isoform (pl-VDAC) containing a leader sequence for its trafficking
to the plasma membrane (Buettner et al. 2000; De Pinto et al. 2010) and also the
presence of VDAC in caveolae (Bahamonde et al. 2003).

2.1.3 Regulation of VDAC

VDALC is regulated by many cellular and extracellular factors. It gets phosphorylated
by Ser-Thr kinases GSK3p (Das et al. 2008; Sheldon et al. 2011), tyrosine kinase
(Salvi et al. 2005), protein kinase A (PKA) (Banerjee and Ghosh 2006), and nima-
related kinases (NEK) (Chen et al. 2009; Chen et al. 2010). Phosphorylation regulates
the apoptotic activity of VDAC via modulating its interaction with cytoskeletal
components (Kerner et al. 1818). However, phosphorylation does not affect the
current magnitude and the open probability in the positive clamping potentials, but
lowers both in the negative clamping potentials (Bera and Ghosh 2001). Further, it
has been shown that phosphorylation of VDAC by JNK3 leads to channel closure and
thereby causes cell death (Gupta and Ghosh 2015). VDAC has been shown to interact
with multiple factors ranging from pyridine dinucleotides (Lee et al. 1996; Zizi
et al. 1994), lipids including cholesterol (Betaneli et al. 2012; Rostovtseva and
Bezrukov 2008), Bcl-xL (Malia and Wagner 2007; Arbel et al. 2012), creatine
kinases (Beutner et al. 1996; Brdiczka et al. 1994), Ca2+, etc. Interaction of VDAC
with tubulin (Sheldon et al. 2011) results in its increased sensitivity to voltages
causing a channel closure at potentials as low as 10 mV. It also has been known to
be inhibited by gelsolin, a Ca**-dependent actin-binding regulatory protein, thereby
exerting anti-apoptotic effects (Kusano et al. 2000).

2.1.4 Functions

VDAC has been extensively studied with respect to its role in apoptosis. It is known
to interact with Bax and Bak to form a large pore and stimulate efflux of cyto-
chrome ¢ (Shimizu et al. 2000; Shimizu et al. 1999; Banerjee and Ghosh 2004)
which is a hallmark of apoptosis. Although, VDAC2 is shown to be pro-apoptotic,
facilitating sensitivity to t-Bid (Yamagata et al. 2009), its deletion in lymphocytes
was fatal (Cheng et al. 2003) but was rescued by deletion of Bak, reasserting
VDAC2’s role in apoptosis. There are contradictory reports arguing VDACs
(VDACI1 and VDACS3) role in apoptosis; mouse embryonic fibroblasts (MEFs)
lacking either one of these isoforms showed no response to their apoptotic response
to Bax overexpression and also showed no role of VDAC in cytochrome c release
(Baines et al. 2007). Bcl-2 family members like BelxL inhibit VDAC’s activity and
exhibit their anti-apoptotic activity (Arbel et al. 2012) via interaction with their
N-terminal segment (Malia and Wagner 2007; Abu-Hamad et al. 2009).
Overexpression of plant VDACs in jurkat cells (T cell line) induced apoptosis
that can be blocked by Bcl-2 and the VDAC inhibitors (Godbole et al. 1642).
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VDACs have also been widely studied in cancers due to their association with
hexokinase 1 (HK1) and hexokinase 2 (HK2) which are over-expressed in glyco-
lytic cancers (Wolf et al. 2011). HKs via binding to VDACT provide a metabolic
benefit to cells, and suppress apoptosis, causing a cell proliferative advantage and
increased resistance to chemotherapy (Shoshan-Barmatz et al. 1848). However, the
association of VDAC and HK is also regulated by cyclophilin D (CypD) (Machida
et al. 2006) and its acetylation status which is in turn modulated by deacetylases like
sirtuin-3 (Shulga et al. 2010; Verma et al. 2013). VDAC is prone to oxidative
damage when its tyrosine residues get converted to 3-nitrotyrosine by reactive
nitrogen species (RNS) including NO and peroxynitrite, produced upon oxidative
stress during aging. Therefore, increased VDAC nitration leads to VDAC-
dependent, rapid, and massive cytochrome c release. These functions signify the
very important physiological role of VDAC in cell life and death. VDAC has been
arguably considered to be a component of mitochondrial permeability transition
pore (mPTP) (Zoratti and Szabo 1995), as the electrophysiological property of
VDAC resembled to that of mPTP (Szabo et al. 1993). It was also predicted to be in
the dimeric state in mPTP complex (Szabo and Zoratti 1993). Molkentin and his
group further showed that mitochondria from the VDAC null mutant mice were
susceptible to Ca®* and oxidative stress induced mPTP formation instigating a
debatable role of VDACs in mPTP formation (Baines et al. 2007). A recent study
showed the SGP7 (mitochondrial AAA protease) which is an essential component
of mPTP complex interacts with VDAC (Shanmughapriya et al. 2015). These
studies further suggest that VDACs role in forming mPTP complex is dispensable
and probably regulates mPTP formation via interacting with modulators like Bax,
Bak, and SGP7.

3 Anion Channels of Inner Mitochondrial Membranes

As stated above, it was widely believed that the inner membrane of the
mitochondria is unlikely to contain ion channels, as any movement of ions across
it would degenerate the proton motive force driving ATP synthesis (O’Rourke
2007). Although, later, multiple conductances were recorded in IMM, no specifics
on molecular identity of these channels are known (Szabo and Zoratti 2014). The
realization for the existence of ion channel in inner membrane came from early
studies on mitochondrial swelling, which were induced by movement of cations and
anions into the matrix compartments (O’Rourke 2007).

3.1 Inner Membrane Anion Channel: Historical Perspective
and lon Channel Properties

Around the 1960s, Azzi et al. promoted the idea of Mg** governing the permeabil-
ity of the mitochondrial membrane to univalent cations, which switches to anion,
upon increasing pH (Azzi and Azzone 1965; Azzi and Azzone 1967). However,
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mechanism for this ion extrusion was uncertain. In 1969, Brierley observed that the
permeability of the inner membrane to anions is very low at acidic pH in heart
mitochondria, which further increased under alkaline conditions (Brierley 1969;
Garlid and Beavis 1986). These findings supported the concept of Azzi et al., about
the existence of an Mg** and pH dependent anion transport pathway in IMM (Garlid
and Beavis 1986). Furthermore, the transport of several anions like C1~, Br—, I,
SCN™, NO? -, PO, , HCO3_, and SO42_ across the mitochondrial membrane was
demonstrated (Garlid and Beavis 1986; Stockdale et al. 1970), thus indicating the
presence of an IMAC in the mitochondria (Garlid and Beavis 1986).

3.1.1 Electrophysiological Properties of IMAC

Initial patch clamp studies performed on IMM revealed a slightly anion-selective
channel with a mean conductance of ~107 pS under symmetrical (cis:trans)
150 mM KCI condition (Sorgato et al. 1987). It was named as mitochondrial
centum picosiemens (mCS) channel. This was followed by observations of multiple
anion channel conductances, on mitoplasts or mitochondrial membrane vesicles
(Ballarin and Sorgato 1995; Borecky et al. 1997; De Marchi et al. 1777; Hayman
et al. 1993; Kinnally et al. 1992; Klitsch and Siemen 1991) isolated from different
tissues (brown adipose tissue, heart, and liver). Patch clamp studies on mitoplasts
isolated from brown fat adipose tissue showed a ~108 pS conductance in symmet-
rical 150 mM KCI solution (Borecky et al. 1997; Klitsch and Siemen 1991). This
channel was a candidate for IMAC as the channel currents were inhibited by purine
nucleotides, Mg?* as well as variations in pH (Borecky et al. 1997). In both liver
and cardiac tissues, Sorgato et al. found a ~100 pS voltage-sensitive anion channel
(Sorgato et al. 1989). In yet another study, two distinct anion channel currents were
observed in sheep mitoplasts with one showing conductance of 100 pS (150 mM
KCI) and the other of 50 pS (Hayman et al. 1993). Remarkably, both species of
channel activity lasted for 10—15 min and then exhibited irreversible inactivation
which could be a result of desensitization of these channels (Sun et al. 2002). Pc ™/
Px " values for both the channels were also different. Small conductance channel
was shown to be non-selective between anions. Although the channel conductances
were similar to that observed by Sorgato et al.(Sorgato et al. 1987), neither of these
channels were sensitive to ATP, Mg”*, or pH changes, a property exhibited
by IMAC.

Interestingly, three classes of IMM channel activities were recorded in rat
cardiac mitochondria, using patch clamp studies (Kinnally et al. 1992; Kinnally
et al. 1991). The “107 pS activity” was slightly anion-selective and voltage-
dependent (opens with positive potentials towards matrix); a Ca** or voltage-
dependent “multiple conductance channel” (MCC) activity exhibited a single-
channel conductance ranging from ~40 to over 1,000 pS, and a “low-conductance
channel” (LCC) showing conductance of ~15 pS that was receptive to pH and Mg>*
changes. Thus, MCC was considered responsible for the Ca**-induced permeability
transition observed in mitochondrial suspensions. LCC was suggested to be similar
to IMAC currents with anion selectivity in the order of SCN™ >NO3™ >Cl™ > P;.
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All of the IMM channels reported so far are highly regulated and have a very low
open probability under physiological conditions.

IMAC currents were also observed even in yeast (both wild type and VDAC less
strain), but the properties of these channels differed (Ballarin and Sorgato 1996).
Here, two kinds of channel activity were recorded: a small conductance channel of
~45 pS, which decreased at negative holding potentials, and large conductance
channel, whose conductance increased at positive holding potentials (~400 pS at
—40 mV; ~800 pS at 40 mV). Unlike IMAC, these channels were unaffected by
matrix Ca®* and Mg”*. However, both showed ATP-dependence, indicated by the
complete inhibition of the activity of the small channel, and the loss of voltage-
dependency for large conductance channel in the presence of nucleotides. Another
study revealed the existence of phosphate carrier (PIC) protein, as mitochondria
purified from Saccharomyces cerevisiae upon reconstitution in liposomes showed
anion-selective single-channel currents in patch clamp experiments (Herick
et al. 1997). It exhibited a frequent conductance of ~40 £ 10 pS, and was inhibited
by higher concentration of phosphate. Although PIC had similar conductance to
that of small conducting channel earlier isolated from yeast, its activity was
inhibited by Mg>* and Ca”* unlike the later one. This further indicated the existence
of multiple IMM anion channel conductances in yeast.

In addition, pH-regulated plant inner mitochondrial anion channel (PIMAC)
mediated flux of C1~, NO3~, succinate, malate, and oxaloacetate was shown in
potato tuber mitochondria (Beavis and Vercesi 1992), as well as in durum wheat
seedlings and Jerusalem artichoke tubers (Laus et al. 2008). Like yeast IMACs, they
exhibit different properties than the mammalian IMAC, because of the lack of
inhibition by recognized inhibitors of mammalian IMACs. Maize IMAC shows
temperature independent open probability in contrast to that of mammalian IMAC,
but this level of activity varied with the cold tolerance levels of the maize popula-
tion. Although these studies point out the presence of IMAC in mitochondria, more
data is required to establish the molecular identity of these channels.

3.1.2 IMAC Modulators

Light scattering on swelling mitoplasts was used to describe IMAC in initial studies
(Garlid and Beavis 1986; Beavis and Vercesi 1992; Halle-Smith et al. 1988; Powers
and Beavis 1991; Zernig et al. 1990). IMAC has been shown to be modulated by
palmitoyl-CoA (ICsp ~ 2.5 pM) (Halle-Smith et al. 1988), Mg2+ (Garlid and Beavis
1986; Beavis and Vercesi 1992), (IC50~38 pM), pH (pICso~7.7) (Beavis and
Vercesi  1992; Beavis 1992), N,N'-dicyclohexylcarbodiimide, mercurial
(chloromercuribenzene sulfonate and mersalyl), and amphiphilic amines such as
propranolol and triorganotins (Powers and Beavis 1991). Tributyltin (TBT), a
potent triorganotin, inhibits malonate transport via IMAC at 0.9 nmol/mg and
95 % efficiency (Powers and Beavis 1991). IMAC like other chloride channels is
reversibly inhibited by stilbene derivatives such as 4,4’-Diisothiocyanato-
2,2'-stilbenedisulfonic acid disodium salt (DIDS) (Beavis and Davatol-Hag
1996). Other inhibitors include amiodarone, amitriptyline, dibucaine, Ro 54864,
and thiol cross linkers, like N-ethylmaleamide. Even inhibitors of adenine
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nucleotide translocase (ANT) block the anion transport by IMAC (Powers
et al. 1994). The plant IMACs unlike that of mammalian are not inhibited by matrix
Mg?*, mercurials, or N,N'-dicyclohexylcarbodiimide but by other well-known
IMAC inhibitors such as propranolol (ICsy =14 pM), TBT (ICsy =4 nmol/mg),
and the ANT inhibitors like erythrosin B and Cibacron Blue 3GA. Ca** also
modulated the activity of IMAC in mitochondrial swelling experiments (Zernig
et al. 1990). In addition, benzodiazepines that inhibit mitochondrial benzodiazepine
receptor (mBzR) present in the OMM also blocked IMAC activity but the mecha-
nism of inhibition is unclear. Even though the functions of these channels are poorly
understood, their tight regulation suggests their import role in maintaining physiol-
ogy of the cell by possibly regulating mitochondrial function.

3.1.3 Functions

IMAC:s are mainly implicated in volume homeostasis. IMAC has been proposed to
play a role in postischemic electrical and contractile dysfunction in the heart
(O’Rourke 2007; Akar et al. 2005; Aon et al. 1762). In adult cardiomyocytes, it
was observed that inhibitors of IMAC prevented reverse oscillatory mitochondrial
depolarizations induced by substrate deprivation (O’Rourke 2000) and oxidative
stress (Aon et al. 2003). In spite of multiple conductance observed in the IMM, it is
challenging to assign specific physiological roles due to its ambiguous molecular
identity.

3.2 Chloride Intracellular Channel Proteins

These are unique class of intracellular channel proteins consisting of single trans-
membrane domain, and exist in dimorphic state of both soluble and integral
membrane form (Ashley 2003; Singh 2010). There are seven paralogs of CLIC
identified in mammals to date, namely CLIC1-CLIC6 (Singh 2010) which includes
CLIC5A and CLICSB (isoforms of CLICS). They are also conserved among
prokaryotes and widely distributed across other eukaryotic species, including
three isoforms, identified in invertebrates (DmCLIC in Drosophila melanogaster,
EXC4 and EXL1 in Caenorhabditis elegans) (Berry et al. 2003; Littler et al. 2008)
and four in plants (AtfDHARI1-4 in Arabidopsis thaliana) (Singh 2010; Littler
et al. 2010; Elter et al. 2007). CLICs, as the name specifies, are localized to
intracellular organelles (Singh 2010) specifically nuclear membrane (Valenzuela
et al. 1997; Ulmasov et al. 2007), secretory vesicles of hippocampal neurons
(Chuang et al. 1999), caveolae (Edwards and Kahl 2010), trans-Golgi network
(Edwards and Kahl 2010), endoplasmic reticulum, (Duncan et al. 1997; Ponnalagu
et al. 2016b) and mitochondria (Ponnalagu et al. 2016a; Edwards and Kahl 2010;
Ponnalagu et al. 2016b; Fernandez-Salas et al. 1999).

3.2.1 Structural Insights
CLIC proteins show high sequence and structural similarity to members of omega
glutathione-S-transferase (GST) family of proteins (Singh 2010). They contain
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~280 amino acid residues, with a conserved C-terminal domain. CLIC5B and
CLIC6 contain an additional hydrophobic N-terminal domain (Singh 2010; Littler
et al. 2010). Until now, crystal structures of only the soluble forms of CLIC are
obtained. CLIC4 and CLIC1 show high structural similarity due to 67 % sequence
homology. Mammalian CLICs also share structural similarity to invertebrates. All
CLICs contain 10 a-helices (h1, h2, h3, h4a, h4b, h5, h6, h7, h8, and h9) and four
B-strands (s1, s2, s3, and s4) except in EXC4, where helix h4 is unbroken but has an
additional h10 helix (Littler et al. 2008). Soluble structures of EXC4 and DmCLIC
indicate that the putative transmembrane domain is formed by an a-helix (h1) and a
B-strand (s2) (Littler et al. 2008). In mammalian CLICs the putative transmembrane
domain (C24-46) comprises the pore, and plays a role in ion transport and targeting
the protein to the membrane (Singh 2010; Singh and Ashley 2006; Singh and
Ashley 2007). For CLICI it is shown that modification of Cys24 inhibits the
channel activity (Singh and Ashley 2006). Cys24 and its equivalent conserved
residues in other CLIC proteins play a key role in the redox-regulation of CLIC1,
CLIC4, and CLICS (Singh 2010). Also, it is observed that CLIC proteins insert into
planar bilayers with the N-terminus located in the luminal side and the C-terminus
towards the cytosolic side (Singh and Ashley 2006; Singh and Ashley 2007). Auto
insertion of CLIC1 to the bilayers increased with the formation of disulphide bond
between the residues Cys24 and Cys59 upon oxidation, indicating the role of Cys24
in integration of soluble form of CLIC to membranes. However, the residue Cys59
is not conserved in all other CLICs, and also it is not very clear how these residues
form disulphide bonds in membrane form as they are oriented at opposite
directions. Therefore, the role of disulphide bonds in insertion of CLICs is still
questionable. As CLICs have single transmembrane domain, it is predicted that at
least four molecules of them will be necessary to form a functional ion channel in
the membrane (Singh 2010). Conformation flexibility of putative transmembrane
increased in an acidic pH of ~5.5, thereby increasing the auto insertion into the
membrane and exhibiting enhanced single-channel conductance (Stoychev
et al. 2009).

3.2.2 Mitochondrial CLIC Proteins

Even though, CLICs were named as intracellular ion channels, their cellular
localization is not systematically explored chiefly due to lack of specific antibodies.
However, information on localization of some of the CLIC proteins is available
(Singh 2010). Out of six CLIC proteins, CLIC4 was characterized as a putative
mitochondrial ion channel protein (Szabo and Zoratti 2014), and was demonstrated
to reside in mitochondria of keratinocytes (Fernandez-Salas et al. 2002), where it is
involved in Ca®*-induced differentiation of keratinocytes (Suh et al. 2007). Hence,
CLIC4 is also known as mitochondrial CLIC4 (mtCLIC4). Furthermore, R (+)-
Methylindazone, R (+)-[(6, 7-Dichloro-2-cyclopentyl-2, 3-dihydro-2-methyl-1-
oxo0-1H-inden-5-yl)-oxy] acetic acid (IAA-94)-sensitive CLIC-like currents were
also observed in cardiac mitochondria (Misak et al. 2013) suggesting their presence
in cardiac mitochondria. We have recently showed that CLIC4 and CLICS are
cardiac mitochondrial proteins, where CLIC4 is localized to the OMM and CLICS
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Fig. 2 Localization of CLIC4 in HIC2 cells. H9C2 cells loaded with mitotracker (b) were labeled
with anti-CLIC4 antibody (a), and stained with DAPI (c¢). d is merge image of a, b, and ¢ showing
colocalization of CLIC4 to the mitochondria of HOC2 cells. e, f, g, and h are enlarged images of
the squared regions in a, b, ¢, and d, respectively. STED microscopy of HIC2 cells showing
expression of CLIC4 in the mitochondria (j, k). Confocal image of H9C2 cells labeled with anti-
CLIC4 antibody (i). Corresponding STED image (j), overlay of i and j highlights increased
resolution of CLIC4 localization to mitochondria with STED microscopy (k). I, m, and n are
enlarged images of the squared region in i, j, and K, respectively

to the IMM of rat cardiac mitochondria (Ponnalagu et al. 2016a; Ponnalagu
et al. 2016b). CLIC1 and CLIC2 are chiefly localized to the endoplasmic reticulum
of adult cardiomyocytes (Ponnalagu et al. 2016a; Ponnalagu et al. 2016b).

In agreement to these studies here we further show mitochondrial localization of
CLIC4 in H9C2 cardiac cells (Fig. 2a—h). We also investigated localization of
CLICS and found it to be localized to the mitochondria of HI9C2 cells (Fig. 3a—h).
Interestingly, bioinformatic analysis of CLICs revealed the absence of any mito-
chondrial targeting sequence (MTS) (Ponnalagu et al. 2016a), further indicating a
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Fig. 3 Localization of CLIC5 in H9C2 cells. Mitotracker-labeled (b) H9C2 cells were incubated
with anti-CLICS5 antibody (a), and stained with DAPI (c). d is merge image of a, b, and ¢ showing
colocalization of CLICS to the mitochondria of HOC2 cells. e, f, g, and h are enlarged images of
the squared regions in a, b, ¢, and d, respectively. STED microscopy of HIC2 cells showing
expression of CLICS in the mitochondria (j, k). Confocal image of HOC2 cells labeled with anti-
CLICS antibody (i) Corresponding STED image (j), overlay of i and j highlights increased
resolution of CLIC5 localization to mitochondria with STED microscopy (k). 1, m, and n are
enlarged images of the squared region in i, j, and K, respectively

unique unconventional mechanism for their mitochondrial localization in H9C2
cells. To understand geographical distribution of CLIC4 and CLICS in cardiac
cells, we acquired super resolution images by using a custom-built STED micro-
scope (Rodriguez et al. 2012). Figures 2i—n and 3i-n revealed a unique cluster
distribution of CLIC4 (80+ 10 nm, n=500 clusters) and CLIC5 (98 £12 nm
n=>500 clusters) in H9C2 cells. These results indicate that even though CLIC4
and CLICS localize to mitochondria of HIC2 cells, they follow a distinct distribu-
tion either due to differential localization within the mitochondria as observed in
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adult cardiac mitochondria (Ponnalagu et al. 2016a; Singh et al. 2012b) or due to
unique functional roles.

3.2.3 Electrophysiological Properties

Channel activity of CLIC proteins have been carried out in artificial bilayers (Singh
and Ashley 2006; Tulk et al. 2002; Warton et al. 2002) using either recombinant
proteins or ectopic expression in mammalian cells (Valenzuela et al. 1997; Tonini
et al. 2000). CHO-K1 cells transfected with CLIC1 showed a single-channel
conductance of 8 pS in cell and nuclear patch clamping studies (Valenzuela
et al. 1997). Conductance of all CLICs varied depending on the lipid composition,
recording conditions, and redox environment of the bilayers (Singh 2010; Singh
and Ashley 2006). All the CLICs form NSAC as they do not differentiate between
cations and anions; however, they turn into anion-selective in the presence of large
cations like Tris (Singh 2010; Singh and Ashley 2006). Arg29 and Lys37 in the
putative transmembrane domain have been shown to play a role in ion channel
function. Lys37 altered the single-channel conductance whereas Arg29 affected the
open probability of a single-channel in response to variation in membrane potential
(Averaimo et al. 2013). Ionic conductance of CLIC1 and CLICS is regulated by
actin (Singh et al. 2007), but not for CLIC4. Single-channel biophysics of CLICs in
their native environment is not yet reported.

3.2.4 Functions
CLICs are multifunctional proteins. They involve in membrane trafficking, cyto-
skeletal function (Berryman et al. 2004), apoptosis (Fernandez-Salas et al. 2002;
Suh et al. 2004), cell cycle control (Valenzuela et al. 2000), tubulogenesis (Berry
et al. 2003), VEGF-mediated angiogenesis of endothelial cells (Tung et al. 2009),
mitosis, and differentiation (Suh et al. 2007). CLIC2 was reported to modulate the
function of ryanodine receptors (RyR1 and RyR2) (Board et al. 2004; Takano
et al. 2012). In humans, the transcriptional analysis showed the downregulation
of CLIC2 in dilated cardiomyopathy patients (Diaz et al. 2010) indicating its
possible role in cardiac physiology. CLIC4 also showed a role in regulating the
endothelial function, where CLIC4 deficient animals were shown to be resistant to
pulmonary hypertension (Wojciak-Stothard et al. 2014). Diaz et al. showed
blocking chloride channels using IAA-94, prevented the cardio protective effects
of ischemic pre-conditioning (IPC) as there was increased myocardial infarction
(MI) due to ischemic/reperfusion (IR) injury in both the heart as well as isolated
adult cardiomyocytes (Diaz et al. 1999). It was also shown that other chloride
channel blockers like DIDS, 5-Nitro-2-(3-phenylpropylamino) benzoic acid
(NPPB), and 4-acetamido-4’-isothiocyanato-stilbene-2,2’-disulfonic acid (SITS),
protected hearts from MI further suggesting a probable cardio protective role of
TAA-94 specific targets, CLICs (Zheng et al. 2013; Wang et al. 2015).
Overexpression of mtCLIC4 in keratinocytes induced its mitochondrial locali-
zation leading to reduced mitochondrial membrane potential and thereby triggering
apoptosis (Fernandez-Salas et al. 2002). It was also demonstrated that RNAi
suppression of CLIC4 enhanced H;0O,-induced glioma cell apoptosis
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(Xu et al. 2013). Recent study also showed that abrogation of CLICS increased the
ROS generation of cardiac mitochondria in mice (Ponnalagu et al. 2016a). Thus,
these studies provide evidence of CLIC in modulating mitochondrial function
which is known to play a role in regulation of apoptosis, cardioprotection from
IR injury, and their direct involvement in maintaining cellular physiology.

4 Other Chloride Transporters or Modulators
in Mitochondria

Apart from the above mentioned anion channel conductances observed in both
IMM and OMM, there are still other upcoming anion channels or modulators
maintaining mitochondrial ion flux which needs to be further studied. We have
discussed some of them in the following section.

4.1 Mitochondrial Permeability Transition Pore

mPTP is a non-selective channel present in the mitochondrial inner membrane
which allows a solute of up to 1.5 kDa to pass through it resulting in dissipation of
electrochemical proton gradient, inhibition of ATP synthesis further leading to cell
death (Szabo and Zoratti 2014; Bernardi et al. 2006). The conductance of this
channel varies from 0.9 to 1.3 pS, with mild anion-selectivity and can also switch to
cation-selective channel (Szabo and Zoratti 2014), therefore they are considered as
non-selective channels present in the mitochondrial membrane. Opening of the
channel is reliant on mitochondrial Ca** concentrations and matrix alkalization.
Earlier it was shown that PTP is inhibited by submicromolar concentration of an
immunosuppressant drug, cyclosporine A (CsA) (Fournier et al. 1987; Crompton
et al. 1988; Broekemeier et al. 1989; Davidson and Halestrap 1990) thus indicating
the presence of CypD as the molecular component of the channel. Multiple studies
have predicted that mPTP comprises of VDAC (Szabo et al. 1993; Szabo and
Zoratti 1993), ANT (Kokoszka et al. 2004), CypD, and hexokinase. As discussed
earlier in Sect. 2.1.4, interaction of SGP7 and VDAC was found to be essential for
formation of mPTP (Shanmughapriya et al. 2015). A latest study has also suggested
the likelihood of F Fy ATPase itself as forming a PTP (Halestrap 2014; Bonora
et al. 2013). Further, studies on identifying the molecular correlate of mPTP are still
underway, and usage of a multidisciplinary approach will certainly provide much
desired information (Singh et al. 2012a; Singh 2010; Rodriguez et al. 2012; Singh
et al. 2012b; Singh et al. 2009). Activity of the channel is modulated by CsA, matrix
acidification, adenine nucleotides, and divalent cations apart from Caz+(Szabo and
Zoratti 2014). In spite of its unclear molecular identity, multiple studies signify its
key role in IR injury (Akar et al. 2005; Halestrap et al. 2004), neurodegeneration
(Schinzel et al. 2005) in pathological disorders, apoptosis, and progression of
cancer (Szabo and Zoratti 2014).
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4.2 Maxi-Chloride Channel

This section summarizes the evidence of the presence of Maxi Cl~ channel in
mitochondria (De Marchi et al. 1777). Patch clamp analysis of liver mitoplast
revealed a channel activity similar to monomeric state of PTP. The occurrence of
this activity is not found to be consistent in liver mitochondria but was observed
more frequently in human colon tumor 116 (HCT116) cells. The conductance of the
channel recorded in HCT116 cells was ~400 pS. This channel was considered to be
anion-selective in fourfold KCI gradient and at reversal potentials in the range
of — 26 to — 31 mV. The ratio of permeability coefficients reported was Pc /Px*
~7-18. As the channel activity represented the monomeric form of PTP, VDAC
was considered as a probable candidate for this channel activity. The channel
activity did not differ upon VDAC deletion, thus, ruling out the possibility of
VDAC as its molecular component. The channel occasionally switched to cation-
selective state. Interestingly, the activity was inhibited by only DIDS and SITS but
not by IAA-94, NPPB, or niflumic acid. Properties of this channel were similar to
swelling-activated and voltage-inactivated maxi-chloride channels reported earlier
(Sabirov et al. 2006). Although molecular structure of the channels is unknown but
is considered to have a strong link with PTP.

4.3 Uncoupling Proteins

UCP is a ~33 kDa protein, primarily acting as an H* carrier in the inner membrane
of mitochondria. There are five isoforms of UCP identified in mammals. Anion
channel transport was associated with them as it was also demonstrated to play a
role in mitochondrial swelling (Nicholls and Lindberg 1973), and C1™ transport was
confirmed in vesicles reconstituted with UCP (Huang and Klingenberg 1996; Jezek
et al. 1990). There are six transmembrane domains and in case of UCP1 and UCP2,
it is shown that transmembrane 2 (TMZ2) contributes to anion conductance
(Yamaguchi et al. 2004). Also, arginine residues of TM2 were shown to be crucial
for anion transport (Hoang et al. 2015). The channel exhibited an inward-
rectification with a single-channel conductance of 75 £6 pS at positive holding
potentials, and 84 + 8 pS at negative holding potentials. Divalent cations like Mg**
and Ca”" aided in the occurrence of these channels. The permeability to ions
decreased in the order of CI” >Br >F >SCN™ >I" >NO3" > gluconate.
Like all other uncharacterized mitochondrial anion channels, the channel activity
was sensitive to nucleotides (Huang and Klingenberg 1996). Although, UCP is
required to dissipate the proton gradient to provide energy for oxidative phosphor-
ylation, these studies speculate the potential of UCP behaving as an anion channel.

4.4 Vacuolating Cytotoxin A

VacA, the vacuolating cytotoxin A, as the name implies forms large vacuoles in
cells and is one of the major virulence factors released by Helicobacter pylori
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(Rassow 2011). VacA toxin is the prominent mediator in H. pylori-induced apopto-
sis of cells (Cover and Blanke 2005; Boquet et al. 2003), and is also known to form
anion channels (Iwamoto et al. 1999; Czajkowsky et al. 1999; Szabo et al. 1999) of
low conductance of ~10 pS. This conductivity is completely inhibited by the
chloride channel blocker NPPB (Szabo et al. 1999; Tombola et al. 2000). Previous
studies also demonstrated that VacA intoxicates mammalian cells by reducing
mitochondrial membrane potential and inducing apoptosis (Willhite and Blanke
2004). Based on these studies a model has been hypothesized to link the channel
activity with its function: VacA after entering mammalian cells localizes to the
mitochondria, and modulates mitochondrial membrane permeability by forming a
channel resulting in cytochrome c release. Thus, VacA joins the ranks of anion
channels playing a role in intrinsic pathway of apoptosis (Willhite and Blanke
2004).

5 Pharmacological Evidence of Cardiac Mitochondrial Anion
Channels

Most of the chloride channels in mitochondria have been identified and
characterized using pharmacological inhibitors. However the specificity of these
pharmacological agents is not yet established, and is shown to be non-specific at
different concentrations which is a limitation for their usage. Nevertheless, these
pharmacological modulators have played a significant part in deciphering the
molecular identity and physiological functions of these channels. Thus, in this
section we investigated the presence of putative chloride channels in cardiac
mitochondria of Rattus norvegicus and their respective roles in modulating mito-
chondrial ROS generation (Murphy 2009) using these pharmacological inhibitors
of chloride channels.

Mitochondrial Ca®* capacity and ROS generation play a key role in multiple
pathologies, including cardiac IR injury, neurodegenerative diseases, diabetes,
cancer, and premature aging (Sena and Chandel 2012). In a recent study, mitochon-
drial Ca** capacity was used to identify components of mPTP (Shanmughapriya
et al. 2015). Here, we have incorporated widely used canonical anion channel
blockers, and studied their impact on mitochondrial ROS generation to identify
possible mitochondrial anion channels present in the heart. C1™ channel inhibitors
used are TAA-94 (Landry et al. 1989; Weber-Schurholz et al. 1993), Anthracene-9-
carboxylic acid (A9C) (Al Khamici et al. 2015), NPPB (Malekova et al. 2007), DIDS
(Malekova et al. 2007), glibenclamide (Sheppard and Welsh 1992), and 4-[(2-Butyl-
6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic  acid
(DCPIB) (Bourke et al. 1981; Decher et al. 2001) that are known blockers of
CLICs (IAA-94 and A9C both), calcium-activated chloride channel, CLC’s, cystic
fibrosis transmembrane conductance regulator (CFTR), and swelling-activated
chloride channels, respectively. Further, earlier studies have shown the presence
of these channels in the heart (Misak et al. 2013; Duan 2013; Baumgarten
et al. 2005).
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Fig. 4 Differential modulation of the rate of ROS generation in complex II/III of cardiac
mitochondria by various chloride channel inhibitors. Cardiac mitochondria isolated from
R. norvegicus and the ROS generated by complex II/III was measured as described earlier. Profile
representing the rate of ROS production by cardiac mitochondria in the presence of DMSO
(black) vs. 100 uM 1AA-94 (gray, a), 100 pM A9C (gray, b), 50 uM NPPB (gray, c), 300 pM
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Electron transport chain complex II/III were activated with its substrate, succi-
nate and the ROS generated was measured using amplex red as an indicator of H,O,
produced, in fluorescence spectrophotometer F-2710 as described previously
(Singh et al. 2012b). It was observed that there was significant reduction in the
rate as well as total ROS generation (relative to DMSO control) after addition of
inhibitors such as A9C (100 pM), IAA-94 (100 pM), and NPPB (50 pM) (Fig. 4a—c,
g and h). This further indicated the possible presence of CLICs, and calcium-
activated chloride channel in the cardiac mitochondria isolated from
R. norvegicus. There was no change in the rate of ROS production in case of
300 pM DIDS (CLC inhibitor) (Fig. 4d, g). Also, there was a non-specific immedi-
ate spike in the rate of ROS production observed for most of the inhibitors. 100 pM
of each glibenclamide, and DCPIB showed significant reduction in the rate of ROS
production (Fig. 4e—g), but no significant reduction in the total ROS produced was
observed relative to vehicle control (DMSO) at the end of 45 min (Fig. 4h). This
could be either due to reversible inhibitory effect of these channel inhibitors or
unhealthy condition of the mitochondria in the presence of a drug. These results
further strengthen the existence of Cl~ channels in the mitochondria, and also
provide evidence for their role in modulating mitochondrial function. Thus, molec-
ular identity of other anion channels needs to be further elucidated, as they could be
a probable candidate for developing new therapeutic tools.

6 Concluding Remarks

Chloride channels always remained in rear seat as they are considered as “unim-
portant leaks” associated with cation channels in excitable cells (Jentsch et al. 2004;
Ashley 2003; Jentsch et al. 2002). This is mainly due to lack of specific tools/
ligands/modulators to characterize them. In spite of lack of efficient tool to identify
channel recordings in intracellular organelles, several mitochondrial anion channel
conductances (summarized in Table 1) have been reported but the molecular
correlate of these channels is unknown or debatable. So far, molecular identities

Fig. 4 (continued) DIDS (gray, d), 100 pM glibenclamide (gray, e), and 100 pM DCPIB (gray, f).
R1: Initial rate of ROS production which is 15 min prior to addition of the inhibitors, R2: rate of
ROS production calculated after 15 min of addition of inhibitors. R2/R1 significantly decreased in
presence of the chloride channel inhibitors IAA-94, A9C, NPPB, glibenclamide, and DCPIB (g).
TIAA-94, A9C, and NPPB showed significant reduction in the total ROS produced (relative to
DMSO) at the end of 45 min whereas negligible change in ROS production relative to DMSO
control was observed in case of glibenclamide and DCPIB (h). One way ANOVA was used to
calculate the statistical significance (***p < 0.0005, **p <0.005). IAA-94 R(+)-Methylindazone,
R(4)-[(6,7-Dichloro-2-cyclopentyl-2,3-dihydro-2-methyl-1-oxo-1H-inden-5-yl)-oxy]acetic acid,
A9C anthracene-9-carboxylic acid, NPPB (5-nitro-1-(3-phenylpropylamino)benzoic acid, DIDS
4. 4'-Diisothiocyano-2,2’-stilbenedisulfonic acid, DCPIB 4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-
2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid (n > 4, independent preparations with each
pharmacological agent used)
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Table 1 Mitochondria ion channels, their localization, selectivity, and conductance

Name
VDACI

VDAC2

VDAC3

CLIC4

IMAC

CLICS5

mPTP

Maxi Cl
channel

UCpP

Location
OMM

OMM

OMM

OMM

IMM

IMM

IMM

IMM

IMM

Selectivity

Cl selective at the open state of
channel [Pc,=0.94 +0.05,
Pe=22.6+0.2(x1071° L/s)],
also permeable to calcium at the
closed state [Pc,=4+ 1,

Po =5+ 1(x107"° L/s)),
conductance of 2.4-4.3 nS at
Vm =10 mV

Cl selective, conductance varied
as it showed lower conductance
(1.55+0.01 nS at 5 mV) and
higher conductance

(1.71£0.01 nS at 12 mV). On an
average conductance reported
were 3.79 +0.10 nS.

Cl selective at a holding potential
of 12 mV, a small conductance of
0.68 nS—0.71 nS at tenfold KCI
gradient

15 pS (500/50 mM KCl), 30 pS
(140 mM KCl), 1 pS

(300:140 mM choline Cl), 43
(50 mM choline chloride)
Pc)/Pk is 4.5, 107-110 pS in
symmetrical 150 mM KCI.

Varied from ~3-116 pS

(500/50 mM KCI) when
reconstituted in planar bilayers,
26 pS, 100 pS and 400 pS

(140 mM KCl), 100/280 pS
(140 mM), 42 pS (140 mM KCl)

0.9-1.5 nS (150 mM KCl),
average conductance of ~ 1.3 nS
in patch clamp studies, low anion
selectivity, and sometimes exhibit
cation selectivity

400 pS (fourfold KClI gradient) in
patch clamp studies under reversal
potentials of —26 to —31, Pcy/
Px~T7to 18

~75 pS at positive holding
potential (symmetrical 100 mM
KCl) in patch clamp studies. ~84
pS at negative holding potential,
inward rectifying Cl~ currents
were observed.
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of only VDAC, CLIC4, and CLICS5 have been well established in mitochondria and
many mitochondrial anion channels are yet to be identified.

Moreover, ongoing and upcoming studies signify the potential role of mitochon-
drial ion channels as regulators of mitochondrial morphology as well as physiology,
contributors of cancer and cardiac-related diseases, and key participants in cell life
and death. Despite their significant functions in cell fate determination, little effort
has been put in developing specifically targeted therapeutics agents to modulate
their activity, mainly because of lack of molecular identity and structure of these
channels. Therefore, efficient tools/modulators should be generated in identifying
the molecular structure of these channels, as this will aid in providing specific
targets for development of novel therapeutics.

Enormous evidence supports the existence of multiple physiologically relevant
anion channel conductance in the mitochondria. Hence, these channels cannot be
ignored as unimportant leaks and more efforts should be carried out towards
understanding the molecular identity and physiological function of these channels.
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Abstract

This chapter provides a critical overview of the available literature on the
pharmacology of mitochondrial potassium channels. In the first part, the reader
is introduced to the topic, and eight known protein contributors to the potassium
permeability of the inner mitochondrial membrane are presented. The main part
of this chapter describes the basic characteristics of each channel type mentioned
in the introduction. However, the most important and valuable information
included in this chapter concerns the pharmacology of mitochondrial potassium
channels. Several available channel modulators are critically evaluated and rated
by suitability for research use. The last figure of this chapter shows the results of
this evaluation at a glance. Thus, this chapter can be very useful for beginners in
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this field. It is intended to be a time- and resource-saving guide for those
searching for proper modulators of mitochondrial potassium channels.

Keywords

Cytoprotection ¢ Ischemic preconditioning ¢ mitoBKc, ¢ Mitochondria ¢
Mitochondrial potassium channels ¢ mitolKc, ¢ mitoKstp ¢ mitoKv1.3
mitoKv7.4 ¢« mitoSKc, ¢« mitoSLO2 ¢ mitoTASK3 « Modulators of potassium
channels ¢ Potassium channel openers

1 Introduction

The pharmacology of mitochondrial potassium channels attracts the attention of
many research groups due to the possibility that such channels may be involved in
the regulation of cell physiology. Activation of mitochondrial potassium channels
may induce protective cellular mechanisms, and mitochondrial channel inhibition
may cause cell death (Szabo and Zoratti 2014).

Two contradictory statements can describe the pharmacology of mitochondrial
potassium channels. First, the pharmacology of mitochondrial potassium channels
can be described as simple and easy based on numerous experiments with
plasmalemmal potassium channels. This is illustrated by charybdotoxin, a
plasmalemmal potassium channel inhibitor that blocks large conductance
calcium-regulated potassium channels both in the plasmalemma (BKc, channels)
and the inner mitochondrial membrane (IMM) (mitoBK¢, channels).

The second statement describing the pharmacology of mitochondrial potassium
channels is that the pharmacology of mitochondrial potassium channels is compli-
cated and difficult because mitochondria constitute a specific and unique environ-
ment for drugs. This environment is created by the high inner membrane potential
(approximately 180 mV, with the mitochondrial matrix negatively charged) and the
alkaline matrix. These properties promote the accumulation of both lipophilic and
positively charged drugs. The alkaline matrix promotes accumulation of weak acids
within mitochondria. This type of drug accumulation may lead to misinterpretation
of changes in mitochondrial function as consequences of regulation of mitochon-
drial potassium channels, while they are just side effects. Additionally, mitochon-
drial potassium channels may have low affinity for drugs known to strongly interact
with their plasmalemmal counterparts. This case is illustrated by the inhibitor of the
ATP-regulated K* (K o1p) channel glibenclamide, which has a high-affinity recep-
tor in pancreatic 3 cell plasmalemma and a low-affinity receptor in mitochondrial
membrane.

This chapter describes the pharmacology of mitochondrial potassium channels
in the format of a guide intended for beginners. We hope that it will help the reader
to rationally choose an optimal drug to study mitochondrial potassium channels.
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2 Potassium Channels in the Inner Mitochondrial Membrane

The low permeability of the IMM to charged molecules is critical for maintaining
the electrochemical proton gradient that drives ATP synthesis. However, the
perpetual exchange of simple ions and complex molecules, such as pyruvate,
fatty acids, ATP, or ADP, between the mitochondrial matrix and cytosol is essential
for the proper function of mitochondria. Hence, the IMM harbors several types of
transport proteins to facilitate this exchange. One of the most diverse groups of such
proteins is mitochondrial potassium channels.

Potassium channels are notorious for their role in cytoprotection (Escande and
Cavero 1992; Garlid 2000; Malinska et al. 2010). It is broadly accepted that
preconditioning with potassium channel openers (KCOs) results in cytoprotection
through activation of mitochondrial channels (Facundo et al. 2006). Several
hypotheses link opening of mitochondrial potassium channels with cytoprotection
(O’Rourke 2004; O’Rourke et al. 2005; Murphy and Steenbergen 2008; Chouchani
et al. 2014). Although these hypotheses seem quite distinct, they do not necessarily
need to be exclusive.

Mitochondrial potassium channels constitute the largest group of ion channels
found in the IMM. Thus far, researchers have described the following eight
channels [Fig. 1]: the ATP-regulated potassium channel (mitoK rp) (Inoue
et al. 1991), the large conductance calcium-regulated potassium channel
(mitoBK,) (Siemen et al. 1999), the intermediate-conductance calcium-regulated
potassium channel (mitolKc,) (De Marchi et al. 2009), the small-conductance
calcium-regulated potassium channel (mitoSK¢,) (Stowe et al. 2013), the voltage-
gated potassium channels mitoKy1.3 (Szabo et al. 2005) and mitoKy7.4 (Testai
et al. 2015), the tandem pore domain acid-sensitive potassium channel type
3 (mitoTASK3) (Rusznak et al. 2008; Toczylowska-Maminska et al. 2013), and
the SLO2 channel (mitoSLO2) (Wojtovich et al. 2011). It is important to acknowl-
edge that these mitochondrial potassium channels were described in different cell
types. Their expression pattern seems to be tissue-specific, and one should not
expect that all of the presented proteins coexist in each mitochondrion. In fact, inner
membranes of some mitochondria may not harbor any potassium channels.

Mitochondrial potassium channels have been best described in animals; how-
ever, they have also been found in the IMM of certain plants (Pastore et al. 1999,
2007; Koszela-Piotrowska et al. 2009; Matkovic et al. 2011) and unicellular protists
(Kicinska et al. 2007; Costa and Krieger 2009; Laskowski et al. 2015) [Fig. 1].

Most mitochondrial potassium channels are believed to share structural and
functional properties with their plasmalemmal counterparts. However, because
the composition and role of the IMM are quite different than those of the plasma-
lemma, all properties of mitochondrial isoforms must be determined in experiments
performed directly on mitochondria. Moreover, the concentrations of ions (espe-
cially K* and Ca®*) in compartments separated by the plasmalemma and the IMM
are different [Table 1]. According to the observations, the normal concentration of
K* ions in the mitochondrial matrix is roughly the same as in the cytosol
(140-150 mM), while it is significantly lower in the extracellular fluid (5 mM).
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Fig. 1 Reported expression of mitochondrial potassium channels in eukaryotes

Table 1 Concentrations [mM] of potassium and calcium ions in the extracellular fluid, cytosol,
and mitochondrial matrix

Ion Extracellular fluid Cytosol/Intermembrane space [mM] Mitochondrial matrix
K* 5 140-150 140-150
Ca* |12 0.0001 0.001-0.5

Hence, K* influx into the mitochondrial matrix upon the opening of mitochondrial
potassium channels is driven by the electrical component of the electrochemical
gradient at the cost of mitochondrial membrane potential. Thus, potassium channels
found in mitochondria may play distinct roles and be regulated differently than their
plasmalemmal counterparts.

Despite differences in function and mechanisms of regulation between
plasmalemmal and mitochondrial potassium channels, most modulators interact
with both types of channels. Notable exceptions are the inhibitor HMR 1098, which
is believed to block the plasmalemmal isoform of the Kxrp channel exclusively
(Gogelein et al. 2001), and agitoxin-2, which inhibits the plasmalemmal but not the
mitochondrial isoform of the Kv1.3 channel (Bednarczyk et al. 2010). Other
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modulators of potassium channels are generally believed to interact with all
isoforms of the target protein; however, their selectivity towards distinct isoforms
may differ. In some tissues, certain drugs seem to target mitochondrial potassium
channels with greater specificity than plasmalemmal isoforms. For example, the
modulators of the Karp channel, diazoxide (channel opener), and
5-hydroxydecanoic acid (5-HD, channel inhibitor) are much more selective towards
the mitoK1p channel. Hence, they are sometimes considered ‘“mitochondrial
potassium channel modulators” (Garlid et al. 1996). However, the side effects of
these substances can be severe, as they often alter other mitochondrial functions.
Consequently, we advise that the so-called mitochondrial potassium channel
modulators should always be used with caution.

The number of substances that modulate the activity of potassium channels is
enormous. Over 40 compounds modulate the BK, channel alone. Therefore, in this
chapter, we focus only on the substances whose effectiveness towards the mito-
chondrial isoforms of these proteins has already been evaluated. However, this does
not mean that other modulators are ineffective. On the contrary, it is very likely that
most may actually be quite effective but simply have not been proven yet.

2.1 Mitochondrial ATP-Regulated Potassium Channel

The plasmalemmal ATP-regulated potassium channel (Katp) is widely distributed
within the human body. First described in cardiomyocytes (Noma 1983), it is also
present in other tissues, such as skeletal muscles and the pancreas. In the latter, it
plays a crucial role in the regulation of insulin secretion. Kap channels may have
different structures and subunit compositions depending on their localization
(Szabo and Zoratti 2014). In general, they consist of K*-selective and pore-forming
Kir6.X subunits and sulfonylurea receptor (SUR1/2) subunits. For example, the
K atp channel found in sarcolemma consists of four Kir6.X subunits (either Kir6.1
or Kir6.2) and four SUR subunits (SUR1, SUR2, and SUR2B) (Inagaki et al. 1995).
Katp channels are inhibited by ATP. Hence, by sensing the ATP/ADP ratio in the
cytoplasm, they possess the unique ability to couple of cellular metabolism with
membrane potential.

ATP-regulated potassium channels are also found in intracellular compartments.
The mitochondrial (mitoKp) isoform of this protein was, in fact, the first potas-
sium channel described in the IMM (Inoue et al. 1991). Therefore, the body of
literature concerning mitoK sp is relatively large, although virtually any aspect of
studies on this protein generates controversy. Even its very existence in the IMM
has sometimes been questioned. Still, most investigators agree that this protein,
despite its low abundance, plays an important role in the physiology of
mitochondria. It is well known for its putative involvement in ischemia/reperfusion
preconditioning (Liu et al. 1999; Garlid et al. 1997; Murata et al. 2001). The
conductance of mitoKsrp calculated by electrophysiological experiments differs
greatly among authors as follows: Inoue et al. reported 9—10 pS (Inoue et al. 1991),
while Kicinska et al. put the value at 166 pS (Kicinska et al. 2007). This
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inconsistency can be partially explained by the cooperative behavior of this chan-
nel; mitoK otp tends to occur and function in clusters (Zoratti et al. 2009).

The molecular identity of the mitoK rp channel has been subject to much
speculation. First, canonical SUR1 and SUR2 proteins are not believed to be
components of mitoK1p channels. Second, genetic knockout of genes encoding
Kir6.X proteins failed to suppress mitoK otp activity (Miki et al. 2002; Wojtovich
etal. 2013). These findings suggest that the mitoK otp channel might be encoded by
another gene(s). It was recently proposed that a certain splice variant of the renal
outer medullary potassium channel (ROMK) may be the long-sought molecular
constituent of the mitoK otp channel (Foster et al. 2012).

The mitoK s 1p channel is widely distributed among eukaryotic organisms. It was
first described in rat liver mitochondria (Inoue et al. 1991) and then in several other
mammalian cells and organs, including lymphocytes (Dahlem et al. 2004), heart
(Garlid et al. 1996), brain (Bajgar et al. 2001; Kulawiak and Bednarczyk 2005),
skeletal muscle (Debska et al. 2002), and kidney (Cancherini et al. 2003). It was
also found in insects (Slocinska et al. 2013), C. elegans (Wojtovich et al. 2008),
plants (Chiandussi et al. 2002; Pastore et al. 2007; Matkovic et al. 2011), and
unicellular organisms (Kicinska et al. 2007) [Fig. 1].

More than 20 substances have proved to modulate the activity of the mitoKsp
channel (O’Rourke 2004). Unfortunately, most of them, including pinacidil,
isoflurane, quinine, cromakalim, and sildenafil, modulate both plasmalemmal and
mitochondrial isoforms of K pp channels. Therefore, we decided to focus on
modulators that are the most specific, and hence useful to research on the mitoK 5tp
channel.

In our opinion, three activators of the mitoK otp channel deserve mention. First
among them is diazoxide, which is generally considered to be a specific activator of
the mitochondrial isoform of the K tp channel (Garlid et al. 1996, 1997). The
second is nicorandil (2-(Pyridine-3-carbonylamino)ethyl nitrate), a hybrid com-
pound that activates mitoK,tp channels (Sato et al. 2000) and also possesses
vasodilatory properties. Unfortunately, both diazoxide and nicorandil can also
activate plasmalemmal Karp channels at high concentrations and in certain cell
types (Harvey and Ashford 1998; Sato et al. 2000). The third one BMS191095 also
opens the mitoK otp channel (Grover and Atwal 2002). It seems that this compound
is highly selective towards the mitoK tp channel and exerts a wide range of
mitoK srp-mediated cytoprotective effects (Grover et al. 2001; Malinska
et al. 2010). With regard to mitoK 5tp channel inhibitors, again, three drugs deserve
to be distinguished. First is 5-HD. The relatively simple structure of this compound
compared with other modulators of potassium channels makes it unique. Further-
more, it is highly selective towards the mitoK stp channel and generally does not
inhibit the plasmalemmal isoform of this protein. Unfortunately, it was reported to
inhibit the sarcK otp channel at low pH (Notsu et al. 1992). Another inhibitor of the
Katp channel is the bee venom toxin tertiapin Q, which was investigated in recent
reports on the molecular identity of mitoK A 1p channel (as isoform of ROMK). The
plasmalemmal ROMK channel proved to be effectively inhibited by tertiapin Q (Jin
et al. 1998) as was the mitoK 5 tp channel (Foster et al. 2012). However, the obvious
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problem with this toxin is the lack of selectivity towards the mitochondrial isoform
of ROMK. The last mitoK tp channel modulator that deserves mention is
glibenclamide (O’Rourke 2004). It is a very well-studied compound from the
class of antidiabetic drugs known as sulfonylureas. Its main role is to inhibit
KaTp channels in the plasmalemma of pancreatic p cells, leading to the depolariza-
tion of the plasmalemma and eventually the release of stored insulin from  cells.
Although glibenclamide acts through interaction with the SUR subunits of the
channel, it can also inhibit the mitoK orp channel. We mention this drug primarily
to acknowledge its longtime use in research on both plasmalemmal and mitochon-
drial isoforms of Katp channels. Yet, to inhibit the mitoK o1p channel we strongly
advise using 5-HD or tertiapin Q instead. The structures of selected modulators of
the mitoK otp channel are presented in Fig. 2.

2.2 Mitochondrial Calcium-Regulated Potassium Channels

Three types of potassium channels are regulated by calcium ions in the IMM. They
differ in terms of the potassium ion conductance. Hence, we distinguish channels as
having large (BKc,), intermediate (IKc,), or small (SKc,) potassium conductance.
The IKc, channel was initially included in the SK¢, class (SK4). However, it was
eventually upgraded to an independent class of potassium channels due to its
significantly higher conductance. Nevertheless, both SKc, and IKc, channels
share many structural and pharmacological features.

2.2.1 mitoBKc, Channel

The BKc, channel (large conductance calcium-regulated potassium channel:
Kcal.1, SLO1) is ubiquitously expressed in both excitable and non-excitable
cells. A functional BK¢, channel is composed of four identical a-subunits. Each
spans the membrane seven times. The BK, channel represents a unique class of ion
channels not only because of its high single channel conductance (~250-300 pS)
but also because it can be activated by calcium ions alone, membrane depolariza-
tion alone, or synergistically by both (Magleby 2003). This dual regulation allows
BKc, channels to couple intracellular signaling to membrane potential and signifi-
cantly modulate physiological responses, such as neuronal signaling and muscle
contraction (Nardi and Olesen 2008). Additionally, there are four auxiliary regu-
latory P subunits (31—f4) and four y subunits (y1—y4) that can interact with the pore-
forming o subunits and modulate the activity of assembled BKc, channels
(Contreras et al. 2013).

All isoforms of the BK, channel are products of alternative splicing of a single
Kcnmal gene (Latorre and Brauchi 2006; Sakai et al. 2011). Unfortunately, the
molecular identity of the mitoBK, isoform is not fully understood yet. However,
the mitochondrial splice variant of the BK, channel is believed to have an
extended C-terminal domain ending with the amino acid residues DEC (Singh
et al. 2013). Expression of the mitoBK, channel was reported in several mamma-
lian cell types, including heart (Xu et al. 2002), brain (Kulawiak and Bednarczyk



110 B. Augustynek et al.

Selected modulators of the mitoK,.. channel

Activators

Diazoxide Nicorandil BMS191095
cl "\\\
o, O N \
N/ | Q \;
N/(
/ NC OH

CH,

O ¢h,

Inhibitors
5-HD
H=CWOH
OH = Glibenclamide

55 O
o S\N)\N
Cl H
N
OCH,

Tertiapin Q

I 1
Ala-Leu-Cys-Asn-Cys-Asn-Arg-lle-lle-lle-Pro-His-GIn-Cys-Trp-Lys-Lys-Cys-
| -Gly-Lys-Lys |

Fig. 2 Structural formulas of selected modulators of the mitoK otp channel

2005; Piwonska et al. 2008; Skalska et al. 2009; Singh et al. 2016), skeletal muscle
(Skalska et al. 2008), and endothelium (Bednarczyk et al. 2013a). It was also found
in the mitochondria of certain plants (Koszela-Piotrowska et al. 2009) and members
of the Protista kingdom (Laskowski et al. 2015) [Fig. 1].

A wide range of exogenous modulators are highly specific towards the BKc,
channel. Few are frequently used in experiments focused on mitoBKc,. By far, the
most extensively used modulator is a compound developed by Neuro Search called
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NS1619 (1,3-Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-
2H-benzimidazol-2-one) (Siemen et al. 1999; Bednarczyk et al. 2013a, b). A
second drug called NS11021 (N’-[3,5-Bis(trifluoromethyl)phenyl]-N-[4-bromo-2-
(2H-tetrazol-5-yl)phenyl]-thiourea) was developed in the same laboratories and
proved active towards mitoBK, (Bednarczyk et al. 2013a). Indole esters are another
class of synthetic activators of the BKc, channel disclosed by Ciba-Geigy (now
Novartis). Two that are worth mentioning are CGS7184 (ethyl 1-[[(4-chlorophenyl)
amino]oxo]-2-hydroxy-6-trifluoromethyl-1H-indole-3-carboxylate) (Kulawiak
et al. 2008; Debska-Vielhaber et al. 2009) and CGS7181 (ethyl 2-hydroxy-1-
[[(4-methylphenyl)amino]oxo]-6-trifluoromethyl-1H-indole-3-carboxylate) (Debska-
Vielhaber et al. 2009). Both modulators proved to be effective in activating the
mitoBK¢, channel.

Two major classes of mitoBK, channel inhibitors are commonly used. The first
class contains the scorpion venom peptide toxins iberiotoxin and charybdotoxin
(Galvez et al. 1990; Candia et al. 1992). The second class is represented by a series
of indole-diterpenes belonging to a family of tremorgenic mycotoxins isolated from
Penicillium, Aspergillus, and Claviceps fungi (Nardi and Olesen 2008). This group
includes paxilline (Knaus et al. 1994), which is widely used as an inhibitor of the
mitoBK, channel. However, in high concentrations, paxilline may affect other
mitochondrial functions (Bednarczyk et al. 2008). The schematic structures of
selected modulators of the mitoBK, channel are presented in Fig. 3.

2.2.2 mitolKc, Channel

The IK, channel (intermediate-conductance calcium-regulated potassium channel:
Kca3.1, SK4, and Gardos channel) is expressed in the plasmalemma of blood cells
and certain endothelia and epithelia in which it plays important physiological roles.
This channel is thought to be expressed exclusively in the plasmalemma of
non-excitable cells (Szabo and Zoratti 2014). Additionally, a wide body of evidence
links expression of this protein with certain cancers. Its activity is regulated by
calcium ions via tightly bound calmodulin, but, unlike the BKc, channel, its
probability of opening is not influenced by voltage. The IKc, channel structurally
resembles Kv channels and SKc, channels. It consists of four pore-forming
subunits. Each spans the plasmalemma six times. The conductance of this channel
is significantly lower than that of the BK ¢, channel but higher than that of the SKc,
channel and varies from 20 to 85 pS (Dale et al. 2016).

Plasmalemmal and mitochondrial isoforms of the IK, channel seem to be
indistinguishable in terms of their molecular identity, pharmacology, and biophysi-
cal properties (Szabo and Zoratti 2014). The mitolK, channel was found in cells
derived from human colon cancer (De Marchi et al. 2009), in mouse embryonic
fibroblasts and HeLa cells (Sassi et al. 2010) [Fig. 1].

Many agents are known to modulate the activity of the plasmalemmal IKc,
channel. However, in research concerning mitochondrial isoforms of this protein,
three modulators have proved to be effective thus far, namely, the activator
DCEBIO (5,6-dichloro-1-ethyl-1,3-dihydro-2H-benzimidazol-2-one) and the two
inhibitors clotrimazole (De Marchi et al. 2009) and TRAM34 (1-[(2-Chlorophenyl)
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diphenylmethyl]-1H-pyrazole) (Sassi et al. 2010). Structural formulas of these
compounds are presented in Fig. 4.

2.2.3 mitoSKc, Channel

SKc, channels (small-conductance calcium-regulated potassium channels: Kc,2.
X) constitute the last subfamily of calcium-regulated potassium channels. In
contrast to BK¢, and IK¢, channels, their conductance oscillates approximately
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10 pS (hence the name). Similarly to IK, channels, they are insensitive to voltage
and much more sensitive to Ca>" ions than BKc, channels due to calmodulin
bound to their cytoplasmic tail. SK¢, channels are especially important for the
proper function of neurons and other excitable cells. Upon an increase in intracel-
lular Ca®* concentration, SK¢, channels activate and allow K* ions to leave the
cell according to the chemical gradient across the plasmalemma. This, in turn,
leads to the hyperpolarization of the membrane, which limits the firing frequency
of action potentials. SK¢, channels are homotetramers of pore-forming subunits
that penetrate the plasmalemma six times. Structurally, they do not differ much
from IKc, channels.
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Mitochondrial isoforms of SK¢, channels have been described thus far in cardiac
muscle (Stowe et al. 2013) and brain (Dolga et al. 2014) [Fig. 1]. Unfortunately, our
knowledge of the pharmacology of mitoSKc, channels is still rather modest.
Because 1K, and SK¢, channels are very closely related, they partially share a
common pharmacology. Thus, DCEBIO and TRAM34 modulate not only mitolK¢,
but also mitoSK¢, channels. Additionally, NS309 (6,7-Dichloro-1H-indole-2,3-
dione 3-oxime) activates mitoSK, channels (Stowe et al. 2013) and the bee
venom toxin apamin inhibits them (Dolga et al. 2013). Modulators of the mitoSKc,
channel are presented in Fig. 5.

23 Mitochondrial Voltage-Regulated Potassium Channels

Voltage-gated potassium channels (Kv) are by far the largest group of potassium
channels found in animals. They are grouped into 12 classes that include more than
40 different proteins (Gutman et al. 2005). Therefore, it is not surprising that they
were also found in the IMM. In fact, we expect that the number of voltage-gated
potassium channels reported in the IMM will increase in the future.

2.3.1 mitoKv1.3 Channel
The Kv1.3 potassium channel is a member of the Shaker family of voltage-gated Kv
channels. It is the main potassium channel in T lymphocytes but was also reported
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in the plasmalemma of cells in the kidney, the central nervous system, brown and
white fat, and epithelia. The functional channel is a homotetramer consisting of
pore-forming subunits that span the plasmalemma six times. The channel is
characterized by a conductance of approximately 100 pS and weak rectification at
negative potentials.

Expression of the mitoKv1.3 channel has been reported in lymphocytes (Szabo
et al. 2005) and brain (Bednarczyk et al. 2010) [Fig. 1]. One of the widely used
mitoKv1.3 channel inhibitors is margatoxin, a peptide isolated from the venom of
the scorpion Centruroides margaritatus (Szabo et al. 2005). However, mitoKv1.3
channels are insensitive to agitoxin-2, which inhibits the plasmalemmal counterpart
of this channel (Bednarczyk et al. 2010). This may suggest that the pharmacology
of mitochondrial and plasmalemmal isoforms of this channel differs. Another
potent inhibitor of mitoKv1.3 channels is Shk (stichodactyla toxin), a peptide
isolated from the sea anemone Stichodactyla helianthus (Gulbins et al. 2010).
These two toxins may be useful in terms of single channel recordings of the
mitoKv1.3 channel in patch-clamp experiments, but, due to their peptidyl nature,
they are not suitable for blocking intracellular isoforms of the channels in intact
cells. However, other non-peptidyl agents can. The most useful among them are
clofazimine, 5-(4-phenylbutoxy)psoralen (Psora-4) and its derivative
5-(4-phenoxybutoxy)psoralen (PAP-1) (Schmitz and Sankaranarayanan 2005;
Leanza et al. 2012). Unfortunately, no pharmacological activator of the mitoKv1.3
deserves recommendation. The structures of the described mitoKv1.3 channel
inhibitors are presented in Fig. 6.

2.3.2 mitoKv7.4 Channel

Voltage-gated potassium channels type 7.X (7.1-7.5) are well-studied in the plas-
malemma of many tissues and cells, including heart, neurons, epithelia, and smooth
muscle. Kv7.4 is thought to play a vital role in the regulation of neuronal
excitability, especially in sensory cells of the cochlea. The structure of this channel
is not fully understood. The channel protein likely forms homomultimeric pores or
heteromultimeric pores with Kv7.3 protein. The plasmalemmal Kv7.4 channel is
bound to calmodulin, which acts as its sensor of the Ca®* ion concentration. An
increase in Ca** concentration results in channel inhibition (Sihn et al. 2016). The
mitochondrial isoform of the Kv7.4 channel was discovered in cardiac
mitochondria in 2015 (Testai et al. 2015); consequently, our knowledge of it is
still limited. We do know, however, that its activity can be increased by the two
aminopyridines, retigabine and flupirtine, and decreased by 0,10-bis
(4-pyridinylmethyl)-9(10H)-anthracenone  dihydrochloride (XE991) (Testai
et al. 2015). The structures of these compounds are presented in Fig. 7.

2.4 Twin-Pore Domain mitoTASK3 Channel

The TASK3 channel (K;,p9.1) is structurally unique among mitochondrial potas-
sium channels. It is a member of a large but poorly studied group of potassium
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Fig. 6 Structural formulas of selected inhibitors of the mitoKv1.3 channel

channels discovered in the late 1990s. A pore-forming subunit of this channel
consists of two pore domains and four transmembrane domains. The functional
channel is assembled upon dimerization of pore-forming subunits. The TASK3
channel is expressed in plasmalemma predominantly in the nervous system, espe-
cially in the cerebellum. The channel is inhibited by extracellular acidification,
arachidonic acid, and phorbol-12 myristate 13-acetate (TPA, PMA).

Expression of the mitoTASK3 channel was reported in cell lines derived from
human skin in non-malignant keratinocytes (Ruszndk et al. 2008; Toczylowska-
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Modulators of the mitoKv7.4 channel
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Fig. 7 Structural formulas of modulators of the mitoKv7.4 channel

Maminiska et al. 2013) and melanoma cells (Kosztka et al. 2011). Our knowledge of
mitoTASK3 is very limited; however, we do know that it has rectifying properties
and has a conductance of approximately 80 pS (Toczytowska-Maminska
et al. 2013). Because there are only a handful of reports on the mitoTASK3 channel,
only one modulator of this channel has been reported thus far; lidocaine was proven
to inhibit mitoTASK3. The structure of lidocaine is presented in Fig. 8
(Toczytowska-Maminska et al. 2013).

2.5 MitoSLO2 Channel

Recent studies using BK¢, channel knockout mice (Kcnmal ~'~) have challenged
the molecular identity of the mitoBK¢, channel in mouse heart mitochondria. It
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Fig. 8 Structural formula of
the modulator of the Inhibitor of the mitoTASK3 channel
mitoTASK3 channel

Lidocaine

appeared that isoflurane-mediated cardioprotection was abolished by paxilline both
in wild-type and Kcnmal ~'~ mice (Wojtovich et al. 2011). According to Wojtovich
et al., SLO2, and not the SLO1 protein, is responsible for ischemia/reperfusion
preconditioning in C. elegans and probably also in murine heart. There are two
SLO2 proteins in mammals (SLO2.1 and SLO2.2) and one SLO2 protein in
C. elegans. Mammalian SLO2 channels are encoded by the Kcntl (SLO2.2/Slack
protein) and Kcnt2 (SLO2.1/Slick protein) genes. Unlike SLO1 (BKc,), these
channels are activated by increases in intracellular sodium (Ky,) in mouse and by
calcium ions in C. elegans (Wojtovich et al. 2011). Human mutations in
plasmalemmal Slack channels lead to extremely severe learning impairments and
interrupt development. This may suggest that Ky, channels play a vital role in
neuronal plasticity and intellectual function (Kaczmarek 2013). Despite some
differences, SLO2 paralogues share common structure with other potassium
channels. A pore-forming subunit spans the membrane six times, and the trans-
membrane domains are virtually identical in Slick and Slack channels. Both N- and
C-termini of the protein are located internally. The C-terminal domain of SLO2
proteins resembles that found in the BK, channel (SLO1), with two RCK domains
and phosphorylation sites. A functional channel is assembled from either a homo-
or heterotetramer of pore-forming subunits.

The molecular identity of the proposed mitoSLO2 protein remains to be
elucidated; we do not know which paralogue of the SLO2 channel, SLO2.1 or
SLO2.2, constitutes the putative mitoSLO2 channel. Thus far, the mitoSLO2
channel has been found only in C. elegans and murine heart mitochondria
[Fig. 1]. The mitoSLO2 channel, and not the mitoBK, channel, was shown to be
responsible for ischemic preconditioning (Wojtovich et al. 2011) in mice. However,
the authors of this particular report do not preclude the presence of BK¢, in the
mitochondria or a role for BK(, channels in other protective paradigms.

The pharmacology of the mitoSLO2 channel, just as in the case of the
mitoTASK3 channel, is not properly developed yet. Wojtovich et al. have exerted
great effort to characterize the sensitivity of this channel towards several known
modulators of other potassium channels. The mitoSLO2 channel appeared to be
insensitive to glyburide and 5-HD, the inhibitors of the mitoKrp channel, and
iberiotoxin, charybdotoxin, and apamin, the inhibitors of K, channels. The chan-
nel was activated by bithionol (opener of the Slack channel) and isoflurane, and



Guide to the Pharmacology of Mitochondrial Potassium Channels 119

Modulators of the mitoSLO2 channel

Activators
Bithionol Isoflurane
cl il S v cl ¢ r
F
F o] F
F
cl cl
Inhibitor
Bepridil

Lo
e

Fig. 9 Structural formulas of modulators of the mitoSLO2 channel

inhibited by bepridil and, surprisingly, paxilline. As for the usefulness of the
modulators listed above, it seems that both bithionol and bepridil are more specific
towards the mitoSLO2 channel. Isoflurane interacts with several other proteins,
including GABA and glutamate receptors, many other potassium channels and
calcium ATPase. Consequently, its impact on cells and mitochondria is multilevel
and profound. Paxilline, which was already described as a useful inhibitor of the
BKc, channel, is also not a good pharmacological candidate for the mitoSLO2
channel. The structures of selected modulators of mitoSLO2 are presented in Fig. 9.
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3 Therapeutic Use and Toxicity of Mitochondrial Potassium
Channels Modulators

Beginning with their discovery in 1991 (Inoue et al. 1991), mitochondrial potas-
sium channels almost immediately were perceived as potential targets for therapies
aimed at mitochondrial functions. Since then, a great number of substances have
been proven to alter the activity of these channels. Most of them were described in
the previous sections of this chapter. Yet, the real breakthrough was discovery of
cardioprotective properties of KCOs made by Garlid’s and Marban’s groups. It
appeared that preconditioning with the openers of the mitoK,tp channel can
significantly decrease the size of ischemia/reperfusion-induced injury in cardiac
muscle. Since then, the mitoKstp channel has been found to take part in
cytoprotective mechanisms in several tissues like liver, intestines, brain, and kidney
(O’Rourke 2004). Later, it was shown that not only mitoKrp but also mitoBK¢,
channel can be responsible for ischemia/reperfusion-related cytoprotection
(Xu et al. 2002). In fact, it became clear that the observed cytoprotective properties
of KCOs rely on the influx of potassium ions into the mitochondrial matrix. We still
do not know what is the exact mechanism of this phenomenon. A number of
theories try to link influx of potassium ions into the mitochondrial matrix with
cytoprotection (Laskowski et al. 2016). It seems that several interplaying
mechanisms like decrease in reverse electron transfer and subsequent attenuation
of ROS synthesis rate contribute to the potassium-related cytoprotection.

Even though the cytoprotective properties of several KCOs have been known for
over 15 years, there are no approved therapies for humans yet that would take
advantages of these effects. However, some drugs like diazoxide, glibenclamide,
nicorandil, or pinacidil have been successfully administrated to humans for many
years, but mainly due to their effect on plasmalemmal potassium channels or other,
non-channel-related properties. Still, their safety and metabolism within the human
body is well studied.

Considering the technical aspects of pharmacology of mitochondrial potassium
channels one has to remember that it is associated with much more difficulties than
pharmacology of their plasmalemmal counterparts. The most demanding challenge
is delivery of the drug into mitochondria. First of all, drug that we chose should be
small, lipophilic molecules that can cross intact plasmalemma of the living cell.
This makes all peptide inhibitors of the channels (e.g., iberiotoxin, margatoxin, and
apamin) virtually useless in research performed on the intact cells, tissues, or entire
organisms. Second, an ideal situation would be accumulation of the drug within the
mitochondrion. This can be achieved if the compound is positively charged because
the matrix of energized mitochondria is charged negatively and more alkaline than
cytoplasm. Moreover, it is crucial to remember that applied modulators of the
mitochondrial potassium channels often also alter the activity of the plasmalemmal
channels. Hence, it can be very difficult to distinguish between the effects caused by
modulation of the mitochondrial and the plasmalemmal channels. In such case, one
can think about performing experiments on isolated mitochondria instead of intact
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cells, or about using modulators that are more specific towards mitochondrial
potassium channels.

However, the major problem regarding modulators of potassium channels are
their severe side effects. For instance, it was shown that on the top of its specific
channel-activating properties, a mitoBK, channel opener NS1619 alters the func-
tion of other proteins like endoplasmic reticulum Ca®"-ATPase, complex I, and
ATP-synthase profoundly affecting the physiology of endothelial cells (Lukasiak
et al. 2016). Similarly, paxilline which is an inhibitor of the same channel appeared
to uncouple rather than counteract uncoupling of isolated, energized mitochondria
(Bednarczyk et al. 2008). The issue of side effects of the modulators of mitochon-
drial potassium channels has been comprehensively reviewed in our previous work
(Szewczyk et al. 2010). Fortunately, many of the side effects of potassium channel
modulators can be avoided. The key factor that determines whether the drug can be
relatively safely used is its concentration. There is one universal rule: use the lowest
concentration of the drug possible. For electrophysiological experiments performed
on individual single channels in the IMM or in planar lipid bilayers drugs can
normally be used in smaller concentration than in experiments on either intact or
perforated mitochondria. This is due to the fact that the access of the drug to the
channel protein is somehow limited in the case of isolated mitochondria. We
strongly advise to perform dose—response experiments for each used modulator in
order to define its optimal concentration range so that the activity of the channel is
affected, but low enough to minimize the side effects. Recommended
concentrations of selected modulators of two best-studied mitochondrial potassium
channels: mitoK 5tp and mitoBK, are presented in Table 2.

As for the modulators of the six remaining types of mitochondrial potassium
channels, we would prefer to refrain from giving any recommendations regarding
their optimal concentrations in experiments. We believe that the body of literature
regarding pharmacology of these channels is insufficient yet. At this point all we
can advise is to perform dose—response experiments in order to choose the optimal
range of concentration for each used modulator.

4 Final Remarks
The rational pharmacology of mitochondrial potassium channels should be pre-
ceded by the molecular identification of these proteins. Recent progress in this area

may be a breakthrough for the development of “mitochondria targeted” drugs that

Table 2 Recommended

) ; Channel type Modulator Concentration range [uM]
Copemaon Janess o mitoK rp Diazoxide 10-100
potassium channels 5-HD 150-500
modulators Glibenclamide 1-30
mitoBKc, NS1619 1-10
Iberiotoxin 0.1-2

Paxilline 1-20
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Rating of the mitochondrial potassium channels modulators
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Fig. 10 Rating of selected modulators of mitochondrial potassium channels

regulate the activity of mitochondrial ion channels. In summary, modulators of
greater specificity for these channels are required to understand their roles in
mitochondria. Drugs specific to mitochondrial channels (i.e., lacking cross-
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reactivity with plasmalemmal channels and other proteins present in mitochondria)
need to be synthesized.

An evaluation of the utility of selected known modulators of mitochondrial
potassium channels is presented at a glance in Fig. 10. This figure may be especially
helpful for beginners in mitochondrial potassium channels pharmacology.

If the reader finds this guide useful, we would also recommend some additional
readings. First, we strongly advise reading the review on mitochondrial ion
channels written by Szabo and Zoratti (2014), which is the most current and
comprehensive. This outstanding work provides deep insight into the issue of ion
fluxes in mitochondria. The second reading is a special issue of FEBS Letters on
itracellular ion channels (2010, volume 584, Issue 10). It contains several papers on
the pharmacology of mitochondrial potassium channels and also addresses the
problem of complex side effects of their modulators. Last, we recommend the
review by Brian O’Rourke (2004), which concerns the issue of cardioprotective
effects of certain openers of mitochondrial potassium channels.

Acknowledgements This work was supported by the Nencki Institute and partially by a grant
from the National Centre of Research and Development, Poland No. MERIS PBS1/B8/1/2012 and
by a grant from the Polish National Science Center No. 2015/17/B/NZ1/02496.

References

Bajgar R, Seetharaman S, Kowaltowski AJ, GArlid KD, Paucek P (2001) Identification and
properties of a novel intracellular (mitochondrial) ATP-sensitive potassium channel in brain.
J Biol Chem 276:33369-33374

Bednarczyk P, Barker GD, Halestrap AP (2008) Determination of the rate of K(+) movement
through potassium channels in isolated rat heart and liver mitochondria. Biochim Biophys Acta
1777:540-548

Bednarczyk P, Kowalczyk JE, Beresewicz M et al (2010) Identification of a voltage-gated
potassium channel in gerbil hippocampal mitochondria. Biochem Biophys Res Commun
397:614-620

Bednarczyk P, Koziel A, Jarmuszkiewicz W, Szewczyk A (2013a) Large-conductance Ca®*-
activated potassium channel in mitochondria of endothelial EA.hy926 cells. Am J Physiol
Heart Circ Physiol 304:H1415-H1427

Bednarczyk P, Wieckowski MR, Broszkiewicz M et al (2013b) Putative structural and functional
coupling of the mitochondrial BKCa channel to the respiratory chain. PLoS One 8:¢68125

Cancherini DV, Trabuco LG, Reboucas NA, Kowaltowski AJ (2003) ATP-sensitive K* channels
in renal mitochondria. Am J Physiol Renal Physiol 285:F1291-F1296

Candia S, Garcia ML, Latorre R (1992) Mode of action of iberiotoxin, a potent blocker of the large
conductance Ca(2+)-activated K* channel. Biophys J 63:583-590

Chiandussi E, Petrussa E, Macri F, Vianello A (2002) Modulation of a plant mitochondrial K*
ATP channel and its involvement in cytochrome c release. J Bioenerg Biomembr 34:177-184

Chouchani ET, Pell VR, Gaude E et al (2014) Ischaemic accumulation of succinate controls
reperfusion injury through mitochondrial ROS. Nature 515(7527):431-435

Contreras GF, Castillo K, Enrique N et al (2013) A BK (Slo1) channel journey from molecule to
physiology. Channels (Austin) 7:442—458

Costa ADT, Krieger MA (2009) Evidence for an ATP-sensitive K* channel in mitoplasts isolated
from Trypanosoma cruzi and Crithidia fasciculata. Int J Parasitol 39:955-961



124 B. Augustynek et al.

Dahlem YA, Horn TFW, Buntinas L et al (2004) The human mitochondrial KATP channel is
modulated by calcium and nitric oxide: a patch-clamp approach. Biochim Biophys Acta
1656:46-56

Dale E, Staal RGW, Eder C, Moller T (2016) K¢, 3.1-a microglial target ready for drug
repurposing? Glia 64(10):1733-1741

De Marchi U, Sassi N, Fioretti B et al (2009) Intermediate conductance Ca**-activated potassium
channel (KCa3.1) in the inner mitochondrial membrane of human colon cancer cells. Cell
Calcium 45:509-516

Debska G, Kicinska A, Skalska J et al (2002) Opening of potassium channels modulates mito-
chondrial function in rat skeletal muscle. Biochim Biophys Acta 1556:97-105

Debska-Vielhaber G, Godlewski MM, Kicinska A et al (2009) Large-conductance K* channel
openers induce death of human glioma cells. J Physiol Pharmacol 60:27-36

Dolga AM, Netter MF, Perocchi F et al (2013) Mitochondrial small conductance SK2 channels
prevent glutamate-induced oxytosis and mitochondrial dysfunction. J Biol Chem
288:10792-10804

Dolga AM, de Andrade A, Meissner L et al (2014) Subcellular expression and neuroprotective
effects of SK channels in human dopaminergic neurons. Cell Death Dis 5:¢999

Escande D, Cavero I (1992) K* channel openers and “natural” cardioprotection. Trends Pharmacol
Sci 13:269-272

Facundo HTF, Fornazari M, Kowaltowski AJ (2006) Tissue protection mediated by mitochondrial
K* channels. Biochim Biophys Acta 1762:202-212

Foster DB, Ho AS, Rucker J et al (2012) Mitochondrial ROMK channel is a molecular component
of mitoK(ATP). Circ Res 111:446-454

Galvez A, Gimenez-Gallego G, Reuben JP et al (1990) Purification and characterization of a
unique, potent, peptidyl probe for the high conductance calcium-activated potassium channel
from venom of the scorpion Buthus tamulus. J Biol Chem 265:11083-11090

Garlid KD (2000) Opening mitochondrial K(ATP) in the heart--what happens, and what does not
happen. Basic Res Cardiol 95:275-279

Garlid KD, Paucek P, Yarov-Yarovoy V et al (1996) The mitochondrial KATP channel as a
receptor for potassium channel openers. J Biol Chem 271:8796-8799

Garlid KD, Paucek P, Yarov-Yarovoy V et al (1997) Cardioprotective effect of diazoxide and its
interaction with mitochondrial ATP-sensitive K* channels: possible mechanism of
cardioprotection. Circ Res 81:1072-1082

Gogelein H, Ruetten H, Albus U et al (2001) Effects of the cardioselective KATP channel blocker
HMR 1098 on cardiac function in isolated perfused working rat hearts and in anesthetized rats
during ischemia and reperfusion. Naunyn Schmiedebergs Arch Pharmacol 364:33-41

Grover GJ, Atwal KS (2002) Pharmacologic profile of the selective mitochondrial-K(ATP) opener
BMS-191095 for treatment of acute myocardial ischemia. Cardiovasc Drug Rev 20:121-136

Grover GJ, D’Alonzo AJ, Garlid KD et al (2001) Pharmacologic characterization of BMS-191095,
a mitochondrial K(ATP) opener with no peripheral vasodilator or cardiac action potential
shortening activity. J Pharmacol Exp Ther 297:1184-1192

Gulbins E, Sassi N, Grassme H et al (2010) Role of Kv1.3 mitochondrial potassium channel in
apoptotic signalling in lymphocytes. Biochim Biophys Acta 1797:1251-1259

Gutman GA, Chandy KG, Grissmer S et al (2005) International Union of Pharmacology. LIII.
Nomenclature and molecular relationships of voltage-gated potassium channels. Pharmacol
Rev 57:473-508

Harvey J, Ashford ML (1998) Diazoxide- and leptin-activated K(ATP) currents exhibit differential
sensitivity to englitazone and ciclazindol in the rat CRI-G1 insulin- secreting cell line. Br J
Pharmacol 124:1557-1565

Inagaki N, Gonoi T, Clement JP et al (1995) Reconstitution of IKATP: an inward rectifier subunit
plus the sulfonylurea receptor. Science 270:1166—1170

Inoue I, Nagase H, Kishi K, Higuti T (1991) ATP-sensitive K* channel in the mitochondrial inner
membrane. Nature 352:244-247



Guide to the Pharmacology of Mitochondrial Potassium Channels 125

Jin W, Lu Z (1998) A novel high-affinity inhibitor for inward-rectifier K" channels. Biochemistry
37:13291-13299

Kaczmarek LK (2013) Slack, slick and sodium-activated potassium channels. ISRN Neurosci pii:
354262

Kicinska A, Swida A, Bednarczyk P et al (2007) ATP-sensitive potassium channel in mitochondria
of the eukaryotic microorganism Acanthamoeba castellanii. J Biol Chem 282:17433-17441

Knaus HG, McManus OB, Lee SH et al (1994) Tremorgenic indole alkaloids potently inhibit
smooth muscle high-conductance calcium-activated potassium channels. Biochemistry
33:5819-5828

Koszela-Piotrowska I, Matkovic K, Szewczyk A, Jarmuszkiewicz W (2009) A large-conductance
calcium-activated potassium channel in potato (Solanum tuberosum) tuber mitochondria.
Biochem J 424:307-316

Kosztka L, Rusznak Z, Nagy D et al (2011) Inhibition of TASK-3 (KCNK9) channel biosynthesis
changes cell morphology and decreases both DNA content and mitochondrial function of
melanoma cells maintained in cell culture. Melanoma Res 21:308-322

Kulawiak B, Bednarczyk P (2005) Reconstitution of brain mitochondria inner membrane into
planar lipid bilayer. Acta Neurobiol Exp (Wars) 65(3):271-276

Kulawiak B, Kudin AP, Szewczyk A, Kunz WS (2008) BK channel openers inhibit ROS
production of isolated rat brain mitochondria. Exp Neurol 212:543-547

Laskowski M, Kicinska A, Szewczyk A, Jarmuszkiewicz W (2015) Mitochondrial large-
conductance potassium channel from Dictyostelium discoideum. Int J Biochem Cell Biol
60:167-175

Laskowski M, Augustynek B, Kulawiak B et al (2016) What do we not know about mitochondrial
potassium channels? Biochim Biophys Acta 1857(8):1247-1257

Latorre R, Brauchi S (2006) Large conductance Ca®*-activated K* (BK) channel: activation by Ca
2+ and voltage. Biol Res 39:385-401

Leanza L, Henry B, Sassi N et al (2012) Inhibitors of mitochondrial Kv1.3 channels induce Bax/
Bak-independent death of cancer cells. EMBO Mol Med 4:577-593

Liu Y, Sato T, Seharaseyon J, Szewczyk A, O’Rourke B, Marban E (1999) Mitochondrial
ATP-dependent potassium channels viable candidate effectors of ischemic preconditioning.
Ann N Y Acad Sci 874:27-37

Lukasiak A, Skup A, Chlopicki S et al (2016) SERCA, complex I of the respiratory chain and
ATP-synthase inhibition are involved in pleiotropic effects of NS1619 on endothelial cells. Eur
J Pharmacol 786:137-147

Magleby KL (2003) Gating mechanism of BK (Slo1) channels: so near, yet so far. J Gen Physiol
121:81-96

Malinska D, Kulawiak B, Wrzosek A et al (2010) The cytoprotective action of the potassium
channel opener BMS-191095 in C2C12 myoblasts is related to the modulation of calcium
homeostasis. Cell Physiol Biochem 26:235-246

Matkovic K, Koszela-Piotrowska I, Jarmuszkiewicz W, Szewczyk A (2011) Ion conductance
pathways in potato tuber (Solanum tuberosum) inner mitochondrial membrane. Biochim
Biophys Acta 1807:275-285

Miki T, Suzuki M, Shibasaki T et al (2002) Mouse model of Prinzmetal angina by disruption of the
inward rectifier Kir6.1. Nat Med 8:466—472

Murata M, Akao M, O’Rourke B, Marban E (2001) Mitochondrial ATP-sensitive potassium
channels attenuate matrix Ca®* overload during simulated ischemia and reperfusion: possible
mechanism of cardioprotection. Circ Res 89:891-898

Murphy E, Steenbergen C (2008) Mechanisms underlying acute protection from cardiac ischemia-
reperfusion injury. Physiol Rev 88:581-609

Nardi A, Olesen S-P (2008) BK channel modulators: a comprehensive overview. Curr Med Chem
15:1126-1146

Noma A (1983) ATP-regulated K* channels in cardiac muscle. Nature 305:147-148



126 B. Augustynek et al.

Notsu T, Tanaka I, Mizota M et al (1992) A cAMP-dependent protein kinase inhibitor modulates
the blocking action of ATP and 5-hydroxydecanoate on the ATP-sensitive K* channel. Life Sci
51:1851-1856

O’Rourke B (2004) Evidence for mitochondrial K* channels and their role in cardioprotection.
Circ Res 94:420-432

O’Rourke B, Cortassa S, Aon MA (2005) Mitochondrial ion channels: gatekeepers of life and
death. Physiol (Bethesda) 20:303-315

Pastore D, Stoppelli MC, Di Fonzo N, Passarella S (1999) The existence of the K* channel in plant
mitochondria. J Biol Chem 274:26683-26690

Pastore D, Trono D, Laus MN et al (2007) Possible plant mitochondria involvement in cell
adaptation to drought stress. A case study: durum wheat mitochondria. J Exp Bot 58:195-210

Piwonska M, Wilczek E, Szewczyk A, Wilczynski GM (2008) Differential distribution of Ca**-
activated potassium channel P4 subunit in rat brain: immunolocalization in neuronal
mitochondria. Neuroscience 153:446—460

Rusznak Z, Bakondi G, Kosztka L et al (2008) Mitochondrial expression of the two-pore domain
TASK-3 channels in malignantly transformed and non-malignant human cells. Virchows Arch
452:415-426

Sakai Y, Harvey M, Sokolowski B (2011) Identification and quantification of full-length BK
channel variants in the developing mouse cochlea. J Neurosci Res 89:1747—-1760

Sassi N, De Marchi U, Fioretti B et al (2010) An investigation of the occurrence and properties of
the mitochondrial intermediate-conductance Ca®*-activated K* channel mtKCa3.1. Biochim
Biophys Acta 1797:1260-1267

Sato T, Sasaki N, O’Rourke B, Marban E (2000) Nicorandil, a potent cardioprotective agent, acts
by opening mitochondrial ATP-dependent potassium channels. J Am Coll Cardiol 35:514-518

Schmitz A, Sankaranarayanan A (2005) Design of PAP-1, a selective small molecule Kvl.
3 blocker, for the suppression of effector memory T cells in autoimmune diseases. Mol
Pharmacol 68:1254-1270

Siemen D, Loupatatzis C, Borecky J et al (1999) Ca**-activated K channel of the BK-type in the
inner mitochondrial membrane of a human glioma cell line. Biochem Biophys Res Commun
257:549-554

Sihn CR, Kim HJ, Woltz RL et al (2016) Mechanisms of calmodulin regulation of different
isoforms of Kv7.4 K* channels. J Biol Chem 291:2499-2509

Singh H, Lu R, Bopassa JC et al (2013) mitoBKCa is encoded by the Kcnmal gene, and a splicing
sequence defines its mitochondrial location. Proc Natl Acad Sci 110(26):10836—-10841

Singh H, Li M, Hall L et al (2016) MaxiK channel interactome reveals its interaction with GABA
transporter 3 and heat shock protein 60 in the mammalian brain. Neuroscience 317:76-107

Skalska J, Piwoniska M, Wyroba E et al (2008) A novel potassium channel in skeletal muscle
mitochondria. Biochim Biophys Acta 1777:651-659

Skalska J, Bednarczyk P, Piwonska M et al (2009) Calcium ions regulate K* uptake into brain
mitochondria: the evidence for a novel potassium channel. Int J Mol Sci 10(3):1104-1120

Slocinska M, Lubawy J, Jarmuszkiewicz W, Rosinski G (2013) Evidences for an ATP-sensitive
potassium channel (KATP) in muscle and fat body mitochondria of insect. J Insect Physiol
59:1125-1132

Stowe DF, Gadicherla AK, Zhou Y et al (2013) Protection against cardiac injury by small Ca(2+)-
sensitive K(+) channels identified in guinea pig cardiac inner mitochondrial membrane.
Biochim Biophys Acta 1828:427-442

Szabo I, Zoratti M (2014) Mitochondrial channels: ion fluxes and more. Physiol Rev 94:519-608

Szabo 1, Bock J, Jekle A et al (2005) A novel potassium channel in lymphocyte mitochondria. J
Biol Chem 280:12790-12798

Szewczyk A, Kajma A, Malinska D et al (2010) Pharmacology of mitochondrial potassium
channels: dark side of the field. FEBS Lett 584:2063—-2069

Testai L, Barrese V, Soldovieri MV et al (2015) Expression and function of Kv7.4 channels in rat
cardiac mitochondria: possible targets for cardioprotection. Cardiovasc Res 110(1):40-50



Guide to the Pharmacology of Mitochondrial Potassium Channels 127

Toczytowska-Maminiska R, Olszewska A, Laskowski M et al (2013) Potassium channel in the
mitochondria of human keratinocytes. J Invest Dermatol 134(3):764—772

Wojtovich AP, Burwell LS, Sherman TA et al (2008) The C. elegans mitochondrial K+(ATP)
channel: a potential target for preconditioning. Biochem Biophys Res Commun 376:625-628

Wojtovich AP, Sherman TA, Nadtochiy SM et al (2011) SLO-2 is cytoprotective and contributes
to mitochondrial potassium transport. PLoS One 6:¢28287

Wojtovich AP, Urciuoli WR, Chatterjee S et al (2013) Kir6.2 is not the mitochondrial KATP
channel but is required for cardioprotection by ischemic preconditioning. Am J Physiol Heart
Circ Physiol 304:H1439-H1445

Xu W, Liu Y, Wang S et al (2002) Cytoprotective role of Ca>*- activated K* channels in the
cardiac inner mitochondrial membrane. Science 298:1029-1033

Zoratti M, De Marchi U, Gulbins E, Szabo I (2009) Novel channels of the inner mitochondrial
membrane. Biochim Biophys Acta 1787:351-363



Jyotsna Mishra, Bong Sook Jhun, Stephen Hurst, Jin O-Uchi,
Gyorgy Csordas, and Shey-Shing Sheu

Contents
T INErodUCHION .. oute e e e e 131
2 Molecular Identities of Mitochondrial Ca®* Channels/Transporters ..............cc..u.... 132
2.1 OVEIVIEW .ottt ettt e et et e et et e 132
2.2 MECU COMPIEX ..ottt e e 134
2.3 Other Channels ..........ooiiiii i e 137
3 Transcriptional/Post-transcriptional and Post-translational Regulation of the mtCU
(003 10T o) 3 140
4 Physiological Roles of Mitochondrial Ca* UPLake ..ot 141
4.1 Mitochondrial Ca®* and Energy Metabolism ....................ccooueiiiiiinn.... 141
42 Cytosolic Ca?  BUffering ...............ooo.iiu i 142
4.3 Reactive Oxygen Species Generation ..............uuuueieeeeeeeeniiniiiiieeeeen.. 143
5 Pathological Roles of Mitochondrial Ca** Uptake ..oovviiiiii e 144
6 Pharmacological Modulators of the MCU ...t 145
T CONCIUSIONS .. ettt ettt ettt ettt ettt ettt e 147
RETEICNCES .. .ottt e e e 147

Jyotsna Mishra and Bong Sook Jhun contributed equally to this work.

J. Mishra « S. Hurst » S.-S. Sheu ()

Center for Translational Medicine, Department of Medicine, Sidney Kimmel Medical College,
Thomas Jefferson University, 1020 Locust Street, Suite 543D, Philadelphia, PA 19107, USA
e-mail: shey-shing.sheu@jefferson.edu

B.S. Jhun « J. O-Uchi (<)

Cardiovascular Research Center, Department of Medicine, Rhode Island Hospital, Warren Alpert
Medical School of Brown University, Providence, RI 02903, USA

e-mail: jin.ouchi@lifespan.org; jin_o-uchi@brown.edu

G. Csordas ()

MitoCare Center for Mitochondrial Imaging Research and Diagnostics, Department of Pathology,
Anatomy and Cell Biology, Sidney Kimmel Medical College, Thomas Jefferson University,
Philadelphia, PA 19107, USA

e-mail: Gyorgy.Csordas@jefferson.edu

© Springer International Publishing AG 2017 129
H. Singh, S.-S. Sheu (eds.), Pharmacology of Mitochondria,
Handbook of Experimental Pharmacology 240, DOI 10.1007/164_2017_1


mailto:shey-shing.sheu@jefferson.edu
mailto:jin.ouchi@lifespan.org
mailto:jin_o-uchi@brown.edu
mailto:Gyorgy.Csordas@jefferson.edu

130 J. Mishra et al.

Abstract

Mitochondrial Ca®* uptake is crucial for an array of cellular functions while an
imbalance can elicit cell death. In this chapter, we briefly reviewed the various
modes of mitochondrial Ca** uptake and our current understanding of mitochon-
drial Ca®* homeostasis in regards to cell physiology and pathophysiology.
Further, this chapter focuses on the molecular identities, intracellular regulators
as well as the pharmacology of mitochondrial Ca>* uniporter complex.

Keywords
Mitochondria « Mitochondrial Ca®* uniporter » Mitochondrial Ca** uptake e
Pharmacology

Abbreviations

[Ca®*].  Cytosolic Ca>* concentrations

[Ca®*],, Mitochondrial Ca®* concentrations

[Ca2+]0 Extramitochondrial free Ca* concentrations
ATP Adenosine triphosphate

CaMK  Ca**/calmodulin kinase

CaMKII  Ca**/calmodulin-dependent protein kinase IT
CoQ10 Coenzyme Q 10

CREB Cyclic adenosine monophosphate response element—binding protein
EMRE Essential MCU regulator

ER/SR Endoplasmic reticulum/Sarcoplasmic reticulum
ICDH Isocitrate dehydrogenase

IMM Inner mitochondrial membrane
IMS Intermembrane space
IP;R Inositol 1,4,5-trisphosphate receptor

LETM1 Leucine zipper-EF-hand containing transmembrane protein 1
MAPK  Mitogen-activated protein kinase

MCU Mitochondrial Ca** uniporter pore

MCUR1  Mitochondrial Ca®* uniporter regulator 1

MICUl  Mitochondrial Ca** uptake 1

MICU2  Mitochondrial Ca** uptake 2

MICU3  Mitochondrial Ca®* uptake 3

mPTP Mitochondrial permeability transition pore
mRyR1  Mitochondrial ryanodine receptor 1

mtCU Mitochondrial Ca®* uniporter

NMR Nuclear magnetic resonance

Npas4 Neuronal PAS Domain Protein 4
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OGDH a-Ketoglutarate/oxoglutarate dehydrogenase

OMM Outer mitochondrial membrane
PDH Pyruvate dehydrogenase

Pyk2 Proline-rich tyrosine kinase 2
RaM Rapid mode of uptake

ROS Reactive Oxygen Species
Ru360 Ruthenium 360

RyR Ryanodine receptor

TASK-3 TWIK-related Acid-sensitive K* channel
TRPC3  Transient receptor potential channel 3
TRPV Transient Receptor Potential Vanilloid
VDAC Voltage dependent anion channel

a;-AR ol-Adrenoceptor

1 Introduction

Mitochondria play an important role in Ca** homeostasis, which is crucial for
balancing cell survival and death (Giacomello et al. 2007; Duchen et al. 2008).
During the 1950s it was observed that isolated mitochondria could accumulate Ca**
(Carafoli 2010). Subsequently, an energy-driven accumulation of Ca®* by isolated
mitochondria was demonstrated (Vasington and Murphy 1962; Deluca and
Engstrom 1961). It was initially thought that mitochondrial Ca®* transport consists
of an active uptake and passive release process (Chance 1965), but multiple groups
[reviewed by Gunter et al. (1994)] showed that Ca** uptake across the inner
mitochondrial membrane (IMM) is energetically favorable, while efflux requires
electrogenic ion-exchange (antiport). This raised the possibility that mitochondria
may play a significant role in the regulation or buffering of cytosolic Ca** con-
centrations ([Ca2+]c) (Nicholls 1978). Though, mitochondria were one of the first
organelle to be associated with intracellular Ca®* handling, the relative low affinity
of their Ca®* transport systems led to the conclusion that they were physiologically
irrelevant. It was demonstrated that in suspensions of respiring isolated rat liver
mitochondria alone, the steady state extramitochondrial free Ca®* concentrations
([Ca2+]0) of incubating solutions were about 0.5 pM (Becker et al. 1980). Addition
of microsomes, which contain endoplasmic reticulum (ER) that has Ca* transport
systems with a higher affinity for Ca®* than that of mitochondria, was able to reduce
[Ca®*], to 0.2 pM. Similar results were obtained in digitonin-permeabilized hepa-
tocytes and thus brought forth the idea that the “set point” of [Ca®*]. is established
by the ER Ca”* transport mechanisms and not the mitochondria (at ~0.2 pM)
(Becker et al. 1980). However, interest revived in mitochondrial Ca®* homeostasis
in the 1990s when the development of Ca”* sensors that can selectively measure the
changes in the mitochondrial matrix Ca®* concentrations ([Ca2+]m) allowed to
demonstrate propagation of physiological Ca** signals from cytosol into the mito-
chondrial matrix. High Ca®* microdomains at the ER/sarcoplasmic reticulum
(SR) and mitochondria interface addressed the discrepancy between the relatively
small (approximately 1 pM or less) global [Ca®*], peak levels and the much higher



132 J. Mishra et al.

in vitro activation range (K; = 50 pM) for the mitochondrial Ca** uniporter (mtCU)
in most tissues. The ER/SR, which possesses the Ca**release channels, inositol
1,4,5-trisphosphate receptor (IP;R), and/or ryanodine receptor (RyR), could release
Ca”* at the mitochondria/ER/SR junctions with concentrations sufficient to meet
the threshold of the mtCU (Rizzuto and Pozzan 2006; O-Uchi et al. 2012). These
groundbreaking studies repositioned mitochondria as key players in the dynamic
regulation of cellular Ca®* signaling under physiological conditions.

Ca** uptake into mitochondria was mostly considered to result from a single
transport mechanism mediated by a Ca**-selective channel of the IMM, the mtCU
(Gunter and Pfeiffer 1990). The electrophysiological characteristic of mtCU as a
highly selective Ca®* activated Ca** channel (Iy;c,) Was confirmed by measuring
total or single-channel ionic current from the IMM of mitoplasts (Kirichok et al.
2004). The discovery of the molecular identity of the mtCU protein complexes was
tightly connected to the establishment of MitoCarta, a comprehensive mitochon-
drial protein compendium in 2008 (Pagliarini et al. 2008). Based on the establish-
ment of this compendium, the Ca®* sensing EF-hand regulator mitochondrial Ca®*
uptake 1 (MICU1) was identified first in 2010 as a regulator of the channel
(Perocchi et al. 2010). With one or no predicted transmembrane domain, MICU1
has never been considered to form the mtCU pore. To that end, in 2011, a ~40 kDa
protein with two transmembrane domains was discovered as the molecular identity
of the mtCU pore termed MCU by the groups of Mootha and Rizzuto (De Stefani
et al. 2011; Baughman et al. 2011). Following the identification of the MCU, other
regulatory subunits were identified in the last 5 years. These findings open up
exciting opportunities for using genetic approaches to elucidate molecular
mechanisms that regulate mitochondrial Ca®* uptake in a variety of cell types/
tissues. Since the mechanisms for regulating mitochondrial Ca** concentrations
([Ca**],,) are critical for fundamental cellular processes, the importance of under-
standing Ca?* uptake mechanisms in physiology (Tarasov et al. 2012; Alam et al.
2012; Xu and Chisholm 2014) and pathophysiology (Mallilankaraman et al. 2012a;
Huang et al. 2013; Csordas et al. 2013; Hall et al. 2014) has become increasingly
relevant.

In this chapter, we review the current model of the mitochondrial Ca?* influx
mechanism, with special focus on the molecular identity of the mtCU complex.

Furthermore, the physiological, pathophysiological, and pharmacological impli-
cations of mitochondrial Ca®* uptake and future directions of study are discussed.

2 Molecular Identities of Mitochondrial Ca?* Channels/
Transporters
2.1 Overview

Following the discovery of the pore, MCU, further regulatory subunits were
identified, suggesting that the mtCU exists as a multi-protein complex capable of
multiple states of MCU activity (De Stefani et al. 2011). Proteins in the mtCU
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complex include transmembrane subunits [MCU, MCUD, and the essential MCU
regulator (EMRE)], and membrane-associated regulatory subunits in the intermem-
brane space (IMS) (MICU1-3) (Fig. 1). Mitochondrial Ca** uniporter regulator
1 (MCUR1), another two transmembrane domain coiled-coil domain containing
protein of the IMM was also proposed to interact with the MCU protein and to
modulate the channel function (Mallilankaraman et al. 2012b); however, it was not
present in the ~480 kDa uniporter holocomplex coined as the “uniplex” (Sancak
et al. 2013). In addition to mtCU complex, we also briefly describe other mitochon-
drial Ca** channels/transporters that have been reported, which includes mitochon-
drial ryanodine receptor 1 (mRyR1), rapid mode of uptake (RaM), mCal and
2, Coenzyme Q 10 (CoQ10), the transient receptor potential channel 3 (TRPC3),
and the Leucine zipper-EF-hand containing transmembrane protein 1 (LETM1).

Fig. 1 The molecular structure of the mtCU complex. Composed of MCU and MCUb (the
channel forming subunits) together with essential mtCU regulators, EMRE, MCURI and inter-
membrane space proteins, MICU1 and MICU2
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2.2 mtCU Complex

22,1 MCU

The MCU gene (previously known as CCDC109A) is highly conserved across
eukaryotes except yeast (De Stefani et al. 2011; Baughman et al. 2011). The MCU
is a 40 kD protein that contains a proteolytically cleaved mitochondrial import
sequence, two coiled-coil domains, two transmembrane domains, and a short motif
of amino acids between the two transmembrane domains critical for Ca** transport
(De Stefani et al. 2011; Baughman et al. 2011). MCU has been suggested to form
the pore as a homo-oligomer and a recent study using nuclear magnetic resonance
(NMR) demonstrated a pentameric stoichiometry (Oxenoid et al. 2016). Although
there was originally some debate about the MCU topology, it is clear now that both
the N- and C-termini face the mitochondrial matrix with a short motif of amino
acids being exposed to the IMS (Martell et al. 2012). Overexpression of MCU
increases the rate of mitochondrial Ca** influx in both intact and permeabilized
cells, causing a significant decrease in [Ca**]. transients in intact cells (De Stefani
et al. 2011). Further, the mutation of two negatively charged residues inside the
highly conserved DIME motif (QxGXLAXLTWWxYSWDIMEPVTYF), in the
IMS (D261Q/E264Q in human MCU) completely abolishes the MCU activity
(De Stefani et al. 2011; Baughman et al. 2011). On the other hand, the partial
knockdown of MCU greatly inhibits the rate and amplitude of mitochondrial Ca**
entry (De Stefani et al. 2011; Baughman et al. 2011) whereas the knockout
essentially eliminates rapid uptake of Ca®* pulses (Sancak et al. 2013; Pan et al.
2013) and the expression of the wild-type MCU in MCU knockdown cells fully
rescues Ca”* uptake profile (Baughman et al. 2011). Thus, MCU is responsible for
Ca%t transport into the mitochondria. As of now, the essential role of MCU for
mitochondrial Ca®" uptake was validated in many cell types/tissues including the
liver (Baughman et al. 2011), heart (Joiner et al. 2012), cardiomyocytes (Drago
et al. 2012; O-Uchi et al. 2014), skeletal muscles (Pan et al. 2013), pancreatic 3
cells (Tarasov et al. 2012), neurons (Qiu et al. 2013), and mammary gland epithe-
lial cells (Hall et al. 2014).

2.2.2 MCUb

MCUD, originally reported as CCDC109B, is a 33-kDa protein that shares 50%
similarity to MCU with the key amino acid substitutions (R251W, E256V) in the
DIME motif (Raffaello et al. 2013). Co-introduction of MCU and MCUDb in a lipid
bilayer dramatically decreases the open probability compared to only MCU
incorporation. In addition, MCUb overexpression in intact cells decreases mito-
chondrial Ca®* uptake in response to [Ca”*]. increases, suggesting that MCUb
interacts with MCU and acts as an endogenous dominant-negative subunit of the
mtCU pore (Raffaello et al. 2013). Interestingly, the ratio of the amount of MCU
and MCUb mRNA varies in different tissues (Sancak et al. 2013; Raffaello et al.
2013; Fieni et al. 2012). This raises the possibility that the ratio of MCU and MCUb
expression may be one of the mechanisms that differentially regulate mitochondrial
Ca”* uptake in different tissues.
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2.23 MICU1-3

MICU1 (previously known as CBARAI1/EFHA3) is a 54-kDa protein with two
highly conserved EF-hand Ca**-binding domains (Perocchi et al. 2010). The sub-
mitochondrial localization of MICUT1 has been a matter of debate (Perocchi et al.
2010; Mallilankaraman et al. 2012a; Hoffman et al. 2013) but recent proteomic
mapping studies (Hung et al. 2014; Lam et al. 2015) as well as interactome analysis
of the intermembrane space oxidoreductase MIA40 (Petrungaro et al. 2015) indicate
that the MICU1 is a soluble (or membrane associated) protein in the IMS (Csordas
et al. 2013; Patron et al. 2014; Wang et al. 2014), but not in the matrix. MICU1 is
proposed to be pivotal in both the gatekeeping and cooperative activation of mtCU;
keeping the channel closed at resting conditions, but promoting cooperative activa-
tion of the channel at high Ca®" (Csordas et al. 2013; de la Fuente et al. 2014).
Alternatively, MICU1 was also proposed to only convey either of these functions
(gatekeeper (Mallilankaraman et al. 2012a; Hoffman et al. 2013), cooperative
activator) (Patron et al. 2014).

Additionally, MICU isoforms, MICU2 (known as EFHA1) and MICU3 (known
as EFHA?2) are also identified (Plovanich et al. 2013). Both MICU2 and MICU3
possess the conserved EF-hand domains, but share only 25% sequence identity with
MICU1 (Plovanich et al. 2013). Relative expression levels of these MICU isoforms
vary across the different tissue types. MICU1 and MICU2 are ubiquitously
expressed in mammalian tissues, whereas MICU3 is expressed only in the nervous
system and skeletal muscle (Plovanich et al. 2013). Though the role of MICU1 and
MICU?2 have been extensively studied by several groups, but up to date there is no
report attempted to characterize the MICU3 function. MICU?2 forms a heterodimer
with MICUI, thus indirectly associating with the MCU (Patron et al. 2014;
Plovanich et al. 2013). Moreover, the stability of MICU2 is dependent on the
level of MICU1 expression (Patron et al. 2014; Plovanich et al. 2013). Importantly,
MICU?2 inhibits the function of the MCU at lower [Ca®*]. levels both in planar lipid
bilayers and in intact cells (Patron et al. 2014; Matesanz-Isabel et al. 2016). These
data lead to the suggestion that MICU2 would be the gatekeeper of MCU instead of
MICU1, which would form a regulatory dimer with MICU2 to modulate MCU
channel activity in opposite manner. On the other hand, a recent study by the
Mootha group showed that upon disabling the Ca”* sensing by their EF hands,
MICU1 and MICU?2 both would keep the channel closed and MICU1 would do this
even if MICU2 was ablated (MICU2 KO) (Kamer and Mootha 2014). This would
suggest that MICU1 alone can act as a gatekeeper but the gatekeeping activity
would be lifted by lower [Ca®*] than that of MICU2 (Matesanz-Isabel et al. 2016).
At low [Ca®*]., the inhibitory effect of MICU2 is in dominance to safeguard
minimal Ca** accumulation in the presence of a very large electromotive force
for cation accumulation. At high [Ca2+]c, however, Ca2+—dependent MICU2
inhibition and MICU1 activation warrant the mitochondria to respond rapidly
for bringing adequate amount of Ca®* into matrix during [Ca**]. oscillations so
that Ca**-sensitive steps in ATP production can be stimulated efficiently. A very
recent work by the Rizzuto/Raffaello group describes a splice variant of MICU1,
termed MICUI.1 containing an insertion of 4 amino acids (EFWQ) at position
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181 of MICUI, that is highly expressed in the skeletal muscle with increased Ca**
binding affinity (Vecellio Reane et al. 2016). This splice variant seems to convey
higher sensitivity (lower threshold) for the activation of mtCU further suggesting
that MICUT is instrumental in the gatekeeping of mtCU.

224 EMRE

EMRE (known as C220RF32) is a 10-kDa protein that contains a single trans-
membrane domain and a highly conserved aspartate-rich C-terminal region
(Sancak et al. 2013). While MCU and MICUs are well preserved across phylum,
EMRE homologs are not present in plants, fungi, or protozoa, indicating that
EMRE likely arose in the metazoan lineage (Sancak et al. 2013). However, within
mammals, EMRE is ubiquitously expressed across tissues (Sancak et al. 2013).
Importantly, it has been shown that knockdown or knockout of EMRE completely
abolishes mitochondrial Ca®* uptake, indicating that this protein is essential for the
functional mtCU channel. EMRE interacts with MCU at the IMM and MICUI at
the IMS, acting as a retainer of MICU1/2 in the mtCU complex (Sancak et al. 2013;
Kovacs-Bogdan et al. 2014; Tsai et al. 2016; Yamamoto et al. 2016; Vais et al.
2016). A majority of evidence suggest that the N-terminus of EMRE faces the
matrix with the C-terminus facing the IMS (Tsai et al. 2016; Yamamoto et al. 2016;
Tomar et al. 2016).

In addition to the [Ca®*], sensing via MICU, MCU may also be regulated by Ca*
and Mg" from the matrix side. Recent work from the Foskett group has presented
electrophysiological (mitoplast patch clamp) evidence for a biphasic (bell-shaped)
Ca** regulation of mtCU from the matrix side with a matrix [Ca®*] activation
window of ~0.01-2 uM. The acidic tail of EMRE was shown to be critical for this
[Ca®*] regulation from the matrix side and, contrasting other works, was suggested
that EMRE would rather have an N,,,-C;, topology and its acidic tail would operate
as the luminal Ca”* sensor. Since MICU1/2 were also required for the matrix-side
[Ca2+] regulation and considering the overwhelming evidence for EMRE’s N;,-C,
topology, one could entertain an alternative mechanism for EMRE’s contribution.
EMRE may relay a signal from a distinct matrix Ca®* sensor to the gatekeepers
MICU1/2 via the interaction of its C-terminal acidic tail with a lysine-rich basic
stretch of MICU1 (Tsai et al. 2016). As to the matrix Ca>* sensor, very recently a
comprehensive molecular structure (crystallography) study has identified a Ca**/
Mg?* binding acidic patch on the N-terminal matrix domain of MCU that conveys
Mg?* dependent inactivation of the channel (Lee et al. 2016). Further studies will be
needed to clarify EMRE’s role if any in this latter regulation.

2.25 MCUR1

MCURTI1 (known as CCDC90A) is a 40-kDa protein that consists of two transmem-
brane domains and one coiled-coil region. The N- and C-termini of MICUR1 are
proposed to face the IMS, thus the bulk of this protein exposed to the matrix
(Mallilankaraman et al. 2012b). Knockdown of MCURI not only inhibits
agonist-induced mitochondrial Ca>* uptake, but also decreases basal [Ca2+]m.
Overexpression of MCURI results in an increase of mitochondrial Ca** uptake,
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but only when MCU exists, indicating that MCURI is required for Ca®* uptake
through the mtCU complex. MCURI interacts with MCU, but not with MICU1,
suggesting that different compositions of the mtCU complex may exist. Shoubridge
and colleagues raised a question about the direct involvement of MCURI1 in the
regulation of the MCU complex (Paupe et al. 2015). They demonstrated that
MCURI1 knockdown causes a drop of mitochondrial membrane potential (AY,,),
proposed that the effect of MCUR1 on MCU activity may be indirect through
changing the driving force of Ca** entry (Paupe et al. 2015). However, it was
demonstrated that MCUR1 binds to the MCU-pore and EMRE through their coiled-
coil domains which stabilizes the mtCU complex and loss of MCURI reduces the
bioenergetics and promotes autophagy (Tomar et al. 2016). However, a recent study
has shown that Drosophila cells lacking the MCURI homologue still exhibited
typical mtCU Ca* uptake (Chaudhuri et al. 2016).

2.3 Other Channels

2.3.1 Transport Across the Outer Mitochondria Membrane

In order for Ca”* to interact with the mtCU it must first travel across the outer
mitochondrial membrane (OMM). Initially the OMM was considered to be freely
permeable to Ca** mostly by way of the highly abundant voltage dependent anion
channel (VDAC). Later, a pair of studies demonstrated that increasing the perme-
ability of the OMM via overexpression of VDAC (Rapizzi et al. 2002) or via
treatment with truncated Bid (tcBid) (Csordas et al. 2002) increased the rate of Ca**
influx into the mitochondrial matrix from IPs;R-linked high [Ca2+] microdomains.
Moreover, it has been shown that physiological [Ca®*] changes can enhance the cation
(e.g., K) conductance of VDAC reconstituted in bilayer and also enhance the
permeability of the OMM to H* and ATP in permeabilized cells (Bathori et al.
2006). Nevertheless, the cation permeability of VDAC reconstituted in a lipid bilayer
has been reported higher in the closed state (Tan and Colombini 2007). Thus, VDAC
expression levels as well as gating state can modulate mitochondrial Ca* entry.

2.3.2 mRyR1

Localized in the IMM, mRyR]1 is an alternative mechanism for mitochondrial Ca**
uptake in cardiac and neuronal cells (Jakob et al. 2014; Beutner et al. 2001, 2005).
RyRs are the largest known ion channels of about >2 MDa. Three different
subtypes of RyR isoforms (RyR1, RyR2, and RyR3) have been described and
cloned, with different pharmacological properties and tissue-specific expression.
RyR1, the primary isoform in the skeletal muscle, is considered to be the major
Ca’* release channel in SR (Marks et al. 1989); RyR2 is most abundant in cardiac
muscle cells (Nakai et al. 1990) (and, in a lesser amount, the brain); RyR3 is
widely expressed in the ER of different vertebrate tissues (Giannini et al. 1995)
and may be coexpressed with RyR1 and RyR2. In cardiac muscle cells RyR2 is
abundantly localized in the SR (Lanner et al. 2010), but RyR1 is also detectable
both at the mRNA and protein levels (Munch et al. 2000; Jeyakumar et al. 2002).
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Using immuno-gold particle and electron microscopy, we reported that a low
level of RyR1 is expressed at the IMM in cardiomyocytes, and with higher Ca>*
conductance and higher K,, for Ca®* binding as compared to mtCU, mitochon-
drial RyR (mRyR) channels serve as a fast and high affinity Ca** uptake pathway
(Beutner et al. 2001, 2005). Owing to the remarkable biochemical, pharmacolog-
ical, and functional similarity of RyR in cardiac mitochondria to those of RyR1 in
skeletal muscle SR, we designated it as mRyR1 (Beutner et al. 2005). mRyR1
showed a bell-shaped Ca®* dependence of [3H]ryanodine binding with maximal
binding at approximately pCa of 4.4 and complete block at pCa2 suggestive of
RyR1. Moreover, unlike the cardiac SR-RyR2, caffeine showed hardly any effect
on ryanodine binding in mitochondria and binding was inhibited by 50% in the
presence of 0.33 mmol L™' Mg?* (Zimanyi and Pessah 1991). In permeabilized
cardiomyocytes, ruthenium red at a concentration of 1-5 pmol L' blocked mito-
chondrial Ca** uptake with no significant effect on SR Ca®" release (Sharma et al.
2000). Single-channel characterization of the mRyR1 revealed a novel 225-pS
cation-selective channel in heart mitoplasts, with 4 distinct channel conductance
(100, 225, 700, and 1,000 pS in symmetrical 150 mmol Lt CsCl), which was
blocked by high concentrations of ruthenium red and ryanodine, known inhibitors of
ryanodine receptors (Ryu et al. 2011). Ryanodine showed a concentration-dependent
modulation of this channel, with low concentrations (10 pmol L™") stabilizing a
subconductance state while high concentrations (>100 pmol L") blocked the
channel activity (Ryu et al. 2011).

Although both the mRyR1 and the MCU are inhibited by low concentrations of
ruthenium red (1-5 pM) and Mg?*, the unique single-channel characteristics of
mRyR1 clearly differentiate it from previously identified mitochondrial ion
channels. Further clarifications will be needed to distinct the roles of mRyR1 and
mtCU in the physiological Ca®* signaling activities of the cardiac muscle
mitochondria. Interestingly, a recent paper shows that stimulation of IP3R in adult
cardiac myocytes with endothelin-1 causes Ca?* release from the SR, which is
uniquely tunneled to mitochondria via mRyR leading to stimulation of mitochon-
drial ATP production (Seidlmayer et al. 2016).

2.3.3 RaM

RaM, first studied in isolated liver mitochondria, is a kinetically distinct mode of
mitochondrial Ca** uptake, capable of sequestering significant amounts of Ca**
hundreds of times faster than the mtCU. RaM is activated only transiently,
facilitates mitochondria to rapidly sequester Ca”* at the beginning of each cytosolic
Ca”* pulse, and rapidly recovers between pulses, which allows mitochondria to
respond to repetitive Ca”* transients (Sparagna et al. 1995). Similar to mtCU and
mRyR1, RaM was inhibited by ruthenium red, but required over an order of
magnitude more than that required for the inhibition of mtCU (0.1 mmol L™1).
Likewise, RaM is also activated by polyamines, such as spermine, at a concentra-
tion of 0.1 mmol L™ and displayed 3 times more of an increase in activity than
mtCU (Gunter and Gunter 2001). In addition, a rapid mode of Ca?* uptake was also
proposed in isolated heart mitochondria but with some different transport features
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from those of liver (Buntinas et al. 2001). The reset time was longer (>60 s) and
with less sensitivity towards the inhibition by ruthenium red. Moreover, ATP and
GTP activated RaM in liver but not in heart where RaM is activated by ADP
and inhibited by AMP. Notably, RaM has always been considered to be potentially
an “operating mode” of the uniporter instead of a distinct channel/transporter entity;
however, there have been no studies to reconcile RaM with Iy;c, or with the thus
far identified molecular components of the mtCU complex.

234 mCa1land2

mCal and mCa2 are both voltage gated mitochondrial Ca®* selective channels
similar to mtCU with a maximal conductance of 10.9 and 6.56 pS, respectively, at
105 mmol L! [Ca2+], and half saturating concentration (K,,) of 15.1 and
19.6 mmol L' [Ca®*], respectively. They have unique single-channel characteristics
and sensitivity to Ru360. mCal channels display higher single-channel amplitude,
smaller opening time, a lower open probability (P, = 0.053), and multiple sub-
conductance states. While, mCa2 channels have a smaller single-channel amplitude
with a lower conductance, longer openings, a higher open probability, and no sub-
conductance states. Like MCU and RaM, both mCal and mCa2 were activated by
spermine. However, mCa2 was only partially inhibited by pmol L' concentrations
of Ru360 (Michels et al. 2009). Like RaM, mCal/2 have not been studied further in
the molecular era of mtCU to explore if it was indeed a distinct channel entity or
rather the result of a particular (stoichiometric) permutation and/or post-translational
modification of the mtCU complex constituents.

235 CoQ

CoQ10 is an essential component of the mitochondrial electron-transport chain
(ETC) with the primary role as an electron and proton transporter. It was also
reported that CoQ10 is a regulator of mitochondrial Ca** and redox homeostasis.
Under physiological conditions, hydroxyl CoQs can bind and efficiently transport
Ca”*. Hydroxyl CoQs have a very high affinity for Ca®* and therefore, can function
at [Ca”*]. lower than 0.5 pM and potentially even at resting [Ca*]. levels (Bogeski
et al. 2011). This relatively slower Ca®* transfer might be a component of the thus
far unidentified source of small tonic Ca** accumulation observed in MCU knock-
out cardiac mitochondria (Kwong et al. 2015; Luongo et al. 2015).

23.6 LETM1 and TRPC3
LETM, initially identified as a K*/H" exchanger, was recently reported as a Ca
H* antiporter. Using an siRNA genome-wide screening in drosophila, it was
reported to be localized at the IMM. It transports Ca”* bidirectionally across the
IMM in a pH gradient-dependent manner and is inhibited by ruthenium red (Jiang
et al. 2009). However, a recent study with LETM1 protein reconstituted in lipo-
somes demonstrated LETMI1 as an electroneutral 1Ca**/2H* antiporter, insensitive
to ruthenium red (Tsai et al. 2014).

Lastly, TRPC3 was demonstrated as an alternative mitochondrial Ca** uptake
pathway. It is permeable to Ca**, Na*, and K™ and can contribute to mitochondrial

2+/
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Ca** uptake during conditions with a relatively high extramitochondrial [Ca®*]
(Feng et al. 2013).

3 Transcriptional/Post-transcriptional and Post-
translational Regulation of the mtCU Complex

As described above (see Sect. 2), the mtCU is a multisubunit complex with many
regulators. However, the expression patterns of each component are variable in a
tissue-specific manner (Plovanich et al. 2013; Murgia and Rizzuto 2015) for
adapting to the appropriate Ca”* sensitivity by intracellular signals in each tissue.
Therefore, it is of interest to elucidate how the mtCU complex is differentially
regulated at the level of gene expression, which is linked to its modulation of
mitochondrial Ca®* uptake. Accordingly, it has been reported that transcriptional
and post-transcriptional mechanisms can regulate MCU expression and activity to
specific functional demands (Plovanich et al. 2013; Murgia and Rizzuto 2015;
Marchi et al. 2013). For example, in neurons, synaptic activity suppresses MCU
transcription through a nuclear Ca** signals, Ca®*/calmodulin kinase (CaMK), and
the transcription factor Npas4 dependent mechanism, preventing excitotoxic death
(Qiu et al. 2013). In addition, the Ca**-regulated transcription factor cyclic adeno-
sine monophosphate response element—binding protein (CREB) directly binds to
the MCU promoter and stimulates MCU expression, regulating mitochondrial
metabolism (Shanmughapriya et al. 2015). MCUDb expression was also reported
to be increased though independent of CREB activation (Shanmughapriya et al.
2015). It has been shown that MCU is also a target of microRNA-25 (miR-25),
which can efficiently decrease MCU gene expression and activity (Marchi et al.
2013). Furthermore, analyses of post-translational modifications of the MCU
components are ongoing. In 2012, Joiner et al. for the first time reported two Ca

**/calmodulin-dependent protein kinase II (CaMKII) phosphorylation candidate
motifs at the N-terminus of MCU. CaMKII resides endogenously in the mitochon-
drial matrix and is highly activated during pathophysiological conditions like
ischemia reperfusion and myocardial infarction; promotes myocardial death via
CaMKII-mediated increases in MCU current, by phosphorylation of MCU at serine
57 and 92. However, mitochondrial CaMKII inhibition reduced MCU current and
was protective against ischemia/reperfusion injury, myocardial infarction, and
neurohumoral injury (Joiner et al. 2012, 2014; Fieni et al. 2014). Recently, Lee
et al. showed that MCU-S92A mutant expression failed to rescue the Ca®* channel
activity in an MCU knockdown cell line. In addition, they also presented the crystal
structure of the N-terminal region of MCU including (S92) a potential CaMKII
phosphorylation site and concluded them to be indispensable for modulation of
channel activity (Lee et al. 2015). Additionally, our group demonstrated that o1-
adrenoceptor (xl-AR) signaling activates Ca®* and ROS dependent proline-rich
tyrosine kinase 2 (Pyk2); translocates Pyk2 into the mitochondrial matrix.
Activated Pyk2 interacts with MCU and directly phosphorylates MCU tyrosine
residue(s) and enhances mitochondrial Ca** uptake by promoting MCU channel
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oligomerization and formation of tetrameric channels (O-Uchi et al. 2014). How-
ever, persistent al-AR stimulation increases ROS production, activates the mito-
chondrial permeability transition pore (mPTP) opening, and eventually leads to cell
death via Pyk2 activation in cardiomyocytes (O-Uchi et al. 2014).

4 Physiological Roles of Mitochondrial Ca** Uptake

Mitochondrial Ca** has been implicated as an important regulator of fundamental
cellular processes, which range from the regulation of cellular metabolism, buffer-
ing cytosolic Ca”*, modulating cellular redox environments, to other cell-type
specific functions. As described above, we have witnessed a rapid advance in our
understanding of the role of mitochondrial Ca** uptake mechanisms in physiology
and pathophysiology since the recent molecular discovery of the mtCU pore (i.e.,
MCU) and its regulators. Therefore, in the next sections, we summarize the role of
mitochondrial Ca** uptake mechanisms highlighting the functions of the mtCU
complex during physiological (Sect. 4) and pathological (Sect. 5) conditions.

4.1  Mitochondrial Ca** and Energy Metabolism

Mitochondrial Ca** uptake serves as one of the major factors for regulating cellular
bioenergetics (Denton and McCormack 1980; Hajnoczky et al. 1995). Denton and
McCormick in the 1980s demonstrated that mitochondrial Ca** plays an important
role in regulating three Ca** dependent dehydrogenases: pyruvate dehydrogenase
(PDH), a-ketoglutarate (also called oxoglutarate) dehydrogenase (OGDH), and
NAD-isocitrate dehydrogenase (ICDH) (Denton 2009; McCormack et al. 1990)
that are the rate-limiting enzymes in substrate supply for ATP synthesis (Jouaville
et al. 1999). Of the three dehydrogenases, ICDH and OGDH are activated through
the binding of Ca** (Rutter and Denton 1988) whereas, PDH activation depends on
Ca**-dependent phosphatase mediated dephosphorylation step (Denton et al. 1972).
Increase in mitochondrial Ca”* uptake can activate oxidative metabolism via
activated matrix dehydrogenases, resulting in an increased supply of reducing
equivalents to drive respiratory chain activity and ATP synthesis (McCormack
et al. 1990). Mitochondrial matrix Ca** also regulates bioenergetics by S100A1
mediated direct Ca2+—dependent activation of Fy-F;ATP synthase activity (Boerries
et al. 2007; Glancy and Balaban 2012).

Surprisingly, mouse embryonic fibroblasts or isolated mitochondria from
MCU-knockout mice have apparently well-maintained basal mitochondrial meta-
bolic function and energetics, albeit with decreased Ca®* uptake and lower resting
Ca* levels (Perocchi et al. 2010; De Stefani et al. 2011; Baughman et al. 2011;
Mallilankaraman et al. 2012b). Even more surprisingly, this lack of energetic
phenotype extends to the beating heart in vivo under physiological conditions
(approximately 500 beats/min), either in germline or inducible cardiac-specific
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MCU knockout mice (Pan et al. 2013; Kwong et al. 2015; Luongo et al. 2015;
Murphy et al. 2014). Likewise, though global MCU knockout displayed no evi-
dence of Ca®* uptake in mitochondria yet, basal ATP levels were not evidently
altered, indicating that lack of MCU does not have marked impact on basal
mitochondrial metabolism (Holmstrom et al. 2015). However, skeletal muscle
showed a minor defect in muscle strength after endurance training (Pan et al.
2013). The mild phenotype of MCU knockout mice could be due to some kinds
of adaptation in these animals (Murphy et al. 2014). Similarly, in a cardiac-specific
MCU knockout mouse, there is no energetic phenotype in vivo under normal
physiological conditions. However, these mice displayed a decreased B-adrenergic
receptor-mediated fight or flight response for increased workload under stress and a
decreased ischemia-reperfusion injury (Kwong et al. 2015; Luongo et al. 2015).
Similar results have been obtained via cardiac-specific overexpression of a dominant-
negative mutant MCU (Wu et al. 2015). These surprising findings have set a stage for
seeking other compensatory or unknown mechanisms for the MCU-independent
regulation of bioenergetics in beating heart (Harrington and Murphy 2015).

Knockdown of MCURI reduces mitochondrial Ca®* uptake resulting in disrup-
tion of oxidative phosphorylation which activates AMP kinase-dependent pro-
survival autophagy (Mallilankaraman et al. 2012b). However, in pancreatic
B-cells, knockdown of MCU and MICU1 markedly reduced the mitochondrial Ca**
uptake and showed that MCU- and MICUl-mediated Ca®* uptake is critical for
continual ATP synthesis, glucose metabolism, and insulin secretion (Tarasov et al.
2012; Alam et al. 2012). MCU silencing down-regulates the expression of respiratory
chain complexes, mitochondrial metabolic activity, and oxygen consumption (Quan
et al. 2015). In addition to MCU, absence of LETM1 decreased basal mitochondrial
oxygen consumption, discernible inactivation of complex IV activity, and a drop in
ATP production (Doonan et al. 2014). We recently reported that RyR1-overexpressing
cardiac cells had higher mitochondrial ATP under basal conditions with augmented
[Ca?*].-dependent ATP production (O-Uchi et al. 2013), supporting our previous
finding of a low respiratory control index in RyR1 knockout mice and insensitivity
to [Ca®*]. stimulation of O, consumption in mice.

42  Cytosolic Ca** Buffering

Apart from mitochondria’s role as the main energy supplier, its implication in
cytosolic Ca®* buffering is becoming increasingly apparent. Mitochondria can
directly influence the [Ca”*]. by importing Ca®* through the MCU and efflux
through the Na*/Ca®* exchanger or H*/Ca®* exchangers (Gunter et al. 1994; Gunter
and Pfeiffer 1990; Carafoli 1987; Thayer and Miller 1990; Cox and Matlib 1993).
Since the resting [C212+]C values are ~100 nM and the A¥,, is ~—180 mV, the
prediction is that at electrochemical equilibrium, theoretical [Ca®*],, values could
be higher than 0.1 M (Pozzan et al. 2000). However, the low affinity of the MCU to
Ca>" (K, around 10-50 pM), the presence of mitochondrial efflux mechanisms, and
the decrease of AW, upon the cation influx would avert the attainment of
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electrochemical equilibrium. Therefore, particularly under resting conditions,
mitochondria may not uptake any Ca>*. Based on these considerations, the evident
discrepancy between the low affinity of MCU, the low concentration of global
cytosolic Ca®* signals, and the amplitude of [Ca”*],, rises were resolved in the
1990s by the concept of a microdomain of high [Ca®*], between ER/SR and
mitochondria contact areas (Rizzuto et al. 1993, 1998). According to which,
mitochondria are strategically located in close proximity to ER/SR through tether-
ing proteins (Csordas et al. 2006), and these close contact sites provide
mitochondria preferential access to a much higher [Ca”*] than that measured in
the bulk cytosol during Ca®* release from ER/SR and able to activate the MCU.
These local [Ca*'] exposures of the mitochondrial surface have been measured to
be ~10 pM in average by means of “hotspot” mapping of OMM-targeted Ca>*
sensor proteins (Giacomello et al. 2010) or Ca* sensors directly targeted to the SR/
ER-OMM focal contact areas utilizing a drug-inducible heterodimerization strat-
egy (Csordas et al. 2010). In addition, there are reports that VDAC in the OMM
and IP3 receptors in the ER are enriched at the mitochondria—ER interface,
facilitating a Ca”" transfer from the ER to the mitochondria (Szabadkai et al.
2006; Mendes et al. 2005; Malli et al. 2005). Several functional and morphological
studies further suggested that mitochondria can form close contacts not only with
ER/SR (Rizzuto et al. 1998; Csordas et al. 1999; Szalai et al. 2000) but also the
Golgi apparatus (Dolman et al. 2005) and the plasma membrane (Malli et al. 2003;
Park et al. 2001; Varadi et al. 2004). However, among these interactions, the ER/
SR-mitochondria connections have gained much attention, and various proteins
have been proposed to link mitochondria to the ER/SR such as MIRO, MFN2, and
the Mmm1/Mdm10/Mdm12/Mdm34 complex (Rowland and Voeltz 2012; Grimm
2012). Therefore, ER/SR-mitochondria communication also serves as a highly
localized Ca”* buffering system. This in turn can modify the activity of any nearby
Ca**-dependent proteins. Such regulation has been reported for IPsR that display
isoform-specific biphasic dependence on [Ca**].. Depending on the dominating
IP;R isoform, local Ca** clearance by mitochondria can either suppress IP;R
activation (and Ca®* release from the ER) via reducing the local [Ca®'] (and so
IP; sensitivity) over IP3R clusters (Marchant et al. 2002; Hajnoczky et al. 1999); or
do the opposite by decreasing [Ca®*] from high inhibitory to stimulatory range
(Olson et al. 2010). By similar principles, local mitochondrial Ca®* clearance has
also been implicated in sustaining the activation of Icgrac/Orai channels during
store operated Ca”* entry by relieving local feedback inhibition of the channels by
Ca”" (Hoth et al. 1997, 2000; Quintana et al. 2006).

4.3 Reactive Oxygen Species Generation

Mitochondria are a major source of ROS in the cell. It has been well recognized that
[Ca®*],, enhance ROS generation by stimulating the TCA cycle and oxidative
phosphorylation (Perez-Campo et al. 1998; Sohal and Allen 1985) and/or triggering
opening of mPTP (Brookes et al. 2004; Rasola and Bernardi 2011), which plays an
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important role in the regulation of cellular function. For example, a recent study
identified that mtCU-mediated mitochondrial Ca** uptake triggers mitochondrial
ROS production and transient opening of the mPTP, which promotes wound repair
and organismal survival (Xu and Chisholm 2014). In addition, it has been shown
that mitochondrial Ca**-mediated ROS production modulates neural differentia-
tion through activation of the Wnt/B-catenin pathway (Rharass et al. 2014). How-
ever, excess Ca®* uptake by the mtCU can be detrimental for cells, triggering
excessive ROS generation and initiating cell death pathways such as apoptosis
(Mallilankaraman et al. 2012a; Huang et al. 2013; Csordas et al. 2013; Hall et al.
2014). Therefore, mitochondrial Ca%* uptake can be either beneficial or detrimental
depending on the amount of Ca** uptake and cellular conditions. We will discuss
the pathological role of mitochondrial Ca®* uptake in Sect. 5.

5 Pathological Roles of Mitochondrial Ca** Uptake

As shown in Sect. 4.2, mitochondrial Ca>* uptake significantly contributes to buffering
cytosolic Ca?* under physiological Ca®" release from ER/SR. However, intensive
long-lasting pathophysiological release of Ca** from ER/SR causes persistent mito-
chondrial Ca** accumulation, which consequently triggers excessive ROS generation
followed by ATP depletion, the long-lasting opening of the mPTP (Bernardi 2013;
Rizzuto et al. 2012), and apoptotic/necrotic cascade (Rizzuto et al. 2012). Accord-
ingly, MCU-overexpressing and MICU1-knockdown human cell lines lead to
increased sensitivity to apoptosis (De Stefani et al. 2011; Mallilankaraman et al.
2012a). Moreover, human genetic disease associated with MICU1 null mutations
exhibiting central nervous system (extrapyramidal symptoms, learning difficulties)
and skeletal muscle (fatigue) phenotypes have been recently identified (Logan et al.
2014; Lewis-Smith et al. 2016). Liver-specific knockout of MICUT1 has been recently
shown to severely impair liver regeneration after partial hepatectomy, which pheno-
type could be almost completely rescued by administration of NIMSI11, a
non-immunosuppressant mPTP inhibitor (Antony et al. 2016). In addition, MCU
overexpression in 7. brucei is also sensitized to apoptotic stress (Huang et al. 2013).
However, MCU overexpression in a human breast adenocarcinoma cell line (Hall
et al. 2014) and MCU-knockout mouse embryonic fibroblasts (Pan et al. 2013) show
no difference in sensitivity to apoptosis.

As discussed above, although, mitochondrial Ca’* increase has been associated
with apoptosis in many pathological conditions (Giorgi et al. 2012); however, very
little is known about the roles of mitochondrial Ca”* signaling in cancer. Marchi
et al. (2013) showed that microRNA-25 (miR-25) expression can decrease in MCU
gene expression and activity. Specifically, miR-25 is up-regulated in human colon
and prostate cancers, which leads to decreased MCU levels followed by reduced
mitochondrial Ca®* uptake and resistance to Ca**-dependent apoptotic challenges
(Marchi et al. 2013). Consistent with these results, overexpression of MCU or
knockdown of MICU1 in HeLa cervical cancer cells results in constitutive mito-
chondrial Ca®* influx and increases HeLa cell sensitivity to hydrogen peroxide and
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ceramide toxicity (De Stefani et al. 2011; Mallilankaraman et al. 2012a). In other
cancer paradigms like in triple-negative breast cancer MCU has been identified as a
promoter of progression/invasiveness by supporting the mitochondrial Ca**-ROS-
HIF-1a signaling axis (Tosatto et al. 2016). Thus, the suppression of the MCU
expression by miRNA provides initial clues to the relevance of this pathway in
human cancers.

Recent studies show that genetic and molecular manipulation of the mtCU complex
can also affect cell-type specific functions such as neurotransmission, growth, and
development. MCU overexpression increases NMDA receptor-dependent excito-
toxicity in mouse neurons via enhanced mitochondrial calcium uptake resulting in
aggravated mitochondrial depolarization and neuronal injury. However, MCU knock-
down protects neurons against NMDA receptor-mediated excitotoxic cell death (Qiu
et al. 2013).

6 Pharmacological Modulators of the MCU

Despite the well-known role of the MCU as a key controller of Ca** homoeostasis,
there is little information about its pharmacological regulation. Although, several
pharmacological inhibitors have been described to modify the activity of the MCU,
their lack of specificity and cellular permeability has limited their application
(Table 1). One of the most widely studied and effective inhibitors is the hexavalent
polysaccharide stain, ruthenium red, or its derivate Ru360 (Kirichok et al. 2004;
Matlib et al. 1998). In 2011, De Stefani et al. demonstrated the MCU role as the
channel-forming subunit, permeable to Ca** and inhibited by ruthenium red, in an
isolated mitochondria. They reconstituted MCU in lipid bilayers and recorded

Table 1 Pharmacological modulators of MCU

Compound Effect(s) References

Ruthenium compound: ruthenium red, Ru360 Inhibitor | Kirichok et al. (2004) and
Matlib et al. (1998)

Lanthanides: La>*, Gd>*, and Pr** Inhibitor | Crompton et al. (1979)

Cardioactive drugs: quinidine, alprenolol, Inhibitor | Noack and Greeff (1971)

propranolol, oxyfedrine, and tetracaine

Amiloride analogs and derivatives Inhibitor | Schellenberg et al. (1985)

M g2 * Inhibitor Szanda et al. (2009)

KBR7943 Inhibitor | Santo-Domingo et al.
(2007)

Minocycline Inhibitor | Schwartz et al. (2013) and
Csordas et al. (2012)

Polyamines: spermine and spermidine Activator | Salvi and Toninello (2004)

Estrogen receptor agonists: 4,4' 4" -(4-propyl- Activator | Lobaton et al. (2005)

[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT)

The p38 MAP kinase inhibitor: SB202190 Activator | Montero et al. (2002)

Flavonoids Activator | Montero et al. (2004)
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ruthenium red-sensitive Ca®* current with 6—7-pS single-channel activity (De Stefani
et al. 2011). These findings were very recently supported by another patch-clamp
experiment by Chaudhuri et al. (2013). They showed parallel changes in the mito-
chondrial Ca®* current in an MCU knockdown and overexpression system. In addition,
by exploiting the inhibitory characteristic of ruthenium red they further confirmed
MCU as a pore-forming subunit of the channel complex. They demonstrated that a
single point mutation (S259A) in the putative pore domain conferred resistance to
ruthenium red (Baughman et al. 2011; Chaudhuri et al. 2013) without changing current
magnitude indicating that ruthenium red directly targets the channel.

However, ruthenium red binds to and inhibits a wide variety of plasma mem-
brane and intracellular Ca** and K* channels like Transient Receptor Potential
Vanilloid (TRPV) (Amann and Maggi 1991; Hymel et al. 1988), TWIK-related
Acid-sensitive K* channel (TASK-3) (Czirjak and Enyedi 2002), and RyR
(MacQuaide et al. 2010). Ru360, a purified form of ruthenium red, is more effective
than ruthenium red with an ICso 5 nM vs 1 pM, respectively (Ying et al. 1991).
Ru360 also demonstrates better specificity for the MCU over other Ca>* channels in
cardiac muscles (De Stefani et al. 2011; Baughman et al. 2011; Matlib et al. 1998).
Earlier studies have reported a number of drugs exhibiting MCU inhibition such as
the cardioactive drugs quinidine, alprenolol, propranolol, oxyfedrine, tetracaine
(Noack and Greeff 1971), the diuretic, ethacrynic acid, amiloride analogs and
derivatives (Schellenberg et al. 1985), and the antibiotic gentamicin (Sastrasinh
et al. 1982). Minocycline, a tetracycline-derived antibiotic that has been used
clinically to treat bacterial infections, is also a potent inhibitor for MCU (Schwartz
et al. 2013). Mg?*, an antagonist of mitochondrial Ca** uptake also inhibits the
MCU at physiological concentrations (Szanda et al. 2009). Lanthanides such as
La’*, Gd’*, and Pr’* are also well-known competitive inhibitors and at low
concentrations they may activate the uniporter’s activation site and facilitate the
transport of other ions (Mela 1969). However, they inhibit a variety of other Ca>*
channels and pumps too. Thiourea derivate KBR7943, originally an inhibitor of
the plasma membrane Na*/Ca”* exchanger is also reported to have an inhibitory
effect on the MCU (Santo-Domingo et al. 2007). In addition, MCU activity is
also inhibited by adenine nucleotides; ATP being the most potent inhibitor (ECs,
0.6 mM) followed by ADP > AMP. Interestingly, AMPPNP, a non-hydrolysable
analog of ATP was also found to be as efficient as ATP, suggesting that inhibi-
tory action does not require ATP hydrolysis (Litsky and Pfeiffer 1997). On the
other hand, uniporter activity is known to be activated by inorganic phosphate
(Pi), which can accelerate the Ca** uptake rate by precipitating with Ca>* in the
mitochondrial matrix, and thereby lowering the [Ca2+]m (Crompton et al. 1983).
The Ca®" influx rate and affinity for Ca** are modulated by protein kinases.
Specifically, the { isoform of protein kinase C will activate, whereas the p/d
isoforms inactivate MCU (Pinton et al. 2004). Knockdown studies of p38
mitogen-activated protein kinase (MAPK) have resulted in an increase of mito-
chondrial Ca®* uptake suggesting either itself or its downstream targets can
inhibit MCU (Koncz et al. 2009; Szanda et al. 2008). Likewise, SB202190, an
inhibitor of p38 MAPK, significantly activates mitochondrial Ca** uptake, both in



The Mitochondrial Ca** Uniporter: Structure, Function, and Pharmacology 147

intact and in permeabilized cells (Montero et al. 2002). Other pharmacological
activators include natural plant flavonoids (e.g., genistein, quercetin, kaempferol)
(Montero et al. 2004), polyamines such as spermine and spermidine (Nicchitta
and Williamson 1984; Salvi and Toninello 2004), and estrogens receptor agonists
[4,4' 4"-(4-propyl-[1H]-pyrazole-1,3,5-triyDtrisphenol (PPT)] (Lobaton et al.
2005). Lastly, MCU mediated Ca>" uptake also displays allosteric positive regu-
lation by cytosolic Ca** in a calmodulin-dependent manner (Moreau et al. 2006;
Putney and Thomas 2006) which was shown to be inhibited by calmodulin
inhibitors (Csordas and Hajnoczky 2003).

7 Conclusions

Ca”* uptake into the mitochondrial matrix plays a vital role in the regulation of
multiple physiological and pathological processes, ranging from cytoplasmic Ca**
signaling to bioenergetics and cell death. Mitochondria can uptake Ca®* via multi-
ple channels and pathways, however, the mtCU complex is the most prominent and
well-characterized pathway. In this chapter, we have focused on the recent identifi-
cation of the components of the mtCU complex as well as the other mitochondrial
ion channels. Our understanding about the molecular complexity of mtCU gradu-
ally evolved from the concept of a single protein to macromolecular signaling
complexes, which includes a Ca®* pore-forming component and regulatory
components controlling channel activity. We discussed the means by which multi-
ple cell types and tissues regulate and use these channels to best-function for their
physiological role in an organism, as well as how the dysfunction of this system can
lead to pathophysiological conditions.

The recent characterization of the mtCU complex has opened up the possibility
for precise crystal and cryo-electronmicroscopic structural information of the
individual proteins as well as the complete complex. Finally, future insight into
the transcriptional, post-transcriptional, and post-translational modifications of
the multi-protein mtCU complex as well as other mitochondrial Ca** transport
mechanisms will contribute to the development of more specific pharmacological
tools and potentially therapeutic drugs.
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Abstract

Mitochondria are an essential component of multicellular life — from primitive
organisms, to highly complex entities like mammals. The importance of
mitochondria is underlined by their plethora of well-characterized essential functions
such as energy production through oxidative phosphorylation (OX-PHOS), calcium
and reactive oxygen species (ROS) signaling, and regulation of apoptosis. In addi-
tion, novel roles and attributes of mitochondria are coming into focus through the
recent years of mitochondrial research. In particular, over the past decade the study
of mitochondrial shape and dynamics has achieved special significance, as they are
found to impact mitochondrial function. Recent advances indicate that mitochondrial
function and dynamics are inter-connected, and maintain the balance between health
and disease at a cellular and an organismal level. For example, excessive mitochon-
drial division (fission) is associated with functional defects, and is implicated
in multiple human diseases from neurodegenerative diseases to cancer. In this
chapter we examine the recent literature on the mitochondrial dynamics—function
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relationship, and explore how it impacts on the development and progression of
human diseases. We will also highlight the implications of therapeutic manipu-
lation of mitochondrial dynamics in treating various human pathologies.

Keywords

Cancer » DRP1 « DRP1S616 ¢ Fisl ¢ Fission ¢ Fusion « Mff « Mfnl « Mfn2 »
MiD49/51 « MiD49/510PA1 « Mitochondrial dynamics ¢ Neurodegenerative
diseases

1 Introduction

Since their first inclusion into cells through endosymbiosis millions of years ago,
mitochondria are an essential component of multicellular life — from primitive
organisms to highly complex entities like mammals. The importance of mito-
chondria is underlined by their plethora of well-characterized essential functions
such as energy production through oxidative phosphorylation (OX-PHOS), calcium
and reactive oxygen species (ROS) signaling, and apoptosis. In addition, novel
roles and attributes of mitochondria are coming into focus through the recent years
of mitochondrial research. In particular, over the past decade the study of mito-
chondrial shape and dynamics has achieved special significance, as they are found
to impact mitochondrial function. Recent advances indicate that mitochondrial
function and dynamics are inter-connected, and maintain the balance between
health and disease at a cellular and an organismal level. For example, excessive
mitochondrial division (fission) is associated with functional defects, and is impli-
cated in multiple human diseases from neurodegenerative diseases to cancer. The
purpose of this chapter is to examine the recent literature on the mitochondrial
dynamics—function relationship, and explore how it impacts on the development
and progression of human diseases. We will also highlight how therapeutic manipu-
lation of mitochondrial dynamics may be utilized to modulate mitochondrial health
with potential in treating various human pathologies.

1.1 Mitochondrial Biology: Functions

Mitochondria are highly versatile organelles with a multitude of vital functions
within the cell. Primarily, mitochondria act as the main source of cellular energy
production, by hosting the TCA cycle and the OX-PHOS pathway machinery to
utilize fuels (e.g., pyruvate and NADH produced via glycolysis, acetyl co-a pro-
duced by lipid p-oxidation, and glutamine) to generate energy in the form of ATP
(Ward and Thompson 2012b). The OX-PHOS pathway is also known as aerobic
respiration as it requires the presence of oxygen. The mitochondrial respiratory
function is particularly essential in organs and tissues with high energy demand,
such as the heart and tissues of the central nervous system (Ikeda et al. 2014).
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Mitochondria also play an important role in the biosynthesis of cellular building
blocks such as nucleotides, amino acids, and lipids required for cellular growth and
proliferation (Ward and Thompson 2012b). Another important function of mito-
chondria is calcium buffering and modulating calcium signaling through controlled
uptake and release of calcium from cellular stores (Walsh et al. 2009). Ca** buffering is
achieved in part via a close contact between mitochondria and the endoplasmic reticulum
(ER) network, creating calcium micro-domains that facilitate Ca®" uptake by mito-
chondria to maintain cellular calcium homeostasis (de Brito and Scorrano 2008; Walsh
et al. 2009). Mitochondrial ATP, NADH, pyruvate, and ROS also modulate Ca*
signaling machinery, while the uptake and release of Ca** by mitochondria directly
influence cytosolic calcium concentrations and Ca®* signaling (Walsh et al. 2009). As the
primary site for ROS generation in the cell, mitochondria are also responsible for cellular
redox signaling, as well as maintaining oxidative homeostasis through a series of anti-
oxidants (Collins et al. 2012; Hamanaka and Chandel 2010). Signaling pathways that
utilize ROS include cellular response to hypoxia, growth factor stimulation for cell proli-
feration and survival, and generation of inflammatory responses (Hamanaka and Chandel
2010; Schieber and Chandel 2014). Last, but not least, mitochondria play a central role in
the apoptotic pathway of cell death. Multiple upstream signaling pathways converge on
mitochondria in a complex network of pro- and anti-apoptotic proteins to signal for
mitochondrial outer membrane permeabilization (MOMP) and the release of cytochrome
¢ (Chipuk et al. 2010). Mitochondria play a pivotal role in apoptosis, by compartmental-
izing the cell death inducing cytochrome c under normal healthy conditions, and orches-
trating its release upon stress conditions to undergo apoptosis (Elkholi et al. 2014).

1.2 Mitochondrial Biology: Dynamics

Over the past few decades, an important characteristic feature of mitochondria
emerged in the field of mitochondrial research. In place of the original “text book”
idea of a static bean-shaped mitochondrion, it is now appreciated that mitochondria
exist as a network of highly dynamic organelles and may be present in multiple
shapes and sizes within the cell, ranging from small puncta to short and long tubules
(Fig. 2). These different shapes are the result of the ability of mitochondria to
divide, fuse together, and move through the cell. These processes are collectively
termed mitochondrial dynamics, and involve two specific, highly regulated oppos-
ing processes known as fission (division) and fusion (Fig. 1). In healthy cells in
most tissues, mitochondria continuously undergo these fission and fusion events,
changing their shape and size and moving within short distances to do so.
Mitochondrial dynamics are considered important for maintaining healthy func-
tional mitochondria in the cell. Through fusion and fission events, mitochondria are
able to mix and exchange their DNA and protein content, or allow for the segre-
gation and elimination of unhealthy components through an autophagic process
termed mitophagy. Mitochondrial fission is also required for distribution of
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Fig. 1 Dynamic mitochondria. Mitochondrial morphology is maintained through a balance of
fission and fusion events and involve the activity of several large GTPases and adapter proteins.
Mitochondrial fission is mediated by DRP1 and the OMM anchored adapter proteins Fis1, Mff and
MIDA49/51. Fusion is regulated by the mitofusins Mfn1 and 2 on the outer membrane, and OPA1 in
the inner membrane. If increased fission is favored, mitochondria form short punctate structures
(fragmented mitochondria). If fusion is favored mitochondria form tubular networks (fused

mitochondria)
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mitochondria to daughter cells during cell division, as well as distribution of the
organelle to distal, energy demanding regions of the cell such as neuronal axons,
and lamellipodia during cell motility. More recent developments in mitochondrial
research indicate that mitochondrial dynamics are also intricately involved with the
functions of mitochondria, and there is emerging evidence that connects mitochon-
drial dynamics directly to the manifestation of certain pathologies, such as neuro-
degenerative diseases, cancer, cardiomyopathies, and metabolic disorders. In this
section of the chapter we will introduce the major players in mitochondrial dyna-
mics and how cellular signaling controls these processes. We will also discuss how
aberrant fission and fusion of mitochondria arise, and how these aberrations result
in mitochondrial dysfunction and human diseases.

1.2.1 Mitochondrial Fission: Executors and Regulators

Mitochondrial fission is the process by which a mitochondrion divides into two
smaller units. The major executor of fission is the dynamin related protein
1 (DRP1). DRP1 is mainly cytosolic, but translocates to the mitochondrial surface
in order to mediate fission of the organelle. DRP1 assembles on the surface of
mitochondria, forms helical oligomers, and undergoes self-interaction mediated
GTP hydrolysis and subsequent membrane constriction resulting in the scission
of both the inner and outer mitochondrial membranes (OMM). In a series of elegant
in vitro experiments, both DRP1 and its yeast homolog Dnm1 were shown to self-
assemble into helices and tubulate liposomes (Ingerman et al. 2005). These DRP1
helices have a diameter of ~120 nm (Ingerman et al. 2005; Mears et al. 2011), and
since the diameter of an average mitochondrion is approximately fivefold to
sevenfold larger, it is speculated that already existing membrane constrictions
may provide the sites for the self-assembly of DRP1 oligomers. Accordingly, it
has been shown that ER—mitochondria contact sites constrict mitochondria to a
diameter that is permissive for DRP1 oligomer formation, and therefore may mark
future fission sites (Friedman et al. 2011).

As DRP1 is mostly cytosolic, there may be a requirement for a mitochondrial
membrane anchored receptor to recruit DRP1 to the mitochondria for fission.
Several such receptor proteins have been described, including mitochondrial fission
1 (Fis1), mitochondrial fission factor (Mff), Mid 49/51 (MIEF1/2), and ganglioside-
induced differentiation-associated protein 1 (GDAP) (Gandre-Babbe and van der
Bliek 2008; Niemann et al. 2005; Palmer et al. 2011; Serasinghe and Yoon 2008;
Yoon et al. 2003). Fisl is the first receptor identified to recruit DRP1, and is thought
to interact with DRP1 via its two tetra-tricopeptide repeat (TPR)-like motifs. Fisl
forms oligomers on the OMM which may provide the scaffold for DRP1 recruit-
ment (Serasinghe and Yoon 2008; Yoon et al. 2003). More recently Mff was identi-
fied as an adaptor for DRP1 (Gandre-Babbe and van der Bliek 2008). Mff is
also an OMM anchored protein which recruits DRP1 via its cytosolic domain.
Mid49 and Mid50 were also recently identified as mitochondrial outer membrane
anchored adapters of DRP1; however, their exact role in mitochondrial fission
remains to be clarified (Liu et al. 2013; Palmer et al. 2011; Zhao et al. 2011).
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GDAPI1 is an OMM anchored protein that regulates mitochondrial fission in
neuronal cells by cooperating with DRP1 and Fisl (Niemann et al. 2005, 2009).
The presence of multiple adaptor proteins for DRP1 suggests that there may be
several pathways regulating mitochondrial fission. It also indicates that these
proteins may be functionally redundant and have cell type specific or context
dependent activity (Loson et al. 2013; Niemann et al. 2005, 2009), further suggest-
ing additional points of control in the fission process.

Transcriptional Regulation of DRP1

Both transcriptional and post-translational modifications of DRP1 regulate mito-
chondrial fission. Several reports indicate that DRP1 is transcriptionally
upregulated in cancer (Choudhary et al. 2011; Serasinghe et al. 2015). While the
precise transcriptional regulators of Drpl are currently not known, several putative
transcriptional activators have been reported in the recent literature. For example,
the androgen receptor was shown to directly activate Drp1 transcription by binding
to the promoter region of the DRP1 gene in prostate cancer, suggesting hormone
responsive regulation of Drpl (Choudhary et al. 2011). Drpl has also been pro-
posed as a p53 transcriptional target indicating a potential intersection between
cellular stress pathways and mitochondrial fission (Li et al. 2010). More recently it
was shown that oncogenic RAS-MAPK signaling upregulates Drpl mRNA levels
via ERK, and that blocking RAS-MAPK signaling with targeted inhibitors drasti-
cally reduces Drpl mRNA levels (Serasinghe et al. 2015). It is likely that a
transcription factor downstream of ERK is responsible for this upregulation. It is
intriguing that certain disease conditions, cancer in particular, are associated with
transcriptional upregulation of Drpl, which suggests an important role/function of
the protein in disease pathology. Identification of Drp1 specific transcription factors
and upstream signaling networks will yield important insights into the function of
Drpl and mitochondrial fission in these diseases.

Post-Translational Regulation of DRP1

Mechanisms of post-translational regulation of DRP1 include phosphorylation,
SUMOylation, nitrosylation, and ubiquitinylation. One of the best characterized
post-translational modifications of DRP1 leading to the modulation of its function
is phosphorylation. Two main phosphorylation sites in DRP1 have been identified,
both on serine residues residing on the GTPase effector domain (GED) of DRP1
(Fig. 2). DRPI serine 616 phosphorylation is an activating event resulting in the
OMM localization of DRP1 and subsequent mitochondrial fragmentation. It has
been reported that DRP1S616 phosphorylation by calcium/calmodulin-dependent
protein kinase-1 (CAMK-1) facilitates DRP1 interaction with Fisl on the OMM
(Han et al. 2008). DRP1S616 is phosphorylated by protein kinase C (PKC) under
oxidative stress conditions (Qi et al. 2011), by CDK1/cyclin B during cell cycle
progression (Taguchi et al. 2007), and by ERK 1/2 under pathological conditions
leading to the activation of fission (Kashatus et al. 2015; Serasinghe et al. 2015; Yu
et al. 2011). The specific phosphatases responsible for dephosphorylation on this
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Fig. 2 Regulators of mitochondrial dynamics. Several large GTPases govern mitochondrial
dynamics. DRP1 is a cytosolic protein that is recruited to the OMM by membrane anchored
adaptor proteins such as Fis1, Mff and Mid49/50. Post translational modifications of DRP1 include
phosphorylation, SUMOylation, ubiquitinylation and s-nitrosylation. The outer membrane fusion
proteins Mfnl and Mfn2 are anchored on the OMM via two transmembrane domains. Mfnl is
regulated by phosphorylation as well as ubiquitinylation. The inner membrane fusion GTPase
OPAL1 is found in the IM space attached to the IMM, and is regulated through proteolytic cleavage
to produce fusion competent shorter isoforms. Abbreviations: GED GTPase effector domain, HR
heptad repeat, TPR tetra-tricopeptide repeat, R conserved repeats, MLS mitochondrial localization
signal, TM trans-membrane

site are currently not known. However, it has been reported that dephosphorylation
at S616 leads to mitochondrial fusion and protects from autophagy in nutrient star-
vation conditions (Rambold et al. 2011). Indeed it is interesting to speculate that
there may exist a series of thus far unidentified phosphatases having equal signifi-
cance to kinases, regulating DRP1 with potential implications on mitochondrial
shape and function.

While the putative DRP1S616 phosphatases are not known, it has been demon-
strated that DRP1 S637 phosphorylation acts as a countermeasure to inactivate
DRP1 mediated fission, thereby establishing a balance between active and inactive
forms of DRP1. DRP1 S637 when phosphorylated by the protein kinase A (PKA)
acts to prevent mitochondrial fission by translocating DRP1 away from mito-
chondria (Chang and Blackstone 2007). This site is dephosphorylated by calci-
neurin. On the other hand, DRP1 phosphorylation at the same site by CAMK-1 and
rho-associated coiled-coil containing protein kinase 1 (ROCK 1) has been shown
to induce mitochondrial fission by activating DRP1 function in cultured hippo-
campal neurons and induction of fission, leading to diabetic neuropathies, respec-
tively (Han et al. 2008; Wang et al. 2012). These contrasting observations may be
reconciled with the argument that the regulatory phosphorylation events of
DRPI1 may be highly tissue specific (e.g., nervous system), and may depend on
the availability and function of DRP1 receptors in these cells (e.g., hippocampal
neurons), and dependent on the mitochondrial requirement of the tissue. It also
may depend on the cellular context such as specific stress conditions and asso-
ciated signaling pathways (e.g., calcium signaling). We will discuss these
tissue and disease specific regulation of mitochondrial dynamics further in the
context of human pathologies in a subsequent section of this chapter. It is important
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however to stress that further investigations into these unknowns would enable a
better dissection of the function of DRP1 in mitochondrial fission.

A third phosphorylation site with functional consequence has been recently
identified at DRP1 serine 693 residue, which resides in the GED (Fig. 2). This
site is phosphorylated by glycogen synthase kinase 3 beta (GSK3f), and inhibits
DRP1 oligomerization dependent GTP hydrolysis to block mitochondrial fission
(Chou et al. 2012). This phosphorylation event, in particular, has been observed in
association with apoptosis (Chou et al. 2012).

Another type of post-translational modification that impacts DRP1 function is
ubiquitinylation. Membrane associated ring finger 5 (MARCH 35, also known as
MITOL) is a mitochondrial outer membrane localized E3 ligase that ubiquitinates
DRP1 on the OMM. MARCH 5 mediated ubiquitinylation of DRP1 was originally
reported to mark DRP1 for proteolytic degradation leading to reduced fission and
elongated mitochondrial networks (Nakamura et al. 2006; Yonashiro et al. 2006). In
more recent reports however, MARCH 5 mediated DRP1 ubiquitinylation was
shown to increase DRP1 mitochondrial localization and fission (Karbowski et al.
2007; Park et al. 2010) suggesting that this protein modification may be required for
mitochondrial fission. These contradictory reports warrant further study to clarify
the role of MARCH 5 mediated ubiquitinylation of DRP1. Parkin is another E3
ubiquitin ligase that was shown to ubiquitinylate DRP1 and Fisl leading to the
proteasomal degradation of these proteins (Cui et al. 2010; Wang et al. 2011). These
reports indicate that ubiquitinylation by Parkin acts as an inhibitory event for DRP1
mediated mitochondrial fission. The relevance of this DRP1 regulatory pathway in
Parkinson’s disease will be discussed later in this chapter.

The SUMO-conjugating enzyme Ubc9 and the mitochondrial SUMO E3 ligase
MAPL SUMOylate DRP1, resulting in increased DRP1 protein stability on the
OMM, leading to increased fission (Braschi et al. 2009; Harder et al. 2004; Prudent
et al. 2015; Wasiak et al. 2007) (Fig. 3). Furthermore, it was shown that during
apoptosis, the BCL2 associated X (BAX) protein and Bcl2 homologous antagonist
killer (BAK) protein oligomerization stabilizes DRP1 on the OMM in a SUMOy-
lation dependent manner, suggesting that this may be a mechanism of apoptotic
fragmentation of mitochondria (Wasiak et al. 2007). Conversely, Sentrin/SUMO
specific protease 5 (SENPS) was identified as a SUMO-protease that removes the
SUMO groups from DRP1 resulting in decreased mitochondrial fragmentation, and
knock down of SENP5 was found to fragment mitochondria by stabilizing DRP1
SUMOylation (Zunino et al. 2007). Similar activity was reported recently from
SENP3, another member of the SEN protease family, in an in vitro model of
ischemia (Guo et al. 2013). Under ischemic conditions, SENP3 is downregulated
leading to extended SUMOylation and resulting fragmentation of mitochondria,
which is reversed upon re-oxygenation (Guo et al. 2013). However, the depletion of
SENP3 in this case, which led to DRPIl-sumo stabilization, was shown to
suppress cytochrome c release and caspase mediated cell death, thereby acting in
a cell protective manner.
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Fig. 3 DRPI modifications and mutations associated with human diseases. DRP1 activity is
regulated by post-translational modifications such as (a) Ubiquitinylation: MARCH 5, Parkin (b)
SUMOylation: MAPL, SENP4 (deubiquitinase) (c¢) Phosphorylation; S616: CAMK-1,CDK1/
Cyclin B, ERK; S637: PKAl, CAMK-1, ROCKI1, Calcinuerin (phosphatase); S693: GSK3b.
De-regulation of these processes affects DRP1 function and manifests in several human
pathologies. Additionally, de novo mutations in the DRP1 middle domain which resulted DRP1
loss of function resulting in neuropathological and birth defects are indicated here

It is interesting that the same DRP1 modification can give opposing results under
different stimuli, as seen with DRP1 phosphorylation at S637 and ubiquitinylation
by MARCH 5 discussed earlier. These differences however could be addressed by
taking into consideration the tissue specific context; for example, neuronal cells
may have specific requirement for mitochondrial dynamics compared to other tis-
sues, normal vs stress conditions — such as de-SUMOylation under normoxic and
ischemic conditions, and involvement of complex signaling networks in regulating
multiple fission/fusion factors — e.g., MARCH mediated ubiquitination of DRP1,
Fisl as well as the mitochondrial fusion protein, mitofusin 1 (Mfnl — to be dis-
cussed in the next section). The final phenotypic outcome may be the cumulative
effect of several factors, including multiple protein modifications on DRP1 at a
given time. It is worth noting that some of these modifications are under normal
physiological conditions and others are under disease or stress conditions. This
alludes to a highly sophisticated regulatory framework that maintains the fine bal-
ance of mitochondrial dynamics in a cell, and can be offset in pathologies. We will
discuss this in more detail in Sect. 1.4 of the chapter.

In addition to the modifications occurring in normal cellular conditions, specific
disease related post-translational modifications of DRP1 have also been identified.
These are S-nitrosylation and O-glucNAcylation, and both were shown to activate
DRPI1 and increase mitochondrial fragmentation (Bossy et al. 2010; Cho et al.
2009; Gawlowski et al. 2012). Amyloid beta mediated Nitric oxide (NO) produc-
tion leading to DRP1 S-nitrosylation was shown to fragment mitochondria and
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induce neurotoxicity in Alzheimer’s disease and Parkinson’s disease (Bossy et al.
2010; Cho et al. 2009). O-glucNAcylation was shown to induce mitochondrial
fragmentation in rat neonatal cardiomyocytes, with implications in diabetes
induced mitochondrial dysfunction and cardiovascular complications (Gawlowski
et al. 2012).

1.2.2 Opposing Fission: Mitochondrial Fusion

Unlike fission, mitochondrial fusion has two distinct systems in place for the fusion
of inner and outer membranes. Even though these processes are separate, the inner
and outer membrane fusion is highly coordinated. OMM fusion is achieved by
Mitnl and 2, which are anchored on the OMM via two transmembrane domains
which span the membrane twice (Hoppins et al. 2007) (Fig. 2). Mfnl and 2 form
homo- and heterotypic interactions when two apposing mitochondria come together
at a permissive proximity. This initial tethering of mitochondria is followed by the
outer membrane fusion through mixing of the lipid bilayers (Koshiba et al. 2004).
Minl and 2 perform overlapping functions; however, they are not functionally
redundant (Chen and Chan 2004; Chen et al. 2003). Both proteins are generally
expressed in cells, and the abundance of each may be cell type dependent.

Regulation of Mitochondrial Fusion Proteins
Both Mfnl and 2 show regulation at both transcriptional and post-transcriptional
levels (Santel et al. 2003). Mfnl1 is regulated by peroxisome proliferator-activated
receptor gamma co-activator lo (PGC-1a) during postnatal cardiac growth (Martin
et al. 2014). Other reports indicate tissue specific Mfn1 transcriptional repression by
the corticosteroid dexamethasone in liver and in hepatoma cells (Hernandez-
Alvarez et al. 2013) and by microRNA 140 in cardiomyocytes (Li et al. 2014).
Mfn2 transcription is driven by the PGC-1a and PGC-1p, key factors in mitochon-
drial biogenesis, as well as the transcription factor Spl in skeletal and smooth
muscle cells (Sorianello et al. 2012). Mfn2 has also shown to have hormone respon-
sive transcriptional regulation as Estrogen-Related Receptor-alpha (ERRa) binds to
the human Mfn2 promoter and stimulates transcription (Scarpulla et al. 2012;
Soriano et al. 2006). Mfnl and 2 are also regulated at a post-translational level.
One of the best characterized post-translational modifications of these proteins is
ubiquitinylation. Mfnl and 2 are both ubiquitinylated by MARCH-5 and Parkin
(Gegg et al. 2010; Park and Cho 2012; Park et al. 2010; Tanaka et al. 2010). Mfn1 is
also activated by deacetylation mediated by HDAC6 (Lee et al. 2014). Mfn2, on the
other hand, is ubiquitinylated by Parkin and marked for proteasomal degradation
(Gegg et al. 2010; Poole et al. 2010; Tanaka et al. 2010; Ziviani and Whitworth
2010). Additional Mfn2 E3 ligases include HUWEI (regulated by phosphorylation
of JNK), and by the ubiquitin ligase Mull (Leboucher et al. 2012; Lokireddy et al.
2012) leading to proteasomal degradation. However, MARCH 5 mediated ubi-
quitinylation of Mfn1 and 2 did not drive proteasomal degradation of these proteins
(Sugiura et al. 2013). Mfn2 levels are also regulated by activation of the deubi-
quitinase USP30 (Yue et al. 2014).

Inner mitochondrial membrane fusion is mediated by OPA1, a GTPase anchored
on the inner mitochondrial membrane (Fig. 2). Apart from its function in inner
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membrane fusion OPA1 has a distinct function in cristae remodeling and cyto-
chrome c release during apoptosis (Frezza et al. 2006). Eight splice variants of
OPAL1 have been identified, and categorized as long (L) and short (S) isoforms.
Both isoforms localize to the intermembrane space of mitochondria. The L-isoform
is membrane anchored and the S-isoform is found peripherally attached to the inner
membrane lipids (Olichon et al. 2002; Satoh et al. 2003). The OPA1-L isoform is
considered the fusion competent form of OPA1, and further cleavage of the protein
at protease sites S1 and S2 generates short forms of the protein that regulate inner
membrane fusion (Griparic et al. 2007; Ishihara et al. 2006). Therefore, proteolytic
cleavage is the major regulatory mechanism for OPA1 function in membrane fusion
(Ishihara et al. 2006).

The intermembrane space rhomboid protease, PARL (presenilin-associated
rhomboid-like), cleaves OPA1 at the S1 site to short soluble isoforms, and PRRL
knockout resulted in mitochondrial fragmentation and sensitization to apoptosis,
suggesting that proteolytic cleavage of OPA1 by PARL is a regulatory mechanism
during cell death (Cipolat et al. 2006). However, PARL mediated cleavage of
OPA1 does not affect mitochondrial fusion (Cipolat et al. 2006). YMEI1L another
intermembrane space AAA protease was found to cleave OPA1 at the S2 site,
resulting in inner membrane fusion. Ymell is regulated by the OX-PHOS activity
of the inner membrane (Anand et al. 2014; Ishihara et al. 2006; Mishra et al. 2014;
Song et al. 2007). Under high OX-PHOS conditions, YmelL cleaves Opal with
higher efficiency to induce inner mitochondrial membrane fusion, suggesting that
mitochondrial inner membrane fusion supports increased OX-PHOS activity, and is
required for maintaining this function of mitochondria. Paraplegin is another IMM
AAA metalloprotease that participates in OPA1 cleavage to produce a short fusion
incompetent form (Duvezin-Caubet et al. 2006; Ishihara et al. 2006). These oppos-
ing cleavage events indicate that OPA1 processing is a coordinated event that
determines fusion and fission under different physiological conditions.

The requirement of mitochondrial dynamics for cellular function is highlighted
by studies from genetic models of fission and fusion including yeast, Drosophila,
and mouse models. Since the focus of this chapter is on human disease, we will
discuss findings from mouse models of genetic knockdown and disease, and
correlate these findings with human pathologies presenting aberrant mitochondrial
dynamics and resulting functional defects.

13 Insights from Genetic Models of Fission and Fusion

1.3.1 DRP1, Mff, Mfn1, and Mfn2 Genetic Knockout Mice

Over the past decade knockout mouse models for the fission protein DRP1 and the
fusion proteins Mfnl and 2 were developed and characterized (Chen et al. 2003;
Ishihara et al. 2009; Kageyama et al. 2012; Wakabayashi et al. 2009). The most
interesting parallel between all three mouse models is the embryonic lethality that is
observed during early mid gestation in the null homozygotes, indicating an essential
role of mitochondrial dynamics in embryonic development. In the DRP1 knockout
mouse the embryonic lethality was observed at approximately day 11.5, and Mfn1
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and Mfn2 knockout mice display a high level of lethality by day 11.5 and 12.5,
respectively (Chen et al. 2003; Wakabayashi et al. 2009). Mfn1/2 double knockout
mice die sooner, indicating that these two proteins have non-redundant function in
the early stages of embryo development (Chen et al. 2003). As expected, all three
knockout phenotypes show changes in mitochondrial morphology, dynamics, and
function. All three knockouts produced embryos that are smaller than wild type,
indicating a requirement of mitochondrial dynamics in cell proliferation, growth,
and differentiation (Wakabayashi et al. 2009), while the Mfnl and 2 knockout
embryos showed developmental delays and deformations (Chen et al. 2003). It is
noteworthy however that the defects of Mfnl and 2 knockout phenotypes can be
corrected by expressing the dominant negative form of DRP1 (K38A), indicating a
possible therapeutic implication for blocking DRP1 function in these conditions
where mitochondrial fusion is dysregulated (Chen et al. 2003). More recently an
Mff homozygous knockout mouse model was generated and studied (Chen et al.
2015). While the mice were viable at birth, they succumbed prematurely at post-
natal 13 weeks to dilated cardiomyopathy leading to heart failure. This phenotype was
reversed by deletion of the Mfnl which restored the fission—fusion balance,
demonstrating that re-fusing mitochondria may be a viable therapeutic strategy in
diseases with excessive mitochondrial fission (Chen et al. 2015).

1.3.2 Conditional Knockout Mouse Models

DRP1 knockout has the most deleterious effects on the brain, CNS, and heart
development. The neonatal brain and heart in particular are organs that express
high levels of DRP1, and possibly depend on the protein for their development and
function. Accordingly, the most striking phenotypes of DRP1 loss manifest in these
organs, suggesting tissue specific requirement of DRP1. In particular, the DRP1 KO
embryonic cardiomyocytes show reduced beating rates, and this may be responsible
for the death of the embryo (Wakabayashi et al. 2009). To further understand the
requirement of DRP1 in the function of these organs in the embryonic and postnatal
development, conditional knockout mice have been established (Ishihara et al.
2009; Kageyama et al. 2012; Wakabayashi et al. 2009). The heart-specific knockout
of DRP1 in particular showed neonatal lethality as a result of dilated heart, and thin
heart walls, displaying clear features of cardiac dysfunction at the time of death at
p7-10 after birth (Ishihara et al. 2009) suggesting that Drp1 is essential for neonatal
heart development. The brain-specific knockout of DRP1 generated using brain-
specific Enl-Cre resulted in severe decrease in cerebellum development and neo-
natal death within 24 h of birth (Wakabayashi et al. 2009). Proliferation of the
cerebellar cells, and in particular the number of Purkinje cells, showed dramatic
reduction in this conditional knockout model (Wakabayashi et al. 2009). DRP1
deletion in a larger region of the brain using Nes-Cre recombinase resulted in
apoptotic cell death in the premature superficial layer neurons and deep cortical
layers (Ishihara et al. 2009). These phenotypes are characterized by increased size
and reduced number of mitochondria, loss of mitochondria from the synapse, and
defective synapse formation in culture (Ishihara et al. 2009). The requirement of
DRP1 in synapse formation may be due at least in part to the loss of mitochondrial
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fission, but also due to the direct role of DRP1 in the clathrin coated endocytic
vesicle formation in response to synaptic stimulation (Li et al. 2013). DRPI
mediated apoptosis in neuronal cells depends on the cell type and physiological
context. Cerebellar Purkinje cells and neurons of the forebrain are among specific
cell types that are affected severely by the loss of DRP1. In both cases cells undergo
initial mitochondrial elongation followed by oxidative damage, resulting in
fragmented and swollen mitochondria (Kageyama et al. 2012). In neural tube
closure, developmentally regulated apoptosis is decreased by the loss of DRP1
(Wakabayashi et al. 2009), while increased in the neuroepithelium of the brain
(Ishihara et al. 2009). Finally, DRP1 was shown to ensure survival of post-mitotic
neurons in mice (Kageyama et al. 2012; Zhang et al. 2012). DRP1 null post-mitotic
Purkinje cells became elongated and accumulated oxidative damage, became
defective in respiration, and gradually degenerated over a period of 6 months.
These aberrations manifested in defective motor and coordination behavior in
these mice (Kageyama et al. 2012), suggesting that oxidative damage downstream
of blocking mitochondrial fission is responsible for the neurodegeneration.

Similarly, Mfn1/2 conditional knockout mice have been developed to study the
role of these proteins in the heart and brain function. Cardiomyocyte specific
deletion of Mfn2 resulted in enlarged cardiomyocytes, and displayed mild mito-
chondrial dysfunction and modest cardiac hypertrophy and functional deterioration
(Papanicolaou et al. 2011). The absence of Mfn2 prevented ROS mediated mito-
chondrial permeability transition (MPT), and protected adult cardiomyocytes from
a number of cell death inducing stimuli, and better recovery from reperfusion
injury. However, an Mfn1/2 double knockout in cardiomyocytes resulted in a
much more severe phenotype (Chen et al. 2011; Papanicolaou et al. 2012). The
cells displayed abnormally expanded or fragmented mitochondria, cardiomyocyte
and respiratory dysfunction and rapidly progressive cardiomyopathies at postnatal
day 7. These conditions led to heart failure, resulting in rapid decline in survival and
death by 16 days post-birth (Chen et al. 2011; Papanicolaou et al. 2012). These
studies established that Mfn1 and 2 are essential for the mitochondrial remodeling
and metabolic reprogramming of the heart during neonatal heart development
(Papanicolaou et al. 2011, 2012).

Tissue specific knockout mice have also been generated to study the role of
Mfnl and 2 in the nervous system. In particular, Mfn2 knockout and mutant studies
were conducted focusing on modeling the Charcot—Marie-Tooth type 2A
(CMT2A) disease. Mfnl and 2 deficiency in the placental giant cell layer is
responsible for the embryonic lethality of the Mfnl and Mfn2 knockout mice
(Chen et al. 2003), therefore mice were developed to specifically knockdown
these proteins avoiding cells of placental lineage (Chen et al. 2007). These mice
were viable for both Mfn1 and 2 knockdown; however, the Mfn2 deficiency showed
more dramatic abnormalities. A percentage of Mfn2 knockout pups died post-birth,
and the surviving mice showed severe defects in movement and balance, and
succumbed at day 17 (Chen et al. 2007). Mfn1 knockout in the same system showed
much less severity in phenotype, and the mice survived to adulthood with no
obvious defects, indicating lesser significance of this mitofusin in the nervous
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system. Cerebellum specific knockout of Mfn2 showed severe defects in postnatal
cerebellar growth. With the Mfn2 knockout, the cerebellar Purkinje cells, in
particular, showed aberrant mitochondrial distribution, ultrastructure, and ETC
activity, and the study showed that Mfn2, but not Mfnl is required for dendritic
outgrowth, spine formation, and cell survival (Chen et al. 2007). Mitochondrial
transport also seems to be affected in Mfn2 specific knockout neurons, suggesting a
novel function for Mfn2 distinct from its function in OMM fusion (Misko et al.
2010; Pham et al. 2012). A study using the expression of Mfn2 mutant forms in
cultured dorsal ganglion neurons to recapitulate the neuronal pathology of the
CMT?2A disease reported abnormal clustering of small fragmented mitochondria
in the cell body as well as axons, along with impaired transport of mitochondria
(Baloh et al. 2007). Similar results were observed from a dopaminergic neuron
specific Mfn2 knockout mouse model (Pham et al. 2012). Mitochondrial fragmen-
tation in the cell body and neuronal processes as well as markedly reduced
mitochondrial mass and transport were observed, and these presumably led to the
loss of neurons and movement defects characteristic of the CMT2A disease in these
mice (Pham et al. 2012).

Similar to DRP1, Mfn1, and Mfn2 knockout mice, OPA1 knockout mice were
also found to be embryonic lethal; death occurring in this case around day 13.5 is
indicative of the requirement of this protein in embryonic development. OPA1+/—
heterozygotes are viable, and several models were developed to characterize the
requirement of OPA1 (Davies et al. 2007; Williams et al. 2010). Many of these
studies were developed to model the DOA disease in mice and focus on the effect of
OPAL1 loss on optic neuronal function. While these studies do not recapitulate effect
of the complete loss of OPA1, they represent moderate effects of OPA1 reduction
and recapitulate DOA phenotypes. These studies reported that the reduction of
OPAL1 levels led to Retinal ganglion cell dendritic pruning, increased autophagy,
and may contribute to RGC loss and atrophy, a marked reduction in retinal ganglion
cell synaptic connectivity (White et al. 2009; Williams et al. 2011, 2012). Study of
the heart in this heterozygous mouse model showed alterations in mitochondrial
morphology, but not changes to the electron transport chain activity. Delay in Ca®*
dependent PTP opening, and associated myocardial hypertrophy induced by pres-
sure overload were also observed (Piquereau et al. 2012). OPA1 loss was examined
in the context of embryonic development, and these studies indicate that OPA1 is
crucial for the survival of RGCs and essential for early embryonic survival.

1.4 From Mouse Models to Human Diseases

As we discussed in the previous section, genetic disruption of mitochondrial dyna-
mics impacts most severely the tissues and processes that are most energy demand-
ing and dependent on mitochondrial function. For example, the brain and heart are
among the organs that are most severely impacted by the loss of mitochondrial
dynamics proteins. Of similar importance is embryonic development. It is therefore
not surprising that most of the mitochondrial dynamics associated diseases are
related to developmental, neurodegenerative, and metabolic disorders, and
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cardiomyopathies. These diseases manifest in aberrant mitochondrial function, cell
growth, proliferation, and apoptosis. Considering the role of mitochondrial dyna-
mics in cell proliferation in particular, recent advances illuminating these processes
in cancer are particularly insightful. It is interesting to note that most of the human
diseases are related to increased mitochondrial fragmentation, and in this section
we will discuss the role of mitochondrial fission in human diseases.

1.4.1 Cancer: A Novel Role for Mitochondrial Fission

One of the more recent developments on the disease relevance of mitochondrial
fission comes from the study of cancer. Increased mitochondrial fission was
reported as a pathogenicity factor in several distinct cancer models. It is interesting
to note that these reports come from different cancers, originating in distinct organs,
and may have entirely different oncogenic signaling circuitry yet result in the
upregulation of DRP1 activity leading to mitochondrial fission. Also while some
reports indicate a crucial role for DRP1 in cancer initiation and transformation,
others show an important role for DRP1 in the later metastatic stages suggesting a
role for DRP1 in different stages of the disease progression (Zhao et al. 2013).
These observations indicate a fundamental role of DRP1 in cancer.

Mitochondrial fragmentation mediated by the upregulation of DRP1 is implicated
in cellular transformation by oncogenic RAS in a mouse embryonic fibroblast (MEF)
model (Serasinghe et al. 2015). Excessive mitochondrial fragmentation by onco-
genic RAS is crucial for the development of cancer metabolism, and transformation
of MEFs. Genetic ablation and pharmacological inhibition of DRP1 was shown to
abolish the transformation, suggesting a specific role for this protein in cancer
development. The fission reported here is mainly mediated by DRP1S616 phos-
phorylation by ERK. DRP1S616 is a mitotic phosphorylation site and is responsible
for fragmenting mitochondria during mitosis. Extrapolating from this observation, it
is possible to envision that RAS mediated phosphorylation of DRP1S616 mimics
this mitotic phosphorylation event and may facilitate or drive excessive cell prolifer-
ation in these RAS-MAPK driven cancers. Additionally, mitochondrial fission
results in cancer metabolism, by preferentially utilizing the glycolytic pathway for
energy production and increased biosynthesis of macromolecules. This metabolic
switch could also support the development of cancer by supporting growth and
proliferation of cancer cells. ERK was found to directly phosphorylate DRP1S616
in BRAFV600E positive melanoma as well as pancreatic cancer (Kashatus et al.
2015; Serasinghe et al. 2015). In melanoma patient samples, DRP1S616 phosphory-
lation shows a clear correlation with the presence of BRAFV600E, and a strong
correlation with increasing DRP1S616 phosphorylation levels with cancer progres-
sion (Serasinghe et al. 2015; Wieder et al. 2015).

DRP1 is dysregulated in breast, lung, pancreatic, and thyroid carcinomas
(Kashatus et al. 2015; Serasinghe et al. 2015). Recently DRP was found to play a
crucial role in the development of glioblastoma (Xie et al. 2015). Brain tumor
initiating cells (BTIC) and non-BTIC cells were found to harbor differential post-
translational modification patterns of DRP1 enhancing or blocking the development
of tumors. BTIC cells had a predominant phosphorylation-activated form of
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DRP1S616, while non-BTIC cells showed a predominantly inactive 637 phosphory-
lation of DRP1. While total DRP1 levels remained unchanged, the presence of
DRP1S616 phosphorylation was elevated selectively in a panel of glioblastoma
tissue samples compared to non-tumor tissues. The activation of DRP1S616 was
found to be regulated by the kinase CDKS5. This study was further supported by
patient data which indicated an inverse correlation between patient survival and the
presence of DRP1S616. This comprehensive study points to the differential regu-
lation of DRP1 post-translational modification as the switch between tumor growth
and differentiation of cells, suggesting that DRP1 phosphorylation may be an
important point of control in tumorigenesis.

A similar report from the study of lung cancer (Rehman et al. 2012) showed that
DRP1 expression is upregulated and present in its activated form (S616p) in cancer
cell lines, as well as tissue microarrays. This is associated with a parallel down-
regulation of the fusion protein Mfn2. Blocking fission using Mdivi-1, a small
molecule inhibitor to DRP1, or overexpressing Mfn2 in lung cancer cells blocked
cell cycle progression at G2/M stage. This study showed increased expression of
DRPI, along with increased serine 616 phosphorylation, and decreased serine
637 phosphorylation in lung cancer cell lines, again drawing attention to the differ-
ential regulation of DRP1 post-translational modifications in cancer.

The underlying observation from these cases is that DRP1 expression or activa-
tion seems to be the predominant cause for the fragmentation (deferential expres-
sion of MFN2 has been noted less frequently) (Ferreira-da-Silva et al. 2015;
Rehman et al. 2012), even though the genetic and etiologic factors for these cancers
are distinct. Also, the signaling pathways responsible for the activation of DRP1 are
distinct between the cancers. Some are directly under the regulation of cell cycle,
while others are activated by oncogenic signaling pathways such as the
RAS-MAPK pathway. The genotypes of these cancers are not reported except for
in a few cases including BRAFV600E in melanoma, so it will be worthwhile to
genotype these cancers and cancer cell lines to interrogate whether there exist
common components between the signaling circuitry among different cancers.
This would enable us to determine if there is indeed a shared component in the
upstream DRP1 regulation in cancer or if it is the result of many different factors. In
either case it will be interesting to see how this novel, and thus far under explored
aspect of mitochondrial dynamics is implicated in cancer.

The fact that different signaling pathways lead to DRP1 activation and mito-
chondrial fragmentation suggests a fundamental role for mitochondrial fission
mediated by DRP1 in cancer. It is possible that excessive mitochondrial fission
augments the uncontrolled cell division phenotype seen in cancer. Indeed mito-
chondrial fission leads to cancer-like metabolism which may be a factor that
triggers transformation (Serasinghe et al. 2015), or mitochondrial fragmentation
may promote cell cycle progression (Qian et al. 2012; Rehman et al. 2012). Indeed,
the end result may be a combination of both these processes which facilitates cells
to synthesize the cellular building blocks via a predominant glycolytic metabolic
pathway (Ward and Thompson 2012a) and subsequently utilize those components
for cellular growth and divide and multiply rapidly as characteristic of cancer.
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Another intriguing possibility with mitochondrial dynamics in cancer is the abil-
ity of mitochondrial shape to determine the susceptibility to apoptosis. It has been
shown that DRP1 depletion sensitizes cancer cells to apoptosis (Inoue-Yamauchi
and Oda 2012; Rehman et al. 2012). This suggests that not only does the increased
fission lead to enhanced proliferation, but it also enable the cells to evade apoptosis.
A key piece of evidence for the ability of mitochondrial shape to determine apo-
ptosis susceptibility come from a recent report, that showed with mechanistic
evidence that small mitochondria are more resistant to MOMP compared to inter-
mediate and long mitochondria (Renault et al. 2015). This suggests that the
excessive mitochondrial fission may also be a cellular adaptation to avoid apo-
ptosis, and this characteristic maybe selected for in cancer cell survival. This obser-
vation, along with the earlier discussed DRP1 involvement in cancer development,
reiterates a potential therapeutic intervention point in modulating mitochondrial
fission in cancer.

1.4.2 Familial Disorders Arising from Defects in Mitochondrial
Dynamics Proteins

It is interesting to note that familial defects of the fusion proteins Mfnl and OPA1
both lead to disease conditions arising from neuropathies, highlighting the impor-
tance of mitochondrial dynamics on the correct functioning of the nervous system.
Mutations of OPA1 leading to its loss of function cause Autosomal Dominant Optic
Atrophy (ADOA). Mutations in its GTPase domain and C-terminal end result in
autosomal dominancy and haplo-insufficiency leading to the loss of function of
OPAL1 (Olichon et al. 2007). The disease is characterized by progressive loss of
vision leading to blindness in the second decade of life (Olichon et al. 2006). Loss
of OPA1 and unopposed fission leads to apoptosis of retinal ganglion cells and
degradation of the optic nerve. Interestingly rare Mfn2 mutations leading to similar
phenotypes and ADOA have been identified, suggesting that aberrant OMM mito-
chondrial fusion may also contribute to the disease phenotype (Zuchner et al. 2006).
On the other hand, autosomal dominant missense mutations in Mfn2 GTPase and
coiled-coil domains lead to the development of the CMT2A. This leads to meta-
bolic defects, reduced energy production, and limited mitochondrial transport to
synapses, and usually manifests as muscle atrophy of the legs and feet (Klein et al.
2011; Zuchner et al. 2006). While mutations in DRP1 are not affiliated with any
familial disease conditions, a DRP1 mutation in the Alanine 395 residue to Aspartic
acid was reported to cause death in a new born infant as a result of multiple devel-
opmental disorders (Waterham et al. 2007). The infant manifested microcephaly,
abnormal brain development, optic atrophy and hypoplasia, persistent lactic aci-
demia, and a mildly elevated plasma concentration of very-long-chain fatty acids
(Waterham et al. 2007). Fibroblasts from this patient showed hyperfused mito-
chondria due to defective DRP1 function; however, the OX-PHOS and the respi-
ratory complex activity were normal in these cells. This isolated case was due to a
random point mutation of the Drp1 gene, but provides insight into the importance of
proper functioning of the mitochondrial fission machinery in human health.
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1.4.3 Neurodegenerative Disorders

Parkinson’s Disease

Parkinson’s disease (PD) is characterized by resting tremor, rigidity, and brady-
kinesia resulting from death of dopaminergic neurons in the substantia nigra.
While most cases of PD are sporadic, there is a minority of rare heritable
juvenile cases resulting from autosomal recessive mutations in PINK1 and Parkin
genes (Pickrell and Youle 2015; Valente et al. 2004). Mitochondrial dysfunction is
strongly implicated in PD. As we discussed at the beginning of this review PINK1
and Parkin regulate mitochondrial quality control through mitophagy. Knockdown
of PINK1 leads to mitochondrial fragmentation and autophagy in neurons through
oxidative stress, and PINKI1 expression restored tubular mitochondria and
suppressed toxin induced autophagy/mitophagy (Dagda et al. 2009). Expression
of the dominant negative DRP1 mutant K38A inhibited both fission and mitophagy
in PINK1-deficient cells, prevented stress induced mitochondrial depolarization,
and apoptosis by reducing oxidative stress and mitochondrial fission (Dagda et al.
2009). Additionally, Pink1 phosphorylates and targets Parkin to depolarize mito-
chondria and enhances mitophagy (Kim et al. 2008). PINK1/Parkin dysfunction
leading to increased DRP1 mediated mitochondrial fission is an important factor
contributing to neuronal death in PD (Deng et al. 2008; Wang et al. 2011). For
example, loss of PINK1 increases DRP1 levels and results in increased mitochon-
drial fission, increased oxidative stress, and reduced ATP generation (Dagda et al.
2009; Lutz et al. 2009). These phenotypes were rescued by expression of Mfn1 and
2 and OPA1 and treatment with the DRP1 inhibitor Mdivi-1 (Cui et al. 2010).
Mitochondrial fission due to the loss of PINK1 was observed in skin fibroblasts of
PD patients (Exner et al. 2007). It has been shown that pesticides such as rotenone
and paraquat (inhibitors of mitochondrial respiratory complex I) that promote PD
induce mitochondrial fission (Barsoum et al. 2006; Gomez-Lazaro et al. 2008).
Reduced complex I activity in the substantia nigra of the brain is characteristic of
PD, suggesting a mitochondrial fission-function axis on the disease onset and
progression of Parkinson’s disease (Schapira 2006).

Alzheimer’s Disease

Alzheimer’s disease is characterized by progressive senile or pre-senile dementia
with associated biochemical features such as selective neuronal loss, synaptic alter-
ations leading to loss of connectivity between neurons, neurofibrillary degenera-
tion, and extracellular deposits of aff plaques (Baloyannis 2006). Alzheimer’s
disease (AD) displays signs of overall mitochondrial dysfunction such as altered
lipid metabolism, calcium homeostasis, decreased energy metabolism, and
increased oxidative damage and is considered an early event in disease pathology
(Ferreira et al. 2010; Hirai 2000; Supnet and Bezprozvanny 2010). Intriguingly,
abnormal mitochondrial shape and dynamics have also been reported from AD
studies, and the majority of these studies show a clear association between the form
and function of mitochondria in this disease. For example, abnormal small mito-
chondria with defective cristae structure were observed in an electron microscopy
(EM) study of human AD neurons (Baloyannis 2006). Abnormal expression levels
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of mitochondrial dynamics proteins, including increased expression of DRP1 and
Fis 1, were reported from postmortem brains of Alzheimer patients, along with
reduced expression of Mfnl, 2, and OPA1 (Reddy et al. 2012; Wang et al. 2009b).
This and other studies in mouse models and APP cell lines indicate that aberrantly
fragmented mitochondria in AD are at least in part due to the increased expression
of fission factors and decreased expression of fusion proteins, resulting an imbal-
ance in mitochondrial dynamics favoring mitochondrial fission (Barsoum et al.
2006; Reddy et al. 2011; Rui et al. 2006; Wang et al. 2008b). Additionally, many
reports implicate post-translational modifications of DRP1 as causative of mito-
chondrial fragmentation in AD. Accumulation of  amyloid protein leads to the
production of nitric oxide (NO), which activates DRP1 function by s-nitrosylating
DRP1, resulting in mitochondrial fission, synaptic loss, and neuronal damage (Cho
et al. 2009). Mutation of DRP1 to prevent nitrosylation protected neurons from
these effects, suggesting a direct role of DRP1 (Cho et al. 2009). This is supported
by the observation that exposure to NO rapidly fragments mitochondria in primary
cortical neuronal cells, with an associated decline in ATP generation and increase in
free radicals (Barsoum et al. 2006). This fission event is thought to precede the
neuronal injury and cell death, and is modulated by the regular mitochondrial
dynamics machinery (Barsoum et al. 2006). However, in the same system mito-
chondrial fission was shown to support BAX mediated apoptosis when challenged
with nitrosative stress, indicating a direct role of fission in the subsequent neuronal
cell death. DRP1 interaction with amyloid precursor protein was reported from AD
patient samples and studies done using ABPP (amyloid beta precursor protein)
transgenic mice with increased interactions correlating with increased disease
pathology (Manczak et al. 2011). Similarly, a study using an AD cybrid cell system
showed increased mitochondrial fission mediated by DRP1 and associated mito-
chondrial dysfunction. ERK signaling facilitated the DRP1 mitochondrial local-
ization and fission, and blocking ERK signaling or DRP1 with Mdivi-1 rescued the
morphology and function (Gan et al. 2014). This observation in particular draws a
parallel with the ERK-mediated phosphorylation and activation of DRP1 at S616
resulting in increased mitochondrial fission in cancer, described in the previous
section, suggesting a similar mode of activation in this system. This also implies an
underlying common signaling network governing mitochondrial fission, between
these unrelated pathologies. The early onset of mitochondrial dysfunction in AD
may be a consequence of altered mitochondrial shape and dynamics, suggesting
that interrogation of the mitochondrial dynamics machinery in Alzheimer’s disease
may be useful in understanding and treating the disease.

Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant disease characterized by
choreoathetosis, dementia, and premature death. The disease arises due to a muta-
tion in the huntingtin gene (Htt) that results in amplification of a stretch of “CAG”
trinucleotide sequences encoding a tract of polyglutamine in the protein (Wang
et al. 2009a). This polyglutamine results in mis-folding of the Htt protein and
aberrant protein interactions. Mitochondrial dysfunction is one of the prominent
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features of the pathophysiology of this neurodegenerative disease (Brouillet et al.
1995; Panov et al. 2002; Schapira and Patel 2014; Tabrizi et al. 1999). Interestingly,
increased mitochondrial fission is a characteristic of the disease. Overexpression of
mutant Htt was shown to cause mitochondrial fragmentation, and the severity of the
fragmentation depended on the length of the polyglutamine repeat (Wang et al.
2008a, 2009a). Upregulation of DRP1 and Fis1 and downregulation of Mfnl, Mfn2,
and OPA1 was reported from the frontal cortex of HD patients (Costa et al. 2010;
Shirendeb et al. 2011) suggesting that the aberrant phenotype is due to shifting the
mitochondrial dynamics to favor fission. In addition, mutant Htt was shown to
interact with DRP1, increase its GTPase activity, and promote mitochondrial fission
in BAC-HD transgenic mouse neurons (Shirendeb et al. 2012). This resulted in
defective anterograde movement of mitochondria on the axons and synaptic defects
(Shirendeb et al. 2012). The Htt—DRP1 interaction and mitochondrial fission was
associated with increased sensitivity of cells to apoptosis, in both rat neurons and
Htt patient derived fibroblasts (Song et al. 2011). Inhibition of DRP1, and increas-
ing Mfn1 and 2 expression restored mitochondrial fusion and prevented cell death.
S-Nitrosylation, and activation of DRP1, was reported as a consequence of NO
production by the mutant Htt protein in Htt transgenic mice and postmortem brains
of HD patients. This draws an interesting parallel with the disease pathology of AD
where NO plays an important role in DRP1 activation mediated mitochondrial fis-
sion and mitochondrial dysfunction (Cho et al. 2009), suggesting that common dis-
ease pathways are shared between these neurodegenerative disorders.

1.4.4 Cardiovascular Diseases

As the major energy demanding organ in the body, the heart relies on mitochondrial
function to maintain ATP production to fuel cardiomyocyte metabolism and con-
tractile function. Therefore it is logical to anticipate a role for mitochondrial
dynamics in cardiomyocyte function. In support of this notion, increased mitochon-
drial fission associated with the loss of OPA1 has been reported in failing rat and
human hearts (Chen et al. 2009). More recently it was shown that stress induced
processing of OPA1 by the protease OMA1 leads to mitochondrial fragmentation,
dilated cardiomyopathy, and heart failure in mice (Wai et al. 2015). While defects
in mitochondrial fission and fusion factors have not been identified thus far as direct
causative factors in cardiac diseases in humans, studies done in mouse models
indicate that excessive mitochondrial fission is associated with programmed
cardiomyocyte death during heart failure and ischemia—reperfusion injury (Disatnik
et al. 2013; Sharp et al. 2014). This provides a therapeutic opportunity for manipu-
lation of mitochondrial dynamics in cardiac diseases to delay or even reverse the
cell death occurring during cardiac hypertrophy or heart failure, providing a
window of opportunity for the management of the disease. Accordingly, pharma-
cological inhibition of DRP1 using the small molecule inhibitor Mdivi-1 or siRNA
mediated knockdown of DRP1 was shown to rescue mouse hearts from ischemia
and reperfusion injury (Ong et al. 2010, 2015; Sharp et al. 2014). DRP1 is activated
by dephosphorylation at serine 637 by calcineurin in a cardiac arrest mouse model
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(Sharp et al. 2014), and blocking calcineurin function reversed the mitochondrial
fission and maintained mitochondrial network connectivity. Similarly, acute inhi-
bition of DRP1-Fisl interaction by the peptide P110 at the onset of reperfusion
blocked mitochondrial fission and resulted in improved bioenergetics leading to
long-term benefits postmyocardial infarction (Disatnik et al. 2013). Taken together
these observations suggest a therapeutic utility for pharmacologically modulating
mitochondrial dynamics in cardiovascular diseases.

1.4.5 Metabolic Disorders and Obesity

Recent evidence suggest that aberrant mitochondria dynamics contribute to meta-
bolic disorders either directly or indirectly. For example, diabetic cardiomyopathy
and non-alcoholic liver disease both show gross alterations in mitochondrial mor-
phology with functional consequences such as swollen or misshapen mitochondria
in patients (Galloway and Yoon 2013). In DCM patients these defects are asso-
ciated with reduced Mfnl levels and correspondingly shorter mitochondria. The
mitochondrial network remodeling and associated dysfunction seen in these defects
is hyperglycemia driven (Croston et al. 2014).

While a link between obesity and mitochondrial dynamics has not been reported
in humans, studies show that this may be the case in mouse models. For example, in
the hypothalamic axis of feeding and satiety, neuropeptide Y and agouti-related
protein (NPY-AgRP) neurons showed increased mitochondrial fusion via Mfn1 and
Mfn2 with feeding and overfeeding, in turn leading to elevated levels of leptin and
glucose (Dietrich et al. 2013). Mitochondrial fusion was also shown to regulate
neuronal activity via modulation of cellular ATP levels in this mouse model of diet-
induced obesity. In proopiomelanocortin (POMC) neurons diet-induced obesity
reduced Mfn2 levels impacting on ER—mitochondrial tethering and increased ER
stress leading to leptin resistance in these mice (Schneeberger et al. 2013). In mouse
and rat models of type I and type II diabetes excessive mitochondrial fragmentation
has been reported, with associated detrimental effects such as increased ROS
production, reduced mitochondrial function, and increased susceptibility to apo-
ptosis (Makino et al. 2010; Trudeau et al. 2010; Yu et al. 2006). ROS generation in
this context was found to be a consequence of mitochondrial fragmentation,
providing a direct link to this pathology (Yu et al. 2006).

1.5 Perspectives: Targeting Mitochondrial Fission in Disease
Management and Therapy

Considering the role of excessive mitochondrial fission in the development and
progression of multiple pathologies as we described in this chapter, it is possible to
envision the utility of mitochondrial fission and fusion factors in predicting disease
etiology, progression, and maintenance. For example, increased expression of
DRP1 is reported in melanoma, lung, breast, and thyroid cancers and linked to
the pathology (Ferreira-da-Silva et al. 2015; Serasinghe et al. 2015; Zhao et al.
2013). In addition, DRP1S616 phosphorylation status has been clearly linked to
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disease progression in melanoma as well as glioblastoma (Serasinghe et al. 2015;
Wieder et al. 2015; Xie et al. 2015). In melanoma, nevus to melanoma progression
was correlated with increased DRP1S616 phosphorylation; while in glioblastoma,
the differential phosphorylation at S616 vs S637 sites determined the ability of a
cell to initiate brain tumors. ERK-mediated DRP1S616 phosphorylation was also
reported from human pancreatic cancer (Kashatus et al. 2015). These novel findings
foreshadow potential clinical utility of DRP1 as well as DRP1S616/S637 phosphory-
lation as potential biomarkers for cancer initiation and progression, and may allow
novel opportunities for early detection and prevention of the these cancers.

As we discussed throughout this chapter, there is also a large body of evidence to
date that show how disease phenotypes resulting from excessive fission can be
reversed by blocking fission through pharmacological inhibition of DRP1. There-
fore, it is reasonable to predict that future therapies targeting mitochondrial fission
may enter into the clinic. Close to a decade ago Mdivi-1, a small molecule inhibitor
to Dnm1 - the yeast isoform of DRP1, was identified through a chemical screen
(Cassidy-Stone et al. 2008). Mdivi-1 was also found to inhibit mammalian DRP1
function by blocking its GTPase activity and inhibit mitochondrial fission, and has
since become a valuable research tool in interrogating mitochondrial dynamics
under various contexts. Of note, pharmacological inhibition of DRP1 mediated
mitochondrial fission using Mdivi-1 as well as short peptide inhibitors such as p110
has highlighted the potential of blocking mitochondrial fission in multiple disease
models, ranging from cancer and neurodegenerative diseases to cardiovascular and
metabolic diseases, as discussed earlier in the chapter. While compounds like
Mdivi-1 has pioneered the proof-of-principle that DRP1 mediated mitochondrial
fission is indeed a viable therapeutic target, it is necessary to develop drugs with
higher affinity, specificity, and selectivity in order to achieve clinical benefit.
Additionally, depending on the cellular context other fission proteins may serve
as viable candidates for blocking mitochondrial fission (Serasinghe et al. 2010).
While multiple avenues remain to be explored in terms of effectively blocking
excessive mitochondrial fission in the treatment of human diseases, it is evident that
mitochondrial fission is a promising target that may reveal exciting clinical out-
comes in the near future.
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Abstract

Mitochondria are considered cholesterol-poor organelles, and obtain their cho-
lesterol load by the action of specialized proteins involved in its delivery from
extramitochondrial sources and trafficking within mitochondrial membranes.
Although mitochondrial cholesterol fulfills vital physiological functions, such
as the synthesis of bile acids in the liver or the formation of steroid hormones in
specialized tissues, recent evidence indicates that the accumulation of cholesterol
in mitochondria may be a key event in prevalent human diseases, in particular
in the development of steatohepatitis (SH) and its progression to hepatocellular
carcinoma (HCC). Mitochondrial cholesterol accumulation promotes the transi-
tion from simple steatosis to SH due to the sensitization to oxidative stress and
cell death. However, mitochondrial cholesterol loading in HCC determines apo-
ptosis resistance and insensitivity to chemotherapy. These opposing functions of
mitochondrial cholesterol in SH and HCC define its paradoxical role in cell death
as a pro- and anti-apoptotic factor. Further understanding of this conundrum may
be useful to modulate the progression from SH to HCC by targeting mitochondrial
cholesterol trafficking.

Keywords
Cholesterol ¢ Liver cancer « Mitochondria ¢ Steatohepatitis

1 Introduction

Cholesterol is a critical component of biological membranes, which plays a key role
in membrane physical properties and in the regulation of signaling pathways. Due to
its role in the regulation of membrane fluidity, cholesterol is an important determinant
of the relative impermeability of membrane bilayers. Moreover, cholesterol induces
membrane packing in 