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1 Introduction

1.1 Mitochondria

1.1.1 Structure of mitochondria

Mitochondria are double membrane organelle in eukaryotic cells, responsible for ATP
production. Mitochondria are about 0.5—1pum in diameter and up to 7um long. Their
shape and number depend on the particular tissue. They may appear as spheres, rods or
filamentous bodies, but the general architecture is conserved (Figure 1)!. The number
of mitochondria per cell varies depending on the energy requirement: tissues with a
high capacity to perform aerobic metabolic functions such as skeletal muscle or kidney

will have a large number/mass of mitochondria.

Mitochondria have two membranes, each composed of a phospholipid bilayer. The two
membranes are quite distinct in appearance and in physico-chemical properties. The
outer membrane (OM) is the gateway to the mitochondrion. It has porins to allow small
molecules to enter into intermembrane space and protein complexes to allow the import
of cytosolic proteins. In contrast, the inner membrane (IM) encloses and convolutes
into the mitochondrial matrix, forming cristae. This serves to increase the surface of the
IM, which carries the main enzymatic machinery of oxidative phosphorylation. The IM
is much less permeable to ions and small molecules than the OM, therefore providing

compartmentalization through separation of the matrix from the cytosolic environment.

The membranes create two compartments: the intermembrane space and the matrix.
The intermembrane space is the region between the IM and the OM. It has an important
role in the primary function of mitochondria, which is oxidative phosphorylation. The
matrix contains the enzymes that are responsible for the citric acid cycle reactions and
other metabolic functions (see below). The matrix also contains dissolved oxygen (Oz),

water, carbon dioxide, and the recyclable intermediates that serve as energy shuttles.
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Figure 1. Mitochondrial architecture. Arrows indicate the 5 mitochondrial subcompartments.
1.1.2 Mitochondrial physiology
1.1.2.1 Mechanism of energy production within mitochondria

The citric acid cycle (also termed the tricarboxylic acid cycle or Krebs cycle) achieves
the complete oxidation of acetyl-CoA, which is a central intermediate produced by
various catabolic pathways such as glycolysis and fatty acid oxidation. The enzymes of
this cycle are primarily located in the mitochondrial matrix, with the exception of
succinate dehydrogenase, which is bound to the IM, forming part of complex II of the
electron transport chain. The main function of the citric acid cycle is to oxidize the
acetyl component of acetyl-CoA to two molecules of carbon dioxide and concomitantly
to conserve the liberated free energy in the form of NADH (reduced form of
nicotinamide—adenine dinucleotide) and FADH: (reduced form of flavin— adenine
dinucleotide)®*. The cellular energy carrier ATP is then produced by mitochondrial

oxidative phosphorylation, for which NADH and FADH2> are the substrates (Figure 2).

Oxidative phosphorylation is an important cellular process in which Oz and simple
sugars are used to create ATP. Five protein complexes are involved in this process. The
complexes are named complex I (NADH dehydrogenase), complex II (succinate
dehydrogenase), complex III (cytochrome c¢ reductase), complex IV (cytochrome-c
oxidase) and complex V (ATPase). Within mitochondria, the five protein complexes

are embedded in the IM. During oxidative phosphorylation, the protein complexes carry



out chemical reactions that drive the production of ATP*. Specifically, they create an
unequal electrical charge on either side of the IM through a step-by-step transfer of

negative electrons. This difference in electrical charge provides the energy for ATP

f A
production’.
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Figure 2. Overview of fuel production within the mitochondria. The major absorbed end products of
food digestion are glucose (from carbohydrates), fatty acids (from lipids) and amino acids (from protein).
All three classes of these nutrients can serve as fuel sources for the mitochondria to produce cellular

energy in the form of ATP2.

1.1.2.2 Mitochondrial membrane potential

During normal mitochondrial respiration, electrons obtained from the oxidation of
respiratory substrates are transferred along a chain of carriers that are situated in the
inner mitochondrial membrane. Electrons from NADH and FADH?2 enter the electron-
transport chain at complexes I and II, respectively. At complexes I, III and IV, the free
energy released by the fall in redox potential of the passing electrons is used to
translocate protons (H") from the mitochondrial matrix into the intermembrane space®.
This process generates a proton electrochemical potential gradient across the inner
mitochondrial membrane, which is known as the proton-motive force. The proton-
motive force is used to drive gradient-dissipating activities, including the generation of

ATP by ATP synthase, which is the main pathway for the return of protons into the



matrix’. The proton-motive force has two components — the membrane potential,
which arises from the net movement of positive charge across the inner mitochondrial
membrane, and the pH gradient. Of these two components, the membrane potential
contributes most of the energy that is stored in the gradient. At any given time, the
membrane potential reflects the balance between processes that contribute to the

generation of the proton gradient and those that consume it (Figure 3).
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Figure 3. Membrane potential generation in mitochondria. Electron transport complexes I, 11, III, IV
and the mitochondrial ATP synthase (also known as complex V) work together in oxidative
phosphorylation to harness energy for the cell. Complexes I, III and IV pump protons across the cristae

membrane, creating the proton gradient that drives ATP synthesis®.

1.1.2.3 Mitochondrial calcium

In the heart, calcium (Ca?")-based signalling is a universal mechanism through which
extracellular as well as intracellular messengers modify the activity of target cells. Cells
can decode Ca?* signals based on the characteristics of the intracellular changes in Ca>*
concentration (amplitude, duration, frequency and localization) and generate outputs as
diverse as proliferation or death®!!. Mitochondria are the first intracellular organelle to
be associated with Ca®" handling'?. Ca** flowing through the plasma membrane via
specialized channels or released from the endoplasmic reticulum/sarcoplasmic
reticulum (ER/SR) predominantly enters into mitochondria. Indeed, Ca®" uptake into

mitochondria is mainly mediated by a mitochondrial Ca?" uniporter (MCU) driven by



a highly negative membrane potential'>!”. Another uptake system is a rapid uptake
mode (RaM) which might contribute to mitochondrial Ca** uptake from fast cytosolic
Ca?" transients'>!'®, A mitochondrial ryanodine receptor is also reported to mediate Ca>*
uptake into rat heart mitochondria. Ca** accumulation by the MCU is counteracted by
mitochondrial Na*/Ca** exchangers (mNCX)'® and mitochondrial H"/Ca?* exchangers
(mHCX). Ca** efflux from mitochondria is mainly mediated by two pathways, an Na'-
dependent (Na'™—Ca?" exchanger) pathway and an Na'-independent (H'—Ca?*
exchanger) pathway!®. Under pathophysiological stress conditions, mitochondrial
permeability transition pore (PTP) functions as a Ca?>" channel in mitochondria (Figure

4).

Figure 4. Mitochondrial Ca?' influx and efflux mechanisms. Ca?'-releasing sites of endoplasmic
reticulum (ER)/Sarcoplasmic reticulum (SR), IP3 receptors (IPsR), or RyRs are facing microdomains
between mitochondria and ER/SR. Ca’' release from ER/SR dramatically changes [Ca®'] at this
microdomain. Then, mitochondria sense the high increases of [Ca®'] at this microdomain, and [Ca®']
propagates into the mitochondria matrix through a variety of Ca*" channels/transporters. Mitochondrial
Ca?" influx is determined by the MCU, RaM, HCX, mRyR1. The mPTP, NCX, and HCX contribute to
Ca?" efflux in mammalian cells. Voltage-dependent anion-selective channels (VDAC) provide a pathway
for Ca?" and metabolite transport across the outer mitochondrial membrane (OM). The
channels/transporters for which molecular identities are still unknown are shown as black. Red arrows

show Ca”>" movements, and blue arrows show other ion movements'?.



1.1.2.4 Mitochondrial reactive oxygen species (ROS) production

Mitochondria are involved in maintaining a fine regulation of ROS level. The majority
of cellular Oz that enters into mitochondria is reduced to water by the mitochondrial
respiratory chain, whereas a fraction of consumed Oz can be converted to potentially
cytotoxic ROS, such as superoxide anion radical (O2¢), due to the fact that the
mitochondrion itself is the source of ROS. There are two major respiratory chain
regions where ROS are produced, complex I (NADH coenzyme Q reductase) and
complex III (ubiquinol cytochrome c reductase). Thus, any factor that affects the flow
of electrons in the electron transport chain (ETC) can result in the leakage of electron

to Oz, leading to the formation of Oz¢". The O2¢™ is a primary radical that could produce

other ROS, such as hydrogen peroxide (H202) and hydroxyl radicals (*OH)?*2!. An
additional source, not linked to respiration, is located on the mitochondrial OM. The
oxidative deamination of biogenic amines by monoamine oxidases is associated with a

direct two-electron reduction of Oz to H202 (Figure 5).

Of note, the compartmentalization of the sources of O2¢" and H20: is functionally
related and complementary to the cellular localization of antioxidant enzymes, such as
superoxide dismutases, catalase, and glutathione peroxidases, leading to the
establishment of regulated intracellular steady state levels of these two species in

aerobic organisms>>%3.
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Figure 5. Mitochondrial ROS stress. In mitochondria, superoxide can be produced by respiratory
complexes. Superoxide is detoxified by manganese superoxide dismutase (MnSOD) to hydrogen
peroxide (H,0,) in mitochondria. Glutathione peroxidases (GPxs) convert hydrogen peroxide to water.
Nitric oxide (NO) generated from (mitochondrial) nitric oxide synthase (mt) NOS can compete with
MnSOD and form peroxynitrite (ONOO"). Monoamine Oxidases (MAO) catalyse the oxidative
deamination of monoamines®*,

1.1.3 Mitochondria and cell death

Mitochondria are deeply involved in cell fate via their numerous functions in energetic
metabolism, cell growth and cell death®>*?’. In healthy cells, these functions are highly
regulated to provide sufficient energy for cell function, maintain mitochondrial
membrane integrity and avoid undesirable cell death. This is usually achieved by an
orchestrated cooperation of molecular mechanisms controlling mitochondrial mass
(mitophagy vs biogenesis), oxidative phosphorylation, redox and Ca*" homeostasis,
expression of pro- and anti-apoptotic proteins, and/or post-translational modification of
mitochondrial proteins such as phosphorylation, acetylation, carbonylation and
ubiquitination®*-2, In the 90’s, mitochondria have been demonstrated to control directly
some forms of programmed/regulated cell death as well indirectly through energetic
metabolism modulation. Since it is now admitted that several cell death modalities can
be identified in mammals, it is important to re-evaluate the exact role of mitochondria
in various processes such as apoptosis, necrosis, autophagic cell death, necroptosis and

the so-called non-canonical cell deaths.



1.1.3.1 Mitochondrial oxidative stress and cell death

Mitochondria consume most of the molecular oxygen available and represent the major
site of ROS production in cells. ROS, if not detoxified, may cause cell dysfunction or
death®. In fact, mitochondria are sensitive to the damaging effects of O2+*. Hence,
ROS produced by the mitochondria can oxidize proteins and induce lipid peroxidation,
thereby compromising the barrier properties of the mitochondrial membrane®. Another
target of ROS is mitochondrial DNA (mtDNA), which is particularly susceptible to
ROS-mediated damage due to its close proximity to the respiratory chain and the lack
of protective histones??. Thus, the level of oxidatively modified bases in mtDNA is 10-
to 20-fold higher than that in nuclear DNA*¢. mtDNA encodes several proteins essential
for the function of the respiratory chain. Oxidative damage caused by ROS is probably

a major cause of mitochondrial genomic instability and respiratory dysfunction®’.
1.1.3.2 Mitochondrial Ca** and cell death

Ca?" plays a major role in cell death regulation. Mitochondrial Ca?* accumulation can
trigger the opening of a high-conductance pore in the IM. This phenomenon has been
termed mitochondrial permeability transition (MPT) and is associated with drastic
changes in mitochondrial morphology and functional activity. Pore opening is a Ca*'-
dependent process, but it can be facilitated by other factors, such as inorganic phosphate,
ATP depletion, low pH and oxidative stress*®. It is followed by osmotic swelling of the
mitochondria matrix and rupture of the mitochondrial OM due to the difference in
surface between OM and IM, leading to the release of mitochondrial intermembrane
space proteins, including cytochrome ¢, into the cytosol. This event appears to play a
key role in both apoptotic and necrotic cell death. The outcome seems correlated with
the extent of the Ca®" overload, which affects the duration of the PTP opening and thus
the residual cellular ATP availability®®. As ATP is required for apoptosis to progress,

the PTP may ultimately control the switch between the two forms of cell death.



1.1.3.3 Mitochondrial permeability transition pore (mPTP) and cell death

The mPTP was initially characterized as a non-selective channel***2. Pore opening is
activated by Ca®* together with phosphate and reactive oxygen species (ROS) and is
inhibited by numerous factors including adenine nucleotides, low pH, divalent cations
like Mg?*, and CypD inhibitors*. While the biophysical properties of the mPTP are
relatively well established, identification of the molecular constituents of the mPTP
remains unresolved. Historically, biochemical studies suggested that the mPTP was
constituted of the voltage-dependent anion channel (VDAC) in the OM, the adenine
nucleotide translocator (ANT) in the IM, and CypD as its regulator in the matrix of the
mitochondria (Figure 6)*. Recently, the mitochondrial FIFOATP synthase has emerged
as a strong candidate to be the core component of the mPTP in the IM*. The F1F0-
ATP synthase is a multi-subunit enzymatic complex that couples proton translocation
across the IM to ATP synthesis. The FO proton-translocating domain of the ATP
synthase is embedded in the inner membrane and is connected to the F1 catalytic
domain through the central and peripheral stalks. Cyp D was initially found to modulate
ATP synthase activity by binding to the OSCP subunit of the peripheral stalk and
purified dimers of the F1FO-ATP synthase reconstituted into lipid bilayers recapitulated
channel activity similar to that of the mPTP*. In addition to the potential mPTP
constituents mentioned above, other proteins residing in the mitochondrial membrane
have been suggested to be involved in the regulation of MPT. For example, the
mitochondrial phosphate carrier (PiC) has been reported to be able to regulate MPT
through interaction with Cyp D***’. However, since the mPTP retained full function
under phosphate free conditions, these findings collectively suggest that the PiC is not
a direct pore component of the mPTP, but instead its ability to alter matrix Pi levels
secondarily impacted pore opening*®. In conclusion, future research is needed to fully

identify the mPTP composition*®,
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Figure 6. Molecular Structure of the mPTP. The original paradigm of the mPTP featured VDAC,
ANT, and CypD as the core constituents of the complex (left). Genetic evaluation of putative mPTP
components has shown that ANT, PiC, and CypD serve as pore regulators, while the BH3-domain pro-
apoptotic proteins Bax/Bak function in the outer membrane to permit mitochondrial swelling and rupture
once the inner membrane complex opens. The F1IF0 ATP synthase has been suggested to be a candidate

for the inner membrane pore-forming unit of the mPTP (right)*°.

Mitochondrial membrane permeabilization is a critical step in the activation of cell
death, either apoptotic or necrotic*’. In the classical mitochondrial apoptotic pathway,
OM permeabilization by the Bcl-2 family member proteins Bax and Bak allows for
apoptogenic factors like cytochrome ¢, Smac/DIABLO and AIF to be released from the
intermembrane space into the cytosol, leading to cell death®®. In contrast, stimulation
with Ca?* or ROS causes mPTP opening, leading to mitochondrial IM permeabilization,
AWm dissipation, respiratory chain dysfunction, cessation of mitochondrial ATP
synthesis, organelle swelling, and outer membrane rupture®®. This results in necrotic

cell death, characterized by loss of plasma membrane integrity and membrane rupture’’.
1.1.4 Mitochondria and heart failure (HF)
1.1.4.1 Heart anatomy

The heart consists of four compartments: the right and left atria and ventricles. The
heart is oriented so that the anterior aspect is the right ventricle while the posterior
aspect shows the left atrium (Figure 7). The atria form one unit and the ventricles

another. The left ventricular free wall and the septum are much thicker than the right
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ventricular wall. This is logical since the left ventricle pumps blood to the systemic
circulation, where the pressure is considerably higher than for the pulmonary

circulation, which arises from right ventricular outflow.

The heart has four valves. Between the right atrium and ventricle lies the tricuspid valve,
and between the left atrium and ventricle is the mitral valve. The pulmonary valve lies
between the right ventricle and the pulmonary artery, while the aortic valve lies in the

outflow tract of the left ventricle.

The blood returns from the systemic circulation to the right atrium and from there goes
through the tricuspid valve to the right ventricle. It is ejected from the right ventricle
through the pulmonary valve to the lungs. Oxygenated blood returns from the lungs to
the left atrium, and from there through the mitral valve to the left ventricle. Finally

blood is pumped through the aortic valve to the aorta and the systemic circulation.

Aorta

‘/eftpulmona ry artery

rd

Right atrium

Pulmonary

valve Aortic valve

Tricuspid valve Mitral valve

Inferior

venacava Papillary muscles

AN

Right ventricle Left ventricle

Figure 7. The anatomy of the heart and associated vessels. (http://www.bem.fi/book/06/06.htm)

1.1.4.2 Heart failure

HF is a complex multifactorial syndrome characterized by mechanical dysfunction of
the myocardium and the inability of the heart to supply adequate amounts of blood to
meet the perfusion and metabolic needs of the body®%. Defects in bioenergetics,

increased preload and afterload, altered signal transduction pathways, abnormalities of
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Ca" homeostasis, as well as neurohormonal dysregulation are major pathogenic factors
for myocardial dysfunction in HF**. The mechanisms of HF are complex and multiple,
but mitochondrial dysfunction appears to be a critical factor in the development of this
disease. Thus, it is important to focus research efforts on targeting mitochondrial
function in the failing heart in order to revive the myocardium and its contractile

function.
1.1.4.3 Mitochondrial energy synthesis and HF

The high energy demands of the heart must be fulfilled in order to sustain continuous
work. During HF, the dynamic metabolic network in the cardiomyocyte is perturbed,
and these alterations cause energy depletion, directly affecting contractile function.
Numerous studies have identified decreased high energy phosphate levels and flux as
consistent features of HF. Importantly in human, HF changes all components of cardiac
energetics: substrate utilization, ATP production and ATP transfer to the cardiac
contractile apparatus®*3. Based on in vivo measurements by phosphorus magnetic
resonance spectroscopy, ATP levels of patients with dilated cardiomyopathy (DCM)
were reduced by 35% °. Diminished ATP levels are also found in a rat coronary ligation
model of HF*’. Similarly, a progressive decrease in ATP occurs during the development

1°%. Mitochondrial structural abnormalities and decreased citrate

of HF in a canine mode
synthase activity, provided further evidence of impaired mitochondrial function®®. ATP
synthase activity was decreased 50% in Doberman pinschers with inherited dilated
cardiomyopathy®. Recently, Rosca et al. found that the ATP synthase activity in
skeletal muscle mitochondria was also reduced in canine pacing-induced model of HF,

suggesting systemic changes®!. Thus, in multiple models, there is a clear decrease in

ATP synthesis capacity and a decrease in overall ATP levels in HF.
1.1.4.4 ROS and HF

Mitochondria are considered a key source for pathological increases in ROS, mainly as
a result of electron transport chain uncoupling at the level of complexes I and I11°%63,

The generated ROS under oxidative stress may contribute to potential mitochondrial
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dysfunction, impairing myocardial energetics in HF%*. Among the damage induced by
generated ROS at the cellular level, mtDNA remains the major target (Figure 8)%.
mtDNA contains about 16.5 kb of circular double-stranded DNA to encode 13 protein

components of the ETC. Mitochondrial function is controlled by the mtDNA, as well

as factors that regulate mtDNA transcription and/or replication. A large part of the O >,

which is formed inside the mitochondria cannot pass through the membrane and hence
affect the DNA. However, in HF, impaired mitochondrial bioenergetic function with
decreased electron transport systems could cause increased oxidative stress®®%%. Thus,
mitochondrial dysfunction and ROS are tightly linked elements of an interdependent

feed-forward circuit that promotes the pathogenesis of HF.

/

Figure 8. Damage induced by reactive oxygen species in mitochondria. OXPHOS: Oxidative
phosphorylations; ROS: Reactive oxygen species®.

In addition to the mtDNA mutations, damage to protein and lipid molecules in the
mitochondrial membrane can contribute to the declined OXPHOS. Cardiolipin, an
essential phospholipid present in the IM of mitochondria that serves as a cofactor for a
number of critical mitochondrial transport proteins and retains cytochrome c at the IM
through the electrostatic interaction, declines during the oxidative damage®.
Peroxidation of cardiolipin and its release into the cytosol can execute apoptotic cell
death.
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1.1.4.5 Mitochondrial Ca?" and HF

HF is also characterized by dysregulation of Ca?>" homeostasis within the myocyte’*72.

Mitochondrial Ca*" uptake from the cytosol controls the rate of energy production,
which is diminished in HF7?. The MCU and the mNCX are the major pathways for Ca>"
transport across the cardiac mitochondrial IM’#(Figure 9). In failing human
cardiomyocytes, the kinetics of mitochondrial Ca*>" uptake are altered, and increased
resting Na* in HF contributes to impaired mitochondrial Ca*" uptake’. Simulated
ischemia studies in which the oxygen and glucose were excluded, show a rise in
mitochondrial Ca**’%", It is also observed that the rise in mitochondrial Ca** during
ischemia was inhibited by clonazepam, an inhibitor of mNCX, suggesting a role for
mitochondrial NCX operating in the reverse mode to increase mitochondrial Ca*" 7¢,
Ru360, a specific MCU inhibitor, improves cardiac post-ischemic functional recovery
in rats in vivo®. Interestingly, by directly patch clamping the IM of mitochondria from
non-failing and failing human hearts, Michels et al. identified that the Ca®" uptake is
mediated by 2 mitochondrial Ca**-selective channels, which are functionally impaired
in HF®!. By using transgenic mice with enhanced sarcolemmal L-type Ca®" channel
activity, Nakayama et al. show that loss of Cyp D, a regulator of mPTP, blocked Ca>"
influx-induced necrosis of myocytes, HF, and isoproterenol-induced premature death.
Mitochondrial AWYm, cytochrome ¢ oxidase levels, oxidase-dependent respiration and
the rate of ATP synthesis were decreased in HF compared to normal controls, and these
changes were reversed by treating for 24 hours with CsA%2. These observations suggest
that mPTP opening contributes to the loss of mitochondrial function observed in the
failing hearts and inhibition of mPTP opening represents a potential therapeutic target

for the treatment of HF.
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Figure 9. Ca’ overload, impaired metabolism, and cell death in heart failure. Excessive

mitochondrial Ca®" triggers mPTP opening, leading to cell death. Mitochondria Ca*" overload also
promotes ROS generation, which could oxidize CaMKII (ox-CaMKII) and cause sustained activation of
CaMKII. The ox-CaMKII could enhance MCU activity and further increase mitochondrial Ca?* overload,

promoting mPTP opening and impairing energy metabolism in heart failure®®.

1.1.4.6 mPTP and HF

Progression of HF is associated with diminished energy metabolism, Ca?* mishandling,
and ROS generation that together can favor mPTP opening (Figure 10). Indeed, mPTP
opening has been demonstrated in HF induced by myocardial infarction in rats®* and
intracoronary microembolizations in dogs®, as well as in Ca®'-induced
cardiomyopathy®> and diabetic cardiomyopathy®®. Notably, some studies have
demonstrated that the extent of mPTP opening in failing hearts 12 and 18 weeks after
coronary artery ligation®® is lower than that found following acute IR¥’%
Mitochondrial Ca*" overload following ischemic injury, can promote opening of mPTP,
contributing to the process of necrosis and/or apoptosis that lead to HF***2, In animal
models, inhibition of mPTP opening by either CsA or genetic ablation of Cyp D
provides strong protection from both reperfusion injury and congestive HF and even,
in a small group of patients’. It has been reported that CsA protects cells subjected to
simulated ischemia and reperfusion. Protection was defined as the ability to recover rod

94

shape and respond to electrical stimulation™. So, mPTP can be a target of

pharmacological agents that interact directly with main pore components and block
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pore opening or indirectly through reduction of the level of mPTP inducers to regulate
HF. However, when used in a large clinical trial (CIRCUS), cysclosporin A failed to

exhibit a cardioprotection against myocardial infarction damages®”.
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Figure 10. Physiological and pathophysiological roles of the mPTP in the heart. Transient opening
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of the mPTP is implicated in ROS signaling, cardiomyocyte development, and mitochondrial Ca* efflux.
Key components of the mPTP (PiC, ANT, and the F Fo-ATP synthase) comprise the ATP synthasome,
thereby providing a direct link to mitochondrial energy metabolism. Prolonged mPTP opening leads to
loss of mitochondrial membrane potential, cessation of ATP synthesis, mitochondrial swelling, rupture,
and death. Unregulated mPTP opening has been found to contribute to cardiac ischemia-reperfusion

injury and the development of heart failure*®.
1.2 cAMP signalling pathway

Cyclic adenosine 3', 5’-monophosphate (cAMP) is the first second messenger to be
identified which has a fundamental role in the cellular response to many extracellular
stimuli. cAMP activates intracellular targets including protein kinase A (PKA), the
exchange proteins activated by cAMP (Epac), and cyclic nucleotide-gated channels. By
activating these effectors, it controls numerous cellular functions, including cell growth,
cell differentiation, cell movement, migration, learning and memory formation, control
of hormone secretion, metabolism and gene transcription’®. The intracellular cAMP
levels are regulated by the balance of two enzymes: adenylyl cyclases (AC) and cyclic

nucleotide phosphodiesterases (PDE).
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1.2.1 cAMP production

The adenylate cyclase (AC) play a fundamental role in signal transduction membrane
to the cytoplasm by ensuring the synthesis of cAMP from ATP. Indeed, in the presence
of Mg?", they catalyze the conversion of ATP to cAMP and release pyrophosphate.
Currently, in mammals, nine genes encode membrane nine isoforms (ACI1-AC9) and a
gene encodes a soluble isoform (sAC). This sAC is not regulated by G proteins but by
HCOs™ and Ca*" 7?8, Most AC (soluble AC are the exception) are activated downstream
from G-protein-coupled receptors (GPCRs) such as the [-adrenoreceptor by

interactions with a subunit of the Gs protein.

The AC 1 to 9 are transmembrane enzymes and are all activated subunit as of G protein.
Structurally, they consist of two transmembrane domains (M1 and M2) and two
cytoplasmic domains (C1 and C2 subdivided into Cla, C1B and C2a, C2[3). Both M1
and M2 are 6 transmembrane helical segments. Despite their strong resemblance
topology with transporters and ion channels, their function remains partially unknown®’.
Cla areas (at the intracellular loop which links M1 and M2) and C2a (at the C-terminus)
are highly conserved and heterodimerize to form the catalytic site of the enzyme with
the binding sites of the ATP and forskolin. The domain C1f is regulated by the complex
Ca?*/calmodulin (AC1, 3, 8) and has a phosphorylation site for PKA (ACS5, 6); C2p and
the field is only present in the isoforms AC1, 2, 3 and 8'%. Cla contains the site binding
to the subunit I of the G protein (ACl1, 3, 5, 6, 8) while the region has C2a a binding

site for ais and By subunits and a phosphorylation site for PKC.
1.2.2 cAMP targets

Three groups of direct cAMP effectors molecules have been described, which play a
key role in the complexity and specificity of cAMP signaling: PKA, the guanine-

nucleotide-exchange factor (GEF) Epac and cyclic nucleotide-gated ion channels.
1.2.2.1 PKA

Protein kinase A (PKA) is a serine/threonine kinase that phosphorylates serine or
threonine residue of substrate after the increase of cytoplasmic cAMP concentration.
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Physiological regulation of PKA is versatile: for example in cardiac myocyte,
phosphorylation of plasma membrane and SR proteins by PKA increases intracellular
Ca’" recruitment and enforces contraction. In the absence of cAMP, PKA is an
enzymatically inactive tetrameric holoenzyme consisting of two catalytic subunits (C)
bound to a regulatory subunit (R) dimer (Figure 11). cAMP binds co-operatively to two
sites on each R promoter. Upon binding of four molecules of cAMP, the enzyme
dissociates into an R subunit dimer with four molecules of cAMP bound and two free,
actives C subunits that phosphorylate serine and threonine residues on specific substrate

proteins.

Initially, two different isozymes of PKA, termed type I and II (PKAI and PKAII,
respectively), were identified based on their pattern of elution from DEAE-cellulose
columns'®*1%2, The PKAI and PKALII, eluting at salt concentrations between 25 to 50
mM and 150 to 200 mM NaCl, respectively, were shown to contain C subunits
associated with two different R subunits, termed RI and RII. However, over the last 10
years molecular cloning techniques have revealed a great heterogeneity in both R and

C subunits which reveal the potential of multiple isozymes of PKA.

Cloning of cDNAs for regulatory subunits have identified two RI subunits termed
RIa!%1% and RIB'>1% and two RII subunits termed RIIa!°7!% and RIIB!®110 ag
separate gene products. Furthermore, two distinct C subunits were initially identified
by molecular cloning, and were designated Ca'!'' and CB!'>!!*, The cloning of the
Co and CP subunits from human testis by low homology screening also revealed an
additional C subunit, designated Cy'!'* . Recent work has also revealed the existence of
splice variants of the human form of Co. (Ca2), and a splice variant of the bovine form
of CB (CB2). Recently, three brain specific splice variants of the mouse Cf3 form (Cp-
1, CB-2 and CB-3) have also been cloned. CB -1 correspond to the previously described
CB!'2, whereas CP -2 and CP -3 represent N-terminal truncated splice variants,

expected to be catalytically fully active.
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Figure 11. Schematic diagram of PKA structure and activation. a. Schematic of the inactive PKA
holoenzyme depicts the type I and the type II holotetramer. b. Schematic illustration of cAMP-dependent
activation of the PKA holotetramer. Two cAMP molecules bind to each regulatory subunit within an
inactive holotetramer. The binding produces a conformation change, and the regulatory subunits

dissociate from the catalytic units. The liberated catalytic units are enzymatically active and can

phosphorylate downstream targets''>.

1.2.2.2 Epac

Recently, a family of novel cAMP sensor proteins, named Epac (exchange protein
directly activated by cAMP) or cAMP-GEF (cAMP-regulated guanine exchange factor),
has been identified!'®!!”. Epac proteins bind to cAMP with high affinity and activate
the Ras superfamily small GTPases Rapl and Rap2. Rap1 was initially identified as an
antagonist for the transforming function of Ras'!'®!!°. Rap1 can be activated in response
to a variety of second messengers including cAMP!'"”. Although PKA can
phosphorylate Rap1 at its C-terminus, PKA phosphorylation is not required for cAMP-

dependent activation of Rapl.

Epacs are guanine nucleotide exchange factors (GEFs) for the Ras-like GTPases Rapl
and Rap2!"’. There are two mammalian Epac isoforms, Epacl and Epac2''%!!"(Figure
12). Epacl displays a wide tissue distribution, the expression of Epac2 is more restricted
117

and appears to be limited to the brain, pancreas, testes, and other secretory cells
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Epacl and Epac2 share structural motifs throughout their regulatory and catalytic
domains, with the dishevelled-EGL—pleckstrin homology domain (DEP), principal
CNBD, Ras exchange motif (REM), Ras association domain (RA), and catalytic
CDC25 homology domain (CDC25-HD) being heavily conserved between the two
isoforms. The difference between Epacl and Epac2 is the presence of an additional
CNBD within the N terminus of Epac2 (CNBD1)'?°. CNBD1 exhibits a reduced affinity
for cAMP and is unable to induce GEF activity following cAMP binding. Regulation
of Epac activity is governed by intermolecular interactions between the regulatory
CNBD and catalytic CDC25-HD domains. The ‘closed’ form of the enzyme is
stabilised by a hinge helix and an ionic latch, which lock the CNBD over the CDC25-
HD domain. These interactions inhibit GEF activity by limiting substrate access to the
CDC25-HD'?!122, Binding of cAMP releases salt bridges formed with the ionic latch
and unwinds the hinge helix, thereby allowing the CNBD to rotate away, creating an
‘open’ form where the CDC25-HD is exposed for interaction with GDP-bound Rap1
and Rap2'?*128 This triggers GDP release and subsequent GTP binding and activation,

leading to downstream signalling'?’.
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Figure 12. Schematic representation of Epac 1 and 2. Individual domains indicated: DEP,

dishevelled—EGL—pleckstrin homology domain; CNBD, cyclic nucleotide-binding domain; REM, Ras
exchange motif; RA, Ras association domain; CDC25-HD, CDC25 homology domain. Interacting

partners are shown with their binding sites in the EPAC proteins indicated'?’.
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The discovery of Epac proteins as a new family of intracellular cAMP effector suggests
that the cAMP-mediated signaling mechanism is much more complex than what was
believed earlier. Many cAMP-mediated effects, which were previously thought to act
through PKA alone, may also be transduced by Epac. So far, extensive studies have

shown that Epac proteins are involved in numerous of cAMP-related cellular functions

130,131 132,133 134-137

such as cell adhesion , cell-cell junction , exocytosis/secretion , cell

differentiation'*® and proliferation'*®, gene expression!*’, apoptosis'*"'*? and cardiac
hypertrophy!43:144,
Table 1.1 Antagonists and agonists of EPAC activity
Antagonist Chemical name Isoform refs
targeted
CE3F4 5,7-Dibromo-6-fluoro-2-methyl- Epacl 143
1,2,3,4-tetrahydroquinoline-1-
carbaldehyde
ESI-05 4-Methyl-2,4,6- Epac2 146,147
trimethylphenylsulfone
ESI-07 Undisclosed Epac2 146
ESI08 HIC0197/  5-Cyano-6-oxo-1,6-dihydro- Epacl and 147,148
HJCO0198 pyrimidine Epac2
ESI-09 3-(5-Tert-butyl-isoxazol-3-yl)-2-[(3-  Epacl and 149,150
chloro-phenyl)-hydrazno]-3-oxo- Epac2
propionitrile
5225554 and Undisclosed (barbituric/thiobarbituric Epacl 151,152
5376753 acid)
Agonist Chemical name Isoform refs
targeted
8-cpt-20-o0- 8-(4-Chlorophenylthio)-20- Epacl and 153,154
mecamp(007) Omethyladenosine-30,50-cyclic Epac2
monophosphate
SUs Tolbutamide Glibenclamide Epac2 149,155-157
Gliclazide
Scottish Undisclosed Epacl and 158
Biomedical (SB) Epac2
compounds
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1.2.2.3 HCN and CNG channels

The HCN channels (activated cyclic nucleotide gated hyperpolarization channels) are
voltage-gated channels, activated by hyperpolarization and regulated by cAMP and
cGMP. These channels are thought to contribute to automation in cardiac cells sinoatrial
node and atrioventricular'>*'®°. Four isoforms (HCN 1-4) have been described in
vertebrates. The HCN3 isoform is specifically expressed at the neurons while HCN 1,
2 and 4 are detected in the brain and heart. The isoform HCN2 is mainly expressed in

the atrial and ventricular myocytes and the HCN4 is expressed in sino-atrial cells!®!-162,

CNG channels (cyclic nucleotide-gated channels) are cationic channels that are directly
activated by cAMP or cGMP. CNG channels are non-selective cation channels that are
found in the membranes of various tissue and cell types, and are significant in sensory
transduction as well as cellular development. Unlike ligand-gated neurotransmitter
receptors, CNG channels do not desensitize in the continuous presence of the ligand.
Both the cooperative and sustained activation predestines CNG channels to serve as a
molecular switch that faithfully tracks the cAMP or cGMP concentration in a cell.
Although the channels do not desensitize, their activity is nonetheless modulated,

notably by the Ca?*-binding protein calmodulin and by phosphorylation.
1.2.3 cAMP signalling pathway in the heart

In cardiac myocytes, cAMP generated in response to catecholamine and
—adrenoreceptors modulates many important processes such as contractility and
relaxation. These effects are attributed to act mainly through the intracellular cAMP
receptor, PKA. PKA has been shown to phosphorylate key Ca®" handling proteins such
as voltage gated L-type Ca®*" channel'®® ryanodine receptor (RyR)'®%, and
phospholamban'®%1®6, These result in an increase in the sarcoplasmic reticulum Ca**
release via RyR2 and enhanced uptake by SR Ca*" pump, causing larger intracellular
Ca’" transients. Increased Ca®" transients significantly enhance contractility. In addition,
-adrenoreceptors stimulation leads to PKA-mediated phosphorylation of troponin I

(Tnl), accelerating troponin C-Ca*" off rate and allowing faster force development and
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shortening during systole and faster force relaxation and re-lengthening'®’.
Catecholamines also induce PKA-mediated phosphorylation of phospholamban, a
negative regulator of the sarcoplasmic reticulum Ca®" ATPase, resulting in increased
Ca?" re-uptake in the sarcoplasmic reticulum and myofilament relaxation'¢’. In addition
to the machinery involved in the control of excitation-contraction coupling, other
proteins expressed in cardiac myocytes are affected by cAMP and PKA-mediated

phosphorylation, including metabolic enzymes and transcription factors '®® (Figure 13).
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Figure 13. cAMP-PKA signalling pathways in the heart. Gs-protein activation via f-adrenoceptors
increases cAMP by activating adenylyl cyclase. cAMP then activates PKA and causes increased cellular
influx of Ca>" by phosphorylation and activation of L-type Ca?" channels, and enhanced release of Ca®*
by the sarcoplasmic reticulum in the heart. These and other intracellular events increase heart rate,

dromotropy and relaxation rat'®.

cAMP can also regulate cardiac functions through Epac. Epac activation induces an
increase in spontaneous Ca**-oscillations in neonatal rat cardiac myocytes!’’. Epac
activation also enhances cell-cell coupling between myocytes through gap junction

formation!”!

. Epacl activation causes an increase in cell surface area, protein synthesis,
d atrial natriuretic fact ion in adult rat ventricul di tes'”?
and atrial natriuretic factor expression in adult rat ventricular cardiac myocytes'’~.
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Hypertrophy-inducing Epacl signaling involves small GTPases, phospholipase C,
calcineurin and CaMKII, which activate nuclear factor of activated T-cells and myocyte

enhancer factor 2'73.

Although acute stimulation of the cAMP pathway is physiological and has beneficial
effects on cardiac function, long-term sustained activation produces detrimental effects
on the myocardium by inducing hypertrophy, dysfunction and ultimately HF'74. This
has been shown using different TG animal models including cardiac overexpression of
the catalytic subunit of PKA, B1- and B2-ARs, Gsa protein, which all show dilated
cardiomyopathy and HF as they age. Significant desensitization of B-ARs are observed
in the development of cardiac hypertrophy and the progression of heart failure!”.
Transgenic mice that lack a hypertrophic response mechanism suffer less cardiac

dysfunction than normal mice when facing long-term mechanical stress'®.
1.2.4 sAC
1.2.4.1 Overview of sAC

There are 10 known isoforms of adenylyl cyclase, 9 of which are membrane bound and
are activated via stimulation of the Gs subunit of G-protein coupled receptors. The 101
member of this family is a soluble adenylyl cyclase, which has no transmembrane
domains. Soluble adenylyl cyclase (sAC) can be differentiated from transmembrane
ACs by its insensitivity to forskolin and G-protein stimulation. It is activated by
bicarbonate, Ca>" and unique sensitivity to pharmacological and genetic modulators'””
180 In contrast to membrane localization, sAC localizes to discrete compartments in the

cell such as microtubules, mitochondria, the microtubule-organizing center, and the

181-184 185,186

nucleus . SAC was originally isolated from the testis and has also been found

in other tissues'®”1%%(Figure 14).
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Figure 14. Cyclase-specific reagents to study sources of cAMP in mammalian cells. L refers to ligand

of G protein-coupled receptor; Ga-GDP and Ga-GTP refer to the inactive and active forms of the a-
subunit of heterotrimeric G protein; Clo and C2a refer the two catalytic domains of tmACs; CE refers
to catechol derivatives of estrogen, such as 2 or 4-hydroxyestradiol, which inhibit SAC by chelating the
magnesium ion in the enzyme's active site. KH7 is a specific sAC inhibitor, which works via an unknown

mechanism, identified in a small molecule screen'®’.

It was described as having two variants; an 187kDa full-length form (sACfl) and a
48kDa truncated version (sACt)'*¢. The latter is a product of alternative splicing'®°.
The full length protein consists of 2 catalytic subunits: a consensus P-loop (ATP/GTP
binding site), and a leucine zipper sequence (dimerization/DNA binding domain)
(Figure 13). In contrast, SACt consists only of the 2 catalytic subunits and is

approximatively 20 fold more active than the full-length form'"

. The catalytic domains
of sAC are more closely related to those of cyanobacteria and myxobacteria than they
are to transmembrane ACs'®%!%! Neither sACfl nor sACt contain a membrane-spanning
domain. A third variant of SAC has recently been described which arises from an

alternate start site preceding exon 5 and is found in somatic tissues'*?. The structure of

the various isoforms is detailed below in Figure 15.
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Figure 15. Isoforms of soluble adenylyl cyclise. In addition to its two catalytic domains (C1 and C2),

sACAl contains consensus P-loop (P) and Leucine Zipper (L-Zip) sequences. sACt, which consists of just

the catalytic domains, is 20 times more active than sACfI'"!,

1.2.4.2 Stimulation of sAC

sAC is direct stimulation by HCOs™ to produce cAMP, turning sAC into a putative
physiological acid/base sensor'’”. The molecular mechanism of HCO3~ stimulation has
been elucidated for CyaC, a cyanobacterial adenylyl cyclase related to sAC'. This
mechanism is believed to also apply to mammalian sAC'*. Briefly, HCO3™ induces an
allosteric change that results in an increase in the Vmax of sAC without changing its
Km for substrate ATP. The stimulatory effect of HCO3™ on sAC and sAC-like enzymes
is strictly dependent on a specific amino acid residue that is a threonine in mammals
and a serine in bacteria and mollusks. The bicarbonate effect on sAC crystals is specific
and pH-independent and cannot be induced with other anions, such as nitrate or acetate.
Most markedly, bicarbonate induced closure of the active site and facilitated binding of

the second metal ion (ion A), which serves as the catalytic metal (Figure 16).
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Figure 16. Bicarbonate induces active site closure. (a) Overlay of sAC structures in the open state
(blue) and after bicarbonate addition (yellow and red). (b) Active site before (blue) and after (yellow) the
bicarbonate-induced active site closure, showing the recruited second metal ion and the structural
rearrangements described in the text. (c) Close-up view for the remodeling of PP and Py of the ATP

analog upon bicarbonate induced active site closure!%>.
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sAC is also activated by Ca?". In the presence of magnesium, high concentrations of
Ca’" stimulate the activity of SAC by increasing the enzyme's affinity for the substrate
ATP from a Km of about 10 mM to 1 mM!”°. X-ray crystallography revealed that Ca>*
replaces magnesium at the ion B pocket of the active site, coordinating the B and y-
phosphates of the bound substrate analog'®>. Therefore, while sAC is active with either
magnesium or Ca?" occupying both ion sites, its activity is highest with magnesium in

the ion A site and Ca*" in the ion B site!®.

Ca?" may play a second modulatory role on sAC. Sub-micromolar concentrations of
Ca®" were observed to stimulate native sAC protein immunoprecipitated from testis'*°.
Stimulation was independent of calmodulin and appeared to be due to an increase of
Vmax, not substrate affinity. These results suggest that post-translational modifications
or interaction with an unknown regulatory protein may alter the Ca®" affinity of the

enzyme or confer some additional modulatory mechanism'?>.

1.2.4.3 sAC and cell growth

The role of sAC in cell growth has been reported'®’'%°. First, the existence of a
bicarbonate-sensitive nuclear cAMP signaling microdomain that mediates the PKA-
dependent activation of the transcription factor CREB is revealed. This nuclear cAMP
signaling pathway has been found to function independently from canonical tmAC
signaling'*®. sAC migrates into the nucleus when differentiated cells are induced to re-
enter the cell cycle. These reports support that SAC may be involved in cell proliferation.
Suppressing the sAC activity of LNCaP and PC3 cells through sAC inhibitor treatment
or sAC knockdown significantly reduced the rate of proliferation, leading to lactate
dehydrogenase release, and induced apoptosis®?’. Subsequent analysis of the underlying
cellular mechanisms revealed that the inhibition of sAC leads to cell cycle arrest in G2
phase. This effect results from the sAC inhibition-induced down-regulation of cyclin

Bi and CDK1, which are the key proteins involved in the G2/M transition.

sAC also seems to play a role in non-proliferative cell growth. An initial study

demonstrated that sAC is expressed in embryonic neurons and generates cAMP in
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12°!. Moreover, the overexpression of sAC promotes axonal

response to netrin-
outgrowth, whereas sAC inhibition interferes with the effects of netrin-1. In agreement
with this study, a recent report demonstrated that stimulating sAC with bicarbonate
increases axon growth in cultured retinal ganglion cells, whereas suppressing sAC
attenuates axon growth?*2. In particular, high levels of SAC expression were observed
in rat embryonic neurons from the dorsal root ganglia and dorsal spinal cord as well as
in rat postnatal retinal ganglion cells**!>%2, but only low levels of SAC expression could

be found in embryonic dorsal root ganglia and spinal commissural neurons in the model

used in the Moore et al. study?* (Figure 15).
1.2.4.4 sAC and cell death

Initial studies on the intracellular distribution of sAC revealed co-localization of this
cyclase within mitochondria'®. Since mitochondria play an important role in
apoptosis?®, sAC may modulate the mitochondrial apoptosis pathway. It has been
found that sAC is a key enzyme that controls the stress-induced activation of the
mitochondrial apoptosis pathway. Further analyses of the downstream signaling
revealed a key role for PKA in sAC signaling. In a recent study, the SAC/PKA axis is
involved in the activation of the mitochondrial apoptosis pathway in oxysterol-treated
smooth muscle cells?”®. An increase in intracellular cAMP concentrations under acidic

stress in endothelial cells is detected?*®

, while it is not possible to detect a rise in total
cAMP or in the sAC-specific cAMP pool in ischemic cardiomyocytes or in oxysterol-
treated smooth muscle cells?*>**7. Incubating endothelial cells or cardiomyocytes under
simulated ischemia leads to Ca * overload?*®!°, which may contribute to the activation

of sAC.

Furthermore, in another study, the translocation of sAC is accompanied by
mitochondrial translocation of the pro-apoptotic protein Bax. Bax translocation seems
to be a key downstream event in sAC-dependent apoptosis. Treatment with a Bax-
inhibiting peptide prevented apoptosis®®’, inhibiting sAC or PKA abrogated the
mitochondrial Bax translocation®*>?"’. In addition, phosphorylation of Bax by PKA
promotes mitochondrial Bax binding®!!. Therefore, mitochondrial sAC-translocation,
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rather than activation, seemed to be the key mechanism responsible for triggering sAC-
dependent apoptosis. In particular, the compartmentalization of PKA within

212,213

mitochondrial microdomains and the contribution of PKA to mitochondrial

214215 have both been demonstrated. Therefore, the stress-induced

apoptosis
translocation of sSAC from the cytosol to the mitochondria may lead to the selective
activation of PKA localized within mitochondrial microdomains followed by the
phosphorylation and activation of a sub-mitochondrial Bax pool and the release of

cytochrome c. The precise mechanisms promoting mitochondrial translocation of sAC

in response to different stress stimuli remains under investigation.
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Figure 17. Mechanisms for the sAC-dependent regulation of cell death and growth. (1) Various
stress factors lead to the translocation of the cytosolic pool of sAC to the mitochondria. The subsequent
activation of PKA localized proximal to the outer mitochondrial membrane leads to the phosphorylation
of the pro-apoptotic protein Bax followed by the binding of Bax to mitochondria, which activates the
mitochondrial pathway of apoptosis. (2) Conversely, the intra-mitochondrial SAC/PKA pathway
promotes cell survival via the phosphorylation/activation of several proteins in the mitochondrial electron
transport chain (ETC), which leads to increased mitochondrial ATP synthesis. (3) Outside the
mitochondria, sAC promotes cells proliferation and survival through the activation of the EPAC/B-Raf
pathway. (4) The presence of a nuclear SAC/PKA/CREB pathway may contribute further to cell survival

and growth?®.

An important feature of sSAC-dependent apoptosis is the generation of ROS. It has been

demonstrated that the involvement of PKA in ROS production induced by various
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stresses?!'®2!7. ROS has also been found to contribute to oxysterol or
ischemia/reperfusion-induced apoptosis and cell death?’>207218-220 [n contrast, Acin-
Perez et al. suggest that intra-mitochondrial sAC/PKA signaling limits mitochondrial
ROS production and that inhibiting SAC or PKA leads to a significant increase in ROS

production??!"*22(Figure 17).
1.2.5 cAMP signalling in mitochondria
1.2.5.1 sAC localization in mitochondria

sAC was first shown to be localized in mitochondria in COS7 cells stained with both
oN-term and aC-term sAC antisera and the MitoTracker green®?. In that work, sAC
was detected in the mitochondria of cardiac and skeletal muscle. Functionally, DiPilato
et al proposed for the first time that cAMP within mitochondrial matrix is not generated
in the cytosol and transported across the inner membrane??*, because the IM is
impermeant to cAMP. Instead, Acin-Perez et al showed that matrix cAMP originated
inside the mitochondria by the action of sAC, in response to metabolically generated

carbon dioxide®?

. Several studies have confirmed the presence of this signaling
pathway in the mitochondrial matrix, using different approaches, such as cAMP
specific FRET sensors??%2?’. It was also shown that sAC activation increases ATP

226,228

production in cells and isolated mitochondria . SAC inhibition could decrease the

ATP production, O2 consumption, and cytochrome oxidase (COX) activity, whereas

sAC activation by HCO3™ and Ca®" stimulates oxidative phosphorylation??%22%,

1.2.5.2 sAC activation in mitochondria

HEK293 cell line expressing the full-length sSAC cDNA accumulated cAMP upon sAC
stimulation with HCO3™. HCO3™ could significantly increase the COX activity and ATP
synthesis in isolated mouse liver mitochondria. OXPHOS activity is increased by both
HCO3™ and by exogenously generated COz. These effects are not due to pH changes®®’.
Di Benedetto et al. recently showed that CHO cells treated with 50 mM NaHCOs3

displayed a biphasic kinetic of cAMP generation, with an initial rise followed by a
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plateau by using the cAMP sensor 4mt-H3022°. Conversely, cells treated with the sAC

inhibitor hydroxyl-estradiol (2HE) showed a significant decrease in cAMP generation.

In order to assess whether Ca?" could stimulate cAMP inside mitochondria, CHO cells
were transfected with 4mtH30%?°. Cytosolic Ca?" increase from intracellular stores
release, induced by the IP3-generating agonist ATP in combination with the SERCA
pump inhibitor TBHQ, resulted in a significant increase in mitochondrial cAMP signal,
indicating that Ca®" stimulates SAC inside mitochondria®?’. It is also shown that
overexpression of MCU resulted in an increase in mitochondrial cAMP, while MCU

silencing decreased mitochondrial cAMP??

. Moreover, increased frequency and
amplitude of mitochondrial Ca®" oscillations triggered an increase of cAMP in neonatal

rat cardiomyocytes transfected with mtH30 sensor.
1.2.5.3 cAMP effectors in mitochondria

PKA is reported to localize in the mitochondrial matrix*****2. Schwoch et al. found a
two fold increase in PKA-specific activity in the mitochondrial matrix fraction relative
to the whole mitochondrion, and they also demonstrated that both forms of regulatory
subunits (RI and RII) reside on the matrix side of the mitochondrial IM in a variety of
rat tissues, including liver, skeletal muscle, pancreas, and kidney**'?**. PKA was
independently found in the mitochondrial IM fraction from bovine heart?*%2*%234 And
both RI and RII subunits were found in the IM and matrix of mitochondrial preparations,
and the C subunit was found to be enriched in the matrix*>**->32, Matrix-confined PKA
was proposed to phosphorylate cytochrome ¢ oxidase (COXIV-I) to enhance oxidative
phosphorylation’?>(Figure 18). However, prior data suggested that PKA activation
inhibits OXPHOS?>2%7, In another study, hypoxia and ischemia increased
mitochondrial PKA activity in heart. The PKA-dependent phosphorylation of COX
subunits was postulated to reduce COX activity, leading to mitochondrial dysfunction
in myocardial injury®*®. Recently, Lefkimmiatis et al found that the mitochondrial
matrix of HEK and HeLa cells contains low or null PKA activity by using
mitochondrial targeting FRET sensor*?’. And they also found that the OMM is rich in
PKA activity??’. Together with the observation that the intermembrane space contains
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a functional AKAP?*°, they assumed that PKA targets might be phosphorylated during

their transition into the matrix®?’.

Epac, another cAMP downstream effector, has been identified in mitochondria during
interphase in COS-7 cells by co-localization of Epac-GFP with MitoTracker**.
Moreover, the GTP-binding protein Rap1 has also found in mitochondria®*!**?. To date,
the function of Epac in mitochondria is still unknown, and its association with this

organelle requires further investigation.
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Figure 18. Diagram of mito-sAC regulatory pathway of OXPHOS. Activators and inhibitors of the

various steps of the mito-sAC pathway are indicated®?’.

1.3 Phosphodiesterases (PDEs)

1.3.1 Overview of PDEs

Phosphodiesterases (PDEs) are a class of key enzymes which degrade cyclic Adenosine
Monophosphate (cAMP) and/or cyclic Guanosine Monophosphate (cGMP) by
hydrolysis of phosphodiester bonds. Thereby, they regulate intracellular levels of these

ubiquitous second messengers. Cyclic nucleotides have been reported to play important
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role in the regulation of a host of cellular functions involved in signal transduction and

synaptic transmission.

PDE:s constitute a large superfamily which contains 11 PDE families (PDE1 to PDEI11),
comprising 21 genes. PDE families are structurally related and highly regulated but
differ in primary structures, catalytic properties, responses to specific inhibitors and
modulators, and in their subcellular localization and targeting to specific,
multimolecular regulatory complexes. These 11 PDE families can be grouped into three
categories based on their substrate specificity. PDE4, PDE7 and PDES selectively
hydrolyze cAMP, whereas PDES, PDE6, and PDE9 hydrolyze cGMP. PDE1, PDE2,
PDE3, PDEI10 and PDEI11 degrade both cAMP and cGMP with varying affinities,

depending on the isoform*°(Figure 19).

Proliferation
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Figure 19. Cyclic nucleotide signaling and regulation. AC, adenylyl cyclase; ANP, atrial natriuretic
peptide; BNP, B-type natriuretic peptide; B-Raf, B-Raf protein kinase; CNG-channel, cyclic nucleotide-
gated channel; CNP, C-type natriuretic peptide; pGC, particulate guanylyl cyclase; PKG, cGMP-
dependent protein kinase; Rap, Ras-related protein; sAC soluble AC; sGC, soluble guanylyl cyclase®**.
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PDE isoforms share a common structural organization, with a conserved catalytic
domain in the C-terminal portion, followed by a short hydrophilic C-terminal tail and
preceded by an N-terminal regulatory region (Figure 18). Catalytic domains contain
family-specific sequences that determine differences in substrate affinities, catalytic
properties, and sensitivities to specific effectors and inhibitors, as well as common
structural determinants involving in cleavage of cyclic phosphate bonds. N-terminal
contains structural determinants involving in selective responses of individual PDEs to
specific signals that regulate catalytic activity, protein—protein interactions, or targeting
to specific subcellular locations. These regulatory domains contain auto inhibitory
modules, dimerization domains, GAF domains, sites for phosphorylation by PKA, PKG,
Ca2-+/calmodulin-dependent sensitive protein kinases, Protein kinase B (PKB/Akt),

Protein kinase C etc (Figure 20).
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Figure 20. Structure and domain organization of 11 mammalian PDE families.

The conserved catalytic domain (shown in red) is located in the carboxy-terminal portion of the PDEs.
The catalytic domain of PDE3 contains a unique 44-amino-acid insert (shown in black). Many of the
PDE families contain amino-terminal subdomains (such as GAF domains, transmembrane domains,
targeting domains, upstream conserved regions (UCRs), PAS domains and REC domains) and N-
terminal hydrophobic regions that are important in subcellular localization, in the incorporation of PDEs
into compartmentalized signalosomes, in interactions with signalling molecules and molecular scaffolds,
and in the regulation of PDE activity. GAF domains regulate the allosteric binding of cGMP (to PDE2,
PDES, PDE6 and PDE11), the allosteric binding of cAMP (to PDE10) and the regulation of catalytic
activity (in PDE2, PDE5 and PDEG6). Phosphorylation sites are labelled on the figure**.
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1.3.2 PDE family
1.3.2.1 PDE1

PDE1 is known as Ca?"- and calmodulin-dependent phosphodiesterase. PDE1 has three
subtypes, PDEIA, PDE1B and PDE1C, which divide further into various isoforms. All
PDEI1 enzymes hydrolyze both cAMP and cGMP. PDE1A and PDE1B preferentially
hydrolyse ¢cGMP, whereas PDE1C hydrolyses cAMP and cGMP with similar Km
values. PDE1A is highly expressed in the brain, liver, spermatozoa®* kidney, pancreas,

and thyroid gland®*°. PDE1B is expressed in the brain, heart, and skeletal muscle**’.

251

124824 olfactory epithelium?> and testis!.

PDEIC is mainly expressed in brain, hea

PDEI1 activity is shown to be up-regulated in left ventricular tissue, in a rat model of
pressure overload by banding aorta, suggesting that the increase in cGMP-PDE activity
in response to pressure overload plays an important role in neutralizing cGMP action
in cardiac tissue’>?. PDEIA plays a critical role in cardiac fibroblast activation and
cardiac fibrosis?>*. PDE1B-deficient mice show increased locomotor activity and
deficits in spatial learning?>*. PDEIC plays a critical role in regulating collagen
homeostasis during pathological vascular remodeling?>>. PDE1C and PDE1A are up
regulated in idiopathic pulmonary arterial hypertension lungs and in lungs from animal
models of pulmonary hypertension. And inhibition of PDEI1 reverses structural lung

vascular remodelling and right heart hypertrophy?>°.

PDEI1 can be inhibited by 1C224 with an IC50 of 0.08 uM and selectivity over other
PDEs 100 fold®*’. PDEI is also inhibited by 1C96340 with the IC50 of 440nM for
PDE1A, 210nM for PDE1B and 60nM for PDE1C respectively?*.

1.3.2.2 PDE2

PDE?2 is encoded by a single gene PDE2A which gives rise to three PDE2 variants, the
soluble PDE2A1%*®, and the membrane-associated PDE2A2 and PDE2A3
isoforms®**-?6°, These isozymes share the same C-terminal but differ in their N-terminal
sequences. Two distinct GAF domains, GAF-A and GAF-B, are present in the N-
terminal portion of PDE2A and have distinct functions in dimerization and in cGMP
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binding, respectively?®!. The binding of ¢cGMP (1-5 mM) to GAF-B domain
allosterically and positively stimulates up to a 30-fold increase in cAMP hydrolysis®®,
This specific regulation gives a major feedback role for PDE2 to control the cross talk
between cGMP and cAMP pathways?®*. PDE2 is expressed in a wide variety of tissues,
including brain, heart, liver, adrenal gland, platelets, endothelial cells, neurons, and

macrophages®®+2%8,

PDE? tightly controls the activity of LTCCs in various species including humans®®-72,

A stimulation of the soluble guanylyl cyclase leads to a dramatic local decrease in
cAMP in the vicinity of LTCCs due to the activation of PDE2*’!. In frog cardiac
myocytes, it has been shown that the PDE2 activity is physiological coupled to the
decrease in ca channel activity. More recently, a study on neonatal rat cardiomyocytes
has demonstrated that PDE2 restricts cAMP signals, and hence inotropism, generated
after a B-AR stimulation by Iso using the FRET-based imaging technique?’®. Some
research demonstrated that cGMP alters the local activation of PKA isoforms localized
to different subcellular compartments, modifying the phosphorylation of downstream
targets and cell contraction. In their study, PDE2 activity is preferentially coupled to
PKA-RII compartment and cGMP mediated activation of PDE2 is responsible for the

opposing effects of cGMP on local cAMP signals?’*,

PDE2 is selectively inhibited by EHNA in comparison with other PDEs when activated
by ¢cGMP?”®|  with an IC50 value of 2 uM for activated PDE2 and 38 uM for basal
PDE2%7®. However, EHNA is also a potent adenosine deaminase inhibitor?”” (Ki = 10
nM. Bay 60-7550%7%, 1C933%7 PDP?” and oxindole’®® are new specific PDE2

inhibitors.
1.3.2.3 PDE3

PDES3 is encoded by PDE3A and PDE3B genes. PDE3A has three variants PDE3A1
(136 kDa), PDE3A2 (118 kDa) and PDE3A3 (94 kDa)*®!, whereas only a single
PDE3B1 variant has been identified?®>. PDE3A and PDE3B display highly structural

homology and similar kinetic properties. They both contain 44 amino acids insert in the
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catalytic domain and N-terminal hydrophobic membrane association regions?627°,

PDE3 family members contain multiple phosphorylation sites in their N-terminal
region, which can be phosphorylated by PKA, PKB and PKC in response to hormonal

stimulation®®?.

PDE3 hydrolyzes both cAMP and cGMP, the rate for cAMP hydrolysis is 10-fold
greater than for cGMP, and the substrate affinity for cGMP is higher then cAMP. cGMP
behaves as a competitive inhibitor for cAMP hydrolysis and therefore participates in
cAMP/cGMP crosstalk. PDE3A is expressed in heart, vascular and placental smooth
muscle, platelets, and corpus cavernosum smooth muscle, whereas PDE3B is mainly
associated with adipocytes, hepatocytes and spermatocytes. PDE3B is also expressed

in the cardiovascular system but at much lower levels that PDE3A?%3,

PDE3A is responsible for effects of PDE3 inhibitors on platelet activation/aggregation,
basal myocardial contractility, and vascular smooth muscle proliferation/
remodeling?®*2%, PDE3A palys an important role in SMC phenotype switch and
growth. It has been observed a decrease in PDE3A expression in synthetic VSMC or in
response to in vivo vascular damage?®’. Recently, Begum et al showed that PDE3A
regulates VSNC growth via inhibition of mitogen activated protein kinase signalling
and alteration in critical cell cycle regulatory protein®*®. PDE3B plays a crucial role in
the regulation of energy homeostasis®®’. In adipocytes, insulin-mediated
phosphorylation/activation of membrane associated PDE3B leads to a reduction in
PKA activity and inhibition of lipolysis. Inhibition of adipocyte PDE3B blocks the
antilipolytic action of insulin and reduces insulinstimulated lipogenesis and glucose

uptake?”.

The first potent and selective inhibitor for PDE3 was cilostamide, which inhibits

291 Medicinal chemistry has been focusing on PDE3 inhibitors,

platelet aggregation
giving rise to amrinone, milrinone and enoximone. Recently, the PDE3 inhibitor

cilostazol and OPC33540 were developed by Otsuka®**.
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1.3.2.4 PDE4

PDEA4 is the largest PDE family, specifically hydrolyzing cAMP. The PDE4 enzymes
are universally selective for cAMP with Km values typically between 1 and 10uM.
Vmax values of the PDE4 enzymes for cAMP, although lower than those for PDE1s
and PDE2s, are comparable with those for most other PDEs. It is encoded by 4 genes:
PDEA4A (seven variants), PDE4B (four variants), PDE4C (seven variants) and PDE4D
(nine variants)***+?%22%3 These proteins contain a unique amino acid signature region
called upstream conserved regions 1 and 2 (UCR1 and UCR2)***. Long PDE4 isoforms
contain both UCRI and UCR2, short PDE4 forms lack UCRI, and super-short
isozymes contain only half of UCR2. UCRI contains a PKA phosphorylation site which
attenuates the ability of UCRI1 to interact with UCR2 and thereby activates PDE4

activity?”.

PDE4A is expressed in brain heart and small intestine?*®*’. Immune cells highly
express PDE4, especially PDE4B and PDE4D isoforms*®2%°, PDE4C expression is

ubiquitous but has been reported to be low in the lung and absent in blood*.

The PDE4 family modulates f2-adrenergic responses in pulmonary smooth muscle and
cardiac tissue. PDE4 interaction with the protein mAKAP is involved in the control of
local cAMP and normal myocardial functioning, as well as in the development of
myocyte hypertrophy*>3%!. It has been demonstrated that this PDE4B plays an
important role in immune cells by using PDE4B knock-out mice. PDE4B was found to
be essential for mounting an inflammatory response to lipopolysaccharide in
monocytes>®? and macrophages®*”. PDE4B is required for tumor necrosis factor o
production. PDE4D deficiency promotes heart failure progression as demonstrated in
PDE4D knock out mice’®. PDE4D interacts with the sarcolemmal RyR. PDE4D
knockout mice develop progressive cardiomyopathy and accelerated heart failure after

myocardial infarction®*,

Rolipram, the first PDE4 inhibitor, was developed as a potential drug to treat depression

as it was demonstrated that elevation of cAMP could enhance noradrenergic
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eurotransmission in the central nervous system. Cilomilast (GSK), Roflumilast (Altana),
GSK256066 (GSK), AWD 12-281 (Elbion/GSK), Apremilast (Celgene), Quinolyl

oxazole (Merck) are also PDE4 inhibitors.
1.3.2.5 PDES

PDES5 specifically hydrolyses cGMP3%53%7 and is encoded by one gene PDESA with
three variants: PDE5SA1 (100 kDa), PDE5SA2 (95 kDa) and PDE5SA3 (95 kDa). PDESA
contains two GAF domains: GAF-A and GAF-B. GAF-A is responsible for allosteric
binding of cGMP, which promotes PDES phosphorylation, increasing both catalytic

activity and cGMP-binding affinity>%30,

PDES is expressed in vascular smooth muscle including the vascular tissues of the penis,
and also in platelets®'**12. Expression in cardiomyocytes in animals and humans has
also been reported. PDESA1 and PDESA2 are widely expressed, whereas specific

expression of PDE5A3 in smooth and/or cardiac muscle has been reported®!!.

PDESA is as a regulator of vascular smooth muscle contraction through regulation of
cGMP, especially in the lung and penis. In the corpus cavernosum of the penis, PDES
inhibition enhances relaxation of smooth muscle induced by NO and ¢cGMP, and
thereby stimulates penile erection’!*~*!3. Similarly in the lung, PDES5 inhibition opposes
smooth muscle vasoconstriction?>. PDES5 is also thought to be important in the

316,317

regulation of platelet aggregation and has been implicated in enhancing learning

and memory®'®. In the heart, PDE5 inhibition may offer protection against

319-321 322

ischemia/reperfusion injury and in certain heart failure models

Zaprinast (M&B 22948) was the first selective PDE5 inhibitor’?®, and it was used to
investigate various functional implications of PDES. Sildenafil was the first potent and
selective PDES inhibitor (ViagraTM, Pfizer Inc.) for erectile dysfunction®'*. Thereafter,
compounds more potent were developed. Tadalafil (CialisTM, Lilly-ICOS) was
synthetized with greater selectivity for PDES versus PDE1-4 than sildenafil and with
the highest long-lasting effect (>7h)*?*. Vardenafil (Levitra TM, Bayer-GSK) was
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synthetized with the lowest IC50. Avanafil (Vivus), Udenafil (Dong-A) and
Mirodenafil (SK Life Science) are also PDES inhibitors®*.

1.3.2.6 PDE6

PDE6 family members, also known as photoreceptor PDEs, specifically hydrolyze
cGMP. There are three genes in the family, PDE6A, PDE6B, and PDE6C. PDEG is
composed of two large catalytic subunits associated with two copies of small inhibitory
subunits. The catalytic subunits are encoded by PDE6A for rod a subunit, PDE6B for

rod 3 subunit and PDE6C for cone o’ subunit.

PDE6A and PDE6B are expressed in rods, and PDE6C is expressed in cones. PDE6
isoforms are highly expressed in the photoreceptor outer segments of the mammalian

325,326

retina and in the pineal gland®?’.

PDEG6 was shown to play an important role in phototransduction. The main function of
the rod PDE is to reduce the steady-state concentration of cGMP in response to light
stimulus. This decrease in cGMP concentration leads to the closure of CNG cationic
channels and generation of cell membrane hyperpolarization. This initial signal was
transmitted via second order retinal neurons to the optic nerve and to the brain®?®,

Mutationin genes generating defective PDE6 causes c¢cGMP accumulation in

photoreceptor cell leading to cell death.

Sildenafil, vardenafil, and udenafil inhibit PDE6, with lower affinities than those for
PDESA, but this inhibition has been suggested to be the source of some of the visual

side effects reported with sildenafil usage.
1.3.2.7 PDE7

The PDE7 family is highly selective for cAMP32331 (214-216). This family includes
two genes PDE7A and PDE7B, with alternative splicing for PDE7A giving rise to
PDE7AL1 (57 kDa), PDE7A2 (50 kDa) and PDE7A3 (50 kDa). The Km for cAMP
hydrolysis is about 0.1 uM for PDE7A and is slightly lower for PDE7B. The Vmax
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values for PDE7A and PDE7B have been reported to be very low (<1 nmol/min/ mg)

in comparison with those for most other PDEs?>*33!,

PDE7A1 protein has been found in a wide variety of immune cells and has thus
engendered a great deal of interest as a target for treating inflammation®*?. PDE7A1
protein is primarily cytosolic, whereas PDE7A2 is mostly associated with a particulate

fraction and its expression is not widespread but is high in heart®*.

Initial studies suggested that PDE7A could be induced in T lymphocytes in response to
activation of the T-cell receptor. PDE7 antisense oligonucleotides inhibited
proliferation and IL-2 production in a PKA-dependent manner®**. Zhang et al found
that CLL patients with PDE7B mRNA levels in the top quartile have a several-year
shorter median time-to-treatment compared to that of patients whose CLL cells express
lower levels of PDE7B mRNA?*. PDE7 is also involved in Alzheimer’s disease and
Parkinson’s disease. Studies have shown that some recently described PDE7 inhibitors

may play a role in the treatment of neurological diseases in mouse models®*>.

A great deal of effort from the pharmaceutical industry has been invested in developing
PDETY selective inhibitors. ASB16165 (Asubio) inhibits T lymphocyte activation and
suppresses skin inflammation®¥-3%, Selective PDE7 inhibitors (such as BRL-50481 and
IR-202) and the dual PDE4-PDE?7 inhibitor (IR-284) increased cAMP—PKA signalling

and apoptosis in CLL cells®¥*337

1.3.2.8 PDES

PDES specifically hydrolyzes cAMP with the highest affinity among all PDEs*%3%.
The PDES family consists of two highly homologous genes, PDESA and PDE8B. Five
splice variants have been identified for PDESA***(PDE8SA 1 to PDESAS) and PDESB?*?
(PDE8B1 to PDE&BS5). The primary structure of both PDESA and PDE&B enzymes
includes N-terminal REC and PAS domains*!**. Three putative PKA and PKG

phosphorylation sites are located between the PAS domain and the catalytic domain.
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PDE8A mRNA expression is widespread and has been detected in a variety of tissues
but is highest in testis, spleen, small intestine, ovary, colon and kidney33?340:343,
PDESBI is the most abundant variant in the thyroid gland***, whereas PDESB1 and
PDESB3 are equally expressed in the placenta. PDESB was found to be expressed in

the normal and hyperplastic human adrenal cortex and in the adrenal gland of newborn

mice

A possible role for PDESA in T-cell activation has been suggested*®?, and PDES has
also been reported to regulate lymphocyte chemotaxis and adhesion**>**¢. PDES
regulates excitation—contraction coupling in ventricular myocytes, revealing its

participation in cardiac function®*’.

PDES8-selective inhibitor, PF-04957325 potentiates adrenocorticotropin stimulation of
steroidogenesis by increasing cAMP-dependent protein kinase activity in both primary

isolated adrenocortical cells and Y-1 cells®*.

1.3.2.9 PDE9

The PDE9 family specifically hydrolyses cGMP with the highest affinity amongst all
PDE families. PDE9A is the only isoform identified to date. Twenty-one splice variants
arise from the single PDE9A gene*®. The primary structure of PDE9A is relatively
simple as it does not appear to contain any GAF domains or other N-terminal regulatory

sequences found in other PDEs.

Several studies have reported PDE9A mRNA tissue localization. It is widely expressed
and has been found in nearly every tissue tested, with especially high levels detected in
kidney, brain, spleen, various gastrointestinal tissues, and prostate®*-4>34_ Despite this
high number of mRNA transcripts, only PDE9A1 and PDE9A6 (originally named

PDE9AS) proteins have been shown to be expressed and were characterized®>’.

In PDE9A knock out mice, cGMP levels were increased in brain cortex, hippocampus
striatum, cerebellum, and cerebrospinal fluid; in wild-type mice, inhibition of PDE9A
with PF-4181366 increased cGMP in the same brain regions as well as in the
cerebrospinal fluid®*>!. Furthermore, PDE9A genomic location maps to a region
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containing genes involved in several neurological diseases, including bipolar

disorder®>2.

BAY 73-6691 inhibits PDE9A with a 25-fold greater selectivity compared with all
other PDEs. An orally bioavailable PDE9 inhibitor was synthetized for use as a
potential hypoglycemic agent. Recently, PF-04447943, a brain penetrant PDE9A
inhibitor that enhances synaptic plasticity and cognitive function in rodents has been

published®>3.
1.3.2.10 PDE10

The PDE10 family is a dual-substrate gene family encoded by the unique gene PDE10A.
At present, four variants, PDE10A1-4, have been described. PDE10 isoforms contain
two GAF domains and hydrolyze both cAMP and cGMP, with a higher affinity for
cAMP than cGMP.

PDE10A is mainly expressed in the brain, with the highest expression in the striatal
area, and it is also present in the cerebellum, thalamus, hippocampus, and spinal cord***
357 as well as in the testis, especially in the developing spermatocytes. PDE10 is also
expressed in the thyroid and pituitary gland, but the physiological functions of the

enzyme in these tissues are still unknown.

Dysregulation of PDE10A is thought to be associated with the progressive
neurodegenerative Huntington’s disease because PDE10A2 mRNA decreases before
the onset of motor symptoms in the striatal region of brains from transgenic

Huntington’s disease mice®*%3%.

Chronic inhibition of altered expression of
overlapping striatal genes involved in Huntington’s disease, suggesting that inhibition
of PDE10 might provide protective effects in Huntington’s disease*®. PDE10A
knockout mice also show decreased exploratory activity and delayed acquisition of
conditioned avoidance behavior*®!. Inhibition of PDE10A produced beneficial effects

in murine and rat antipsychotic models and increased social behavior. In these studies,

inhibition of PDE10A improved dopaminergic and glutamatergic dysfunction.
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The first known potent and specific PDE10A inhibitor is papaverine, with an EC50
value of 36 nM?*%2, TP-10, a new potent and very specific PDE10 inhibitor, synthesized
by Pfizer, was under investigation in preclinical study as a new therapeutic approach

for the treatment of schizophrenia®®>.
1.3.2.11 PDE11

PDE11 is the most recently discovered PDE enzyme family****¢> It is encoded by only
one PDE11A gene. Four different variants (PDE11A1-4) have been identified®®6-36¢,
The longest variant, PDE11A4, has two N-terminal GAF domains, whereas the other
variants are truncations of this variant of varying lengths. PDE11exhibits dual substrate

specificity and hydrolyzes cAMP and cGMP with similar affinities.

In humans, PDE11A is highly expressed in skeletal muscle and prostate. Its expression
is seen in testis, pituitary gland, heart, kidney, and liver’*>*¢°, Among all PDE11A
variant proteins, only PDEI11A4 protein has been detected in human tissues by
immunohistochemical analysis®’’, with expression demonstrated in prostate, leydig and

spermatogenic cells of the testis, kidney, adrenal, colon, and skin epidermis®”'.

Little is known about the function of PDE11A. Recent studies with a PDE11 knockout
mouse model suggest that PDE11 may be important for sperm development and
function. Ejaculated sperm from knockout mice displayed slightly lower sperm
concentration and decreased viability compared with controls, and the sperm had a

lower rate of forward progression®’?.

There are no specific inhibitors for PDE11A. PDE11A is inhibited by dipyridamole
(IC50 = 0.9-1.8 uM), zaprinast (IC50 = 5-33 uM), IBMX (IC50 = 25-81 uM) and is

insensitive to EHNA, rolipram and milrinone*”>.
1.3.3 PDEs in mitochondria

PDE activity has been observed in mitochondria. Acin-Perez et al. isolated mitoplasts
from mouse liver. After the content of the matrix was made accessible by sonication,

they found that some factors present in the matrix degraded exogenous cAMP. This
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cAMP catabolic activity was fully inhibited by IBMX, indicating the presence of

225

intramitochondrial PDE activity PDE4 co-localization with mitochondria,

apparently through an interaction with the protein “disrupted in schizophrenia 1”

(DISC1), was previously reported®’*

. More recently, mitochondrial PDE2A is shown to
be located in the matrix and that the unique N terminus of PDE2A isoform 2 specifically
leads to mitochondrial localization of this isoform in liver and brain. Authors also
showed that mitochondrial PDE2A forms a local signaling system with sSAC in the
matrix, which regulates the activity of the respiratory chain (Figure 21)*”°. Zhang et al
reported that Drosophila protein Prune is a cyclic nucleotide PDE that localizes to the
mitochondrial matrix. Knocking down prune in cultured cells reduces mitochondrial
transcription factor A (TFAM) and mitochondrial DNA (mtDNA) levels. Their data
suggest that Prune stabilizes TFAM and promotes mitochondrial DNA (mtDNA)

replication through downregulation of mitochondrial cAMP signaling®’®.

cellular
energy
demand

respiratory chain

matrix 0

PDE2A
cGMP? bicarbonate/
other regulator? CO,

Figure 21. Model for the mitochondrial cyclic nucleotide signaling system. cAMP is formed inside
the mitochondrial matrix by a sAC isoform and stimulates the respiratory chain. The cAMP signals are
terminated through degradation by PDE2A isoform 2. Thus, formation of cAMP is stimulated by
bicarbonate, which activates sAC, and degradation is stimulated by cGMP or a yet to be identified
regulatory ligand for the PDE2A2 GAF domains. IMS, intermembrane space®”.
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2. Objectives

cAMP is a major second messenger in many organs, particularly in the heart, where it
regulates diverse physiological processes such as Ca?>" homeostasis, beating frequency
and myocardial contractility, as well as cell death. In addition to tmACs, cAMP can
also be generated by sAC, which is not regulated by heterotrimeric G proteins or
forskolin, but can be activated by HCO3™ and Ca**. sAC was found inside mitochondria
to regulate respiration in brain and liver in response to HCO3™ and/or Ca>". As a result,
this pathway serves as a mechanism for metabolic adaptation to mitochondrial
dysfunction and could be a potential novel target to treat genetic mitochondrial diseases.
The existence and role of a functional cyclic nucleotide signaling pathway in the heart

mitochondria has not been demonstrated.

The aim of this thesis was to investigate the existence of cAMP signalling pathway in
cardiac mitochondria. Using cellular and subcellular approaches, we investigated the
role of cAMP on mitochondrial function and cell death, apoptosis as well as necrosis in
primary cardiomyocytes. Based on the use of mitochondria isolated from rat heart, we
characterized cAMP signalling pathway relative proteins; sSAC, PKA, Epacl and Epac2
and study their functions by pharmacological modulation and/or siRNA silencing.
Moreover, we investigate the cAMP pathway in a rat model of HF induced by aortic

stenosis.

Another approach was to study the various isoforms of PDEs and their effect on cardiac
mitochondrial functions. We investigated the existence of PDE isoforms in isolated
mitochondria from rat, mice and transgenic mice for PDE2 and study their ability to
degrade cAMP in isolated mitochondria/living cells. After, the effects of different PDE
isoforms on mitochondrial function by pharmacological or genetic modulation are
investigated. In determining the role of mitochondrial cAMP signalling pathway, this
thesis should provide a better general knowledge of cyclic nucleotide signalling in

hearts.
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3. Materials and methods

3.1 Materials

3.1.1 Drugs and reagents
Most of drugs and reagents were purchased from Sigma-Aldrich (St Quentin, Fallavier,
France). The reagents used for cell culture and their origin were summarized in Table

3.1.

Table 3.1 The reagents used for cell culture

Reagents Company City/State

DMEM Gibco USA
Opti-MEM Gibco USA
Antibiotic-antimycotic Gibco USA
EDTA Gibco USA
PBS Gibco USA

FBS PAA France
Lipofectamine 2000  Invitrogen USA

3.1.2 Antibodies

The primary and secondary antibodies used in this study were shown in Tables3.2 and

3.3, respectively.

Table 3.2 Primary antibodies

Primary antibodies Company/ Provider City/State

sAC Abcam; CEP Biotech UK; USA
Epacl, 2 Cell signaling USA
ANT Abcam UK
GAPDH Cell signaling USA
Tnl Cell signaling USA
PLB Cell signaling USA
MCU Biorbyt USA
PDE2A Santa Cruz USA
PDE3A Chen Yan(University of Rochester) USA
PDE4A Marco Conti (University of California, USA

San Francisco)

PDE4B Marco Conti USA

PDE4D Marco Conti USA
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Table 3.3 Secondary antibodies

Second antibodies Company City/State

Donkey anti-Mouse IgG  Jackson immunoresearch USA
Donkey anti-Rabbit IgG  Jackson immunoresearch USA
Donkey anti-Goat IgG  Jackson immunoresearch USA

3.2 Methods used in cardiomyocytes

All animal care and experimental procedures conformed to the European Community
guiding principles in the care and use of animals (Directive 2010/63/EU of the
European Parliament) and authorizations to perform animal experiments according to
this directive were obtained from the French Ministry of Agriculture, Fisheries and
Food (No. D-92-283, 13 December 2012). All studies involving rats and mice are
reported in accordance with the ARRIVE guidelines for reporting experiments
involving animals. A total of 60 healthy, 4 Sham and 4 HF rats and 30 PDE2 WT and

TG were used in the experiments described here.
3.2.1 Surgical procedure and echocardiography

Male Wistar rats at three weeks of age (60-70 g; Janvier, Le Genest St Isle, France)
were anesthetized with pentobarbital (60 mg/kg). The thoracic cage was opened and a
stainless steel hemoclip was placed on the ascending aorta, to promote HF after 22

weeks, as reviously described®”’

. Sham-operated animals were used as controls.
Cardiac structure and function was evaluated by echocardiography. Cardiac and
pulmonary hypertrophy was determined as a ratio of organ weight to tibia length and
to body weight as described*’®. Sham-operated animals were used as controls. Cardiac
structure and function was evaluated by echocardiography. Cardiac and pulmonary
hypertrophy was determined as a ratio of organ weight to tibia length and to body
weight. Transthoracic two-dimensional-guided M-mode echocardiography of rats was
performed using an echocardiograph with a 15 MHz Linear transducer (Vivid 9,
General Electric Healthcare, Vélizy Villacoublay, France) under 3% isoflurane gas

anesthesia and fractional release was calculated as described®’®37% .
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3.2.2 Isolation of ventricular cardiomyocytes of adult rats

Male Wistar rats (250-300 g) were subjected to an aesthesia by intraperitoneal injection
of pentothal (0.1 mg/g) and hearts were excised rapidly. Individual ARVMs were
obtained by retrograde perfusion of the heart as previously described. The hearts were
perfused retrogradely at a constant flow of 6 mL/min at 37°C with a Ca**-free Ringer
solution containing (in mM): NaCl 117, KCI 5, NaHCOs3 4.4, KH2PO4 1.5, MgCl2 1.7,
D-glucose 11.7, Na-phosphocreatine 10, taurine 20, and 4-(2- hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES) 21, pH 7.1 during 5 min, followed by a perfusion at 4
mL/min for 1 h with the same solution containing 1 mg/mL of collagenase A and 300
mM ethylene glycol tetraacetic acid (EGTA) and CaCl> to adjust free Ca’'
concentration to 20 uM. The ventricles were then separated from atria, finely chopped,
and gently agitated to dissociate individual cells. The resulting cell suspension was
filtered on gauze, and the cells were allowed to settle down. The supernatant was
discarded and cells were resuspended four more times with Ringer solution at
increasing Ca®" concentration from 20 to 300 puM. Freshly isolated cells were
suspended in minimal essential medium (MEM: M 4780) containing 1.2 mM Ca*"
supplemented with 2.5% foetal bovine serum, 1% penicillin—streptomycin, 20 mM
HEPES (pH 7.6), and plated on 35 mm, laminin-coated culture dishes (10 pg/mL) at a
density of 2x10* cells per dish. After 1 h, the medium was replaced by 300 uL of FBS-
free MEM.

Table 3.4 Medium for adult cardiomyocytes

M1 M2
MEM yes yes
CaClz 1.2mM 1.2mM
FBS 2.5% 0
HEPES 2% 2%
penicillin streptomycin 1% 1%
pH 7.6 7.6
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3.2.3 Isolation of neonatal cardiomyocytes
A. Preparation of media

All media should be prepared from sterile ingredients or sterilized by 0.22 pm filtration.
Stated volumes are sufficient for 20-50 hearts (20 — 100x10° myocytes). 1x ADS buffer

was diluted by sterile water.

Table 3.5 10 x ADS Buffer

Reagents Weight (g)
NaCl 17
HEPES 11.9
NaH2PO4 0.3
Glucose 2.5
KCI 1
MgSO4 (anhydrous) 0.25
pH 7.35

Table 3.6 Plating medium

Reagents Volume (mL)

DMEM 75.5
Medium 199 17
Horse serum 5
Newborn caf serium 0.5
Penicillin/Streptomycin 1
Glutamine 1

pH 7.4

B. Enzyme solution

Pancreatin (30mg) and Collagenase type II (26mg) were weighted, and dissolved in
20mL of 1x ADS buffer. The enzymes were diluted into 60mL, filtered and kept on ice

or at 4°C.
C. Dissection of rats

Four Petri dishes were put on ice, and filled partly with 1x ADS buffer. The rats were

quickly decapitated. Then the heart was performed a 1-1.5 cm long midline cuted
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through sternum, the heart was forced out by pressing down on either side of the cut
with gloved fingers. Hearts were removed with forceps and placed in the Petri dish with
chilled 1x ADS buffer. Needed numbers of rats were repeated. (Cell yield is ~10° cells
per heart.) Hearts were transferred to a second dish, using forceps to remove atria and
large vessels. Hearts were transferred to a third dish, if necessary. Hearts were chopped
with scissors to very small pieces (0.3 mm, able to pass through 10 ml pipette). The

chopped hearts were transferred to the conical flask with stirrer.
D. Digestion of tissue

The buffer was removed as much as possible, and replaced with 7-8 mL of enzyme
solution. After, the heart was placed in incubator at 37°C on a magnetic stirrer, stirring
at 200 rpm for 20 min. The supernatant was transferred to one of the Falcon tubes with
1 mL of NCS, repeated 7 times. The supernatant was centrifuged at 1500 rpm for 5 min
(without brake), then supernatant was removed and discarded. The pellet was gently

resuspended in 2 mL of NCS and placed in the incubator.
E. Separation of cells
Preparation of the percoll gradient:

= Percoll stock —in 50 mL Falcon, prepare 18 mL of percoll, add 2 mL of 10xADS

buffer, shake well to mix.

= Bottom percoll — in 50 mL Falcon tube, prepare 8.45 mL of percoll stock, and

add 4.55 mL of 1 x ADS buffer.

= Top percoll — in 50 mL Falcon tube, prepare 7.75 mL of percoll stock, add 9.25
mL of 1x ADS buffer and ~20 pL of phenol red.

Bottom percoll (3mL) was prepared in 15mL of falcon tubes. And after 4 mL of top
percoll was added into each tube, very slowly. Cells from all Falcon tubes were pooled
together (in the first one), and centrifuged at 1500 rpm for 5 min. The supernatant was
removed and replaced with ADS 1x to final volume of 8 mL, resuspended gently. The

cell suspension (2mL) was slowly added to the top of percoll gradient in all Falcon
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tubes. Cell suspension was centrifuged at 3,000 rpm for 30 min without brake. For
cultivation of fibroblasts, the fibroblast fraction (disk on top of top percoll) was
aspirated and transferred to 50 mL Falcon tube, adding ADS 1x to the final volume of
40 mL. The myocytes fraction (disk between top and bottom percoll) was aspired and

transferred to 50 mL Falcon tube, adding ADS 1x to the final volume of 50 mL.
F. Plating of cells

The cells were centrifuged at 1500 rpm for 5 min without brake. The supernatant was
removed and replaced with 10 mL of plating medium. Cells were counted and diluted
to desired concentration. Then cells were plated in the dishes. If several different
concentrations were needed, faster plating method was to calculate amount of medium
and cell suspension for every dish, filling the dish with medium and adding cells. The

dishes were gently shacked to promote better cell distribution.
G. Coating plating dishes

The dishes were rinsed 2 times in PBS and coated with 0.2% laminin in PBS. They
were incubated at least 1 hour at 37°C. Then liquid was aspirated and allowed to dry

out.
3.2.4 Construction of mitochondria-targeted FRET sensor for cAMP

The mitochondrial targeting sequence 4mt, encoding four copies of the signal sequence
from subunit VIII of human cytochrome C oxidase, was amplified using the Advantage
Polymerase (Clontech) and primers F (ACTATAGGGAGACCCAAGCTTATG) and
R (TGGTGGCGGCAAGCTTCTTGCTCACCATGGTGGC). The pcDNA-4mt-D3-
cpv vector used as a matrix for amplification of 4mt was a kind gift from Dr. Roger
Tsien (HHMI investigator at the University of California San Diego, USA). The PCR

fragment was cloned into the HindIII restriction site of pcDNA3-Epac-SH!®7

using the
Infusion HD Cloning system (Clontech). Epac-S™'®7 encodes for a fourth generation
Epacl-based cAMP sensor and was a kind gift from Dr. Kees Jalink (The Netherlands
Cancer Institute, Amsterdam, Netherlands)®*’. Once the pcDNA-4mt-Epac-S'!®7 vector

was amplified in Stellar E. coli (Clontech) bacteria, its identity with parental sequences
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was verified by PCR using primers F (ACTCACTATAGGGAGACC) and R
(TGCGGCCGCCATGGTGGC), and DNA double strand sequencing (INSERM
U1056 — UMR 5165 CNRS UPS — UDEAR, Toulouse, France). Adenoviruses

SH187 SH187

encoding Epac- and 4mt-Epac- were generated by Welgen, Inc.

3.2.5 FRET imaging

Fluorescence resonance energy transfer (FRET) imaging experiments were performed
48h after infection of neonatal cardiomyocytes. Cells were bathed in Hepes-buffered
Ringer’s solution containing: 125 mM NaCl, 25 mM Hepes, 10 mM glucose, 5 mM
K2HPO4, 1 mM MgSOs, and 1 mM CaClz, pH 7.4. For sAC activation by HCO3", the
medium was the Krebs-Henseleit solution containing: 120 mM NaCl, 2.09 mM
K2HPOs4, 0.34 mM KH2POs, 24 mM NaHCO3, 1 mM MgSO4, 1 mM CaClz, and 10
mM D-glucose. Krebs-Henseleit solution was gassed continuously with 95% 02/5%
CO> to maintain a pH of 7.4%?7. Real-time FRET experiments were performed at room

temperature.

Images were captured every 5 s using the 40x oil immersion objective of an inverted
microscope (Nikon TE 300) connected to a software-controlled (Metafluor, Molecular
Devices) cooled charge-coupled device camera (Sensicam PE; PCO, Kelheim,
Germany). CFP was excited during 150-300 ms by a Xenon lamp (100 W, Nikon,
Champigny-sur-Marne, France) using a440/20BP filter and a 455LP dichroic mirror.
Dual emission imaging of CFP and YFP was performed using an Optosplit II emission
splitter (Cairn Research, Faversham, UK) equipped with a 495LP dichroic mirror and
BP filters 470/30 and 530/30, respectively. Average fluorescence intensity was
measured in a region of interest comprising the entire cell. Data were expressed as a
percentage increase of the CFP/YFP ratio measured before application of the drug.

Ratio images were obtained with ImagelJ software (National Institutes of Health).
3.2.6 Cell death measurement

Neonatal cardiomyocytes were isolated as above described. Cells were plated on 35

mm, laminin-coated culture dishes (10 pg/mL) at a density of 4 x 10° cells per dish.
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The day after, cells were infected with sACt and sACfl adenoviruses (generous gift M.
Conti, University of California, CA) in Opti-MEM® (Life technologies, St Aubin,
France) for 24h. After, cells were treated with 10 uM CPT for 48 h or 300 uM H202
for 24 h or 10 ng/ml TNFo/0.1 pg/ml actinomycin D for 24 h. For apoptosis and
necrosis measurement, cell were labelled with Apoptosis/ Necrosis Detection Kit (blue,
green, red) (Abcam) for 1h at room temperature®®!. Then cells were washed with
washing buffer. The cell viability, apoptosis and necrosis were measured with Tecan
Infinite 200 at Ex/Em = 405/450 nm, Ex/Em = 490/525 nm and Ex/Em = 546/647 nm
respectively. For nuclei apoptosis measurement, replaced the medium with 2.5ug/mL
Hoechst (Invitrogen) staining solution (diluted in Opti-MEM medium) and incubated
at 37°C for 15min. Rinsed cells with PBS twice. Aspirated PBS and added fresh Opti-
MEM medium to cells. Neonatal cells were stained with Hoechst dye for 15min at 37°C

as described by the manufacturer. Cells were imaged with Zeiss microscope.
3.2.7 PDE activity

cAMP-PDE activity was measured in the supernatant according to a modification of
the two-step assay procedure method described by Thompson and Appleman. In the
presence of PDEs, [3H]-cAMP was hydrolyzed into [3H]-5'AMP. Addition of snake
venom from Crotalus atrox (containing 5’-nucleotidase) will promote the degradation
of [3H]-5’ AMP into [3H]-adenosine. [3H]-cAMP and [3H]-adenosine will be separated
by using an anion-exchange resin column which retains [3H]-cAMP but releases [3H]-
adenosine. Thus, quantification of the radioactivity present in the eluate represents the
quantity of [3H]-adenosine, reflecting the cAMP-PDE activity of the cell lysate. If the
reaction was performed in the presence of a PDE inhibitor, the concentration of [3H]-
adenosine and the related radioactivity will decrease. Thus, the difference of
radioactivity in the absence and presence of PDE inhibitor directly reflects the activity

of the inhibited PDE.
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3.2.7.1 Composition of the solutions

Lysis buffer
Reagents final concentration
Hepes 20mM
NaCl 150mM
EDTA 2mM
Glycerol 10%
NP-40 0.50%
microcystin IuM
pH 8.0

Incubation Mix, 2 mL

Reagents final concentration
Tris-HCI 40mM
B-ME 20mM
MgCI2 40mM
cAMP 4uM
SH-cAMP 1.75uCi/mL
pH 8.0

Stop Solution, 100mL

Reagents final concentration
Tris-HC1 40mM
EDTA 10mM
Tris-BSA
Reagents final concentration
Tris-HCI 40mM
BSA 0.1%

3.2.7.2 Protein extraction from heart

Tissues (20-50 mg) were weighted and placed in a tube containing ceramic balls (1.4
mm) with 200 pL of lysis buffer in the tube. The tube was placed into the Tissue
Homogenizer (Precellys® 24, Bertin). The two following protocols were carried out:
6500 sec 2x10 on - 5sec off. After, samples were transferred on ice about 10 min and

centrifuged for 10min (12,000g at 4° C). The supernatant was transferred into a tube
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and putted in ice. The protein concentration was measured on the supernatant by BCA

protein assay according to the manufacturer’s instructions.
3.2.7.3 cAMP-PDE activity assay on heart lysate
All reagents and samples were kept on ice. Tubes were labelled and put in ice water.

Preparation of the two following series of tubes (final volume in each tube was 200uL),

each condition in triplicate.

Blank tubes Sample tubes
20uL lysis buffer 20uL samples
50uL 0.08% DMSO (in H20) 50uL 0.08% DMSO or PDE inhibitors
80uL Tris-BSA 80uL Tris-BSA
50uL incubation mix 50pL incubation mix

Samples (20uL) were prepared as follows, depending on the wanted protein
concentration. After the preparation, the tubes were vortexed immediately and
incubated for 25 min at 34°C in a water bath. Then the tubes were put on the ice
immediately. 200uL of the stop solution was rapidly added to stop the enzymatic
reaction. The tubes were vortexed and boiled in the water for 1 min. After, the tubes
were transferred on ice. SOuL snake venom solution was added into each tube. After
vortex, the tubes were allowed to react for 20 min at 34°C in a water bath. After
incubation, the tubes were put on ice. | mL of methanol was added and the tubes were
vortexed again. Chromatographic separation was performed using the anion-exchange resin.
The radioactivity present in the eluate was counted using aliquid scintillation counter. The
blank value was subtracted from each value. The residual hydrolytic activity observed in
the presence of PDE inhibitors was expressed as a percentage of the total cAMP-PDE

activity, corresponding to the cAMP-PDE activity in the absence of inhibitor.
3.2.8 SDS-PAGE and western blot

The cells were detached in the lysis buffer containing: 50 mM Hepes, 400 mM NaCl, 1
mM EGTA, 10% glycerol, 1.5 mM MgClz and 1% Triton X 100 (pH 8.0) by using the
dispenser. The cells were collected and put on ice for 30min. then cell were centrifuged

at 12,000g for 20min at 4°C. The supernatant was transferred to a new tube and kept
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on ice. The protein concentration was determined by BCA assay. The protein samples
were diluted with Sample Buffer (Laemmli 2%, Sigma), mixed and heated for Smin at
95°C. Then the samples were loaded in the precast gel and migrated for 15min at 300V.
After the migration, the membrane and bottom stack were placed on the cassette base
of Trans Blot Turbo (Bio Rad), then the gel was place on top of membrane. The
assembled sandwich was rolled to expel trapped air bubbles. The cassette lid was closed
and locked. Proteins are transferred for 3min at 2.5V. After the transfer, the membrane
was blocked with 5% of milk in PBS-Tween and incubated with diluted primary
antibody in 5% w/v milk PBS-Tween at 4°C with gentle shaking, overnight. The day
after, the membrane was washed with PBS-Tween for 6x5min and incubated with
Horseradish Peroxidase-Conjugated secondary antibody for 1h at room temperature.
The membrane was washed again with PBS-Tween for 6x5min after the secondary
antibody. Then the membrane was incubated with an ultra-sensitive enhanced
chemiluminescent substrate for 5Smin. Images were taken with a gel imaging system

(Bio Rad)**.
3.2.9 siRNA transfection to knockdown sAC and Epacl

On-Target plus SMART pool siRNA, a mixture of four siRNA provided as a single
reagent were purchased from Dharmacon. At day 0, neonatal cardiomyocytes were
plated overnight on 35 mm, laminin-coated culture dishes (10 pg/mL) at 4 x 10°. At
day 1, the cells were transfected with 50 nM sAC/Epacl or non-targeting control siRNA
using Lipofectamine® RNAiIMAX Transfection Reagent for 48 h. Extinction of protein

expression was evaluated by western blot.

3.2.10 Mitochondrial transmembrane potential measurement in neonatal

cardiomyocytes

Isolated rat cardiomyocytes were loaded with 100 nM TMRM at 37°C for 15 min. After,
the sarcolemmal membrane was permeabilized by perfusion of digitonin (5 pg/mL) in
a Ca** free internal solution that contained 50 mM KCI, 80 mM potassium aspartate, 4

mM sodium pyruvate, 20 mM HEPES, 3 mM MgClz, 3 mM NaxATP, 5.8 mM glucose,
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and 0.5 mM EGTA (pH 7.3 with KOH). Then the free Ca?* concentration in the internal
solution was increased to 200 nM. The Ca** was calculated using the maxchelator
program from Stanford. Images were acquired with a Leica (SP5) confocal microscope
(Mannheim, Germany). Excitation was achieved by a white light laser fitted at 549 nm
and emission collected at 570 nm.  Analyses were made with Image J program (Wayne

Rasband, National Institutes of Health, USA).

3.2.11 Mitochondrial transmembrane potential measurement in adult

cardiomyocytes

Mitochondrial transmembrane potential (A¥Ym) was measured according to the
manufacturer’s instructions using Mito-ID® (Enzo Life Sciences, Villeurbanne,
France). The orange fluorescence emission (Excitation = 540 nm, Emission = 570 nm)
associated with energized mitochondria with high transmembrane potential and the
green fluorescence emission (Excitation =485 nm, Emission = 530 nm) associated with
depolarized mitochondria with low transmembrane potential were recorded. The
images were acquired under a 63% Plan-Apochromat (NA 1.40) oil immersion objective

lens using a confocal microscope (Leica).
3.2.12 Measurement of mitochondrial Ca?* in cardiomyocytes

Isolated neonatal or adult rat cardiomyocytes were loaded with 5 uM Rhod-2 at 37°C
for 30 min. To remove cytosolic Rhod-2, the sarcolemmal membrane was
permeabilized by perfusion of digitonin (5 pg/mL) in a Ca** free internal solution that
contained 50 mM KCl, 80 mM potassium aspartate, 4 mM sodium pyruvate, 20 mM
HEPES, 3 mM MgClz, 3 mM NaxATP, 5.8 mM glucose, and 0.5 mM EGTA (pH 7.3
with KOH). After the sarcolemmal membrane was permeabilized, the free Ca**
concentration in the internal solution was increased to 600 nM. The Ca*" was calculated
using the maxchelator program from Stanford. Images were acquired with a Leica (SP5)
confocal microscope. Excitation was achieved by a white light laser fitted at 552 nm

and emission collected at 575 nm. Analyses were made with Image J program.
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3.3 Methods used in isolated mitochondria

3.3.1 Animals

Adult male Wistar rats (180-200 g in body weight) were purchased from Elevage
Janvier (Le Genest St Isle, France). All experiments performed conform to the
European Community guiding principles in the care and use of animals (86/609/CEE,
CE Off J no. L358, December 18, 1986), the local ethics committee (CREEA Ile-de-
France Sud) guidelines, and the French decree no. 97-848 of October 19, 1987 (J Off
République Francaise, October 20, 1987, pp 12245-12248). Authorizations to perform
animal experiments according to this decree were obtained from the French Ministry of

Agriculture, Fisheries and Food (no. 92-283, June 27, 2007).
3.3.2 Isolation of rat cardiac mitochondria

Mitochondria were isolated from the heart of adult male Wistar rats at 8-10 weeks of
age 275-375g; Janvier, Le Genest St Isle, France) as described **2. The following

solutions were prepared in advance as shown in Table 3.7.

Table 3.7 Buffer H

Reagents Cocentration(mM)

Sucrose 0.3 M 300
TES 5 mM 5
EGTA 0.2 mM 0.2
pH 7.2 with KOH

Table 3.8 Buffer H +BSA

Reagents Cocentration(mM)

Sucrose 0.3 M 300
TES 5 mM 5
EGTA 0.2 mM 0.2
BSQ Img/mL
pH 7.2 with KOH

The heart was taken out of the rat after injection of pentobarbital and placed in cold

buffer H. It was rinsed free of blood by using ice-cold buffer H. The heart was cut into
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pieces in 10mL of Buffer H with a scalpel blade and transferred into a 50mL falcon
tube. The heart was grinded with the Polytron 2-3 times rapidly. Then it was
homogenized using the Potter. The homogenate was transferred to a 15mL Falcon tube
and SmL of Buffer H with BSA was added to fill the tube to 15mL and centrifuged at
500 g for 10 min at 4°C. The supernatant was collected by eliminating the maximum
of lipids and the pellet was discarded. The supernatant was centrifuged at 3,000 g for
10 min at 4°C, 2 times. After the centrifugation, the supernatant was removed and the
pellet was gently resuspended in 200uL Buffer H without BSA. Mitochondrial protein
concentration was determined by the BCA method following manufacturer’s
instruction using bovine serum albumin as standard. The mitochondria were kept on ice

until use or frozen at -80°C in the presence of protease inhibitors.
3.3.3 Isolation of mouse cardiac mitochondria

Mitochondria were isolated from the female mice heart at 15-20 weeks of age (Janvier,
Le Genest St Isle, France) as described. The heart was taken out of the mouse after
injection of pentobarbital and placed in cold buffer H on cooling plate. And blood was
carefully eliminated. Heart was transferred into 4 ml of ice cold buffer and cut into
small pieces with cooled scissors. Then the tissue was transferred into 7 ml KONTES®
Dounce Tissue Grinder, and dounced 20 times with pestle A and B. Homogenate tissue
was transferred to 15 mL Falcon tube. Homogenate was centrifuged at 1,000 g for 10
minutes at 4°C .supernatant was transferred to new 15 ml Falcon tube and centrifuged
12,000 g for 10 minutes at 4°C. The supernatant was removed and the mitochondrial
pellet was carefully resuspended in 4ml isolation buffer centrifuged at 12,000 g for 10
minutes at 4°C. The final mitochondrial pellet was resuspended in 100 puL buffer H.
Mitochondria were used freshly for functional experiments or frozen at -80°C in the

presence of protease inhibitors.
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3.3.4 Mitochondrial transmembrane potential (A¥Ym) and swelling

The following solutions were prepared in advance as shown in Table 3.5

Table 3.9 Buffer S

Reagents Cocentration(mM)

Sucrose 200
Succinate 5

MOPS 10

EGTA 10

H3POq4 1

pH 7.4 with KOH

Buffer S was prepared with final concentration of 2uM rotenone. The compounds to be
tested were prepared in 10x concentrations with buffer S. 20uL of compounds or buffer
S (control) was added into 96 wells black microtiter plate with transparent and flat
bottom. 80uL of buffer S was added to per well. Freshly isolated cardiac mitochondria
were diluted at 0.25 pg/ulL with buffer S and rhodamine 123 was added to obtain a final
concentration of 1uM. 100uL of mitochondria were added in each well. The plate was
shacked for 5s and then measure was started for 60min with 2 parameters at room
temperature using Tecan Infinite 200 spectrofluorimeter (Méannedorf, Switzerland).
For membrane potential, the fluorescence at Aex = 485nm and Aem = 535nm was

measured. For swelling, absorbance at 540nm was measured*®?.

3.3.5 Oxygen consumption

Isolated mitochondria (50 pg proteins) from rat heart were incubated with drugs in a
buffer containing 250 mM sucrose, 30 mM KoHPO4, 1 mM EGTA, 5 mM MgCla, 15
mM KCI, and 1 mg/mL bovine serum albumin (BSA) (pH 7.4) supplemented with
respiratory substrates and MitoXpress, an oxygen-sensitive phosphorescent dye
(LUXCEL, Cork, Ireland). Oxygen consumption was measured in real time for 60 min
at 30°C in 96-well plates using Tecan Infinite 200 (Excitation = 380 nm; Emission =
650 nm) in the presence of 1.65 mM ADP and with 5 mM malate and 12.5 mM

glutamate %2,
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Table 3.10 Oxygen consumption buffer

Reagents Cocentration(mM)

Sucrose 250
KCl 15
MgClz 5
EGTA 1
K2HPO4 30

3.3.6 Ca?" accumulation measurement

Isolated mitochondria (25 pg proteins) were incubated with 5 puM Rhod-2 (Enzo Life
Sciences, Villeurbanne, France) in the buffer containing 200 mM sucrose, 10 mM
MOPS, 10 uM EGTA, 1 mM H3POs4, 5 mM succinate and 2 uM rotenone for 30 min
in dark at room temperature. After, the mitochondria were washed 2 times. Then, the
mitochondria were treated with various drugs for 10 min before applying Ca®".
Fluorescence was measured in real time for 60 min at room temperature in 96-well

plates using Tecan Infinite 200 (Excitation =552 nm; Emission =581 nm).
3.3.7 cAMP measurement in isolated mitochondria

cAMP measurements were performed according to the manufacturer’s instructions
using monoclonal anti-cAMP antibodybased direct cAMP ELISA Kit (New East
Biosciences, King of Prussia, PA, USA) on freshly isolated mitochondria from rat
hearts (500 png proteins per sample). The mitochondria were incubated with different
drugs for 30 min at RT. Then they are centrifuged at 3,000 g for 10min at 4°C. The
pellet was lysate in 0.1M HCI+1% Triton X 100 for 10 min and centrifuged for at
12,000¢g for 10min at 4°C. The supernatant were kept on ice. Neutralizing Reagent (50
uL) was added into each well, except the TA (Total Activity) and Blank wells. 100 pL
of 0.1M HCI was added into the NSB (None Specific Binding) and the Bo (0 pmol/mL
Standard) wells. 100 puL of Standards and sample were added into the appropriate wells.
50 uL of 0.1 M HCI, 50 pL of Conjugate and 50 puL of Antibody were added into the
NSB wells, the TA and Blank wells and all the wells, except the Blank, TA and NSB
wells respectively. The plate was incubated at room temperature for 2 hours on a plate

shaker at 250~500 rpm. After the incubation, the contents were removed from the wells
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and washed by adding 400 pL of wash solution to every well, repeated 2 more times
for a total of 3 washes. After the final wash, the wells were aspirated, and firmly taped
the plate on a lint free paper towel to remove any remaining wash buffer. 5 uL of the
Conjugate was added to the TA wells. 200 pL of the Substrate solution was added to
every well. Then the plate was incubated at room temperature for 15 minutes without
shaking. (Substrate A and B were mixed together in equal volumes within 15 minutes
of use, protected from light.) After, 50 uL of Stop Solution was added to every well to
stop the reaction and the plate was read immediately. The reading is performed at 450

nm, preferably with correction between 570 and 590 nm?2337%383,

3.3.8 ATP measurement

ATP measurements in isolated mitochondria were performed according to
manufacturer’s instructions using ATP Bioluminescence Assay Kit CLSII (Roche,
Basel, Switzerland).The mitochondria were incubated with different drugs for 30 min
at RT. Then they are centrifuged at 10,000 g for 10min at 4°C. The pellet was lysate in
200uL lysis reagent for 30min on ice and then boil 2 min and centrifuged at 10, 000g
for 10min at 4°C. After the centrifugation, the supernatant was collected and diluted 5
times with dilution buffer. ATP standard was diluted with dilution buffer by serial
dilution in the range of 10" to 10" M. 50 pL of sample and ATP standard were added

into the 96 well plate with 20 pL of the luciferase and read immediately.
3.3.9 Bioenergetic analysis in isolated mitochondria

The XFe96 Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica, MA,

USA) was used to measure mitochondrial bioenergetic function®%*

. Respiration by the
mitochondria (0.5 pg/well) was sequentially measured in a coupled state with substrate
present (basal respiration, State 2) in Mitochondrial Assay Solution (70 mM sucrose,
220 mM mannitol, 10 mM KH2PO4, 5 mM MgClz, 2 mM HEPES, 1 mM EGTA and
0.2% (w/v) fatty acid-free BSA, pH 7.2). State 3 initiated with ADP, state 4 induced

with the addition of oligomycin (State 40), and FCCP-induced maximal uncoupler-

stimulated respiration (State 3u) were sequentially measured. At the end of the
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experiment the Complex III inhibitor, antimycin A was applied to completely shut
down the mitochondrial respiration. Injections were as follows: port A, 20 uL of 40
mM ADP (4 mM, final); port B, 22 uL of 25 pg/mL oligomycin (2.5 pg/mL, final);
port C, 24 uL of 40 uM FCCP (4 puM, final); and port D, 26 uL of 40 uM antimycin A
(4 uM, final).
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4 Results

4.1 Article 1: A cardiac mitochondrial cAMP signaling pathway

regulates calcium accumulation, permeability transition and cell death
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A cardiac mitochondrial cAMP signaling pathway
regulates calcium accumulation, permeability
transition and cell death

ZWang', D Liu', A Varin', V Nicolas?, D Courilleau?, P Mateo', C Caubere®, P Rouet®, A-M Gomez', G Vandecasteele', R Fischmeister'
and C Brenner*'2

Although cardiac cytosolic cyclic 3',5'-adenosine monophosphate (CAMP) regulates multiple processes, such as beating,
contractility, metabolism and apoptosis, little is known yet on the role of this second messenger within cardiac mitochondria.
Using cellular and subcellular approaches, we demonstrate here the local expression of several actors of cAMP signaling within
cardiac mitochondria, namely a truncated form of soluble AC (sAC,) and the exchange protein directly activated by cAMP 1 (Epac1),
and show a protective role for sAC; against cell death, apoptosis as well as necrosis in primary cardiomyocytes. Upon stimulation
with bicarbonate (HCO3) and Ca®*, sAC, produces cAMP, which in turn stimulates oxygen consumption, increases the
mitochondrial membrane potential (AWm) and ATP production. cAMP is rate limiting for matrix Ca®* entry via Epac1 and the
mitochondrial calcium uniporter and, as a consequence, prevents mitochondrial permeability transition (MPT). The mitochondrial
cAMP effects involve neither protein kinase A, Epac2 nor the mitochondrial Na*/Ca%* exchanger. In addition, in mitochondria
isolated from failing rat hearts, stimulation of the mitochondrial cAMP pathway by HCOj3 rescued the sensitization of mitochondria
to Ca®*-induced MPT. Thus, our study identifies a link between mitochondrial cAMP, mitochondrial metabolism and cell death in the
heart, which is independent of cytosolic cAMP signaling. Our results might have implications for therapeutic prevention of cell
death in cardiac pathologies.

Cell Death and Disease (2016) 7, €2198; doi:10.1038/cddis.2016.106; published online 21 April 2016

Mitochondria are involved in cell life and fate decision through tissue damage.'"'> MPT can be a critical event in severe
their multiple biological functions in energetic metabolism, cardiac diseases such as ischemia—reperfusion injury
reactive oxygen species (ROS) detoxification and cell and heart failure (HF) as well a radiation-induced
death.’ These functions are crucially regulated to provide  cardiotoxicity.'"">'* Hence, MPT inhibition by cyclosporin A
sufficient energy for cell functions, maintain mitochondrial (CsA) has been shown to limit cardiac damages and improve

membrane integrity and avoid excessive cell death.*® More- cell survival. Inhibition of MPT has thus become an attractive
over, mitochondria may participate in Ca®* homeostasis via therapeutic strategy in cardioprotection.'®

matrix Ca®" accumulation through the mitochondrial Ca®* Cyclic 3',5-adenosine monophosphate (CAMP) is a major
uniporter (MCU), Ca?* release into the cytosol and propaga- second messenger in many organs, particularly in the heart,

tion to other mitochondria, notably in excitable cells.®® In where it regulates diverse physiological processes such as

cardiomyocytes, intracellular Ca®* movements are crucial Ca®* homeostasis, beating frequency and myocardial con-
for proper myofibril contraction and relaxation and energetic tractility as well as cell death.'® In the working myocardium,
metabolism. Moreover, recent studies in cardiomyocyte- cAMP can activate protein kinase A (PKA) and/or the
specific mutant mouse lacking the MCU showed a link exchange protein directly activated by cAMP (Epac) to
between mitochondrial Ca®* uptake and energetic supply in mediate diverse biological effects, including cardiac remodel-
relation with cardiac workload during acute stress.®'® In  ingand hypertrophy.'” 22 In addition to tmACs, cCAMP can also
contrast, excessive mitochondrial Ca®* accumulation, ROS be generated by soluble adenylyl cyclase (sAC), which is not
production and adenine nucleotide depletion result in the regulated by heterotrimeric G proteins or forskolin (FSK), but
sudden opening of a megachannel, namely the permeability ~ can be activated by bicarbonate (HCO3) and Ca®*.182324 sAC
transition pore complex. The prolonged opening of this was found inside mitochondria in the brain and liver and
unspecific pore leads to the mitochondrial permeability — in certain mammalian cell types.2>2° In the liver and brain,
transition (MPT), cell death, inflammation and irreversible in response to HCOj3 and/or Ca?*, mitochondrial cAMP
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B

stimulates oxidative phosphorylation and ATP production.®°
In coronary endothelial cells, HCO3 indirectly modulates the
cell fate through apoptosis.>'*? As a result, this pathway
serves as a mechanism for metabolic adaptation to mitochon-
drial dysfunction and could be a potential novel target to treat
genetic mitochondrial diseases.®® Altogether, these findings
suggest that mitochondrial sAC functions as a metabolic
sensor to stimulate mitochondrial biological functions. If
proven in primary cardiomyocytes, this intramitochondrial
cAMP pathway might have clinical implication in HF as
patients diagnosed with HF have markedly impaired mito-
chondrial metabolism and cAMP signaling, both contributing
to cardiomyocyte dysfunction.®3*

Intrigued by these previous findings, we tested the
existence of a cAMP mitochondrial pathway in differentiated
adult and neonatal cardiomyocytes and observed that activa-
tion of this pathway prevents various cell deaths. Our results
also show that cardiac mitochondria isolated from adult rat
hearts contain a truncated form of sAC (sAC;) as a source of
cAMP as well as Epac1. A role of this local pathway is to
control mitochondrial Ca®* entry through the MCU and to
prevent the deleterious consequences of mitochondrial Ca*
overload such as dissipation of mitochondrial membrane
potential (AWm) and induction of MPT. Interestingly, this
mitochondrial sACi-Epac1-MCU pathway remains functional
in a rat model of HF induced by aortic stenosis and its
activation prevents MPT.

Results

Mitochondrial cAMP prevents cardiac cell death,
apoptosis as well as necrosis. To evaluate the capacity
of sAC and cAMP to regulate the cardiomyocyte cell fate, we
infected primary neonatal cardiomyocytes with two adeno-
viruses to overexpress the full-length sAC (sACy) and the
sAC;,, respectively, 24 h before cell death induction by three
different cell death inducers, that is, camptothecin, H>O,
and TNF-a+actinomycin D. We showed that the stimulation
of endogenous sAC with HCO3 as well as overexpression of
sAC; prevented the various cell death modalities, apoptosis
as well as necrosis measured by annexin/7-AAD labeling
(Figures 1a and b). In contrast, inhibition of sAC with
2-hydroxyestradiol (2HE), a sAC inhibitor,?® aggravated
significantly cell deaths (Figure 1a). We observed also that
cAMP protects from nuclei alterations measured by counting
Hoechst-stained nuclei exhibiting morphologic and biochem-
ical alterations, that is, pycnosis and karryorrhexis
(Figures 1c—).

Mitochondrial sAC produces locally cAMP and regulates
AWm upon calcium overload. As mitochondria may be
impermeant to cytosolic cAMP,3® we constructed an adeno-
virus encoding a cAMP-sensitive fluorescence resonance
energy transfer (FRET) sensor (Epac-S"'87)% fused with a
4mt sequence and infected rat neonatal cardiomyocytes with
this sensor, 4mt-Epac-S"'®”. The localization of 4mt-Epac-
SH187 in mitochondria was shown by colocalization of its
green fluorescence with mitotracker red fluorescence (Pear-
son's coefficient: 0.92+0.02, n=6) (Figure 2a). Following
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infection with 4mt-Epac-S"'®”, we sequentially treated the
cells with HCO3 to activate sAC, FSK to activate tmAC
and 8-CPT-2’-OMe-cAMP-AM (8CPT-cAMP AM), a permeant
cAMP analog, to directly activate the sensor (Figure 2b).
Addition of HCO3 induced an increase in cAMP measured by
4mt-Epac-S"'®7 (Figure 2b), which was virtually absent when
the cells were infected with the cytoplasmic cAMP sensor
Epac-S"'®7 (Figure 2c). On the contrary, FSK induced a large
response of cCAMP measured with the cytoplasmic sensor
(Figure 2c) and a smaller response of cAMP measured with
the mitochondrial sensor (Figure 2b). These results are
compatible with HCOj3-activating sAC in mitochondria and
FSK increasing cAMP in the cytoplasm by activating tmAC.
The small response to FSK observed with 4mt-Epac-S™'8”
might be due to incomplete targeting of the probe to
mitochondria. Of note, 4mt-Epac-S"'®” has a much higher
dynamic range than previously published sensors such as
mito-EpacH90,% so that even a small expression of the probe
in the cytosol would lead to a detectable signal. Alternatively,
the small response to FSK measured with 4mt-Epac-S™'87
might be due to Ca®" stimulation of sAC in the matrix upon
FSK stimulation as suggested previously,?® or to a small
permeability of the mitochondrial inner membrane (IM) to
cAMP. Interestingly, 2HE totally prevented the mitochondrial
cAMP increase elicited by HCOj3 (Figure 2d). This confirms
the involvement of a mitochondrial sAC as a source of cAMP
in cardiomyocytes.

To address the role of sAC in the regulation of mitochondrial
function, cardiomyocytes were transfected with siRNA control
and siRNA against sAC for 48 h. Next, they were loaded with
the fluorescent AWm indicator, TMRM, permeabilized and
treated with Ca*. The decrease in the level of SAC did not
induce any changes of the mitochondrial network (Figures 2e
and f). However, the measure of the TMRM fluorescence ratio
showed that silencing of sAC markedly aggravated the loss of
AYm induced by Ca®*, suggesting a role of cAMP in AWm
control in stress conditions.

cAMP is produced by sACt in isolated mitochondria.
Mitochondria were isolated from rat heart ventricles by
differential centrifugation and extensive washes.®” First, we
analyzed their morphology by transmission electron micro-
scopy (Figure 3a) and their purity by western blotting
(Figure 3b). As expected, mitochondria appeared round-
shaped (mean diameter, 0.8 um) and presented numerous
cristae, compatible with a high respiratory capacity. In
comparison with rat ventricles homogenate (H), isolated
mitochondria (M) were enriched in the adenine nucleotide
translocase (ANT), an IM protein and almost not contami-
nated by cytosolic proteins such as GAPDH, myofibrillar
proteins such as troponin | (Tnl) and sarcoplasmic reticulum-
associated proteins such as phospholamban (PLB)
(Figure 3b). Using specific monoclonal antibodies, we
detected the sAC; (48 kDa) and the sACy (187 kDa) in H
fraction, whereas only the short form, which is the active
form,®® was found in the mitochondria preparation
(Figure 3b). Next, we measured cAMP production in freshly
isolated mitochondria. We observed that HCO3 and also, to a
lesser extent, Ca*-stimulated cAMP production in a dose-
dependent manner and potentiated the response to ADP
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Mitochondrial cAMP protects cell death induced by camptothecin (CPT), hydrogen peroxide (H.O,) and tumor necrosis factor-a (TNFa) in neonatal

cardiomyocytes. (a) Cells were treated with vehicle, 15 mM HCO3 and 25 1M 2HE in the presence of 10 M CPT for 48 h or 300 xM H,O, for 24 h or 10 ng/ml TNFa/0.1 pg/ml
actinomycin D for 24 h. (b) Cells were infected by adenoviruses encoding /-galactosidase (4-gal), SAC; and sACy for 24 h and then treated with 10 M CPT for 48 h or
300 M H,0, for 24 h or 10 ng/ml TNFa/0.1 pg/ml actinomycin D for 24 h. *P<0.05, **P<0.01 versus vehicle or /-gal viability; *P<0.05, *P<0.01 versus vehicle or p-gal
apoptosis; *P<0.05, ¥¥P<0.01 versus vehicle or /-gal necrosis (n=3). (c) Representative fluorescence images of nuclear staining with Hoechst 33342. (d-f) Quantitative
analysis of cell death rate. Cells were infected with adenoviruses encoding -gal, sAC; and sACy for 24 h and then treated with CPT (10 M) for 48 h, H,O, (300 M) or
TNFa/actinomycin D (10 ng/ml, 0.1 pg/ml) for 24 h, or cells were treated with vehicle, 15 mM HCO3 and 25 M 2HE in the presence of CPT (10 M) for 48 h, H,0, (300 1M) or
TNFa/actinomycin D (10 ng/ml, 0.1 zg/ml) for 24 h. *P<0.05, *P<0.01, **P<0.001 versus f-gal; *P<0.05, *P<0.01, **P<0.001 versus vehicle (n=23)

(Figure 3c). Although a small stimulatory effect of Ca®* on
cAMP production was observed at 0.1 uM, when increasing
the concentration to 10 uM, mitochondria lost their membrane
potential (not shown), lowering markedly cAMP production
(Figure 3c). Ca®* effects were abolished in the presence of
RU360, confirming that the effect on cAMP levels is due to a
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specific uptake of Ca®* within the matrix. Similarly, when
mitochondria were depolarized by the protonophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), no cAMP
production was detected even in the presence of HCO3
(Figure 3d). Moreover, 2HE reduced basal and fully blocked
HCOg3-stimulated cAMP production (Figure 3d). As a control,
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Figure 2 Mitochondrial SACt produces locally cAMP and regulates AWm upon calcium overload. (a) Mitochondrial localization of the 4mt-Epac-SH'8” cAMP sensor in rat
isolated neonatal cardiomyocytes. Confocal images of cardiomyocytes infected with 4mt-Epac-S""'®” (green) and stained with MitoTracker Red. The colocalization of 4mt-Epac-
SH187 with MitoTracker is shown in yellow. Bar scale, 10 M. (b and ¢) Representative kinetics of percentage increase in CFP/YFP recorded in rat neonatal cardiomyocytes
infected with either 4mt-Epac-S"'®” (b) or Epac-S"'®” sensor (¢) and sequentially stimulated with 24 mM HCO3, 25 M FSK and 20 M 8CPT-cAMP AM. (d) Representative
kinetics of percentage increase in CFP/YFP recorded in rat neonatal cardiomyocytes infected with 4mt-Epac-SH'®7 exposed to 25 M 2HE in the absence or presence of 24 mM
HCO3, and finally to 20 .M 8CPT-cAMP AM (b, n=19; ¢, n=6;d, n=7). (€) SAC expression in neonatal rat cardiomyocytes transfected with non-targeting small interfering RNA
(siRNA) (si-Control) or sAC siRNA (si-sAC). (f) Representative confocal images of tetramethylrhodamine, methyl ester (TMRM)-labeled permeabilized neonatal rat
cardiomyocytes transfected with si-Control or si-SAC at time 0 s (left) and 900 s (right) after Ca®* (600 nM) addition. Bar scale, 50 M. (g) Averaged values of mitochondrial
membrane potential (measured as F/FO, where F is the TMRM fluorescence signal at 900 s and FO is the signal at time 0 s of Ca* addition) (n=50). **P< 0.01 versus si-Control

Cell Death and Disease

69



50 1

45 4
40 4
35 4 XL :
30
25 4

cAMP (pmol/mg)

«H#

20 4
15 4

10 4

5

Ga’ Ca’'+Ru360

— Control —— 8Br-cAMP —— HCO,’
AA

2400 -
2200 -
2000 A
1800 A
1600 4
1400 A
1200 A
1000 A
800 A

600 T T T T T T 1
0 600 1200 1800 2400 3000 3600 4200

Time (s)

G+M Rot Succ T+A Azide

A¥m (RFU)

Cardiac mitochondrial cAMP pathway
Z Wang et al

o[-

b

ANT (33kDa)

H M M

H
— sAC, (187kDa)

= |

GAPDH (36kDa) sAC, (48kDa)

Tnl (24kDa)

el
e
—
| ———

PLB (6kDa)

ok

|_.

ns

*k

cAMP (pmol/mg)

IS
Q\O

45000 -
40000 4
35000

IR Control [ 8Br-cAMP [ HCO3"

30000 4
25000 4
20000 A

AUC (AU)

15000
10000 A
5000

Complex Il+

Complex IV

Complex |
Complex Ill

Figure 3 cAMP produced by sAC regulates mitochondrial transmembrane inner potential (AWm). (a) Transmission electron microscopy image of isolated subsarcolemmal
mitochondria from rat heart ventricles. Bar scale, 1 xM. (b) Purity analysis of mitochondrial fraction by western blot. Protein ANT, inner membrane; glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), cytosol; PLB, sarcoplasmic reticulum; Tnl; myofibrils; SACq and sAC; were probed in heart homogenate (H) and mitochondria (M). Results are
representative of three independent experiments. (c) cAMP levels produced in isolated mitochondria in the presence of HCO3, Ca®* and Ca®*+Ru360 (a MCU inhibitor, 1 nM),
under basal condition or upon stimulation with 1.65 mM ADP, determined by enzyme-linked immunosorbent assay (ELISA) (n=4-5). (d) cAMP levels in isolated mitochondria
under basal condition or in the presence of 15 mM HCOg3, 25 uM 2HE, HCO3+2HE, 25 uM FSK, 5 uM CCCP or CCCP+HCOj3, determined by ELISA. Control, untreated
mitochondria; NS, not significant (n=3-7). (e) A¥m was evaluated with Rhod123 fluorescence in the absence or presence of 1 mM 8Br-cAMP or 15 mM HCOj3 in isolated
cardiac mitochondria with different respiratory substrates: 0.25 mM malate (M) and 0.5 mM glutamate (G) for complex | (inhibited by 2 M rotenone (Rot)); 0.5 mM succinate
(Succ) for complexes Il and Il (blocked by the complex IIl inhibitor antimycin A (AA), 0.25 pg/ml) and 0.05 mM TMPD (T) with 0.2 mM ascorbate (A) for complex IV (inhibited by
5 mM sodium azide). RFU, relative fluorescence unit. (f) Comparison of 8Br-cAMP and HCOj3 effects on A¥Wm stimulated with various respiratory substrates. Areas under the
curve (AUC) were calculated from experiments such as that shown in (e) (n=3). AU, arbitrary units. *P< 0.05, **P<0.01, ***P<0.001 versus Control; *P<0.05, *#P<0.01

versus Control with ADP

FSK had no stimulatory effect on cAMP in isolated
mitochondria, confirming clearly the absence of tmAC within
mitochondria (Figure 3d).

cAMP increases AWm, respiration and ATP levels. Next,
the AYm was montored with the probe, rhodamine 123
(Rhod123), in the presence of various respiratory substrates
(Figures 3e and f). We used 8Br-cAMP, a membrane-
permeant cAMP analog, as a control, and HCOg3 to stimulate
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endogenous production of cAMP. Figure 3e shows that
8Br-cAMP slightly hyperpolarized mitochondria in condition
of complex I-driven respiration, but failed to have any effect in
the presence of respiratory substrates for complexes II-IV. In
contrast, HCOg3 triggered a hyperpolarization in all conditions
of substrates (Figure 3f). This hyperpolarization was
accompanied by an increase in oxygen consumption in
response to HCO3 (Figure 4a). Finally, when mitochondria
were stimulated by HCOg3 or Ca?*, this led to an increase in
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ATP production both in the absence and presence of ADP
(Figure 4b). These data indicate that cAMP produced by a
mitochondrial sAC stimulates the oxidative phosphorylation
increasing AWm and mitochondrial ATP synthesis.

cAMP delays Ca**-induced MPT. We hypothesized that the
cyclic nucleotide could have a role in the regulation of MPT.3°
In isolated cardiac mitochondria, MPT can be elicited by
10 uM Ca®* and prevented by 5 uM CsA and detected as a
loss of AWm and a matrix swelling.®” We used two robust

Cell Death and Disease

71

miniaturized assays®"**° to concomitantly measure the effect
of sAC inhibition by 25 uM 2HE on mitochondrial depolariza-
tion (Figures 4c and d) and matrix swelling (Figures 4e and f)
induced by 10 uM Ca2*. sAC inhibition by 2HE accelerated
the depolarization (Figures 4c and d) and swelling
(Figures 4e and f) induced by Ca®**, as shown by the
decreased half-time of AWm loss and swelling (Figures 4d
and f). Conversely, 15 mM HCOj3 slowed both processes
(Figures 4d and f), suggesting that cAMP elevation confers a
protection of mitochondria from Ca®*-induced MPT.
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versus Control

Mitochondrial cAMP effects are independent of PKA.
cAMP effects are classically mediated by activation of two
main effectors, PKA and Epac to regulate a plethora of
biological functions in the heart.’® In mitochondria, PKA has
been reported to be associated with outer membrane (OM) or
to be in the matrix for controlling mitochondrial dynamics and
oxidative metabolism.3%*"*2 We thus examined whether PKA
was involved in the mitochondrial cAMP effects by testing the
effects of two different pharmacological PKA inhibitors, H89
and KT5720, on the induction of MPT by Ca?*. As shown in
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Supplementary Figure 1, these inhibitors had no significant
effect on AWm and swelling, indicating that PKA may not be
involved in MPT regulation.

Epaci mediates cAMP effect on respiration and MPT.
Then, we checked the expression of Epac isoforms. As
shown in Figure 5a, both Epac1 and Epac2 isoforms were
found in isolated cardiac mitochondria as well as in mitoplasts
generated by osmotic shock, but were absent in the
postmitoplast supernatant. This suggests that Epac can be
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anchored to the IM facing the mitochondrial matrix or the
intermembrane space or localized in the matrix.

To evaluate the functional role of Epac, we used three
pharmacological Epac inhibitors exhibiting different specifi-
cities and tested their effects on Ca®*-induced depolarization
and swelling as well as oxygen consumption. We used ESI09,
a pan-Epac inhibitor, ESI05, an Epac2-selective inhibitor,?"#*
and CE3F4, an Epaci-selective inhibitor.** As shown in
Figure 5b, Epac1 inhibition with 50 uM CE3F4 decreased
basal oxygen consumption and also prevented the stimulatory
effect of HCO3. Moreover, CE3F4 accelerated Ca®*-induced
depolarization (Figures 5¢ and d) and swelling (Figures 5e
and f). Similar findings were obtained with ESI09 but not with
ESIO5 (Supplementary Figure 2). These data thus point to
Epac1 as a key effector in mitochondrial cAMP effects.

Next, we tested the effect of Epac1 on the level of matrix
ca®* using the Rhod-2 probe, and CGP37157, a mitochondrial
Na*/Ca®* exchanger (NNCX) inhibitor, appeared to accelerate
Ca®* entry in isolated mitochondria (Figures 6c and d). This
effect was similar to that of CE3F4. However, the combination
of both inhibitors produced an additive effect, suggesting that
they act via two distinct mechanisms. Thus, it is unlikely that
Epac1 regulates mNCX. To examine the role of MCU, we used
RU360, a highly specific MCU inhibitor. As anticipated, RU360
(from 0.2 to 1 nM) induced a dose-dependent inhibition of Ca®*
entry (Supplementary Figure 3). Interestingly, inhibition of
Epac in the presence of non-maximal concentrations of
RU360 partially restored Ca®* entry within mitochondria
(Figures 6e and f and Supplementary Figure 3), but this effect
was abrogated when the MCU was fully inhibited with 1 nM
RU360 (Supplementary Figure 3a). These results suggest that
MCU is the major effector of Epac1 for the regulation of
mitochondrial Ca®* movements.

Epacl mediates mitochondrial Ca?*accumulation and
AWm loss in cardiomyocytes. The Epaci silencing by
siRNA indicated that a decreased level of Epac1 in neonatal
rats decreased A¥Ym (Figures 7a and c) and in parallel
accelarated the mitochondrial calcium entry (Figures 7d and
e), as does the inhibitor CE3F4 in adult permeabilized
cardiomyocytes upon addition of Ca2* (Figures 7f and g). At
this concentration, Ca®* did not affect AWm, avoiding any
artifact since most ions and metabolites transports are
dependent of the AWYm (Supplementary Figures 4a and b).
We also checked that our conditions of fluorescence
excitation did not trigger MPT (Supplementary Figures 4c
and d). Altogether, these results suggest that Epac1 has a
role in reducing the entry of Ca®* in mitochondria, and then
indirectly stabilizes the AWm in primary cardiomyocytes.

The mitochondrial cAMP pathway can prevent MPT in HF
rat model. To evaluate the ability of the mitochondrial cAMP
pathway to regulate MPT in a pathological model, we induced
HF in rats by transverse aortic constriction (TAC) during 22
weeks.*® As shown in Supplementary Figure 5a, TAC rats
showed a strong cardiac and lung hypertrophy. Accordingly,
cardiac function and the fractional shortening of the left
ventrice were diminished (Supplementary Figures 5b and c).
Expression level of various proteins was analyzed in heart
ventricle homogenates and mitochondrial fraction. As shown
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in Figures 8a and b, sAC; protein expression was reduced
and Epacl expression was increased in homogenate
and mitochondria from HF as compared with sham hearts.
MCU expression was similar in mitochondrial fraction
from HF and sham rats. To explore how HF affects
mitochondrial Ca®*-induced MPT, Ca*-induced mitochon-
drial depolarization and Ca* accumulation was measured in
isolated mitochondria from HF and sham rats. As shown in
Figures 8c and d and Supplementary Figures 6a—d, Ca®*
induced a faster depolarization and Ca* uptake in HF than in
sham mitochondria. In line with this, Ca®* induced a faster
mitochondrial swelling in HF than in sham mitochondria
(Figure 8e and Supplementary Figures 6e and f). This
confirms that MPT is altered in HF, which could make
mitochondria more vulnerable to Ca®* overload.*® Interest-
ingly, mitochondria from HF rats still responded to HCO3
stimulation of mitochondrial cCAMP production by sAC, by
delaying AWm loss, Ca®* entry and MPT (i.e. matrix swelling).
These effects were blunted by sAC or Epac1 inhibition with
CE3F4 (Figures 8c—e and Supplementary Figures 6a—f).

Discussion

In this study, we characterized a functional cAMP pathway
within the mitochondria of neonatal and adult cardiomyocytes,
which can regulate mitochondrial function and cell death.
cAMP is locally produced within the mitochondria by a
Ca?*/HCO3-sensitive sAC, and activates Epac1 to stimulate
oxidative metabolism while preventing MPT by limiting
mitochondrial Ca2* accumulation via MCU. As HCO3 produc-
tion can be catalyzed by carbonic anhydrase from CO, and
H>0, CO, being produced by the Krebs cycle and the pyruvate
deshydrogenase inside mitochondrial matrix, our data thus
link, for the first time, mitochondrial metabolism, cAMP and cell
death in the heart, independently of cytosolic cAMP signaling.

Our data are in good agreement with pioneer studies revealing
the existence of a mitochondrial CAMP signaling in various cell
types.?”2° Prompted by the observation that a G-protein- and
FSK-insensitive sAC is present in various organelles,384"
Acin-Perez et al?” discovered a CO,-HCO3-sAC-cAMP-PKA
(mito-sAC) signaling cascade entirely contained within the
mitochondria. This mito-sAC cascade serves as a metabolic
sensor modulating ATP generation and ROS production in
response to nutrient availability.?® By targeting the recently
developed Epac-SH'®” cAMP FRET sensor®® to the mitochon-
dria, we showed that sAC activation by HCO3 increases
mitochondrial CAMP in neonatal cardiomyocytes, as shown
earlier in HeLLa and CHO cells.®® We showed that the constitutive
mitochondrial cAMP signaling pathway regulates AYm and MPT
not only in healthy but also in failing heart mitochondria and that
these functions are mediated by Epac1.

A functional mito-sAC pathway in mitochondria from
adult heart. Although it was already known that sAC can be
localized into mitochondria,*”*° little was known about their
biological function in the organelle. Here, we identified
endogenous sAC; in cardiac mitochondria and mitoplasts.
We showed for the first time that increasing intramitochon-
drial cAMP level delays the onset of MPT, while stimulating
oxygen consumption. Although HCO3 and Ca®* enhanced
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Figure 6 Epact prevents Ca®* entry into mitochondria via the Ca®* uniporter and not the Na*/Ca®* exchanger. (a) Measurement of Ca®* accumulation in isolated
mitochondria using Rhod-2. HCO3 was used at 15 mM, and CE3F4 was used at 50 uM. (b) Half-time of Ca* entry into mitochondria calculated from experiments such as that
shown in (a) (n=5). (c) Time course of Ca®* accumulation in isolated mitochondria in the presence of 15 mM HCO3, 50 M CE3F4 and 10 xM CGP37157 (a mNCX inhibitor).
(d) Half-time of Ca®* accumulation into mitochondria calculated from experiments such as that shown in (c) (n=5). (€) Time course of Ca* accumulation in isolated mitochondria
in the presence of 15 mM HCO3, 50 M CE3F4 and 0.4 nM Ru360 (a MCU inhibitor). (f) Half-time of Ca®* accumulation into mitochondria calculated from experiments such as

that shown in (e) (n=5). “P<0.05, **P<0.01 and ***P<0.001

cAMP production, HCO3 was more potent than Ca?*, which
is in line with the fact that HCO3 and Ca®* stimulatory
effects are not redundant: HCO3 modulates the active site of
sAC, whereas Ca>" increases ATP affinity.?” Interestingly,
a specific inhibitor of sAC, 2HE, totally prevented the effects
of HCO3 and Ca?*, indicating that sAC may be the unique
source of mitochondrial cAMP.

Effectors of mitochondrial cAMP. While PKA is the
canonical mediator of cCAMP in a number of cell functions
and cell subcompartments, and was shown earlier to regulate
mitochondrial ATP and ROS production,2”-2%%051 PKA was
clearly not involved in the induction of MPT by Ca®* as H89
and KT5720 failed to modulate it. We thus focused our
interest on Epac, because it emerged in the past decade as

Cell Death and Disease



Cardiac mitochondrial cAMP pathway
Z Wang et al

a

si-Control si-Epac1

Epac1(99kDa)

GAPDH (36kDa)
C

900s

0.7 - ]-

*

si-Control

F/FO

0.3 -

0.2 4

si-Epac1

0.0

si-Control si-Epac1

600s e
4.0 -

3.0 1

2.5 1 '|'

2.0 1

F/FO

1.5 4
1.0 4
0.5 4

si-Epac1

si-Control o
. . o .
w

0.0

si-Control si-Epac1

600s g

-
o
@

*

1.6 -

1.4
1.2

Control

1.0 1

0.8 1
0.6 1
0.4 4
0.2 1

0.0

Control CE3F4

CE3F4
F/FO
-
-
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another important player in cAMP signaling.2® Although Epac
possesses a mitochondrial-targeting sequence at its N
terminus and has been shown to be localized inside
mitochondria by heterologous expression,®® to our knowl-
edge there has been no report on a role for this protein in
mitochondrial function. Although the Epac2-selective inhibitor
ESIO05 had no effect, the non-selective inhibitor ESI09 or the
Epac1-selective inhibitor CE3F4 antagonized the induction of
MPT by Ca?*. This indicates that Epac1 but not Epac2 is
involved in the regulation of MPT. We found also that CE3F4
inhibits oxygen consumption. As the efficiency of CE3F4 to
regulate oxygen consumption with a better efficiency than
MPT, we speculate that Epac1 could have several targets,
which remain to be identified, regulating differentially various
mitochondrial functions.

In neonatal rat cardiomyoctes, silencing of Epac1 modu-
lated the Ca®" entry and the A¥m. In the heart, Epac1 was
recently shown to be localized and functionally involved also in
nuclear signaling, whereas Epac2 is located at the T tubules
and regulates arrhythmogenic sarcoplasmic reticulum Ca®*
leak.>® While the intermediate downstream effector(s) of
mitochondrial Epac1 still need to be identified, our results
indicate that Epac1 activation may inhibit MCU activity. This
hypothesis is supported by the fact that inhibition of MCU, but
not of mMNCX, mimics the effects of mitochondrial cAMP
elevation in preventing MPT. Thus, we propose that activation
of mitochondrial Epac1 protects the organelle from Ca®*
overload and from subsequent MPT via MCU modulation.

Possible implications of the mitochondrial cAMP path-
way for cell death and cardioprotection. Ca®" overload is
considered as a conserved inducer of regulated cell death
modalities.>* Using modulation of sAC by genetic and
pharmacological manipulations in primary cardiomyocytes,
our study demonstrates for the first time that activation of the
mitochondrial cAMP pathway exerts an inhibiton on MPT
in vitro and on various cell death modalities, that is, extrinsic
and intrinsic apoptosis as well as necrosis. Conversely,
pharmacological inhibition of sAC increased markedly nuclear
damage and cell death. Thus, the targeted activation of this
mitochondrial cCAMP pathway may preserve cardiomyocytes
from mitochondrial Ca®* overload and cell death in vivo. In that
respect, in a pathological rat model of HF induced by pressure
overload, which goes along with strong cardiac hypertrophy,
cardiac function alteration, tissue remodeling, bioenergetic
alterations and cardiomyocyte cell death,*>*® sACt is down-
regulated and Epac1 is upregulated in mitochondria. However,
the increase in Epac1 did not compensate the decrease of
sACt in terms of function, suggesting that the level of cCAMP is
limiting for Epac1 in the control of MPT in cardiac mitochondria.
Moreover, we found that the MPT alterations can be alleviated
by stimulation of the mitochondrial cAMP pathway. Thus, this
new mitochondrial cAMP/sACy/Epac1/MCU pathway might
have therapeutic implications to regulate cell death in cardiac
pathologies, such as HF and/or myocardial infarction.>*°

Material and Methods

Unless specified, all reagents and chemicals are from Sigma-Aldrich (Saint-Quentin
Fallavier, France) and of analytical grade.
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Animals. All animal care and experimental procedures conformed to the
European Community guiding principles in the care and use of animals (Directive
2010/63/EU of the European Parliament) and authorizations to perform animal
experiments according to this decree were obtained from the French Ministry of
Agriculture, Fisheries and Food (No. D-92-283, 13 December 2012). All studies
involving rats are reported in accordance with the ARRIVE guidelines for reporting
experiments involving animals.®® A total of 60 healthy, 4 sham and 4 HF rats were
used in the experiments described here.

Surgical procedure and echocardiography. Male Wistar rats at
3 weeks of age (60-70 g; Janvier, Le Genest St Isle, France) were anesthetized
with pentobarbital (60 mg/kg). The thoracic cage was opened and a stainless-steel
hemoclip was placed on the ascending aorta, to promote HF after 22 weeks, as
described previous,ly.57 Sham-operated animals were used as controls. Cardiac
structure and function was evaluated by echocardiograph. Cardiac and pulmonary
hypertrophy was determined as a ratio of organ weight to tibia length and to body
weight.%” Transthoracic two-dimensional-guided M-mode echocardiography of rats
was performed using an echocardiograph with a 15 MHz linear transducer (Vivid 9;
General Electric Healthcare, Vélizy Villacoublay, France) under 3% isoflurane gas
anesthesia and fractional release was calculated as described.””

Isolation of cardiac mitochondria. Mitochondria were isolated from the
heart of adult male Wistar rats at 8-10 weeks of age (275-375 g; Janvier) as
described.¥” Briefly, the heart was rapidly removed and placed into a cold buffer
containing 0.3 M sucrose, 0.2 mM EGTA and 5 mM TES (pH 7.2). The heart was
grinded with Polytron fastly and homogenized by using the Potter. The homogenate
was centrifuged at 500xg for 10min at 4°C. Then, the supernatant was
carefully removed and centrifuged again at 3000 x g for 10 min at 4 °C. The pellets
were washed in the isolation buffer and the mitochondria were kept on ice until use
within 3 h.

Mitochondrial transmembrane potential and swelling in isolated
mitochondria. Isolated mitochondria (25 g proteins) were incubated with Ca*
and drugs in 96-well microtiter plates.” AWm was measured using the fluorescent
probe, Rhod123 (excitation =485 nm and emission =535 nm; Enzo Life Sciences,
Villeurbanne, France) in a buffer containing 200 mM sucrose, 10 mM MOPS, 10 M
EGTA, 1 mM H3PO,4, 5 mM succinate and 2 uM rotenone (pH 7.4) using Tecan
Infinite 200 spectrofluorimeter (Tecan, Mannedorf, Switzerland). In parallel, matrix
swelling was measured via light absorbance at 540 nm.%’

Oxygen consumption. Isolated mitochondria (50 ug proteins) were incu-
bated with drugs in a buffer containing 250 mM sucrose, 30 mM K,HPO,4, 1 mM
EGTA, 5 mM MgCl,, 15 mM KCI and 1 mg/ml bovine serum albumin (BSA) (pH 7.4)
supplemented with respiratory substrates and MitoXpress, an oxygen-sensitive
phosphorescent dye (LUXCEL, Cork, Ireland). Oxygen consumption was measured
in real time for 60 min at 30°C in 96-well plates using Tecan Infinite 200
(excitation = 380 nm and emission =650 nm) in the presence of 1.65 mM ADP and
with 5 mM malate and 12.5 mM glutamate.®”

Mitochondrial Ca?* uptake in isolated mitochondria. Isolated
mitochondria (25 ug proteins) were incubated with 5 M Rhod-2 (Enzo Life
Sciences) in the buffer containing 200 mM sucrose, 10 mM MOPS, 10 uM EGTA,
1 mM HzPO,, 5 mM succinate and 2 uM rotenone for 30 min in dark at room
temperature. Afterwards, the mitochondria were washed two times. Then, the
mitochondria were treated with various drugs for 10 min before applying Ca?".
Fluorescence was measured in real time for 60 min at room temperature in 96-well
plates using Tecan Infinite 200 (excitation =552 nm and emission =581 nm).

cAMP measurements by ELISA. cAMP measurements were performed
according to the manufacturer’s instructions using monoclonal anti-cAMP antibody-
based direct cAMP ELISA Kit (New East Biosciences, King of Prussia, PA, USA) on
freshly isolated mitochondria from rat hearts (500 pg proteins per sample) treated
or not by HCO3, Ca?* and Ca®*+Ru360 for 20 min at room temperature before
centrifugation and lysis. The sensitivity of CAMP detection is 29.6 fmol/ml.5"%

ATP measurements. ATP measurements in isolated mitochondria were
performed according to manufacturer’s instructions using ATP Bioluminescence
Assay Kit CLSII (Roche, Basel, Switzerland).



Western blotting. Total mitochondrial proteins were resolved on 4-15% Tris-
glycine SDS-PAGE gels and electroblotted onto polyvinylidene fluoride membranes
(Bio-Rad, Marnes La Coquette, France). Following electrotransfer, membranes were
blocked for 1 h at room temperature in 5% BSA-PBST (10 mM Tris-HCI, pH
8.0/150 mM NaCl/0.1% Tween-20). Next, membranes were incubated overnight at
4 °C with primary antibody. The day after, the membranes were washed six times
with PBST and incubated with peroxidase-conjugated secondary antibody at room
temperature for 1 h. Peroxidase activity was detected with enhanced chemilumi-
nescence (ECL Advance Western Blotting Detection Kit; Thermo Scientific, Villebon
sur Yvette, France). For protein detection, the following antibodies were used: sAC
(Abcam Cambridge, UK; CEP Biotech, Tamarac, FL, USA), Epacl, 2 (Cell
Signaling, Danvers, MA, USA), ANT (Abcam), GAPDH (Cell Signaling), VDAC
(Genosphere, Paris, France), Tnl (Cell Signaling), PLB (Cell Signaling) and MCU
(Biorbyt, Berkeley, CA, USA).

Construction of mitochondria-targeted FRET sensor for cAMP.
The mitochondrial-targeting sequence 4mt, encoding four copies of the signal
sequence from subunit VIII of human cytochrome C oxidase, was amplified using
the Advantage Polymerase (Clontech, Mountain View, CA, USA) and primers F, 5'-
ACTATAGGGAGACCCAAGCTTATG-3" and R, 5-TGGTGGCGGCAAGCTTCTTG
CTCACCATGGTGGC-3'. The pcDNA-4mt-D3-cpv vector used as a matrix for
amplification of 4mt was a kind gift from Dr. Roger Tsien (HHMI investigator at the
University of California San Diego, San Diego, CA, USA). The PCR fragment was
cloned into the Hindlll restriction site of pcDNA3-Epac-S"'®” using the Infusion HD
Cloning System (Clontech). Epac-S™®” encodes for a fourth-generation Epaci-
based cAMP sensor and was a kind gift from Dr. Kees Jalink (The Netherlands
Cancer Institute, Amsterdam, Netherlands).*® Once the pcDNA-4mt-Epac-S™'¢”
vector was amplified in Stellar Escherichia coli (Clontech) bacteria, its identity with
parental sequences was verified by PCR using primers F 5-ACTCACTA
TAGGGAGACC-3' and R, 5-TGCGGCCGCCATGGTGGC-3', and DNA double-
strand sequencing (INSERM U1056 — UMR 5165 CNRS UPS — UDEAR, Toulouse,
France). Adenoviruses encoding Epac-SH'®” and 4mt-Epac-S"'®” were generated
by Welgen Inc (Worcester, MA, USA).

Cardiomyocyte isolation, adenoviral infection and cell death
evaluation. Adult and neonatal cardiomyocytes were isolated as described
previously.® For FRET experiments, neonatal cardiomyocytes were plated on
35-mm, laminin-coated culture dishes (10 ug/ml) at a density of 4x10° cells per
dish. The day after, cells were infected with Epac-S™'® and 4mt-Epac-SH'&’
adenoviruses in Opti-MEM (Life Technologies, St Aubin, France) for 48 h. Similarly,
adenoviruses expressing sACt and sACfl were used (generous gift from Pr. M Conti,
University of California, San Francisco, CA, USA). For confocal microscopy
experiments, adult cardiomyocytes were plated on 35-mm, laminin-coated culture
dishes (10 ug/ml) at a density of 2x 10* cells per dish. For cell death evaluation,
neonatal cells were stained with Apoptosis/Necrosis Detection Kit (Abcam) for 1 h at
room temperature as described by the manufacturer.

siRNA transfection to knockdown sAC and Epac1. On-Target plus
SMART pool siRNA, a mixture of four siRNA provided as a single reagent were
purchased from Dharmacon (Lafayette, CO, USA). At day 0, neonatal
cardiomyocytes were plated overnight on 35-mm, laminin-coated culture dishes
(10 ug/ml) at 4 x 10°. At day 1, the cells were transfected with 50 nM sAC/Epac or
non-targeting control siRNA using Lipofectamine RNAi MAX Transfection Reagent
(ThermoScientific, Waltham, MA, USA) for 48 h.

Mitochondrial transmembrane potential measurement in neona-
tal cardiomyocytes. Isolated rat cardiomyocytes were loaded with 100 nM
TMRM at 37°C for 15min. Afterwards, the sarcolemmal membrane was
permeabilized by perfusion of digitonin (5 ug/ml) in a Ca?*-free internal solution
that contained 50 mM KCI, 80 mM potassium aspartate, 4 mM sodium pyruvate,
20 mM HEPES, 3 mM MgCl,, 3 mM Na,ATP, 5.8 mM glucose and 0.5 mM EGTA
(pH 7.3 with KOH). Then, the free Ca®* concentration in the internal solution was
increased to 200 nM. The Ca?* was calculated using the Maxchelator program from
the Stanford University (Stanford, CA, USA). Images were acquired with a Leica
(SP5) confocal microscope (Mannheim, Germany). Excitation was achieved by a
white light laser fitted at 549 nm and emission collected at 570 nm. Analyses were
made with Image J program (Wayne Rasband, National Institutes of Health, USA).

78

Cardiac mitochondrial cAMP pathway
Z Wang et al

=)

Measurement of mitochondrial Ca?* in cardiomyocytes. Isolated
neonatal or adult rat cardiomyocytes were loaded with 5 M Rhod-2 at 37 °C for
30min. To remove cytosolic Rhod-2, the sarcolemmal membrane was
permeabilized by perfusion of digitonin (5 ug/ml) in a Ca?*-free internal solution
that contained 50 mM KCI, 80 mM potassium aspartate, 4 mM sodium pyruvate,
20 mM HEPES, 3 mM MgCl,, 3 mM NaoATP, 5.8 mM glucose and 0.5 mM EGTA
(pH 7.3 with KOH). After the sarcolemmal membrane was permeabilized, the free
Ca®* concentration in the internal solution was increased to 200 nM. The Ca®* was
calculated using the Maxchelator program from Stanford University. Images were
acquired with a Leica (SP5) confocal microscope. Excitation was achieved by a
white light laser fitted at 552 nm and emission collected at 575 nm. Analyses were
made with Image J program.

FRET measurements of cAMP levels. FRET imaging experiments were
performed 48 h after infection of neonatal cardiomyocytes. Cells were bathed in
Hepes-buffered Ringer’s solution containing: 125 mM NaCl, 25 mM HEPES, 10 mM
glucose, 5 mM K HPO,, 1 mM MgSO, and 1 mM CaCl,, pH 7.4. For sAC activation
by HCOj3, the medium was the Krebs—Henseleit solution containing: 120 mM NaCl,
2.09 mM K,HPO,, 0.34 mM KH,PO,, 24 mM NaHCO3, 1 mM MgSO,, 1 mM CaCl,
and 10 mM p-glucose. Krebs-Henseleit solution was gassed continuously with 95%
0,/5% CO, to maintain a pH of 7.4% Real-time FRET experiments were performed
at room temperature. Images were captured every 5 s using the x 40 oil-immersion
objective of an inverted microscope (Nikon, Champigny sur Marne, France)
connected to a Cool SNAP HQ2 camera (Photometrics, Tucson, AZ, USA)
controlled by the Metafluor software (Molecular Devices, Sunnyvale, CA, USA). The
donor (mTurquoise2)® was excited during 300 ms by a xenon lamp (Nikon) using a
440/20BP filter and a 455LP dichroic mirror. Dual-emission imaging of donor and
acceptor was performed using a dual-view emission splitter equipped with a 510 LP
dichroic mirror and BP filters 480/30 and 535/25 nm, respectively.

Data analysis. Results are expressed as mean+ S.E.M. The Origin software
(Northampton, MA, USA) was used for statistical analysis. Differences between
groups have been analyzed by one-way ANOVA and Student's ttest. A value of
P<0.05 were considered as statistically significant. The number of animals, cells
and independent experiments performed is indicated in the figure legends.
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Supplemental methods

Mitochondrial transmembrane potential measurement in adult cardiomyocytes
Mitochondrial transmembrane potential (A¥Ym) was measured according to the
manufacturer’s instructions using Mito-ID® (Enzo Life Sciences, Villeurbanne,
France). The orange fluorescence emission (Excitation = 540 nm, Emission = 570 nm)
associated with energized mitochondria with high transmembrane potential and the
green fluorescence emission (Excitation = 485 nm, Emission = 530 nm) associated
with depolarized mitochondria with low transmembrane potential were recorded. The
images were acquired under a 63xPlan-Apochromat (NA 1.40) oil immersion

objective lens using a confocal microscope (Leica SP8).
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Supplemental Figurel. PKA is not involved in the Ca?" effects on mitochondrial
membrane potential and swelling. (a) Effect of H89 (1 uM, 10 uM and 25 uM) on
A¥m loss induced by 10 uM Ca?". (b) Half-time of A¥m loss induced by 10 uM Ca?*
calculated from experiments such as shown in (a). (¢) Effects of H89 (1 uM, 10 uM
and 25 pM) on mitochondrial matrix swelling induced by 10 uM Ca?*. (d) Half-time
of mitochondrial swelling induced by 10 uM Ca*" calculated from experiments such
as shown in (c). (e) Effect of KT5720 (0.1 uM, 1 uM and 10 uM) on A¥m loss
induced by 10 uM Ca**. (f) Half-time of A¥m loss induced by 10 uM Ca*" calculated
from experiments such as shown in (e). (g) Effect of KT5720 (0.1 uM, 1 uM and 10
uM) on mitochondrial matrix swelling induced by 10 pM Ca?’. (h) Half-time of
mitochondrial swelling induced by 10 uM Ca?" calculated from experiments such as
shown in (g) (n=3-4).
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Supplemental Figure 2. Epac2 is not involved in the Ca>" effects on mitochondrial
function. (a) Effect of ESI09 (0.1 uM, 1 uM and 10 uM) on A¥Wm loss induced by
10 uM Ca*". (b) Half-time of A¥m loss induced by 10uM Ca*' calculated from
experiments such as shown in (a). (¢) Effects o of ESI09 (0.1 uM, 1 uM and 10 uM)
on mitochondrial matrix swelling induced by 10 pM Ca®". (d) Half-time of
mitochondrial swelling induced by 10 uM Ca*" calculated from experiments such as
shown in (¢). (e) Effect of ESIO5 (0.1 uM, 1 uM, 10 uM and 25 uM) on A¥m loss
induced by 10 uM Ca*". (f) Half-time of mitochondrial swelling induced by 10 uM
Ca?' calculated from experiments such as shown in (e). (g) Effect of ESI05 (0.1 uM, 1
uM, 10 uM and 25 pM) on mitochondrial matrix swelling induced by 10 uM Ca?".
(h) Half-time of mitochondrial swelling induced by 10 uM Ca?’ calculated from
experiments such as shown in (g). **P<0.01(n=3-9).
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Supplemental Figure 3. Effect of RU360 and CE3F4 on mitochondrial Ca?* levels
measured with Rhod-2 in isolated mitochondria. (a) Measurement of Ca’’
accumulation in isolated mitochondria using 2 uM Rhod-2 in the absence or presence
of 50 uM CE3F4, 1 nM RU360 or both. (b) Measurement of Ca®>" accumulation in
isolated mitochondria using 2 uM Rhod-2 in the absence or presence of CE3F4, 0.8
nM RU360 or both. (¢) Measurement of Ca?>" accumulation in isolated mitochondria
using 2 uM Rhod-2 in the absence or presence of CE3F4, 0.4 nM RU360 or both. (d)
Measurement of Ca?>" accumulation in isolated mitochondria using 2 uM Rhod-2 in
the absence or presence of CE3F4, 0.2 nM RU360 or both (n=3).
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Supplemental Figure 4. Ca’' concentrations did not affect the mitochondrial
potential and did not involve the PTPC. (a) Confocal images of adult rat
cardiomyocytes showing JC10 fluorescence in two emissions channels 525 nm (green
images) and 590 nm (red images). The green fluorescence shows depolarized
mitochondria (monomeric probe), whereas red fluorescence shows energized
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20 um. (b) Red to green ratio of JC10 measured from confocal images such as shown
in (a)(n=6). (¢) Representative recording of confocal images of Rhod-2-labeled
cardiomyocytes at time 0 s and 600 s. Cells were sequentially permeabilized with
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a Anatomical parameters measured in sham and HF rats.

Sham (n=4) HF (n=4) P*
Body weight (g) 594+7 559426 NS
Heart weight (g) 1.66+0.04 3.6+0.23 <0.001
Lung weight (g) 1.6710.04 4.2940.59 <0.01
Tibia length (cm) 4.3940.05 43540.08 NS
Heart weight/body weight (mg/g) 2.79£0.05 6.45+0.31 <0.001
Lung weight/body weight (mg/g) 2.82+0.09 7.56+0.80 <0.01
Heart weight/tibia length (g/cm) 0.3710.01 0.824+0.04  <0.001
Lung weight/tibia length (g/cm) 0.38+0.01 0.98+0.12 <0.01
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Supplemental Figure 5. Anatomical parameters and echocardiographic analysis
of Sham and HF rat.

(a) Anatomical parameters measured in sham and HF rats.Values are mean = SEM; n=
number of animals. * Statistical differences between heart failure (HF) rats and sham
values; NS: not significant. HF was induced by transverse aortic constriction (TAC) as
described in material and methods. (b) Representative echocardiographic images from
Sham and HF rat hearts. (¢) Fractional release in Sham and HF rat hearts. ***
P<0.001 (n=4).
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Supplemental Figure 6. cAMP regulation of mitochondrial membrane potential
and Ca?' uptake are preserved in HF rats. Evaluation of A¥m in Sham and HF
cardiac isolated mitochondria induced by 10 uM Ca" in response to SAC stimulation
by 15 mM HCOs™ and sAC inhibition by 25 uM 2HE (a) and Epacl inhibition by 50
uM CE3F4 (b). Mitochondrial Ca®" accumulation following addition of 10 pM Ca**
in response to sAC stimulation by 15 mM HCO3™ and sAC inhibition by 25 uM 2HE
(¢) and Epacl inhibition by 50 uM CE3F4 (d). Evaluation of mitochondrial swelling
in Sham and HF cardiac isolated mitochondria induced by 10 uM Ca*"in response to
sAC stimulation by 15 mM HCOs3™ and sAC inhibition by 25 uM 2HE (e) and Epacl
inhibition by 50 uM CE3F4 (f). Panels (a-f) display one experiment representative of
4 experiments done in triplicate.
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4.2 Article 2: Phosphodiesterases localized in cardiac mitochondria

regulate mitochondrial cAMP and membrane potential
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Abstract

Mitochondria plays a role in energy production as well as a role in many other essential cellular
processes including ATP and metabolite synthesis, redox balance, calcium homeostasis and cell
death. Recently, a cardiac mitochondrial cAMP production was shown to stimulate respiration,
and inhibit calcium accumulation, permeability transition and cell death. Here, we identified
PDE2A, PDE3A, PDE4A, PDE4B and PDE4D proteins in rat cardiac mitochondria. We found
these PDE isoforms could regulate mitochondrial cAMP level by radioenzymatic assay in
cardiac mitochondrial lysates and by FRET in live neonatal cardiomyocytes. PDE2 represented
35% of total mitochondrial cAMP-PDE activity and its activity was enhanced ~3-fold by 5 uM
cGMP. PDE3 and PDE4 activities represented, respectively, 30% and 25% of total in
mitochondria isolated from adult rat heart. Functional assay showed that upon HCOs
stimulation, inhibition of PDEs delays the mitochondrial membrane potential loss and matrix
swelling induced by calcium. In addition, we found that PDE2A and PDE4D expression are
altered in heart failing mitochondria. Interestingly, in mitochondria isolated from transgenic
PDE2A mice, the OXPHOS activity was significantly lower than wild-type mice. Thus, our
study identify a new regulation of cAMP levels and signaling cascade in mitochondria by PDE,

which may have implications for the metabolic control of cardiac function.

Keywords: PDE, cAMP, mitochondrial membrane potential,
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Introduction

The heart is highly energy-dependent with most of its energy provided by mitochondria.
Mitochondria also play a role in many other essential cellular processes including metabolite
synthesis, redox balance, calcium (Ca*") homeostasis and cell death'-%?. Therefore, maintaining
a functional population of mitochondria is critical for cardiac function and identification of
novel regulatory mechanisms of mitochondrial function is a crucial challenge. Recently, a
soluble adenylyl cyclase (SAC) has been revealed to serve as a local source of the second
messenger cAMP in the mitochondrial matrix in response to bicarbonate (HCO3") and Ca**. In
liver and brain, mitochondrial cAMP stimulates oxidative phosphorylation and ATP production
in response to HCO3™ and/or Ca*™. In coronary endothelial cells, HCO3" is transported into
mitochondria and this leads to cAMP production by sAC, which indirectly modulates the cell
fate trough apoptosis™ ®. As a result, this pathway serves as a mechanism for metabolic
adaptation to mitochondrial dysfunction and could be a potential novel target to treat genetic
mitochondrial diseases’. In line with these studies, we recently showed a protective role for
cAMP against cell death, apoptosis as well as necrosis in primary cardiomyocytes. Moreover,

upon stimulation with HCO3 and Ca**, sACt produces cAMP, which in turn stimulates oxygen

consumption, increases the mitochondrial membrane potential (A¥Ym) and ATP production. In
addition, cCAMP is rate limiting for matrix Ca?" entry via Epacl and the mitochondrial Ca**
uniporter and, as a consequence, prevents mitochondrial permeability transition®

Phosphodiesterases (PDEs) are a class of key cellular enzymes, which degrade cyclic adenosine

monophosphate (cAMP) and/or cyclic guanosine monophosphate (cGMP) by hydrolysis of
phosphodiester bonds’. Thereby, they regulate intracellular levels of these ubiquitous second
messengers. Cyclic nucleotides have been reported to play important role in the regulation of a
host of cellular functions involved in signal transduction, synaptic transmission and to be

involved in the pathogenesis of heart failure!®. In mammalian cells, PDEs constitute a large
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superfamily which contains 11 PDE families'" > (PDE1 to PDE11), and non-generic PDEs
such as the protein human Prune!® !4,

In 1solated mitoplasts from mouse liver, cAMP catabolic activity was fully inhibited by IBMX,
confirming the presence of intra-mitochondrial PDE activity'®. It has been reported that PDE4
co-localized with mitochondria, apparently through an interaction with the protein disrupted in
schizophrenia'®. More recently, mitochondrial PDE2A is shown to be located in the matrix and
that the unique N terminus of PDE2A isoform 2 specifically leads to mitochondrial localization
of this isoform in liver and brain* . Thus, mitochondrial PDE2A forms a local signalling
system with sAC in the matrix, which regulates the activity of the respiratory chain*. Moreover,
it has been reported that Drosophila Prune is a cyclic nucleotide phosphodiesterase that
localizes to the mitochondrial matrix. Knocking down prune in cultured cells reduces
mitochondrial transcription factor A (TFAM) and mitochondrial DNA (mtDNA) levels. These
data suggest that Prune stabilizes TFAM and promotes mitochondrial DNA (mtDNA)
replication through down regulation of mitochondrial cAMP signaling'®.

To gain new insights into the control of the cardiac mitochondrial pool of cAMP, we
investigated various isoforms of phosphodiesterases (PDEs) in isolated rat or mouse heart
mitochondria. Our results showed that, at least, PDE2A, 3A, 4A, 4B and 4D can be detected
within mitochondria. These PDEs controlled cAMP level with sAC to regulate mitochondrial

functions. Our findings unravel an upstream regulation of cAMP in cardiac mitochondria,

which may have implications for the metabolic control of cardiac function.
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Results

PDEs are expressed in cardiac mitochondria

To identify the existence of PDEs in cardiac mitochondria, we isolated subsarcolemmal
mitochondria from rat heart ventricles by differential centrifugation and extensive washes'’.
Western blot analysis of PDE protein expression revealed positive bands for PDE2A, 3A, 4A,
4B and 4D subtypes in cardiac mitochondria as well as in heart homogenate (Fig.1A). We next
determined which mitochondrial subcompartment contains PDE2A, we isolated mitoplasts
from rat heart, which contain inner membrane and matrix, but almost no intermembrane space
or outer membrane protein. Western blots of mitoplasts isolated from rat heart showed positive
bands of the expected molecular mass, whereas they are absent in the post-mitoplast fraction
(Fig.1B). To confirm this, we analyzed our mitochondrial population by transmission electron
microscopy and immunolabelling, which showed PDE2A is undoubtedly localized in the
mitochondrial matrix. Due to insufficient specificity of their antibodies or unavailability, other
PDEs were not investigated by this approach.

cAMP-PDE activity in cardiac mitochondria.

To evaluate the activity of different PDE isoforms to hydrolyse cAMP, a radioenzymatic assay
was conducted in the presence of different PDE inhibitors®’. As shown in Fig. 2A and 2B, the
major PDE in heart is PDE4. Whereas PDE2 represented the largest mitochondrial cAMP PDE
activity (35% of total) and its activity was enhanced ~3-fold by 5 uM ¢cGMP and was inhibited
by the PDE2 inhibitor, Bay 60-7550 (Bay, 100 nM). PDE3 and PDE4 activities represented,
respectively, 30% and 25% of total, and they were inhibited by their respective inhibitors,
cilostamide (Cil, 1 puM) and Ro 20-1724 (Ro, 10 uM). Accordingly, measurements
mitochondrial cAMP levels by ELISA of under basal condition or following stimulation of
1solated mitochondria with bicarbonate confirmed that inhibition of PDE2, 3 and 4 families

leads to an increase in cAMP level (Fig. 2C).

92



FRET measurements of cAMP signals in mitochondria

We then evaluated the functional contribution of the different PDE isoforms in controlling
intracellular cAMP concentration in neonatal cardiac mitochondria. To do this, we constructed
an adenovirus encoding a cAMP sensitive FRET sensor (Epac-SH'®7 21) fused with a 4mt
sequence and infected rat neonatal cardiomyocytes with this new targeted sensor, 4mt-Epac-
SHI87 The localization of 4mt-Epac-S"'¥" in mitochondria was shown by co-localization of its
green fluorescence with mitotracker red fluorescence®. ¢cAMP changes were monitored in real-
time by fluorescence imaging using the FRET-based cAMP sensor 4mt-Epac-S"'®7. In basal
condition, inhibition of PDE2, PDE3 with Bay (100nM) and Cil (1uM) caused a slight increase
in mitochondrial cAMP level (Fig. 3A and Fig. 3C). And inhibition of PDE4 with Ro (10uM)
resulted in 25% of increase in mitochondrial cAMP (Fig. 3E). To evaluate the effect of PDE
family on cAMP response to sAC stimulation, HCO3 was applied before PDE inhibitors. HCO3
alone caused 15% of increases in cAMP level. HCO3™ plus Bay or Cil resulted in 40% of
increase (Fig. 3B and Fig. 3D). In parallel, the cAMP level was increased 80% by PDE4
inhibition following sAC activation (Fig. F).

PDEs regulate Ca**-induced mitochondrial permeability transition (MPT)

We previously showed that in cardiac isolated mitochondria, MPT can be elicited by 10 uM
Ca?" and prevented by 5 pM cyclosporin A (CsA) which is detected as a loss of A¥m and a
matrix swelling. Interestingly, cAMP elevation confers a protection of mitochondria from Ca**-
induced MPT®. As PDE may blunt the cAMP signal, we measured the A¥m level and swelling
induced by Ca?" in the presence of different PDE inhibitors as a function of time. We used two
robust miniaturized assays'®?? to concomitantly measure the effect of PDEs. As a result, PDEs
inhibition did not affect the A¥m loss and swelling induced by Ca*" under basal condition.
However, upon stimulation of HCO3, inhibition of PDE2, 3 and 4 slowed both processes

compared to HCOs™ alone (Fig.4).
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Functional bioenergetic analysis of mitochondria isolated from WT and TG mice

In order to examine the bioenergetic function of mitochondria from WT and TG mice, we chose
to assess mitochondrial function using the Seahorse XF°96 machine, which allows real-time
assessment of oxygen consumption rates in isolated mitochondria. We took advantage of the
generation and characterization of PDE2A WT and TG mice (Linder et al., in revision) and
isolated mitochondria from PDE2A WT and TG mice. Firstly, we checked the expression of
PDE2A in WT and TG mice. As shown in Fig. 5SA and B, the PDE2A levels in heart and
mitochondria were much higher in PDE2 TG mice than in WT mice (~20 fold). To measure
mitochondrial coupling between mitochondrial ETC and oxidative phosphorylation (using
succinate as the substrate), the rates of basal complex II respiration as well as states 3 (ADP-
stimulated respiration), state 4o (oligomycin A, an ATP synthase inhibitor), and state 3u (FCCP,
an H" ionophore and uncoupler of oxidative phosphorylation) were consecutively measured.
Compared to mitochondria isolated from WT mice, those from TG mice exhibited a lower rate
in complex II driven basal respiration, in ADP-driven state 3 respiration and in FCCP induced
state 3u respiration (Fig.5C and D).

The effect of PDE2 on Ca**-induced mitochondrial permeability transition (MPT)

To evaluate the effect of PDE2 on MPT, we measured the A¥Ym loss and matrix swelling
induced by Ca?" in mitochondria isolated from WT and TG mice. sAC inhibition by 2HE
accelerated the depolarization and swelling induced by Ca®*, as shown by the decreased half
time of A¥Ym loss and swelling (Fig. 6). Conversely, 15 mM HCOs3 slowed both processes (Fig.
6) suggesting that cAMP elevation confers a protection of mitochondria from Ca**-induced
MPT. Mitochondria isolated from PDE2 TG mice showed a faster AWYm loss and swelling
compared to mitochondria isolated from WT mice (Fig. 6).

The effect of PDE2 on mitochondrial Ca** accumulation

We previously showed that stimulation of sAC with HCO3™ prevented Ca*" accumulation in
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mitochondria isolated from rat heart. To determine whether AYm loss and swelling are
correlated with Ca®" accumulation, we measured the Ca®>" accumulation with Rhod 2 in WT
and TG mice. 2HE accelerated Ca** accumulation into mitochondria and HCO3™ delay this
process in both WT and TG mice. Similar to A¥m loss and swelling, mitochondrial Ca*"
accumulation is faster in TG mice then in WT mice (Fig.7).

Discussion

Our results revealed the expression of various PDE in cardiac mitochondria and demonstrate in
the control of cAMP levels inside mitochondria. Among the various PEs identified, PDE2 was
the most abundant and we showed its role in the regulation of respiration and Ca**-dependent
MPT.

The cyclic nucleotide signalling pathway regulates a vast number of physiological processes,
including visual transduction, cell proliferation and differentiation, gene expression, apoptosis
and metabolic pathways such as steroidogenesis, insulin secretion and glycogen synthesis, as
well as glycogenolysis, lipogenesis and lipolysis'"* 2324, Once synthesized by adenylyl cyclases
or guanylyl cyclases, respectively, cAMP and cGMP transduce signal-encoded information by
acting through a number of cellular effectors. cAMP and cGMP signals could be blunted by
PDE:s. Recently the existence cAMP signalling pathway in mitochondria has been evidenced in
various organs such as brain, liver and heart. It was also shown that cAMP increases ATP
production in cells and isolated mitochondria’ %>, cAMP level decrease due to sAC inhibition
could decrease the ATP production, O2 consumption, and cytochrome oxidase (COX) activity,
whereas sAC activation by HCO3™ and Ca®" stimulates oxidative phosphorylation” . Different
PDE subtypes have been found in subcellular compartment including nuclear, endoplasmic
reticulum, sarcoplasmic reticulum and Golgi®. However, little was known about mitochondrial
PDEs. Thus, until now, only PDE4 and PDE2 have been found in mitochondria® %7, Acin-

Perez et al find that mitochondrial PDE2A is located in the matrix and that the unique N
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terminus of PDE2A isoform 2 specifically leads to mitochondrial localization of this isoform
rodent liver and brain. PDE4B was reported to partially colocalize with DISCI in the
mitochondria of SH-SY5Y and LANS cells?’. Asirvatham et al showed that mitochondrial
AKAP149 bind to PKA and PDE4A comprising regulatory modules to maintain cAMP
homeostasis in the T cell?®. In this study, we identified that PDE2A, 3A, 4A, 4B and 4D were
localized in mitochondria matrix from rat heart by detecting them in mitoplasts by western blot
and in isolated mitochondria by immunolabelling and transmission electron microscopy.
Acin-Perez et al showed that PDE2A was present in brain and liver mitochondrial fractions and
to be responsible for cAMP degrading PDE activity. In contrast, PDE4 had no significant effect
on cAMP-degrading activity from liver mitochondria, but showed almost the same activity as
PDE2 in brain mitochondria®. In isolated rat heart mitochondria, we showed that PDE2
represented the largest mitochondrial cAMP degrading PDE activity (35% of total), followed
by PDE3 and PDE4, which represented 30% and 25% of total respectively. Our cardiac
mitochondrial PDE2 activity correlated with Acin-Perez’s data, who propose that PDE2 is the
main PDE in heart, liver and brain. However, in neonatal cardiomyocytes infected with 4mt-
Epac-S"!%7_ inhibition of PDE2 and 3 caused about 2.5% increase in cAMP and inhibition of
PDE4 resulted in 25% increase in basal condition. And upon HCOs3™ stimulation, i.e. upon
increased cAMP levels, inhibition of PDE2 and 3 caused 40% and inhibition of PDE4 reached
to 80%. This revealed a difference in PDE2 activity in isolated mitochondria from adult rat
heart and in neonatal cardiomyocytes, which is not observed for PDE3 and PDE4?°.

In cardiac mitochondria, we have shown that mitochondrial cAMP stimulates oxygen
consumption and ATP production®. Consistent with this, Acin-Perez reported that inhibition of
PDE2 caused an increase in oxygen consumption and ATP production in mouse brain
mitochondria. Here, using PDE2 TG mice, we showed that mitochondria isolated from PDE2

TG mice had a lower oxygen consumption rate then WT mice. In addition, we previously
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reported that cAMP produced with mitochondria regulates Ca>" accumulation and permeability
transition®. Here, we found that upon HCO3™ stimulation to increase cAMP, inhibition of PDE2,
PDE3 and PDE4 delayed these processes, although inhibition of PDEs did not have effect in
basal condition. 8Br-cGMP also delayed the Ca** accumulation and permeability transition in
isolated mitochondria indicating that cGMP has the similar effect as cAMP on mitochondrial
function (not shown). Moreover, mitochondria isolated from PDE2 TG mice showed a faster
A¥m loss and swelling compared to mitochondria isolated from WT mice confirming the
results obtained in isolated mitochondria treated with PDE2 inhibitor. These results indicate
that cAMP degrading PDEs forms a local mitochondrial signalling pathway controlling cAMP
produced locally by sAC, and regulate mitochondrial Ca®" accumulation and permeability
transition.

cAMP levels are up-regulated in HF, contributing to the HF progression. Here, we showed that
as expected PDE4D was up-regulated in heart homogenate, but also in mitochondria isolated
from HF rat, whereas PDE 4A and 4B were significantly decreased in HF heart, but did not
change in mitochondria (Fig S1). This shows a regulatory control of PDE expression in
mitochondria and suggests a putative role in cardiac pathology that deserves further
investigation in the future.

Altogether, our present work demonstrates that PDE2, 3 and 4 are localized in cardiac
mitochondria and they can degrade cAMP and subsequently regulate Ca>" accumulation and
permeability transition. Given the role of ATP and Ca®" in the heart, our findings may have

implications for the metabolic control of cardiac function.
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Materials and methods

Unless specified, all reagents and chemicals are from SIGMA Aldrich and of analytical grade.
Animals

All animal care and experimental procedures conformed to the European Community guiding
principles in the care and use of animals (Directive 2010/63/EU of the European Parliament)
and authorizations to perform animal experiments according to this decree were obtained from
the French Ministry of Agriculture, Fisheries and Food (No. D-92-283, 13 December 2012).
All studies involving rats are reported in accordance with the ARRIVE guidelines for reporting
experiments involving animals °.

Isolation of rat cardiac mitochondria

Mitochondria were isolated from the heart of adult male Wistar rats at 8-10 weeks of age (275-
375g; Janvier, Le Genest St Isle, France) as described !°. Briefly, the heart was rapidly removed
and placed into a cold buffer containing 0.3 M sucrose, 0.2 mM EGTA, 5 mM TES (pH 7.2).
The heart was grinded with Polytron fastly and homogenized by using the Potter. The
homogenate was centrifuged at 500 g for 10 min, 4°C. Then the supernatant was carefully
removed and centrifuged again at 3,000 g for 10 min, 4°C. The pellets were washed in the
isolation buffer and mitochondria kept on ice until use.

Isolation of mouse cardiac mitochondria

Mitochondria were isolated from female mice heart at 15-20 weeks of age (Janvier, Le Genest
St Isle, France) as described. Briefly, the heart was rapidly removed and placed into a cold
buffer containing 0.3 M sucrose, 0.2 mM EGTA, 5 mM TES (pH 7.2). The heart was
homogenized by using the Potter. The homogenate was centrifuged at 3,000 g for 10 min, 4°C.
Then the supernatant was carefully removed and centrifuged again at 12,000 g for 10 min, 4°C.

The pellets were washed in the isolation buffer and mitochondria kept on ice until use.
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Mitoplast preparation

Freshly isolated mitochondria were incubated in H20 containing 15 mM KCI to induce an
osmotic shock for 30 min at 4°C and then, collected by centrifugation.

Measurement of mitochondrial transmembrane potential and swelling in isolated
mitochondria

Isolated mitochondria (25 pg proteins) were incubated with Ca?" and drugs in 96 well microtiter
plates . Mitochondrial transmembrane potential was measured using the fluorescent probe,
rhodamine 123 (Rhod123, Excitation = 485 nm and Emission = 535 nm, Enzo Life Sciences,
Villeurbanne, France) in a buffer containing 200 mM sucrose, 10 mM MOPS, 10 uM EGTA,
1 mM H3POs4, 5 mM succinate and 2 uM rotenone (pH 7.4) using Tecan Infinite 200
spectrofluorimeter. In parallel, matrix swelling was measured via absorbance at 540 nm® 1°.
Measurement of mitochondrial Ca?" in isolated mitochondria

Isolated mitochondria (25 ug proteins) were incubated with 5 uM Rhod-2 (Enzo Life Sciences,
Villeurbanne, France) in the buffer containing 200 mM sucrose, 10 mM MOPS, 10 uM EGTA,
1 mM H3PO4, 5 mM succinate and 2 pM rotenone for 30 min in dark at room temperature.
After, the mitochondria were washed 2 times. Then the mitochondria were treated with various
drugs for 10 min before applying Ca>". Fluorescence was measured in real time for 60 min at
room temperature in 96-well plates using Tecan Infinite 200 (Excitation =552 nm; Emission
=581 nm).

cAMP measurements by ELISA

cAMP measurements were performed according to the manufacturer’s instructions using
monoclonal anti-cAMP antibodybased direct cAMP ELISA Kit (New East Biosciences, King

of Prussia, PA, USA) on freshly isolated mitochondria from rat hearts (500 ug proteins per

sample) treated or not by HCO3™ and PDE inhibitors for 20 min at room temperature before

centrifugation and lysis®.
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Cyclic AMP-PDE activity assay

The cAMP-PDE activity was measured in the supernatant according to a modification of the
two-step assay procedure method described by Thompson and Appleman?!, using 20 pg of
heart homogenate proteins/ 200 pg of mitochondria proteins in a total volume of 200 pl
including 10 mM Tris-HCI, pH 8.0, 10 mM MgClz, 5 mM B-mercaptoethanol and 1 uM cAMP
and supplemented with 10° cpm [’H]-cAMP, as detailed previously*’. To evaluate PDE
families-specific activities, the assay was performed in the absence or presence of either one or
a combination of several selective PDE inhibitors: 100 nM Bay for PDE2, 1 uM Cil for PDE3,
10 uM Ro for PDE4 and 500 uM IBMX as a non-selective PDE inhibitor. The residual
hydrolytic activity observed in the presence of PDE inhibitors was expressed as a percentage
of the total cAMP-PDE activity, corresponding to the cAMP-PDE activity in the absence of
inhibitor.

Bioenergetic analysis in isolated mitochondria

The XF¢96 Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica, MA, USA) was
used to measure mitochondrial bioenergetic function®*. Respiration by the mitochondria (0.5
pg/well) was sequentially measured in a coupled state with substrate (basal respiration, State
2). State 3 initiated with 2 mM ADP, state 4 induced with the addition of 2.5ug/ml oligomycin
(State 40), and 2uM FCCP-induced maximal uncoupler-stimulated respiration (State 3u) were
sequentially measured. At the end of the experiment the Complex III inhibitor, 4uM antimycin
A was applied to completely shut down the mitochondrial respiration. This ‘coupling assay’
examines the degree of coupling between the electron transport chain (ETC.), and the oxidative
phosphorylation (OXPHOS), and can distinguish between ETC. and OXPHOS with respect to

mitochondrial function/ dysfunction.
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Western blotting

Total mitochondrial proteins were resolved on 4-15% Tris-glycine SDS-PAGE gels and
electroblotted onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Marnes La
Coquette). Following electrotransfer, membranes were blocked for 1 h at room temperature in
5% BSA-PBST (10 mM Tris HCI, pH 8.0/150 mM NaCl/0.1% Tween 20). Next, membranes
were incubated overnight at 4°C with primary antibody. The day after, the membranes were
washed six times with PBST and incubated with peroxidase-conjugated secondary antibody at
room temperature for 1 h. Peroxidase activity was detected with enhanced chemiluminescence
(ECL Advance Western blotting detection kit; Thermo Scientific, Villebon sur Yvette, France).
For protein detection, the following antibodies were used: PDE2A (Santa Cruz, CA, USA),

PDE3A (Chen Yan, University of Rochester), PDE4A (Marco Conti, University of California,

San Francisco), PDE4B (Marco Conti), PDE4D (Marco Conti), GAPDH (Cell signalling,
Danvers, MA, USA), VDAC (Genosphere, Paris, France).

Construction of mitochondria-targeted FRET sensor for cAMP

The mitochondrial targeting sequence 4mt, encoding four copies of the signal sequence from
subunit VIII of human cytochrome C oxidase, was amplified using the Advantage Polymerase
(Clontech) and primers F (ACTATAGGGAGACCCAAGCTTATG) and R
(TGGTGGCGGCAAGCTTCTTGCTCACCATGGTGGC). The pcDNA-4mt-D3-cpv vector
used as a matrix for amplification of 4mt was a kind gift from Dr. Roger Tsien (HHMI
investigator at the University of California San Diego, USA). The PCR fragment was cloned
into the HindIII restriction site of pcDNA3-Epac-S"'®” using the Infusion HD Cloning system
(Clontech). Epac-S"!%7 encodes for a fourth generation Epacl-based cAMP sensor and was a
kind gift from Dr. Kees Jalink (The Netherlands Cancer Institute, Amsterdam, Netherlands) 2!.
Once the pcDNA-4mt-Epac-S™*7 vector was amplified in Stellar E. coli (Clontech) bacteria,

its identity with parental sequences was verified by PCR using primers F
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(ACTCACTATAGGGAGACC) and R (TGCGGCCGCCATGGTGGC), and DNA double

strand sequencing (INSERM U1056 — UMR 5165 CNRS UPS — UDEAR, Toulouse, France).

SH187 SH187

Adenoviruses encoding Epac- and 4mt-Epac- were generated by Welgen, Inc.
Cardiomyocyte isolation and adenoviral infection

Neonatal cardiomyocytes were isolated as previously described ** *°. For FRET experiments,
neonatal cardiomyocytes were plated on 35 mm, laminin-coated culture dishes (10 pg/mL) at a
density of 4 x 10° cells per dish. The day after, cells were infected with Epac-S"'87 and 4mt-
Epac-S"87 adenoviruses in Opti-MEM® (Life technologies, St Aubin, France) for 48h.
Similarly, adenoviruses expressing sACt and sACn were used (generous gift of Pr. M. Conti,
University of California, San Francisco, CA, USA).

Fluorescence resonance energy transfer measurements of cAMP levels

Fluorescence resonance energy transfer (FRET) imaging experiments were performed 48h after
infection of neonatal cardiomyocytes. Cells were bathed in Hepes-buffered Ringer’s solution
containing: 125 mM NaCl, 25 mM Hepes, 10 mM glucose, 5 mM K2HPO4, 1 mM MgSOs4, and
I mM CaClz, pH 7.4. For sAC activation by HCO3", the medium was the Krebs-Henseleit
solution containing: 120 mM NaCl, 2.09 mM K2HPO4, 0.34 mM KH2PO4, 24 mM NaHCOs3, 1
mM MgSO4, 1 mM CaClz, and 10 mM D-glucose. Krebs-Henseleit solution was gassed
continuously with 95% 02/5% COz to maintain a pH of 7.4. Real-time FRET experiments were
performed at room temperature. Images were captured every 5 s using the 40x oil immersion
objective of an inverted microscope (Nikon, Champigny sur Marne, France) connected to a
Cool SNAP HQ2 camera (Photometrics, Tucson, AZ, USA) controlled by the Metafluor
software (Molecular Devices, Sunnyvale, CA, USA). The donor (mTurquoise2) 2! was excited

during 300 ms by a Xenon lamp (Nikon) using a 440/20BP filter and a 455LP dichroic mirror.

Dual-emission imaging of donor and acceptor was performed using a Dual-View emission
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splitter equipped with a 510 LP dichroic mirror and BP filters 480/30 and 535/ 25 nm,
respectively.

Data Analysis

Results are expressed as mean + SEM. The Origin software was used for statistical analysis.
Differences between groups have been analyzed by one-way ANOVA and Student 7 test. A
value of p<0.05 were considered as statistically significant. The number of animals, cells and

independent experiments performed is indicated in the figure legends.
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Legend to figures

Figure 1. Expression of different PDE isoforms in hearts and mitochondria. (A) Expression
of PDE 2A, 3A, 4A, 4B and 4D in hearts and isolated mitochondria by western-blot; heart
homogenate (H), mitochondria (M). (B) PDE2A expression in mitochondria (M), mitoplast
(MP) and post mitoplast (pMP). (C) Transmission electron microscopy analysis of PDE2A in

mitochondria.

Figure 2. cAMP-PDE activity in cardiac mitochondria. (A, B) cAMP-PDEs activity was
measured by radioenzymatic assay and defined as the fraction of total cAMP-PDE activity
inhibited 100nM Bay 60-7550 (Bay), 1 uM cilostamide(Cil) and Ro 20-1724 (Ro) in heart
ventricle (A) and mitochondria (B) (n=3). (C) Mitochondrial cAMP levels measured by ELISA
under basal condition or following stimulation of isolated mitochondria with bicarbonate (15
mM), inhibition of PDE2 with Bay, PDE3 with Cil and PDE4 with Ro (n=4). *P<0.05, **P

<0.01, ***P <0.001.

Figure 3. Effect of PDEs inhibition on basal or HCO;" induced mitochondrial cAMP signal
in neonatal cardiomyocytes. Representative kinetics of percentage increase in CFP/YFP
recorded in rat neonatal cardiomyocytes infected with 4mt-Epac-SH!87 exposed to 100 nM Bay
(A), 1 uM Cil (C) and 10uM Ro(E) in basal condition or following stimulation of HCO3(B, D,

F) (n=8-14).
Figure 4. PDEs regulate Ca**-induced mitochondrial permeability transition (MPT) (A)
Evaluation of AWm loss induced by calcium in mitochondria isolated from mice rats in response

to PDE2, PDE3 and PDE4 inhibitions by specific inhibitors Bay, Cil and Ro under basal
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condition or upon HCO3™ stimulation. (B) Evaluation of mitochondrial swelling induced by
calcium in response to PDE2, PDE3 and PDE4 inhibitions by specific inhibitors Bay, Cil and
Ro under basal condition or upon HCO3™ stimulation. (C) Half-time of AWm loss induced by
10 uM Ca** calculated from A. (D) Half-time of swelling induced by 10 uM Ca?" calculated

from B. PDEs inhibitors have been used at the same concentrations as Figure 3.

Figure 5. Bioenergetic analysis in isolated heart mitochondria from WT and TG mice. (A)
Western blot analysis of PDE2A expression in heart and mitochondria isolated form WT and
TG mice. 40ug of heart homogenate and mitochondria proteins from WT mice and 4ug of heart
homogenate and mitochondria proteins from TG mice were analyzed. (B) Expression level of
PDE?2 proteins relative to voltage-dependent anion channel (VDAC) in isolated mitochondria
from WT and TG mice. (C) Representative graph of coupling assay of isolated mitochondria.
Point-to-point oxygen consumption rate (OCR) data are shown with succinate as the substrate
followed by addition of ADP, oligomycin, FCCP, and antimycin A. (D) Averaged metabolic

profile calculated from panel (B). **P<0.01, ***P <0.001 versus WT (n=3).

Figure 6. Effect of PDE2 on mitochondrial membrane potential loss and swelling induced
by Ca?" in PDE2 TG and WT mice. (A, C) Evaluation of A¥m loss induced by Ca*" in WT
and TG cardiac isolated mitochondria in response to sAC stimulation by 15 mM HCO3™ and
sAC inhibition by 25 uM 2HE and PDE2A inhibition by 100 nM Bay at basal condition or
following 15 mM HCOs™ stimulation . (B, D) Evaluation of mitochondrial swelling induced by
Ca?" in WT and TG cardiac isolated mitochondria in response to sAC stimulation by 15 mM
HCOs3™ and sAC inhibition by 25 uM 2HE and PDE2A inhibition by 100 nM Bay at basal

condition or following 15 mM HCOs" stimulation. (E) Half-time of AYm loss induced by 10
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UM Ca?" calculated from A and C. (F) Half-time of swelling induced by 10 uM Ca** calculated

from B and D. *P<0.05, **P<0.01, ***P <0.001 versus WT (n=4, 9 mice).

Figure 7. Effect of PDE2 on mitochondrial Ca?* accumulation in PDE2 TG and WT mice.
(A) Evaluation of mitochondrial Ca®>" accumulation in mitochondria isolated from WT and TG
mice in response to sSAC stimulation by 15 mM HCO3™ and sAC inhibition by 25 uM 2HE. (B)
Measurement of Ca** accumulation in response to PDE2A inhibition by 100 nM Bay at basal
condition or following 15 mM HCO; stimulation. (C) Half-time of Ca*" accumulation

calculated from A and B. **P<0.01 (n=3, 7 mice).
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Phosphodiesterases localized in cardiac mitochondria
regulate mitochondrial cAMP and membrane potential
Wang Z et al

PDEs expression in heart failure model

To evaluate the expression level of different PDE isoforms in a pathological model,
we induced HF in rats by transverse aortic constriction (TAC) during 22 weeks. As
shown in Table 1, TAC rats showed a strong cardiac and lung hypertrophy, which are
characteristic features of HF. Accordingly, cardiac function was diminished (not
shown). Expression level of different PDEs was analyzed in heart ventricle
homogenates and mitochondrial fraction by western-blot. As shown in Fig. 6A-B,
PDE2A protein expression was not increased in heart homogenate and significantly
increased in mitochondria. PDE4D protein expression was both significantly
increased in homogenate and in mitochondria. PDE4A and PDE4B were significantly

decreased in heart homogenate but did not change in mitochondria.
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Figure S1. Expression levels of different PDE isoforms in hearts and
mitochondria isolated from Sham and HF rats

(A) Expression level of different PDE isoforms in Sham (white bars) and heart failure
(HF, black bars) heart homogenates (H) normalized by GAPDH. Representative
Western blot images are shown on top (Sham on left and HF on right). (B) Expression
level of different PDE isoforms relative to VDAC in isolated mitochondria (M) in HF
versus Sham. Representative blots are shown on top (Sham on left and HF on right).
Data are mean + SEM of 4 Sham and 4 HF rats, detected in four independent
immunoblots. *P <0.05, **P <0.01 versus Sham.
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5 Discussion and perspectives

In the present study, we demonstrated that (i) a functional HCO3-sAC-cAMP-Epacl
signaling cascade is contained within cardiac mitochondria, and (ii) this cAMP
signaling pathway could be blunted by PDEs (PDE2A, PDE3A, PDE4A, PDE4B and
PDE4D). We found that overexpression or activation of sAC could protect from
regulated cell deaths, apoptosis as well as necrosis induced by H202, CPT and
TNFa/actinomycin D in primary cardiomyocytes. Moreover, cAMP produced within
mitochondria in response to HCO3™ and Ca** could stimulate oxygen consumption, ATP
production and increase of mitochondrial membrane potential. cAMP could also protect
the mitochondrial Ca?" accumulation via, at least, two effectors, Epacl and MCU, as a
consequence, prevented MPT (Figure 22). We identified PDE2A, PDE3A, PDE4A,
PDE4B and PDE4D in rat cardiac mitochondria. We found that these PDE isoforms
could regulate mitochondrial cAMP level by radioenzymatic assay in cardiac
mitochondrial lysates and by FRET in live neonatal cardiomyocyte. PDE2 represented
35% of total mitochondrial cAMP-PDE activity and its activity was enhanced ~3-fold
by 5 uM ¢cGMP. PDE3 and PDE4 activities represented, respectively, 30% and 25% of

total in mitochondria isolated from adult rat heart.

PDEs

l t ATP

cAMP
*
camp = | sct | = m =

3 Cell Death

Figure 22. Physiological roles of cAMP signalosome in cardiac mitochondria. Epacl participates to
a cAMP signaling pathway into cardiac mitochondria, which can be activated by bicarbonate (HCO3") to
decrease calcium (Ca®") entry via the mitochondrial calcium uniporter (MCU) and increase oxidative
phosphorylation (OXPHOS). Consequently, ATP level increases, the permeability transition pore (PTP)

closes and cells resist to cell death.
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It is known that sAC can be localized in mitochondria to produce cAMP in response to
HCO3™ and Ca?"??%. But little was known about its biological functions. We identified
endogenous sAC in cardiac mitochondria and showed that it can produce cAMP in
response to HCO3™ and Ca?" in isolated mitochondria and cardiomyocytes. Moreover,
cAMP produced within mitochondria stimulated oxygen consumption, increased the
A¥m and ATP production. Thus, our data are in good agreement with pioneer studies
revealing the existence of a mitochondrial cAMP signaling in various cell types®*>22°,
Based on our study, HCOs™ was more potent than Ca**, which is in line with the fact
that HCOs and Ca?" stimulatory effects are not redundant: HCO3™ induces the active
site closure, whereas Ca®" increases ATP affinity?*>. Interestingly, 2HE can totally

prevent the effect of HCO3", indicating that maybe sAC is the unique source of cAMP

in mitochondria and it is independent of pH.

Ca®" plays a major role in cell death regulation. Mitochondrial Ca*" accumulation can
trigger the opening of a high-conductance pore in the IM. This phenomenon is
associated with drastic changes in mitochondrial morphology and functional activity*®.
We showed that increasing of cAMP by HCO3™ could delay mitochondrial A¥Ym loss
and swelling induced by Ca*" in isolated mitochondria, suggesting that cAMP elevation
confers a protection of mitochondria from Ca?*-induced MPT. And this was confirmed
in neonatal cardiomyocytes by silencing SAC with siRNA. It remains to determine the
effect of cCAMP on MPT in neonatal cardiomyocytes by overexpressing of sAC with
adenovirus. And it will be also interesting to study this regulation in adult

cardiomyocytes by silencing or overexpressing sAC.

Using modulation of sAC by genetic and pharmacological manipulations in primary
cardiomyocytes, our study demonstrates for the first time that activation of the
mitochondrial cAMP pathway exerts a protection of various cell deaths, apoptosis as
well as necrosis. In contrast, inhibition of SAC by 2HE significantly increased the cell
death. Thus, activation of mitochondrial cAMP pathway may preserve cardiomyocytes
from death. In that respect, in a pathological rat model of HF induced by pressure

overload, which goes along with strong cardiac hypertrophy, cardiac function alteration,

120



tissue remodeling, bioenergetics alterations and cardiomyocyte cell death3783%5,

Ca?*induced a faster depolarization and Ca®" uptake in HF than in sham mitochondria.
In line with this, Ca*" induced a faster mitochondrial swelling in HF than in sham
mitochondria. We found that sAC was down regulated in mitochondria isolated from
HF rat. This confirms that MPT is altered in HF, which could make mitochondria more
vulnerable to Ca** overload®®®. Interestingly, mitochondria from HF rats still responded
to HCO3™ stimulation of mitochondrial cAMP production by sAC, by delaying A¥Ym
loss, Ca*'entry and MPT (i.e. matrix swelling). This opens some possibility to the
definition of therapeutic strategies based on the stimulation of this local pathway to

limit/prevent cell death in cardiac pathologies.

230-232

PKA is reported to localize in the mitochondrial matrix , and is proposed to

phosphorylate  cytochrome ¢ oxidase (COXIV-I) to enhance oxidative

phosphorylation?

. However, it has been also suggested that PKA activation inhibits
OXPHOS?*>2%7, Recently, Lefkimmiatis et al found that the mitochondrial matrix of
HEK and HeLa cells contains low or null PKA activity by using mitochondrial targeting
FRET sensor??’. And they also found that the OM is rich in PKA activity*?’. In our
study, PKA was not involved in the mitochondrial cAMP effects by testing the effects
of two different pharmacological PKA inhibitors, H89 and KT5720, on the induction
of MPT by Ca®*. Moreover, these inhibitors had no significant effect on A¥m and
swelling, indicating that PKA may not be involved in MPT regulation. Thus, we
focused our interest on Epac, because it emerged in the past decade as another important

387

player in cAMP signaling®®’. Although Epac has been shown to be localized inside

mitochondria by heterologous expression®®

. To our knowledge there has been no report
on a role for this protein in mitochondrial function. Epac2-selective inhibitor ESIOS had
no effect, the non-selective inhibitor ESI09 or the Epacl-selective inhibitor CE3F4
antagonized the induction of MPT by Ca?*. This indicates that Epacl but not Epac2 is
involved in the regulation of MPT. We observed that inhibition of Epacl decreased the

oxygen consumption. These data thus point to Epacl as a key effector in mitochondrial

cAMP effects. The Epacl silencing by siRNA indicated that a decreased level of Epacl
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in neonatal cardiomyocytes decreased A¥Ym and in parallel accelerated the
mitochondrial Ca®" entry. In the heart, Epacl was recently shown to be localized and
functionally involved also in nuclear signalling, and regulates arrhythmogenic
sarcoplasmic reticulum Ca?" leak®’. By Ca*" accumulation measurement, we found
that MCU is the major effector of Epacl for the regulation of mitochondrial Ca?"
movements. Thus, we propose that activation of mitochondrial Epacl protects the
organelle from Ca?" overload and from subsequent MPT via MCU modulation. In the
future, it remains to determine the molecular composition and organization of the
mitochondrial cAMP signalosome. Is Epacl anchored to the IM? If yes, does it face the
intermembrane space or the matrix? Is there one large polyprotein complex or several
small complexes, which communicates in response to cAMP levels in the matrix? Are
Rap proteins (e.g. Rapl or 2) the small G proteins that mediate the effect of Epacl
(Figure 23): It is important to see whether other proteins make the link with MCU. Thus,

several regulators of MCU, such as MICU1 and 2 could be also involved.

Ca?*

oM
Ca** Intermembrane
space
/ M
V.1 | S — X
¢ \ Matrix

Figure 23. Scheme of the location of actors of the mitochondrial cAMP pathway and their
anchorage at the IM. First hypothesis (“matrix-intermembrane space hypothesis”): cAMP is produced
in the matrix, exported in the intermembrane space, where it can activate Epacl) and its GTPase rap or
second hypothesis (“all in matrix”), cAMP is produced in the matrix and Epacl and Rap are anchored in

the inner membrane facing the matrix.

PDEs degrade cAMP and/or cGMP by hydrolysis of phosphodiester bonds. Thereby,
they play important role in the regulation of a host of cellular functions involved in
signal transduction and synaptic transmission by regulating intracellular levels of these

ubiquitous second messengers?*>**. Different PDE subtypes have been found in
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subcellular compartement including nuclear, ER, SR and Golgi’**. Until now, only

PDE4 and PDE2 have been found in mitochondria®’*3!-*2_ Acin-Perez et al found that
mitochondrial PDE2A is located in the matrix and that the unique N terminus of PDE2A
isoform 2 specifically leads to mitochondrial localization of this isoform rodent liver
and brain. PDE4B was reported to partially colocalize with DISC1 in the mitochondria
of SH-SY5Y and LANS cells®**. Asirvatham et al showed that mitochondrial AKAP149
bind to PKA and PDE4A comprising regulatory modules to maintain cAMP
homeostasis in the T cell***. Here we identified that PDE2A, 3A, 4A, 4B and 4D were
localized in mitochondria matrix from rat heart by detecting them in mitoplasts by
western blot and in isolated mitochondria by immunolabelling and transmission

electron microscopy.

In isolated rat heart mitochondria, we showed that PDE2 represented 35% of total
cAMP-PDE activity, followed by PDE3 and PDE4 which represented 30% and 25% of
total respectively. In line with our study, Acin-Perez et al showed that PDE2A was
present in brain and liver mitochondrial fractions and to be responsible for cAMP-PDE

391 However, in neonatal cardiomyocytes infected with 4mt-Epac-SH!®7,

activity
inhibition of PDE2 and 3 caused a very small increase in cAMP but inhibition of PDE4
resulted in 25% increase in basal condition. And upon HCOs3™ stimulation, inhibition of
PDE2 and 3 caused 40% and inhibition of PDE4 reached to 80%. This is not consistent
with PDE activity in isolated mitochondria from adult rat heart. But it is similar to PDE3
and PDE4 inhibition in neonatal cardiomyocytes*®. This revealed a difference in PDE2

activity in isolated mitochondria from adult rat heart and in neonatal cardiomyocytes,

which is not observed for PDE3 and PDE4.

We showed that cAMP produced with mitochondria regulates Ca** accumulation and
permeability transition. Consistent with this, Acin-Perez reported that inhibition of
PDE2 caused an increase in oxygen consumption and ATP production in mouse brain
mitochondria. Here, we showed mitochondria isolated from PDE2 TG mice had a lower
oxygen consumption rate then WT mice. We also found that upon HCO3™ stimulation,

inhibition of PDE2, PDE3 and PDE4 delayed A¥m loss and swelling induced by Ca**.
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Moreover, mitochondria isolated from PDE2 TG mice showed a faster AYm loss and
swelling compared to mitochondria isolated from WT mice. These results indicate that
PDEs forms a local a mitochondrial signalling pathway with sAC to regulate
mitochondrial Ca®>" accumulation and permeability transition. Moreover, these results
raise important questions regarding the association of PDEs /or with other proteins
within soluble partners in the matrix and/or IM proteins. It has been shown that PDE4-
small heat-shock protein 20 complex promotes Ser phosphorylatin to trigger its
cardioprotective actions®*® and PDE4A bind to mitochondrial AKAP149 to maintain
cAMP homeostasis in the T cell*’. Thus it would be interesting to identify the

interactome of mitochondrial PDEs to better understand the local signalization.
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Summary

Isolated mitochondria are an invaluable analytical tool to probe mitochondrial
function and evaluate apoptosis induction via the so-called mitochondrial pathway.
Irrespective of their tissue origin (e.g. heart, liver, muscle, brain), these organelles
participate actively to cell and life decision by producing energy for cell metabolism,
but also by wundergoing a lethal and irreversible mitochondrial membrane
permeabilization (MMP) in stress and pathological conditions. MMP consequences
consist, at least in part, in loss of mitochondrial transmembrane potential (A®Wm),
matrix swelling, arrest of respiration and ATP production, and cytochrome c release
from the intermembrane space to the cytosol. These parameters can be evaluated in
vitro via several miniaturized assays, which have tremendous applications in the field

of pharmacology, toxicology, diagnosis as well as drug discovery.

Key words: apoptosis, cytochrome c, fluorescence, heart, inner transmembrane

potential, mitochondria.
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1 Introduction

During mitochondrial apoptosis, mitochondrial membrane permeabilization (MMP)
has been previously defined as an irreversible process that leads to the cell death (7-3).
Thus, MMP influences functional and morphological features of mitochondria
depending on the nature, the intensity and the duration of the pro-apoptotic signal.
Main stimuli of MMP are ions such as calcium (Ca®"), reactive oxygen species (ROS)
(e.g. anion superoxide, hydrogen peroxide), proteins (e.g. BAX, BID) and lipids and
target the inner membrane, the outer membrane or both. Then, MMP results in loss of
transmembrane potential (AWm), matrix swelling, arrest of respiration and ATP
production, ROS and cytochrome c release from the intermembrane space to the
cytosol (4-6). In some tissues such as the heart, abnormal mitochondrial fusion and
fission can accompany mitochondrial apoptosis, but its contribution as cause vs a
consequence remains to be defined. Some of MMP parameters can be easily measured
in vitro via several miniaturized assays to gain insights into pro-apoptotic
mitochondrial alterations.

Here, we described the methods for (1) the isolation of fresh mitochondria from rat
heart by a procedure adapted to the myofibrillar structure of the tissue, (2) the
subsequent quantification of AYm by a fluorescent probe Rhodamine 123 (7) and the
colloidosmotic matrix swelling by spectrophotometry (8), (3) the oxygen consumption
by the phosphorescent probe Mito-ID® (9), and (4) the release of intermembrane
space proteins, such as cytochrome c¢ by western-blot (70). These assays are
demonstrated to be useful analytical tools as well as high throughput screening tools
implemented on technological platforms. Hence, they could have broad applications

in the field of pharmacology, toxicology, and diagnosis as well as drug discovery.

2 Materials

All chemicals need to be of the highest purity available. All the reagents are from

Sigma unless indicated otherwise. Ultrapure water is systematically used.
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2.1 Isolation buffers

1. Buffer H: weigh 102.8g sucrose, 1.146¢g
2-[[1,3-dihydroxy-2-(hydroxymethyl )propan-2-yl]amino]ethanesulfonic acid (TES),
76mg ethylene glycol tetraacetic acid (EGTA). Add water to a volume of 900mL. Mix
and adjust pH to 7.2 with potassium hydroxide (KOH), add water to a volume of 1 L.
Mix and aliquot into 50mL tubes and store at -20°C.

2. Buffer H+ Bovine serum albumin (BSA): weigh 102.8g sucrose, 1.146g TES,
76mg EGTA, 1g BSA. Add water to a volume of 950mL. Mix and adjust pH to 7.2

with KOH. Complete to 1L with water. Aliquot into 50mL and store at -20°C.

2.2 Mitochondria membrane potential and swelling

1. Buffer S: weigh 68.46g sucrose, 2.09g 3-(N-morpholino)propanesulfonic acid
(MOPS), 3.8mg EGTA, 82uL Phosphoric acid (H3PO4). Add water to a volume of
950mL. Mix and adjust pH to 7.4 with KOH. Complete to 1 L with water. Aliquot
into 50mL tubes and store at -20°C.

2. Succinate stock solution: weigh 1.35g succinate; adjust the volume to 10mL with
water to get a concentration of 500mM. Aliquot and store at -20°C.

3. Rotenone stock solution: dissolve 6.99mg of rotenone in 10mL of absolute ethanol
to a concentration of 2mM. Aliquot and store at -20°C. (see Note 1)

4. Rhodamine 123 stock solution: weigh 3.81mg rhodamine 123 (Invitrogen), make
up to 10mL with absolute ethanol to get a concentration of ImM. Store at -20°C. (see

Note 2)

2.3 Oxygen consumption

1. Measurement buffer: 250mM sucrose, 15mM Potassium chloride (KCI), 1mM
EGTA, 5SmM Magnesium chloride (MgCl2), 30mM Potassium phosphate dibasic
(K2HPO4), pH 7.4

2. Reconstitute Mito-ID® Extracellular O, Sensor kit (Enzo Life Sciences, Inc.) in
ImL of nuclease-free water or media to obtain a 1uM stock solution. Mix gently.

Aliquot into 100pL in tubes and store at -20°C. (see Note 3)
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3. Succinate stock solution: use the same as for membrane potential and swelling
measurement.

4. Glutamate stock solution: weigh 0.94g glutamate, add water to 10mL to a
concentration of 500mM. Aliquot and store at -20°C.

5. Malate stock solution: weigh 0.45g malate, add water to 10mL to obtain a
concentration of 500mM. Aliquot and store at -20°C.

6. ADP stock solution: weigh 0.7g ADP, make up to 10mL with water to a

concentration of 165mM. Aliquot and store at -20°C.

2.4 SDS Polyacrylamide Gel

1. Loading buffer (5x): Tris 300mM, Glycerol 50%, sodium dodecylsulfate (SDS)
12.5%, dithiothreitol (DTT) 50mM, BromoPhenol Blue 0.05%, pH 6.8.

2. 4-15% precast gel (BioRad Mini- PROTEAN TGX)

3. Migration buffer (10x): weigh 30g Tris Base, 144g Glycine, 10g SDS. Add water
to a volume of 950mL. Mix and adjust pH to 8.3. Complete to 1 L with water.

4. DTT (10x): weigh 1.54g DTT, make up to 10mL with water. Aliquot and store at
-20°C.

2. 5 Immunoblot

1. Membrane (Trans-Blot Turbo Transfer Pack Bio-Rad)

2. Trans-blot Turbo transfer system (Bio-Rad)

3. Phosphate buffered saline (PBS)-Tween (10x): weigh 624mg Sodium dihydrogen
phosphate monohydrate (NaH2PO4) 2.98g Na2HPO4 - Sodium phosphate dibasic
(Na2HPO4), 204.5g Sodium chloride (NaCl), 12.5mL Tween 20, make up to 2.5L
with water.

4. Antibody anti-cytochrome ¢ (BD Pharmingen)

5. Ultra-sensitive enhanced chemiluminescent (ECL) substrate, e.g. Supersignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific)

6. Gel imaging system, e.g. Chemidoc (BioRad)
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3. Methods

3.1 Rat heart islated mitochondria

1. Kill the rat after injection of pentobarbital and excise the heart rapidly and place it
in cold buffer H. (see Note 4)

2. Rinse the heart free of blood by using ice-cold buffer H.

3. Cut the heart into pieces in 10mL of Buffer H with a scalpel blade and transfer
them into a 50mL falcon tube.

4. Grind the heart with the Polytron 2-3 times rapidly. (see Note 5)

5. Use the Potter to homogenize the mix.

6. Transfer the homogenate to a 15mL Falcon tube and add SmL of Buffer H with
BSA to fill the tube to 15mL.

7. Centrifuge at 500 g for 10 min at 4°C. (see Note 6)

8. Collect the supernatant by eliminating the maximum of lipids and discard the pellet.
(see Note 7) Centrifuge at 3,000 g for 10 min at 4°C, 2 times (see Note 8).

9. Discard the supernatant and gently resuspend the pellet containing mitochondria in
200uL Buffer H without BSA. (see Note 9)

10. Determine protein concentration in an aliquot by the BCA method following
manufacturer’s instruction using bovine serum albumin as standard. Keep the

mitochondria on ice until use. (see Note 10)

3.2 Mitochondrial transmembrane potential (A¥Ym) and swelling

1. Prepare buffer S with final concentration of SmM succinate and 2uM rotenone.

2. Prepare compounds (calcium as control of pro-apoptotic inducer or compound to be
tested) in 4x concentrations with buffer S. (see Note 11)

3. Add 50uL of compounds or buffer S (control) per well of microtiter plate 96 wells
black with transparent and flat bottom.

4. Add 50uL of buffer S per well.

5. Dilute freshly isolated cardiac mitochondria at 0.25 pg/uL with buffer S and add
rhodamine 123 to obtain a final concentration of 1uM. Add 100uL of mitochondria in

each well. (see Note 12)
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6. Shake the plate for 5s and then start to measure for 60min with 2 parameters at
room temperature. For membrane potential, measure the fluorescence at Aex = 485nm

and Aem = 535nm. For swelling, measure absorbance at 540nm.

3.3 Oxygen consumption

1. Warm up a microtiter plate 96 wells black flat bottom to 30°C.

2. For compound testing, prepare compounds at 10x and add 20uL in the well. (see
Note 8)

3. Dilute the respiratory substrate (glutamate/malate for complex I or succinate for
complex II) with measurement buffer and add 20pL of this solution to obtain
concentrations of SmM (succinate) or 12.5/12.5 mM (glutamate/malate).

4. Dilute mitochondria suspension to 0.5pug/ul. with measurement buffer and add
100uL to each well. (see Notel3)

5. Dilute ADP with measurement buffer and add 20uL to obtain a final concentration
of 1.65mM.

6. Add 30uL of measurement buffer to each well.

7. Add 10uL Mito-ID® Extracellular O, Sensor probe in each well. (see Note 14)

8. Using a syringe dispenser, quickly add 100uL of oil to each well. (see Note 15)

9. Insert the plate into a fluorescence plate reader pre-warmed to 30°C. Measure the
probe signal for 30-60 min using excitation and emission wavelengths of 380nm and

650nm respectively. (see Note 16)

3.4 Cytochrome c release

1. Use the same reaction system as membrane potential to increase the volume by 75
times. The final volume is 15mL (see Note 12). Incubate mitochondria with the
compounds or buffer (control) for 30min.

2. Centrifuge at 9,000 g for 15min at 4°C.

3. Collect supernatant in acetone-compatible tube.

4. Add four times the sample volume of cold acetone to the tube. (see Note 17)

5. Vortex the tube and incubate overnight at -20°C.
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6. Centrifuge at 15,000 g for 15 min at 4°C.

7. Decant and properly collect of the supernatant. (see Note 18)

8. Allow the acetone to evaporate from the uncapped tube at room temperature for 30
min.

9. Add 20pL of water and vortex thoroughly to dissolve protein pellet.

10. Take the same volume to measure cytochrome ¢ by SDS-PAGE and immunoblot.

3.5 SDS-PAGE and western blot

1. Add 14uL of cytochrome ¢ samples, 4uL of loading buffer (5x), 2uL of DTT (10x%)
into an eppendorf tube, mix and heat for Smin at 95°C.

2. Load the samples in the precast gel.

3. Migrate for 15min at 300V.

4. Place the membrane and bottom stack on the cassette base, place the gel on top of
membrane, roll the assembled sandwich to expel trapped air bubbles. Close and lock
the cassette lid. Transfer for 3min at 2.5V.

5. Block the membrane with 5% of milk in PBS-Tween.

6. Incubate membrane with diluted anti-cytochrome c¢ primary antibody in 5% w/v
milk PBS-Tween at 4°C with gentle shaking, overnight.

7. Wash the membrane with PBS-Tween for 6x5min.

8. Incubate the membrane with Horseradish Peroxidase-Conjugated secondary
antibody for 1h at room temperature.

9. Wash the membrane with PBS-Tween for 6x5min.

10. Incubate the membrane with an ultra-sensitive enhanced chemiluminescent
substrate for Smin.

11. Take images with a gel imaging system.

3.5 Statistical analysis
Data can be analyzed using Student’s t-test and two-way ANOVA for comparisons of

mean values to the different treatments tested. Results are presented as the mean +
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standard deviation (SD) of replicates experiments. Significance: *: p<0.05, **: p<0.01;

*#%: p<0.001. Significance is not shown in the figures for clarity reasons.

Notes

Note 1: Rotenone in organic solvents decomposes and is oxidized upon exposure to
light and air. It is imperative to protect the stock solution from direct light by using an
aluminium foil. Rotenone is highly toxic: avoid skin contact and inhalation.

Note 2: Rhodamine 123 is light sensitive, so keep it in aluminium foil and avoid
exposure to light for long time.

Note 3: Protect the stock solution from direct light by using an aluminium foil. Avoid
repeated freeze-thaw cycles.

Note 4: All the steps must be performed on ice.

Note 5: Pre-cool the glassware and homogenizer with pestle in an ice-bath 5 min
before starting the procedure. Homogenization as well as the following steps must be
carried out on ice to minimize the activation of proteases and phospholipases.

Note 6: Turn on the centrifuge and preset it 4°C.

Note 7: White layer on the top of the tube.

Note 8: Avoid the formation of bubbles during the resuspension process. At the last
time, use buffer H without BSA.

Note 9: Do not dilute the mitochondria with buffer as mitochondria retain their
functionality for a longer time when kept concentrated, minimizing exposure to
oxygen.

Note 10: Mitochondria are ready to be used in experiments; use the preparation within
1-3 h for better functional responses.

Note 11: If the compound is not soluble in water, it can be dissolved in DMSO or
other solvent and then diluted with buffer S. It is better to use less concentration of
organic solvent. And it is important to use the same concentration of organic solvent
in the control well.

Note 12: In order to use less time, it is better to use multi-channel pipette to do this

step.
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Notel3: If the rate of oxygen consumption is too fast, we can dilute the mitochondria
to 0.25ug/uL.

Note 14: shake the plate for 10s.

Note 15: Pre-warm mineral oil to 30°C on a water bath.

Note 16: Adjust the gain for an optimal reading of a positive control, and use the same
parameters for a series of experiment.

Note 17: Pre-cold (-20°C) acetone, a volume four times that of the protein samples to
be precipitated.

Note 18: Be careful to not dislodge the protein pellet.
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Fig.3 Immunoblot of cytochrome ¢ release from cardiac mitochondria treated with
10uM Ca* or not (Control). The same volume of sample has been separated and

electro-transferred according to (77) and immunorevealed using chemiluminescence.
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The existence of channels in the mitochondrial outer membrane
(OM) has been evidenced concomitantly by electrophysiology and elec-
tron microscopy in the 1970s (for review: Colombini and Mannella,
2012). These channels were named voltage-dependent anion channel
(VDAC) or porin by analogy with bacterial porins and constitute a family
of  barrel-membrane proteins encoded by three genes generating
three protein isoforms, i.e. VDACI, 2, and 3 in mammals (Colombini
and Mannella, 2012; Shinohara et al., 2000). VDAC is responsible of
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the OM permeability, in contrast to the inner membrane (IM) whose
permeability is more strictly limited and mediated by specific mito-
chondrial proteins such as the mitochondrial carriers. VDAC is an
anion channel with multiple conductances depending on voltage
and able to switch to cationic selectivity in a closed state. Systematic
in vitro manipulation of membrane composition suggested that the
lipid composition of the OM, enriched in cholesterol, is highly favorable
to VDAC activity. Of note, VDAC has also been found in the plasma mem-
brane and caveolae of various cell types and tissues (for review:
Shoshan-Barmatz et al., 2009) and harboring NADH ferricyanide reduc-
tase activity (Baker et al., 2004; Belzacq-Casagrande et al., 2009; Martel
et al., 2013), but this is still considered as controversial and requires
further studies (Gonzalez-Gronow et al., 2013; Low et al., 2012).

Since its discovery, VDAC has been shown to play a major role in
cellular energetic metabolism due to its capacity to allow the exchange
of molecules (exclusion limit = 5-6 kDa) between the cytosol and the
mitochondrial intermembrane space (for review: Maldonado and
Lemasters, 2012). Thus, VDAC controls the so-called OM leakiness to es-
sential molecules such as calcium (Ca?*), metabolites, water, NADH,
ADP as well as ATP. More recently, VDAC has been proposed to partici-
pate to the permeability transition pore (PTP) and/or to mitochondrial
apoptosis (Granville and Gottlieb, 2003; Lemasters and Holmuhamedov,
2006; Shimizu et al., 1999; Shoshan-Barmatz and Ben-Hail, 2012;
Shoshan-Barmatz and Golan, 2012; Shoshan-Barmatz et al., 2010) creat-
ing a strong interest in the scientific community. However, these novel
roles are still debated, notably because of the generation of knockout
mice for individual VDAC isoforms, which have unanticipated and rela-
tively silent phenotypes (Krauskopf et al., 2006) (for a comprehensive re-
view on genetic models: Raghavan et al., 2012).

To date, major efforts have focused on the investigation of VDAC1
and led to its crystallization and 3D structure elucidation by three
groups following three different approaches (Bayrhuber et al., 2008;
Hiller et al., 2008; Ujwal et al., 2008). This is due to its abundance in
most tissues and organisms in comparison to other isoforms, provided
that their relative quantification had been made rigorously (e.g. plants,
fungi, Neurospora crassa, mouse/rat liver) (Messina et al., 2012;
Yamamoto et al., 2006). This led to our general conception of this
family as mitochondrial gatekeepers (for recent review: Colombini
and Mannella, 2012). However, some recent work emerged on the
post-translational modifications of various VDAC isoforms (Huang
et al., 2013; Kerner et al., 2012; Martel et al., 2013; Maurya and
Mahalakshmi, 2013; Reddy, 2013), suggesting diverse roles as well
as diverse modes of regulation. Thus, VDAC1, but not VDAC2 or 3, selec-
tively transfers apoptotic Ca? " signals from the endoplasmic reticulum
to mitochondria (De Stefani et al., 2011). Therefore, in this review, some
concepts will be re-evaluated in light of recent findings and a novel con-
cept of a mitochondrial lipid sensor via VDAC influencing the cell fate
will be proposed, which might have many implications for further stud-
ies. When known, we indicated the VDAC isoform and when unknown
or when all isoforms are concerned, we mentioned VDAC without any
distinction.

2. VDAC in cell fate decisions

Besides a pro-survival role as a channel for metabolites (for review:
Colombini and Mannella, 2012 and below), it is admitted that VDAC can
also be involved in cell death. However, molecular mechanisms by
which VDAC influences cell death execution are not totally understood
yet (McCommis and Baines, 2012; Shoshan-Barmatz et al., 2008,
2010). Importantly, these mechanisms might be different for each iso-
form and depend on the VDAC isoform ratio. This is notably supported
by genetic studies in mice and embryonic stem cells (Messina et al.,
2012; Raghavan et al., 2012). Thus, the knock-out (KO) of all VDAC
isoforms as well as the KO of VDAC2 are lethal and therefore cannot
be exploited for further mechanistic studies (Cheng et al., 2003). In
contrast, VDAC1 —/— or VDAC3 —/— mice are viable and clearly

exhibit some defects in mitochondrial ultrastructure and a reduction
in respiratory activity (Anflous et al., 2001; Sampson et al., 2001;
Weeber et al., 2002; Wu et al., 1999) irrespective of underlying un-
clear molecular mechanisms (Messina et al., 2012; Raghavan et al.,
2012).

VDAC1 channel was implicated in cell death induction for its ability
to interact with BAX and form larger channels than BAX alone or VDAC1
alone (Shimizu et al., 2000). BAX belongs to the BCL-2 protein family,
which is composed of several anti- or pro-apoptotic members and
regulates cell death either independently or in association with the
PTP. BAX plays a role in apoptosis and mitochondrial function regulation
via multiple protein-protein interactions with BCL-2, BAK, BID or other
members of the family (Antonsson et al., 1997; Roucou et al., 2002; Vela
et al., 2013), and also mitochondrial proteins such as proteins from the
import machinery and from the fusion/fission family (Landes and
Martinou, 2011). BAX and BCL-2 participate to numerous other cell
functions (e.g. oncogenesis, autophagy, DNA repair), but this is beyond
the scope of the review. Briefly, detailed molecular mechanisms of
VDACT and BAX/BCL2 cooperation are complex and depend largely on
the pathophysiological cell model or the organ studied. Thus, if BAX is
mainly a cytosolic protein, a pool of Bax can be loosely attached to the
outer membrane in physiological conditions. Apoptosis induction
triggers BAX translocation to the OM and the oligomerization of mito-
chondrial BAX, with the exposure of specific amino acids resulting in a
new lethal conformation (Antonsson et al., 2000). In some models,
the formation of BAX-VDAC large channels, participates more or
less directly in the massive and rapid release of cytochrome c into
the cytosol, impairing mitochondrial respiration, favoring reactive
oxygen species production, stimulating mitochondrial fission and
activating the apoptosome and a caspase-dependent cascade of
event leading to cell death. This pathway is blocked by the anti-
apoptotic BCL-2 in a stoichiometric relationship, plausibly by
conformation-dependent protein-protein interactions involving
the BH4 domain of Bcl-2 (Shimizu et al., 2000) and by hexokinase II
(Pastorino et al., 2002; Shoshan-Barmatz et al., 2010). This signaling
pathway was evidenced by subcellular and molecular experiments
with recombinant proteins, electrophysiological measurements of
channels in black lipid membranes and proteoliposomes. Moreover,
mutagenesis helped to identify important residues or domains of BAX/
BCL-2 that are important for its own channel activity (e.g. alpha 5 and
alpha 6 helices) and its capacity to dimerize (i.e. BH3 domain) and to in-
teract with VDAC. It has also been evidenced by electrophysiology that
Bid might also form channels with VDACT rather than Bax (Rostovtseva
et al., 2004). Experiments with shRNA, designed to decrease VDAC1
expression level and VDAC1 overexpression experiments confirmed
the implication of VDACT in apoptosis in various cells types (Shoshan-
Barmatz et al.,, 2008; Zaid et al., 2005). However, VDAC-deficient mice
failed to confirm an essential role of VDAC in cell death (Baines et al.,
2007). As a result, VDAC1 KO and VDAC3 KO mice and fibroblasts isolat-
ed from double KO mice and down-regulated for VDAC2 (i.e. cells mim-
icking triple knock-out cells) did not recapitulate previous cellular
studies regarding cell death execution (Baines et al., 2007). This led
the authors to claim that VDAC are dispensable for mitochondrial-
dependent cell death but this is so counterintuitive for several
(independent) researchers that more investigations are still awaited
to clarify the debate (Brenner and Moulin, 2012; Galluzzi and
Kroemer, 2007; Messina et al., 2012).

Otherwise, some researchers proposed that VDAC1 might partici-
pate to the dynamic polyprotein complex PTP, whose prolonged open-
ing triggers a bioenergetic catastrophe and is lethal in many models.
Initially, electrophysiologists described PTP opening as a sudden change
in mitochondrial membrane permeability that can be prevented by a cy-
clic peptide named cyclosporine A (Szabo and Zoratti, 1993). In accor-
dance with a polyproteic structure, PTP might be composed by VDAC1
in the OM, cyclophilin D (CypD) in the matrix and the ANT or ADP/
ATP carrier in the IM (for review: Halestrap and Brenner, 2003). By
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definition, PTP allows the passage of molecules of 1.5 kDa such as me-
tabolites, ions and water, its activity being tightly regulated by several
factors such as the voltage (i.e. the membrane potential), pH, intra-
matricial calcium concentration, lipids and redox state. Indeed, an asso-
ciation of VDAC1-ANT-CypD was based on biochemical studies, com-
bining purification of native proteins under mild detergent conditions
to preserve protein—protein and protein-lipid contacts and reconstitu-
tion in biomembranes (Beutner et al., 1996; Marzo et al., 1998;
Woodfield et al., 1998). But, as previously said, genetic invalidation of
some VDAC isoforms failed to confirm its essential role in PTP (Baines
et al., 2007). Therefore, it is tempting to hypothesize that several differ-
ent protein homo- or hetero-oligomers can participate in the so-called
PTP and that VDAC could constitute one unit that mimics in some
circumstances the PTP.

As shown by crystallographic structure determination, VDACT is a
19pR barrel-protein, the intramembranous barrels being connected by
hydrophilic stretches of amino acids accessible to the intermembrane
space or the cytosol. Therefore, oxidative stress and notably, pro-
oxidant radicals such as superoxide anion (O,*~) and hydrogen
peroxide (H,0;) preferentially modify exposed residues such as re-
active thiols and trigger the mitochondrial apoptosis pathway (Le
Bras et al., 2005; Orrenius, 2007; Ott et al., 2007). Thus, Madesh
and Hajnoczky found that O,*~ but not H,0, stimulates OM perme-
abilization and massive cytochrome c release through VDAC1 oxida-
tion in hepatocytes (Madesh and Hajnoczky, 2001). This VDAC1
specific mechanism was independent of BCL-2 family members
and IM permeabilization and leads to caspase activation and apopto-
sis execution.

Although VDACT appeared to be a pro-apoptotic protein through
oligomerization induced by many stimuli (e.g. staurosporine, curcumin,
As,03, etoposide, cisplatin, selenite, tumor necrosis factor alpha (TNF-
), Hy0,, and UV irradiation) (Keinan et al., 2010), the role of VDAC2
seemed to be anti-apoptotic via the sequestration of BAK (Cheng et al.,
2003; Lazarou et al., 2010; Ma et al., 2013). In VDAC2 —/— MEEF cells,
BAK rearranges into homo-oligomers and forms oligomeric pores and
the cells are more susceptible to apoptotic death (Cheng et al., 2003;
Lazarou et al., 2010). In thymocytes, VDAC2-BAK complex functions
as a rheostat to control cell survival (Ren et al., 2009). Conversely, over-
expression of VDAC2 blocks BAK activation and inhibits the cell death
pathway (Cheng et al., 2003). In addition, in contrast to VDAC1 and 3,
VDAC2 does not interact with BCL-X to facilitate calcium matrix accu-
mulation, a mechanism described to facilitate mitochondrial membrane
permeabilization and participate to cell death signaling (Huang et al.,
2013). Moreover, tubulin inhibits VDAC1 and VDAC2 but not VDAC3
which is more involved in metabolite transport (Maldonado and
Lemasters, 2012).

In summary, despite the growing body of evidence and the variety of
models investigated, a direct role of VDAC in cell death is still discussed
and it is plausible that VDAC participates to several molecular and cellu-
lar mechanisms, themselves dependent on the metabolic context, such
as lipid accumulation as discussed below.

Table 1

3. VDAG, its post-translational modifications and their implication

As a nuclear encoded protein imported into mitochondria, VDAC has
been shown to be co-translationally or post-translationally modified
(Table 1). VDAC modification refers mainly to acetylation, phosphoryla-
tion and S-nitrosylation. Recently, it has been reported that VDAC can be
modified by O-linked 3-N-acetyl glucosamine (O-GIcNAc), but its role
and how it affects VDAC activity is not yet known (Johnsen et al.,
2013). Interestingly, most of these modifications can be modulated by
the pathophysiological context and, notably be controlled by at least
metabolic stress, aging, cancer and cardiovascular diseases (Fig. 1).
Thus, BCL-X; levels can affect cell survival through an effect on acetyl-
CoA cell content and Na-acetylation (Vi et al., 2011). These modifica-
tions may also affect VDAC protein activity, its stability toward protea-
some degradation (Yuan et al., 2008) and organelle accumulation as
well as its interaction with other proteins, such as hexokinase and tubu-
lin. For example, in rat liver mitochondria, VDAC1, but not VDAC2 or 3,
can be irreversibly acetylated at its N-terminus following methionine
cleavage co-translationally despite detection of uncleaved N-terminal
peptide by the mass spectrometry (Distler et al., 2007). The functional
consequence of this modification is ignored, but deserves further
study for a better knowledge of VDAC biosynthesis.

In all species studied, i.e. from mammals to plants, VDAC has been
found to be phosphorylated (Tables 2 and 3). Of note, all phosphor-
ylation events were not determined by mass spectrometry analysis
(i.e. the gold standard). When conducted following 1D electrophore-
sis separation of mitochondrial proteins and transfer to a membrane,
this approach leads to the possibility of a false positive result and
unfortunately, cannot determine the site of phosphorylation or the
proportion of VDAC monomer that is truly phosphorylated.

Briefly, phosphorylation on serine, threonine as well as tyrosine by a
diversity of kinases (e.g. GSK33, PKA, PKC, CaM-II, p38) has been de-
scribed under stimulation and/or various physiopathological conditions
(Tables 2 and 3, Fig. 1) (Martel et al., 2013; Pastorino et al., 2005; Sun
et al,, 2008). This suggests the existence of microdomains within mito-
chondria membrane containing preferentially certain VDAC isoforms
and certain kinases forming large polyprotein complexes, such as PKA
(Lefkimmiatis et al., 2013). This is supported by studies designed to in-
vestigate the oligomerization of VDAC in blue-native gels (BN-PAGE) or
cross-linking and 1D-electrophoresis (SDS-PAGE) revealing the exis-
tence of VDAC into several mitochondrial polyprotein complexes (see
below, Faustin et al., 2011; Keinan et al., 2010; Martel et al., 2013).

4. VDAC-lipid interactions

It has been shown that lipids can play an important role in protein
function and structure, especially in the case of membrane proteins (for
review: Marsh, 2008; McIntosh and Simon, 2006; Smith, 2012; Vitrac
et al,, 2011). Such effects of lipids have been described for proteins in-
volved in mitochondrial pathway of apoptosis, especially the members
of the BCL-2 family. Indeed, lipid composition of liposomes affects

Post-translational modifications of human VDAC isoforms. Data of phosphorylation, acetylation, NAD binding and S-nitrosylation are from the Nexprot database (www.nextprot.org).
Residues in italics have not been experimentally evidenced and are proposed by similarity or in silico prediction. ND, not detected.

Isoform Phosphorylation Acetylation NAD binding sites S-Nitrosylation References
VDAC1 Ser13, Tyr67, Thr107 Ala2, Lys6, Lys20, 242-244 260-264 ND Bienvenut et al. (2012); Gauci et al. (2009);
(2-283) Lys109, Lys252, Lys 266 Kayser et al. (1989); Olsen et al. (2006);
Sol et al. (2012); Thinnes et al. (1989); and
Van Damme et al. (2012)
VDAC2 Ser115 Thr118 Alaz, Lys31, Lys120 253-255271-275 Cys47 Choudhary et al. (2009); Gauci et al. (2009);
(2-294) Lam et al. (2010); and Sol et al. (2012)
VDAC3 Thr4, Ser241 Cys2, Lys20, Lys90 242-244 260-264 ND Choudhary et al. (2009); Gauci et al. (2009);
(2-283) Lam et al. (2010); Oppermann et al. (2012);

and Sol et al. (2012)
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Fig. 1. Stimuli and/or pathophysiological conditions influencing VDAC post- and translational modification. From literature and our own work, we hypothesize that phosphorylation might
modulate the role of VDAC metabolism versus cell death. ROS, reactive oxygen species, NeuroDD, neurodegenerative diseases, and CVD, cardiovascular diseases.

permeability and cytochrome c release from BAX-proteoliposomes
(Basanez et al., 2002), irrespective of changes in the incorporation of
BAX into the liposomes. Lipids that possess a positive intrinsic curvature,
such as lysophosphatidylcholine (LPC) or lysophosphatidylethanolamine
(LPE) enhanced the permeability of BAX-incorporated liposomes, where-
as dioleoylphosphatidylethanolamine (DOPE) and diacylglycerol (DOG),
which exacerbate a negative curvature showed an inhibition of such
permeability. Interestingly, cardiolipin (CL), which is mostly found in mi-
tochondrial membranes (van Meer et al., 2008), promotes the binding of
a cleaved BID to lipid membranes and is necessary to BID-induced
permeability of BAX-liposomes (Kuwana et al., 2002; Lutter et al.,
2000). This cleaved BID also displays lipid transfer activity (Esposti
et al., 2001) and is capable of inducing a negative curvature, which
could destabilize lipid membranes (Epand et al., 2002).

As a membrane channel, VDAC is obviously susceptible to be influ-
enced by membrane lipids. Impact of membrane lipid composition on

Table 2

VDAC channels behavior has been studied for the first time in 2006 by
evaluating the gating properties of VDAC after reconstitution in a planar
lipid bilayer of various compositions (Rostovtseva et al., 2006). Non-
lamellar lipids such as PE and CL generated an asymmetrical gating of
VDAC channels, favoring the channel closure at negative voltages, with-
out modification of its orientation into lipid bilayers. Interestingly, VDAC
insertion was more efficient in PE membranes than in phosphatidylcho-
line (PC) containing membranes.

A close relationship between VDAC and cholesterol molecules has
been suggested since the 90s. In 1988, Jancsik and colleagues suggested
that in rat liver mitochondria, VDAC release from OM requires disrup-
tion of cholesterol molecules (Jancsik et al., 1988). Furthermore, addi-
tion of sterol is needed to maintain its channel-forming ability (Popp
et al., 1995) and purification of VDAC through binding on hydroxyapa-
tite/celite columns revealed the presence of cholesterol molecules to-
gether with VDAC fractions (De Pinto et al., 1989). Lately, two studies

VDAC phosphorylation evidenced by mass spectrometry and mutagenesis. This table lists all the phosphorylation sites found experimentally in VDAC isoforms by mass spectrometry
analysis and demonstrated by mutagenesis irrespective of the origin species or tissue. ND, not determined.

Isoform  Site Species & tissues Protein kinases

Effect of phosphorylation Reference

VDAC1 Ser12 Rat liver mitochondria CaM-1I/GSK3p ND Distler et al. (2007)
Ser136  Rat liver mitochondria PKC ND Distler et al. (2007)
Ser193  HK2 Nek1/PKC Prevention of cell death Chen et al. (2009)

Ser12 HMEC GSK3/CaM-II/CKI

Sensitization to apoptosis via Kerner et al. (2012); and Yuan et al. (2008)

Ser103 CKI

Ser117  Mouse brain, Mouse liver mitochondria  CKI/p38MAPK

Ser101 Hela GSK3/cdc2/CaM-II

Ser102 PKC/cdc2/GSK3p

Ser104 CKI/p38MAPK/GSK3B

Thr107  Hela PKC/GSK3 3/CaM-I1

Tyr80 Mouse brain SRC/EGFR

Tyr208 EGFR/SRC/INSR
VDAC2 Tyr237  Rat liver mitochondria INSR

Ser115 Hela CKI/CDK5/GSK3p

Thr118  Hela PKC/CKI/GSK3p
VDAC3 Ser241 Rat liver mitochondria CKI/PKA

Thr33 Rat liver mitochondria PKC

Tyrd9 Mouse brain CKII/GSK3p/CaM-II

inhibition of

phosphorylated VDAC1 degradation

ND Kerner et al. (2012); Lee et al. (2007); and
Munton et al. (2007)

ND Kerner et al. (2012); and Olsen et al. (2006)

ND Kerner et al. (2012); and Olsen et al. (2006)

ND Ballif et al. (2008); and Kerner et al. (2012)

ND Distler et al. (2007)

ND Kerner et al. (2012); and Olsen et al. (2006)

ND Kerner et al. (2012); and Olsen et al. (2006)

ND Distler et al. (2007)

ND Distler et al. (2007)

ND Ballif et al. (2008); and Kerner et al. (2012)
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Table 3

VDAC phosphorylation evidenced by electrophoresis followed by coloration or immunodetection. Numerous studies report VDAC phosphorylation by immunodetection with anti-
phospho-serine, -tyrosine and -threonine. When conducted following 1D electrophoresis separation of mitochondrial proteins and transfer to a membrane, this approach led to the
possibility of false positive result and cannot determine the site of phosphorylation nor the proportion of VDAC monomer that is truly phosphorylated. ND, not determined.

Isoform Site Species & tissues Protein kinases

Effect of phosphorylation

Reference

Facilitation of the leakage of mitochondrial

Cuadrado-Tejedor et al. (2011)

proapoptotic molecules

Decrease of single channel current and opening

Baines et al. (2003)

probability

Disruption of the binding of HK-II to VDAC
p38 MAP kinase Regulation of cell survival in myocardial ischemia

Pastorino et al. (2005)
Schwertz et al. (2007)

and reperfusion

Regulation of its interaction with Tubulin
Alteration of mitochondrial function under energy

Sheldon et al. (2011)
Das et al. (2008)

deficient conditions

Control of outer mitochondrial membrane permeability

Martel et al. (2013)

during lipid accumulation

VDAC1  Thr Mice tg2576 GSK3p
VDAC1 ND Mouse heart mitochondria PKCe
VDAC1 Thr51 Hela GSK3p
VDAC1 Tyr Rabbit heart

VDAC ND Mouse liver mitochondria GSK3f(/PKA
VDAC ND Rat mitochondria Akt/GSK3p
VDAC Thr Mouse liver GSK3p
VDAC Thr 51 Tubular epithelial cells, mouse kidneys/livers GSK3p

VDAC ND Rice

Prevention of PTP, attenuation of tubular cell death
CKII/PKC ND

Prevention of PTP opening

Closure of the channel

Closure of the channel

Adaptation to stress situations

Regulation of binding to HKII and the opening of the PTP  Sun et al. (2008)
Regulation of channel activity or interaction with other

Wang et al. (2013)

Al Bitar et al. (2003)
Javadov et al. (2009)
Bera and Ghosh (2001)
Herrera et al. (2011)
Liberatori et al. (2004)

Arcelay et al. (2008)

sperm proteins

VDAC  Ser Neonatal rat cardiomyocytes GSK3p

VDAC ND Rat liver mitochondria PKA

VDAC Tyr SN56 & HT22 neurons PKA/Src-kinase
VDAC  Tyr Guinea pig brain ND

VDAC ND HEK293 PKCe

VDAC Tyr Mouse sperm ND

VDAC ND Rat brain mitochondria PKA

Control of cytochrome c leakage

Banerjee and Ghosh (2006)

from the same group identified VDAC as part of polyprotein complexes
binding cholesterol and participating in hormone-induced mitochon-
drial cholesterol transport and steroidogenesis in Leydig cells (Liu
et al.,, 2006; Rone et al., 2012). VDAC interacts with TSPO, PAP7, cAMP
dependent protein kinase-regulatory subunit I or PKARIc, and StAR to
form the so-called “transduceosome” (Rone et al., 2009), which upon
hormone stimulation favors cholesterol transfer to the OM. In addition,
together with TSPO, CYP11A1, ATAD3A, and OPAT1, VDAC takes part in
cholesterol transport to the IM. Besides, VDAC has been identified as
the main cholesterol-binding protein from the intermembrane contact
sites of rat liver mitochondria (Campbell and Chan, 2007). Of note, the
analysis of putative promoter sequences of human VDAC1 and murine
VDAC1/2 revealed the presence of a sterol repressor element, which
regulates the synthesis of proteins that are involved in cholesterol
trafficking (Messina et al., 2000; Sampson et al., 1997). Furthermore,
disruption of VDAC-hexokinase binding in cancer cells resulted in a
decrease of cholesterol content in the OM and increased sensitivity to
mitochondrial matrix swelling, suggesting that VDAC influences choles-
terol distribution in the OM and may impact on oxidative phosphoryla-
tion and apoptosis sensitivity in cancer cells (Campbell and Chan, 2008).
Very recently, it has been proposed that a glycine motif GxxxG in the N-
terminal part of the protein, localized in positions 20-24, could be
responsible for cholesterol binding (Thinnes and Burckhardt, 2012). It
appears that VDAC is not only involved in cholesterol transport across
the OM, but could also be part of a complex allowing the transport of
fatty acids through the OM in rat liver mitochondria (Lee et al., 2011).
The authors postulated that VDAC could act as an anchor linking the
long-chain acyl-CoA synthetase (ACSL) from the outer surface of the
OM and the carnitine palmitoyltransferase 1a (CPT1a), which would
be facing the intermembrane space. In the proposed model, upon acti-
vation by ACSL, acyl-CoAs are then transferred across the OM by VDAC
to the intermembrane space where they can be converted by CPT1a
into acylcarnitines. The role of VDAC in the transport through the OM
of metabolites such as ADP, NADH, has been well established. It is only
recently that these studies suggested that VDAC is also implicated in
lipid metabolism pathways, in particular, fatty acids and cholesterol
transport.

In addition to modifications of intrinsic VDAC channel gating proper-
ties, interaction with lipids may impact VDAC association with its vari-
ous protein partners. As an example, the close relationship between
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VDAC and tubulin has been widely studied since the first evidence of a
physical interaction (Carre et al., 2002) (for review: Rostovtseva and
Bezrukov, 2012). Briefly, addition of tubulin during recording of cur-
rents from single channels incorporated in planar lipid membranes in-
creased the voltage sensitivity of the channel and promoted a closed
state of VDAC at low transmembrane potentials (Rostovtseva et al.,
2008) preventing the entry of ATP in the mitochondria via VDAC
(Gurnev et al.,, 2011) and ultimately altering mitochondrial metabolism
(Maldonado and Lemasters, 2012). Then, this inhibition has been dem-
onstrated to be strongly dependent on lipid composition and charge of
the membrane. It appeared that the conductance of VDAC upon tubulin
inhibition was not affected by variations in lipid composition (using
DOPC and DOPE) (Rostovtseva et al., 2012). The frequency of tubulin
induced-VDAC closure but not the duration of the closed state, however,
was sensitive to such changes. Thus, DOPE membranes increased sub-
stantially the frequency of channel blockage in comparison with POPC
membranes. Next, it has been suggested that membrane charge could
modulate the conductance of the tubulin-blocked state of the channel:
its conductance would be decreased by positive and increased by the
negative charge of the lipids (Gurnev et al,, 2012).

VDAC oligomerization has been associated with increased mito-
chondrial membrane permeabilization and apoptosis (for review:
Shoshan-Barmatz et al., 2013). Interestingly, modifications of mitochon-
drial membrane lipid composition during apoptosis, i.e. increased
phosphatidylglycerol (PG) and decreased CL (Matsko et al., 2001;
Ostrander et al., 2001), have been described to favor VDAC oligomers
(Betaneli et al,, 2012).

In summary, structural lipids from mitochondrial OM have a strong
impact on VDAC function, as well as its ability to interact with other pro-
teins. Nonetheless, little is known about how VDAC could be influenced
by non-structural lipids.

5. VDAC phosphorylation in lipid-induced liver pathology

Fatty acids (FAs), especially palmitate, are recognized to be able to
induce mitochondrial membrane permeabilization in various cell
types (Koshkin et al., 2008; Paumen et al., 1997; Rogers et al., 2014;
Sparagna et al., 2000). This induction can either be direct (de Pablo
et al,, 1999; Furuno et al., 2001; Oyanagi et al., 2011; Wieckowski and
Wojtczak, 1998) mostly by activation of PTP or mediated by
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Fig. 2. VDAC phosphorylation by glycogen synthase kinase 3 (GSK-3) and cell fate decision.
In high fat conditions, VDAC is dephosphorylated and its permeability to calcium in-
creased. This enhances the sensitivity of mitochondria to calcium-induced swelling via
disruption of VDAC-BCL-X, binding.

endoplasmic reticulum stress signaling (for review: Fu et al., 2012;
Gentile etal.,2011). It has even been proposed that palmitate can co-
operate with Ca®* to induce leaking from mitochondrial membranes
by lipid pore formation possibly due to a loss of membrane integrity
(Agafonov et al., 2003, 2007; Belosludtsev et al., 2009). Surprisingly,
none of these studies investigated the involvement of VDAC in such
FA-induced mitochondrial membrane permeabilization.

We showed that in cultured immortalized hepatocytes, FA incuba-
tion for 24 h increased the mitochondrial sensitivity to Ca® "-induced
loss of membrane potential and reduced VDAC phosphorylation
(Martel et al., 2013). These alterations were also observed in mitochon-
dria isolated from genetically obese or high fat diet fed mice liver. Nota-
bly, VDAC phosphorylation level is correlated with steatosis severity in
patients, suggesting that VDAC's lack of phosphorylation may represent
a hallmark of chronic lipid exposure during steatosis in mammals. In ac-
cordance with other studies (Cuadrado-Tejedor et al., 2011; Pastorino
et al,, 2005; Sheldon et al., 2011; Wang et al., 2013), our pharmacologi-
cal and genetic manipulation pointed to GSK3 as the kinase responsible
for this phosphorylation, as its activity was diminished by lipid accumu-
lation within the hepatocytes. Furthermore, this also amplifies VDAC
enzymatic activity and modulates the ionic channel permeability of
VDAC in response to Ca?™", which may influence mitochondrial OM
permeability and mitochondrial metabolism (Bathori et al., 2006; Tan
and Colombini, 2007).

Lipid-induced lack of phosphorylation not only disturbed VDAC in-
trinsic gating properties, but also resulted in a change of its interactome.
Indeed, in normal mouse liver mitochondria, phosphorylated VDAC
is part of a complex containing at least GSK3 and the anti-apoptotic
Bcl-X;. Despite separately known interactions between these two pro-
teins and VDAC (Arbel et al., 2012; Cuadrado-Tejedor et al., 2011;
Huang et al.,, 2013; Malia and Wagner, 2007; Pastorino et al., 2005;
Sheldon et al., 2011; Vander Heiden et al., 2001; Wang et al., 2013),
they are described for the first time as physically interacting altogether.
In fact, this complex is likely to participate in the preservation of the mi-
tochondrial OM integrity, as its disruption after lipid induction is associ-
ated with an increased sensitivity to membrane permeabilization. As
summarized in Fig. 2, VDAC phosphorylation could be considered as
a sensor of lipotoxicity controlling the balance between survival
adaptive response and stress signals leading to hepatocyte cell death.

6. Open question and perspectives

After 40 years of functional and structural study, VDAC appeared to
be at the crossroad between metabolism and cell death. However, VDAC
can still be viewed as a friend or a foe depending on the isoform consid-
ered (McCommis and Baines, 2012). Many aspects of VDAC isoform reg-
ulation remain to be learned and we anticipate that the technological
advances of -omic studies will help to better understand the pathophys-
iological relevance of the various VDAC post-translational modifications
in the future. Notably, more information on VDAC2 isoform and VDAC
acetylation is needed. This might have important implication for the
targeting of mitochondria in pathologies, which exhibit a mitochondrial
dysfunction such as cancer and cardiovascular diseases (Fulda et al.,
2010; Krasnov et al., 2013; Rosano, 2011). The recent finding that
VDAC can behave as a lipid sensor (Martel et al., 2013) also opens
new avenues for novel therapeutic strategies for pathologies in which
a lipid storage deregulation has been described such as steatosis, diabe-
tes as well as metabolic syndrome.
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The protein disulfide isomerases PDIA4 and PDIA6
mediate resistance to cisplatin-induced cell death
in lung adenocarcinoma

G Tufo'2, AWE Jones®, Z Wang'"2, J Hamelin*, N Tajeddine®, DD Esposti®, C Martel"*%, C Boursier’, C Gallerne'?,
C Migdal®®, C Lemaire'®, G Szabadkai®'’, A Lemoine*, G Kroemer>'"121314 and C Brenner*'-2

Intrinsic and acquired chemoresistance are frequent causes of cancer eradication failure. Thus, long-term
cis-diaminedichloroplatine(ll) (CDDP) or cisplatin treatment is known to promote tumor cell resistance to apoptosis induction
via multiple mechanisms involving gene expression modulation of oncogenes, tumor suppressors and blockade of
pro-apoptotic mitochondrial membrane permeabilization. Here, we demonstrate that CDDP-resistant non-small lung cancer cells
undergo profound remodeling of their endoplasmic reticulum (ER) proteome (> 80 proteins identified by proteomics) and exhibit
a dramatic overexpression of two protein disulfide isomerases, PDIA4 and PDIA6, without any alteration in ER-cytosol Ca® "
fluxes. Using pharmacological and genetic inhibition, we show that inactivation of both proteins directly stimulates
CDDP-induced cell death by different cellular signaling pathways. PDIA4 inactivation restores a classical mitochondrial
apoptosis pathway, while knockdown of PDIA6 favors a non-canonical cell death pathway sharing some necroptosis features.
Overexpression of both proteins has also been found in lung adenocarcinoma patients, suggesting a clinical importance of these
proteins in chemoresistance.

Cell Death and Differentiation (2014) 21, 685-695; doi:10.1038/cdd.2013.193; published online 24 January 2014

One of the major aims of chemotherapy is to induce apoptosis
to eradicate cancer cells, but cancer cells are intrinsically
resistant or acquire chemoresistance to apoptosis that may
lead to treatment failure."® Thus, many chemotherapeutic
agents such as the DNA-damaging agent cisplatin
(cis-diaminedichloroplatine(ll) (CDDP)) initiate a mitochon-
drial cell death pathway involving Bcl-2 family members,
p53, mitochondrial membrane permeabilization (MMP), cyto-
chrome c release and caspase activation in tumor cells.®™®
Following several years of treatment, CDDP-treated tumors,
such as lung, ovarian, testicular and head and neck
carcinomas, develop resistance to CDDP-induced apoptosis.
Although causes of chemoresistance can be multiple,
adaptation to endoplasmic reticulum (ER) stress, as a result
of chronic and mild unfolded protein response (UPR), might
be a key driver of malignancy and resistance to therapy.®™®
The UPR is activated when misfolded proteins accumulate
in the ER as a result of exogenous and/or endogenous stress
signals.® Although ER stress responses represent homeo-
static mechanisms allowing cells to survive, prolonged or

excessive activation of the UPR can result in cell death
by inducing primarily mitochondrial apoptosis.’®!" UPR is
regulated by the balance between expression levels and post-
translational modification status of ER sensor proteins,
including ER to nucleus signaling 1 (IRE1), protein kinase
RNA-like endoplasmic reticulum kinase (PERK) and activat-
ing transcription factor 6 (ATF®8). It is frequently accompanied
by an altered calcium homeostasis and autophagy.® More-
over, 78 kDa glucose-regulated protein (GRP78) overexpre-
ssion has been associated with enhanced tumor growth and
resistance to chemotherapy.'®'® However, how the UPR
switches between the pro-survival and pro-apoptotic signaling
pathways'#'® and therefore how it might contribute to cancer
cell resistance is still unknown.

Here we addressed the hypothesis that CDDP resistance of
non-small lung cancer (NSLC) relies on specific adaptation
mechanisms involving ER resident proteins such as protein
disulfide isomerase (PDI) without any alteration of Ca®*
fluxes between ER and mitochondria. A set of CDDP-resistant
NSLC A549 cell lines'® and lung cancer patients biopsies
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were investigated to identify novel anti-apoptotic proteins
responsible for CDDP resistance. Accordingly, pharmaco-
logical inhibition and genetic manipulation of PDIA4 and
PDIAG restored cell death induction in CDDP-resistant clones,
revealing for the first time their role in cancer cell adaptation
and chemoresistance.

Results

Chronic adaptation of lung carcinoma cells to CDDP
involves the alteration of the UPR pathway in the
ER. A549 lung adenocarcinoma cells (wild type, WT) were
cultured in the presence of low doses of CDDP (5 uM), until
the appearance of resistant cells able to survive and maintain
their resistance phenotype in the absence of the selection
pressure and three clones, named A549 R1, R2 and R3,
were isolated.’® Using a clonogenic assay, the proliferation
capacity of these clones was evaluated following culture of a
similar number of cells of the resistant clones for 48 h before

plating. Resistant cells appeared to grow faster than WT cells
with a significant difference between each clone and WT
(P<0.01; Figures 1a and b).

Two essential parameters of apoptosis were measured
according to international criteria,” collapse of mitochondrial
transmembrane potential (A¥m) and hypoploidy (SubG1
peak) by flow cytometry. As expected,'®'® WT cells showed
dose-dependent loss of A¥Ym with 25 and 50 uM CDDP at
24 h, indicating that CDDP treatment induces the mitochon-
drial pathway of apoptosis (Figure 1c). CDDP-induced loss of
A¥Ym was significantly prevented in all resistant clones,
although to various extent. In addition, a large fraction of
WT cells appeared as a SubG1 population at 48 h following
CDDP treatment, confirming the apoptosis induction by
CDDP, but no significant enhancement of this event was
found in resistant clones (Figure 1d). As CDDP has no direct
effect on highly purified isolated mitochondria (not shown),
data from the first set of experiments indicated that resistance
to CDDP-induced apoptosis of R1, R2 and R3 clones involves
a mechanism upstream of MMP.
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CDDP-resistance lung cell model. (a) A549 wild-type cells (WT) and resistant R1 to R3 clones from 4-day precultures were plated and incubated for 14 days.

(b) Colony count shows that R1 grows faster than R2, R3 and WT cells. Data points are mean £ S.E.M. from three experiments performed in triplicate (n =3, mean + S.E.M.).
(c and d) WT and resistant clones were incubated with 0 (NT), 25 and 50 M CDDP. (c) The level of the A¥m was measured with the TMRM fluorescent probe by flow
cytometry at 24 h (n=6, mean £ S.D.). (d) DNA content was measured with propidium iodide at 48 h (n= 6, mean £ S.D.). (e) Western blotting analysis of apoptotic proteins,
chaperones and ER stress markers in A549 WT and R1 to R3 clones. Thirty micrograms of cellular proteins have been immunoblotted by antibodies against BCL-2, BAX,
PARP1, PERK, IRE1, ATF6 and GRP78. Western blots are representative of three independent experiments
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Next, we characterized expression levels of several
apoptosis-related proteins by immunoblotting (Figure 1e).
Indeed, we observed increased Bcl-2, Hsp70 and PARP1
expression in parallel with a decreased Bax expression in the
CDDP-resistant clones. This result is in line with a previously
described balance between anti- and pro-apoptotic proteins
directly regulating MMP and chemoresistance.' %722

However, these observations did not unravel the pathways
upstream of MMP, which can be involved in the development
of CDDP resistance. It has been previously established that
ER homeostasis can be a common extra-nuclear target of
CDDP.2® Moreover, our previous work established a role of
the UPR and consequent ER stress as one of the most potent
endogenous inducers of MMP and cell death.'! This led us to
hypothesize that alteration of the UPR might be involved in the
resistance to CDDP-induced cell death. Thus, we evaluated
the expression of three UPR sensors, ATF6, IRE1 and PERK,
and their major partner, GPR78.2 Confirming our hypothesis,
all these proximal UPR factors were differentially regulated in
the CDDP-resistant clones as compared with WT. ATF6 and
PERK expression was downregulated, whereas the IRE1
expression increased (Figure 1e). Surprisingly, we also
observed a dramatic reduction in the expression of GRP78
in all the resistant clones (Figure 1e). These results suggested
that adaptation to ER stress, as shown by the differential
modulation of ER proteins levels, might be a central process to
the chronically acquired chemoresistance but that there is no
canonical ER stress per se.

Altered ER Ca?™ homeostasis is not required for
resistance to CDDP. Ca®’* release from the ER and
subsequent mitochondrial Ca®" overload and MMP have
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been shown to have a crucial role in ER stress-induced
cancer cell death.'** Thus we investigated whether devel-
opment of CDDP resistance was associated with alterations
of ER Ca®" homeostasis and Ca®*-mediated MMP.
First, we expressed ERD1, a FRET-based ER-targeted
recombinant Ca®" probe® in WT and R1 cells (i.e., the
clone showing the highest level of resistance) and measured
steady-state Ca®* levels under control conditions and
following 24h treatment with CDDP (75uM), using an
acceptor bleaching method previously established in our
laboratory.?® We did not find any significant differences
between the steady ER Ca®* concentrations ([Ca®*]gg) in
the WT and R1 cells (Figure 2a). Moreover, we observed no
ER Ca?" depletion following CDDP treatment. Thapsigargin,
an inhibitor of ER Ca?* accumulation,?” induced a large drop
in the FRET signal, validating the experimental method
(Figure 2a). In line with these results, no increase in cytosolic
[Ca®*] ([Ca®*].) was found following CDDP treatment, as
measured in WT cells loaded with the fluorescence Ca?*
-sensitive dye Fura-2 (Figure 2b). Finally, in order to assess
the contribution of cellular Ca® " signaling to CDDP-induced
cell death, we applied extracellular (EGTA, Figure 2c) and
intracellular (BAPTA-AM, Figure 2d) Ca®?* chelators, and an
inhibitor of Ca®* release from the ER (2-APB, Figure 2e) and
quantified cell death in WT cells following 24 h treatment
with CDDP. Neither EGTA nor 2-APB had any effect
on the efficiency of CDDP to induce cell death, while
BAPTA-AM pretreatment led to a significant but small
protection (52.3+1.57% cell death in control WT cells
versus 41.4+2.62% in the presence of BAPTA-AM,
10uM, Figure 2d). In conclusion, neither Ca®* influx
nor Ca®" release from the ER contributed significantly to
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Figure2 Ca™ signaling is not implied in CDDP-induced cell death. (a) Steady state [Ca?* Jcs was measured by ERD1 probe FRET efficiency in WT and R1 A549 cells
left either untreated or after 24 h treatment with CDDP (75 1M), as described in the Materials and Methods section (see also Supplementary Figure S1). As positive control,
WT cells were treated with thapsigargin in the absence of extracellular Ca2* and the presence of 100 uM EGTA. Results shown are the mean + S.E.M. of at least three
different cell preparations (*P < 0.05). (b) Timelapse imaging of [Ca® "] for 180 min following CDDP treatment. Representative traces are shown on the left panel. CDDP was
applied as indicated, and fura-2 loading was tested by the addiditon of 1 .M ionomycin. On the right panel, mean + S.E.M. of background-corrected 340 nm/380 nm Fura-2
ratios are shown from at least three different cell populations following 60 min of CDDP treatment. (c—e). The effect of extracellular (EGTA, c), intracellular (BAPTA-AM, d)
Ca® ™ chelation and inhibition of Ca®* release from the ER (2-APB, €) on CDDP-induced cell death. The chelators and inhibitor were applied in the culture medium at the
indicated concentrations either to control cells or to cells treated with CDDP (75 M, 24 h), and cell death was measured by determination of the ratio of Pl-positive cells,
as described in the Materials and Methods section. Results shown are the mean + S.E.M. of at least three different cell preparations (*P<0.05)
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CDDP-mediated cell death, implying that alterations in ER
Ca®" homeostasis cannot explain the CDDP resistance of
resistant cells. The slight inhibition of CDDP-induced cell
death in BAPTA-AM-treated cells might reflect inhibition of
calpains, which have been previously shown to marginally
contribute to caspase activation following CDDP treatment of
A549 cells.™

Proteomics identifies ER adaptations mediating CDDP
resistance. In order to identify novel ER-resident pathways
contributing to CDDP resistance, we used an unbiased
approach consisting of the comparison of the ER proteomes
from WT and R1 cells. Proteins of an ER-enriched fraction,
obtained by differential centrifugation, were separated by 2D
denaturing electrophoresis. At least three replicate gels per
cell type were silver-stained for quantitative analysis of the
ER proteome. Among 492 ER proteins found in R1 and WT
(not shown), 80 were overexpressed 2-10-fold in R1
compared with WT (Supplementary Figure S2). Forty spots
were further analyzed by nanoLC/MS/MS, and 23 were
identified by their MASCOT score and SwissProt accession
number (Supplementary Table S1). Among this set, we
identified a group of genuine ER proteins related to protein-
folding functions, which belong to the PDI family. PDIA4
levels were increased 11.2-fold while PDIA6 was upregulated
7.75-fold in ER as measured by densitometry of 2D
electrophoresis gels (Figure 3a). Moreover, these proteins
were found to be overexpressed in total cell lysates of all
CDDP-resistant clones by immunoblotting of 1D gels, except
for PDIA4 whose expression remained unchanged in R3
cells (Figure 3b). These results suggested an importance of
these proteins in the development of ER-mediated adapta-
tion to CDDP-induced cellular stress. Therefore, we further
explored their regulation and role.

PDI proteins are soluble Ca® " -binding chaperones contain-
ing thioredoxin-like domains,?® but little information is avail-
able on physiological PDIA4 and PDIA6 activity. Therefore,
we determined whether changes in PDIA4 and PDIAG protein
levels lead to a change in cellular PDI enzymatic activity.
Using an in vitro assay of insulin disulfide bonds reduction, we
identified an enhancement of PDI activity in all resistant
clones compared with WT cells (Figure 3c). Total PDI activity
was increased in R1, R2 and R3 cells by 39, 37 and 42% of the
WT, respectively. Next, we treated the resistant cells with
bacitracin, a pan inhibitor of PDIs, and observed an increase
in the CDDP-induced loss of AWm, restoring almost com-
pletely CDDP sensitivity for the highest dose of PDI inhibitor
(Figure 3d).?® These results indicate that pharmacological
PDI inhibition rescues MMP induction by CDDP and suggests
that PDIs might have a direct role in CDDP resistance.

Genetic downregulation of some PDI isoforms reverses
CDDP resistance. Twenty-one genes are known to
encode PDI family members. With the aim of identifying
PDI isoform(s) responsible for CDDP resistance, we trans-
fected pools of siRNAs to selectively and individually inhibit
the expression of various PDI isoforms. Four isoforms have
been selected because of their previously characterized
role in survival to ER stress (PDIA1),%® in Ca®* exchange
(PDIA3)®' and their overexpression in the present study
(PDIA4 and PDIA6). Thus, siRNAs against these four
isoforms allowed efficient knockdown in A549-resistant
clones with limited off-target effects in 48 h (Supplementary
Figure S3). We compared the impact of the depletion of
PDIA1, PDIA3, PDIA4 or PDIAG6 on cell viability (Figure 4a).
Knockdown of PDIA4 and PDIA6 increased the
CDDP-induced cell death. In contrast, depletion of PDIA1
and PDIA3 had no effect on cell viability (Figure 4a). These
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siRNA, Crtl. (b) Co-silencing of PDIA4 and PDIAG in R1 to R3 cells (n= 3, mean + S.E.M.). (c) Clonogenic assay of WT and R1 from 4-day precultures in the presence of
siRNA Crtl, PDIA4 and PDIAG6 for 48 h, and 25 ;M CDDP were plated in drug-free medium in six-well plates, incubated for 14 days and colony count was determined. (d) Flow
cytometry analysis of R1 cells treated by siRNAs and CDDP, as above, labeled with 7-AAD and Annexin V. Percentage of cells are indicated in parts of the panels (n=6)

results point to a potential direct role of PDIA4 and PDIA6
isoforms in CDDP resistance but exclude a role for PDIA1
and PDIA3. Co-targeting of both proteins was lethal without
CDDP treatment, indicating that the presence of at least one
of the isoforms is essential for normal cell physiology and that
they might have overlapping functions (Figure 4b).

Next, we performed a clonogenic assay to examine the
impact of PDI levels on the sensitivity of the clones to CDDP
(Figure 4c). Addition of 25 M CDDP abolished the clonogenic
potential of WT cells but only reduced the number of
R1 colonies by >2-fold, in line with previous results. After
knockdown of PDIA4 or PDIA6G in R1 cells, CDDP became
more efficient and a rather limited number of colonies (<8 + 1)
was observed, indicating restoration of CDDP-induced
cell death. Similar results were obtained for R2 and R3
(not shown).

Using AnnexinV—PE/7AAD labeling procedure, we showed
anincrease in early and late apoptosis in the three clones after
transfection of individual PDIA4 or PDIA6 siRNAs and CDDP
treatment.

Differential cell death pathways induced by PDIA4 and
PDIA6 knockdowns. Further characterization of cellular
mechanisms revealed similarities as well as differences in
PDIA4 and PDIA6 knockdown-mediated cell deaths. Thus,
whereas loss of transmembrane inner potential (A¥m;
Figure 5a, Supplementary Figures S4A and B) and hypo-
ploidy (Figure 5b) were found in all clones after siRNA
PDIA4/CDDP treatment, these events occurred only in R1
following siRNA PDIA6 and CDDP treatment. We then
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examined the post-mitochondrial caspase activation and
found caspases 3/7 activation after siRNA PDIA4 and CDDP
treatment and for all resistant clones (Figure 5¢, Supplementary
Figure S4C and D). However, caspases 3/7 were not activated
in any clone by PDIA6 knockdown and CDDP treatment.
This result indicates that cell death elicited by siRNA
PDIA6/CDDP treatment cannot involve these effector caspases.
In contrast, we observed the upregulation of caspase-4, a
known inflammation and ER stress-related caspase®®*° in
resistant clones following siRNA PDIA6 and CDPP.

When evaluated by western blotting, PDIA4-dependent cell
death pathway recapitulated events that characterize the
canonical mitochondrial apoptosis pathway, namely Bcl-2
downregulation, and the cleavage of caspase-3, caspase-9
and PARP1 (Figures 5d and e). In addition, GRP78 expre-
ssion was slightly enhanced. In contrast, following the
treatment siRNA PDIA6/CDDP, no cleavage of the afore-
mentioned proteins was observed, while a marked decrease
of GRP78 and an increase in RIPK1 expression was observed
(Figure 5e). This is intriguing because RIP1 is a kinase
involved in regulated necrosis®* and, accordingly, 50 uM
necrostatin 1 blocked the cell death induced in R3 (P<0.01)
but not in R2 and R1 (Figure 5f). Moreover, the amount of
caspase-4 was upregulated in R2 (3.5x) and in R3 (5 x),
along with only a minor increase in the cleaved fragment p10
in R1 cells (Figure 5e).

Pharmacological inhibition of caspases with z-VAD-fmk, a
pan-caspase inhibitor, during siPDIA6/CDDP treatment
showed that caspases are essential for the cell death
process (Figure 6). As caspase-3, -7 and -9 cannot be
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involved in the lethal pathway (see above), we investigated
the role of caspase 4. Here, our results were heterogeneous
for the three resistant clones. Z-LEVD-fmk, a specific

caspase-4 inhibitor, did not prevent the death after the
combined depletion of PDIA6 and CDDP treatment in R1
and R2 clones (Figure 6). In contrast, caspase-4 inhibition
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significantly inhibited cell death in R3 cells, indicating a addressed by immunochemistry in cell lines and lung
specific role of this caspase in this clone. In summary, in adenocarcinoma patient biopsies (Supplementary Table S2).
contrast to PDIA4 knockdown, which leads to the induction of In WT and resistant cell lines and patients, we detected a
the mitochondrial cell death pathway, the combination of PDIA4-specific cytoplasmic staining pattern compatible
PDIA6 downregulation and CDDP stimulates cell death with its ER location (Figure 7). PDIA4 was overexpressed
through a non-canonical signaling pathway. This shows that in tumoral tissue of CDDP-treated cancer patients (10/10
that despite apparent similar resistance to CDDP and the patients) or CDDP-untreated patients with no mutated
major role of the PDI isoforms, the resistance of these clones EGFR (18/18 patients) but was not detectable in non-
can affect multiple cell death pathways. tumorous tissue (Figure 7). Unexpectedly, PDIA6 was
detected in the nucleus of some patients’ tumor cells,
Reversal of CDDP resistance in ovarian carcinoma cell especially in metastatic tumors or those harboring a
line A2780R. To extend our findings concerning the role of mutation in EGFR exon 19 or 21 (18/38 lung adenocarci-
PDIA4 and PDIA6 in CDDP resistance, we evaluated the nomas, Supplementary Table S2). Interestingly, 3-fold
impact of PDIA isoform depletion on A2780R cells, which more untreated CDDP tumors exhibited a nuclear location
represent a CDDP-resistant form of an ovarian carcinoma of PDIA6 than formerly treated and resistant tumors to
cell line (Supplementary Figure S5A). Signs of CDDP- CCDP. In resistant tumors, PDIA6 was mostly expressed at
triggered early and late apoptosis were clearly enhanced the cytoplasm of tumoral cells. Moreover, PDIA6 was
by PDI depletion with a stronger impact of PDIA6 than not detected in the nucleus of normal cells, suggesting
PDIA4 downregulation (76.4 and 44.8%, respectively) tumor-associated nuclear translocation of the protein that
(Supplementary Figure S5B). Moreover, an increase of could be related to the microenvironment of the tumor.
AW¥m loss and hypoploidy was found following PDI depletion
(Supplementary Figures S5C and D), suggesting that PDIA
was repressing the mitochondrial apoptotic pathway in
A2780R cells. Chronic treatment of cancer cells with low doses of CDDP
prevent apoptosis execution and confer an enhanced survival
PDI overexpression in lung adenocarcinoma patients.  capacity.> 16223 Here, we found that this resistance pheno-
Finally, the pathophysiological relevance of our study was type correlate with gene expression regulation of several

Discussion

63 | 108
E
RA1
_ 815
&,
|
£ 6 | J28  [16:23],25.4
& R i Sk
£ - : R2
1) 3 ;
g 79.8 56
< —
i34 143 (35 | 123
| 1. R3
i 7 v
1822 812
7AAD(+)
siPDIA6 + + + o + +
25uM CDDP - - + + - +
50uM Z-VAD - + - + - &
50uM Z-LEVD - - - - * +

Figure 6 Caspase role in cell death elicited by PDIA4 and PDIA6 knockdown and CDDP. R1, R2 and R3 cells were treated only with siRNA PDIA6 for 48 h followed
by 2 h of 50 uM caspase inhibitor Z-VAD or Z-LEVD and/or 48 h of 25 /M CDDP treatment. Cells were labeled with 7-AAD and Annexin V to detect early and late apoptosis (n = 6)

<
Figure 5 Characterization of cell death elicited by PDIA4 and PDIA6 knockdown and CDDP in resistant cells. (a) Cells transfected with control SIRNA (SiCrtl), SIRNA
targeting PDIA4 (siPDIA4) or siRNA targeting PDIA6 (siPDIAB) for 48 h followed by 48 of 25 M CDDP were stained with the fluorescent dye TMRM to visualize mitochondrial
AWm, (b). with propidium iodide (PI) to visualize DNA content after treatment and analyzed by flow cytometry (n=6, mean =S.D.), and (c). analyzed for caspases 3/7
activity. (d) Western blotting analysis of R1, R2 and R3 cells after 48 h of siRNA PDIA4 or control followed by 48 h of 25 uM CDDP treatment. Bcl-2, caspases 9 and 3
cleavage, GRP78 expression and PARP1 cleavage were analyzed. 3-actin is used as a loading control (n = 3). (d) Western blotting analysis of R1, R2 and R3 cells after 48 h
of siRNA PDIA4 or control followed by 48 h of 25 M CDDP treatment. GRP78, Bcl-2, Parp1 expression and Caspase 9 and 3 cleavage were analyzed. -actin is used as a
loading control (n= 3). (e) Western blotting analysis of R1, R2 and R3 cells after 48 h of SIRNA PDIA4 or control followed by 48 h of 25 M CDDP treatment. Caspase 9, 4 and
3 cleavage, GRP78 expression, PARP1 and RIPK1 expression were analyzed. ff-actin is used as a loading control (n = 3). (f) Cellular protection by necrostatin of loss of cell
viability induced by siRNA PDIA6 and 25 M CDDP (n=3)
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Figure 7 Immunostaining of patient biopsies and NSLC cell lines. (a) Non-tumor tissue presents substantial negative staining. In this figure, pneumocytes (a) are negative
for PDIA4 staining, while a positive staining is seen in macrophages (M) ( x 400). (b) Almost all tumor cells show a PDIA4-positive immunostaining ( x 100). The staining is
cytoplasmic with in some cases a membrane reinforcement ( x 400). (¢) Non-tumor tissue presents substantial negative staining for PDIA8, with few bronchial cells showing a
positive nuclear staining ( x 400). (d and e) Some tumor cells show a PDIAB-positive immunostaining. However, the immunostaining is heterogeneous and varies in different
tumor sectors ( x 100), and it is nuclear ( x 400). (f~h) A549 cell lines WT, R1 and R2 show a positive cytoplasmic immunostaining for PDIA4 and PDIA6
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classical oncogenes and tumor suppressors (e.g., Bax, Bcl-2,
PARP1, HSP70) in a panel of resistant NSLC cells. Interest-
ingly, we found a set of overexpressed ER stress proteins,
including IRE1, PDIA4 and PDIA6 and downregulated
proteins such as GRP78, PERK and ATF®6, supporting that
ER proteome remodeling, UPR response and PDI proteins
might have an original role in cancer cell resistance to
apoptosis. Our results demonstrate for the first time that
overexpression of two ER proteins, PDIA4 and PDIAG, has a
role in acquired resistance to CDDP-induced apoptosis via
mechanisms that operate at a pre-mitochondrial level. Despite
belonging to the large PDI family, both proteins appear
to mediate non-redundant mechanisms of cell death inhibition
and to be overexpressed in patient tumor cells. The significance
of our findings lies in the clinical importance of chemoresis-
tance for cancer progression and treatment efficacy.

The PDI family is composed of at least 20 proteins involved
in the folding and maturation of ER proteins via disulfide
formation and cyclic oxidation/reduction.?® Little information is
available on the specific role, abundance and regulation of
each isoform, but they are described as Ca®*-binding
proteins. As a result, it was tempting to hypothesize that their
overexpression might lead to a blockade of Ca®* in the ER
and that a defect in Ca®" fluxes between ER and mitochon-
dria could prevent MMP induction upon CDDP treatment.
However, based on ERD1 FRET measurement, no alteration
in Ca®" storage and release by the ER was observed,
excluding a link between Ca®* and CDDP resistance, at least
in our cellular model of CDDP resistance.

Evidence for an essential role of PDIA4 and PDIAG is based
on the findings that pharmacological inactivation with baci-
tracin and genetic silencing with siRNA of these specific
isoforms restores the sensitivity to CDDP-induced cell death.
This was shown for four NSLC cell lines and one ovarian
cancer cell line, establishing the relevance of the observation
for various cancer types. Recently, a PDI inhibitor,
PACMA 31, has been reported to suppress tumor growth in
a mouse xenograft model of human OVCAR-8 ovarian
cancer.®® Our results suggest that such a strategy could also
be used to reverse CDDP-induced cell death resistance.

Surprisingly, a CDDP-protective function was not
observed for other PDIs than PDIA4 and PDIA6. Moreover,
mechanisms of PDIA4- and PDIA6-mediated cytoprotection
were distinct, notably regarding the role of caspases, A¥m
dissipation and DNA fragmentation. Although PDIA4 knock-
down ftriggered the classical mitochondrial pathway of
apoptosis (AWm loss, proteolytic maturation/activation of
caspases 3, 7 and 9, phosphatidylserine exposure and
plasma membrane permeabilization and DNA fragmentation),
PDIA6 knockdown induced a different mode of cell death with
PS exposure and plasma membrane permeabilization,
caspase-4 activation and RIPK1 overexpression but no
AW¥Ym dissipation, caspase-9 cleavage or DNA fragmentation
in at least in two out of three clones. This indicates that the
specific cytoprotective role of these proteins is not redundant.

Despite a large number of studies linking the UPR to
alterations in drug sensitivity and malignancy,®'° profound
mechanistic insights into these roles have not been esta-
blished so far. The induction of GRP78 has been commonly
used as an indicator for UPR, and the regulation of its
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expression in resistant cells and its reversal following
PDIA4 and PDIA6 depletion suggests that GRP78 may be
an important factor in CDDP resistance. Thus, further
studies are required that might reveal a major role of
GRP78 in chronic chemoresistance. Of note, we also found
that the three clones are cross-resistant to other chemo-
therapeutics such as oxaliplatinum and carboplatinum and
that PDIA4 knockdown restored death induction with the same
profile than CDDP (Supplementary Figure S6). Only oxali-
platinum was not reversed by PDIAG extinction in R3 cells.

Importantly, PDIA4 and PDIA6 expression in samples from
lung adenocarcinoma patients correlated with their clinical
status. We analyzed lung biopsies from patients at diagnosis
of non-small cell lung adenocarcinoma or after treatment by
CDDP; PDIA4 was found with a cytoplasmic location
compatible with the expected ER location in tumor cells from
all patients and cell lines. In contrast, PDIA6 can also be
detected in the cytoplasm and in the nucleus in some tumor
cells in most of the patients. Unusual locations of PDI proteins
have been previously proposed to be related either to their
redox function or to their ability to bind DNA and nuclear
matrix and to activate transcription factors®” or participated
to DNA repair. PDI has recently been found in glial
cytoplasmic inclusions of patients with multiple system
atrophy,3® Alzheimer's disease®® and amyotrophic lateral
sclerosis.*" It is also known that intracellular redistribution of
PDIs or modification of its redox activity can be controlled by
N-nitrosylation in conditions of nitrosative stress.**~** There-
fore, it is tempting to speculate that in patient biopsies
PDIA6 might redistribute intracellularly as a consequence
of yet-to-be elucidated post-translational modifications. The
cytosolic location of PDIA6 in CDDP-treated tumors could
suggest their role in the DNA damage signaling cascade and
provide a novel promising target for chemotherapeutic
intervention.*®

In summary, we demonstrated overexpression of PDIA4
and PDIA6 in CDDP-resistant NSLC cells and in biopsies from
lung adenocarcinoma patients. In vitro, PDIA4- or PDIAG-
targeting siRNAs reversed the CDDP-resistant phenotype
and established an unexpected anti-apoptotic role of
these proteins. We anticipate that this study may prepare
the theoretical grounds to define novel chemotherapeutic
strategies based on PDI inhibitors.

Materials and Methods

Reagents. Where not indicated, reagents were from Sigma (Saint-Quentin
Fallavier, France). Caspase inhibitors Z-VAD-fmk and Z-LEVD-fmk are from
BioVision (Lyon, France).

Cell lines. Human A549 and A2780 WT and resistant cells were kindly
provided by Professor G Kroemer (Inserm U981, Institut Gustave Roussy, Villejuif,
France) and Dr. M Gutmann (Cytomics Pharmaceuticals, Orsay, France). A549
cells were grown in DMEM supplemented with 10% fetal bovine serum, antibiotics
and 10% glutamine at 37 °C in a humidified atmosphere with 5% CO,. A2780 cells
were maintained in RPMI with 10% fetal bovine serum, antibiotics and 10%
glutamine. A549-resistant clones R1, R2 and R3 were obtained as described.'®
A2780-resistant cells were maintained with 1 xM CDDP once a week to maintain
resistance.

siRNA transfection to knockdown PDI isoforms. On-Targetplus
SMART pool siRNA, a mixture of four siRNA provided as a single reagent were
purchased from Dharmacon Research (lllkirch, France). The transfections were
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performed according to Martel et al.*® At day 0, A549 and A2780 cells were plated
overnight at 5 x 10° cells in 96-well plates for cell viability and for caspase
activity quantification at 3 x10* in 24-well plates for cytometry analysis.
At day 1, the cells were transfected with 100nM PDI isoforms siRNA
oligonucleotides or non-target control oligonucleotides using Dharmafect
transfection reagent 2 for 48 h. After siRNA treatment, cells were treated or not
with 25 uM CDDP.

Subcellular fractionation. Cells were harvested at 70% confluency in
175 cm® flasks, trypsinized and washed in PBS. Cells were incubated with 5ml of
buffer (250 mM saccharose, 10mM Tris pH 7.6, 10mM KCL, 0.15mM MgCL, and
0.4mM PMSF) for 30 min on ice. Then, cells were broken in Dounce homogenizer
(Dominique Dutscher, Brumath, France) (100 hits). Homogenates were centrifuged at
1000 x g for 10 min to pellet nucleus, cell debris and intact cells. The supernatants
were collected and centrifuged twice at 10 000 (mitochondria fraction) and 20 000 x g
(mitochondria and membranes debris fraction) for 15min at 4°C to pellet
mitochondria. Again, the supernatants were centrifuged at 100000 x g at 4°C to
pellet ER. Finally, cytosolic proteins were precipitated with acetone. ER was
solubilized overnight in proteomic buffer (7 M urea, 2 M thio-urea, 20 mM dithiothreitol
(DTT), 1%Triton X-100, ampholytes 3-10; Bio-Rad, Marnes la Coquette, France) and
centrifuged for 45min at 100000 x g at 4 °C.

Proteomic sample preparation. ER proteins (125 ug) were diluted in
proteomic buffer supplemented with bromophenol blue in a final volume of 150 ul
and loaded overnight on a 17cm Ready IPG strip 2D electrophoresis pH3-10
(Bio-Rad) for rehydratation in a passive mode. The rehydrated strip with protein
was placed in Protean IEF cell (Bio-Rad), and proteins were separated following
iso-focalization. Strips were equilibrated 10 min in 5 ml of buffer containing 50 mM
Tris-HCI, pH8.8, 6M urea, 2% SDS, 30% glycerol and 1% DTT. A second
equilibration with bromophenol blue was performed in 5 ml of the same buffer with
1.5% iodoacetamide substituted for DTT during 10 min. Strips were transferred
onto a 12%-SDS-polyacrylamide gel and overlay with 0.5% agarose in Laemmli
buffer. Second-dimension denaturing electrophoresis was driven at 200V, and
gels were stained with silver nitrate in small Dodeca stainer (Bio-Rad). Gels were
scanned with GS800 Calibrated densitometer (Bio-Rad), and candidate spots are
analyzed with PDQuest software (Bio-Rad).

Mass spectrometry analysis. Spots of interest were in-gel digested with
sequence-grade trypsin (Promega, Madison WI, USA) and analyzed by tandem
mass spectrometry (MS) as previously described.® The peptide mass profiles
obtained were analyzed using MASCOT MS/MS lon Search (http:/www.
matrixscience.com) with the following parameters: Swiss-Prot 57.7 database,
Homo sapiens taxonomy, one missed cleavage by trypsin, fixed carbamido-
methylation of cysteine and variable oxidation of methionine, monoisotopic peptide
masses, peptide tolerance of 100 p.p.m. and MS/MS tolerance of 0.5Da.
Validated proteins had at least one peptide matched and a minimum Mascot score
of 32 (significance threshold P<0.05).

Western blotting analysis. Cells (300000) were collected and lyzed with
RIPA buffer. An equal amount of proteins (30 ug) was separated by SDS-PAGE
and immunoblotted with the following antibodies: ATF6 (Abcam, Thermo Fischer,
likirch, France); Bax, (BD Biosciences, Heidelberg, Germany); Bcl-2, (Santa Cruz,
Saint Quentin, France); Caspase 9, (Abcam); GRP78 (Cell Signaling, Paris,
France); HSP70 (Santa Cruz); IRE1 (Abcam); PARP1 (Santa Cruz); PDIA1 (Assay
Design Ann Arbor, MI, USA); PDIA3 (Abcam); PDIA4 (Abcam and Santa Cruz);
PDIA6 (Santa Cruz and Abcam); PERK (Abcam); and RIPK1 (BioVision).

Cell viability analysis. The number of surviving cells was determined by the
WST-1 assay (Roche, Boulogne-Bilancourt, France).

Cell death analysis. A549 and A2780 WT and resistant cells were analyzed
for cell death as previously described.*’ Briefly, tetramethylrhodamine methyl ester
(TMRM, Invitrogen, Saint Aubin, France) was used to measure the mitochondrial
transmembrane potential (AWm) at 24 h, propidium iodide for cell cycle and
subG1 (hypoploidy) at 48h by flow cytometry (FACSCalibur flow cytometer, BD
Biosciences). Finally, early and late apoptosis were analyzed using Annexin-PE/
7AAD (BD Pharmingen, San Jose, CA, USA). The caspases 3/7 activities were
measured with the Apo-ONE Homogeneous Caspase-3/7 Assay (Promega, San
Jose, CA, USA).
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PDI activity assay. ProteoStat PDI assay kit was used following the
manufacturer’s instruction (Enzo Life, Villeurbanne, France) by using insulin as
substrate to evaluate PDI activity in A549 whole extracts and ER fraction.

Clonogenic assay. Cells were harvested, washed with PBS and plated for
2-3 weeks at 37 °C. Then, colonies were stained with 0.25% of crystal violet and
counted using GS800 calibrated densitometer (Bio-Rad) and PDQuest
software (Bio-Rad).

[Ca®*] measurements in the ER and cytoplasm. For steady state
[Ca® "] ER measurements, the ERD1 FRET-based recombinant Ca2 ™ probe was
used, as previously described.®® Briefly, cells were plated on 22mm glass
coverslips and, 48 h following transfection, were treated or not with 75 M CDDP
for 24 h. Measurements were carried out on a Zeiss LSM510 META confocal
system (Marly le Roy, France). The probe was excited by a 405-nm laser diode,
emission spectra were acquired from 420-600 nm and the YFP and CFP signals
were obtained by un-mixing the spectrum based on previously registered spectra
of separate CFP and YFP proteins, as well as the autofluorescence of non-
transfected cells. FRET efficiency, which is the function of the ER luminal [Ca®*]
was quantified using the acceptor bleaching method.*® Briefly, after five acquisitions
YFP was bleached (at both 488 and 514 nm excitation wavelengths, typically by
about 80-90%), followed by acquisition of further five image spectra. Reduction of
the YFP signal leads to an increase in the CFP signal, which was normalized to
the decrease of YFP intensity during bleaching. The normalized increase of CFP
intensity is presented as FRET efficiency (Supplementary Figure S1).

For cytosolic [Ca*] measurements, A549-WT and R1 cells were seeded in
24-well plates. Cells were loaded with 1 uM Fura-2-AM (Invitrogen) at 37 °C for
20 min. Cells were imaged on Olympus IX71 inverted epifluorescence microscope
(Olympus, Hamburg, Germany) fitted with a computer-controlled motorized heated
stage (37 °C, Applied Scientific Instrumentation, Eugene, OR, USA), with a x 40
fluorite objective lens (NA 0.6). Images were collected using a Hamamatsu C10600-
10B CCD camera (Hamamatsu Corporation, Massy, France), and recorded and
analyzed using the Simple PCl 6.6.0.0 software (Hamamatsu Corporation).
Excitation illumination was provided by light from a metal halide arc lamp passing
through a computer-controlled filter wheel (Prior Scientific, Rockland, MD, USA),
using a Fura-2 filter set (71 000, Chroma Technologies, Bellows Falls, VT, USA).
Following 10 min of image acquisition to determine baseline Fura-2 fluorescence,
75uM CDDP was added directly to the appropriate samples, and data were
acquired for a further 60 min. Data were acquired at the same time point for each
test condition from cells in adjacent wells of the tissue culture plate loaded
simultaneously with Fura-2-AM. Statistical significance was assessed through
comparison of the background-corrected 340 nm: 380 nm Fura-2 fluorescence ratio
of the final 10 frames of the image series using a paired Student’s ttest.

Immunohistology. Forty-two patient lung biopsies from Hospital P Brousse,
Villejuif, France and cells from WT and R1 cell lines were analyzed.
Immunohistology was performed on 4-um paraffin-embedded formalin-fixed
biopsies or cell pellet sections using anti-PDIA4 (Abcam 82587) and PDIA6
(Abcam 89668) antibodies. Antigen retrieval was obtained by heat at 97 °C in a
citrate buffer at pH 6. The revelation system was based on a one-step biotin-free
immunoperoxydase stain  (Envision, DAKO, Glostrup, Denmark) using
3,3-diamino-benzidine chromogene (DAKO, Glostrup, Denmark) substrate
followed by Hemalun counterstaining. Negative controls for each slide were
processed concurrently with probed samples by omitting primary antibody.

Statistical analysis. Data were analyzed using Student's ttest for all
pair-wise comparisons of growth rates, and mean responses to the different
treatments were tested. Results are presented as the mean+S.D. of three
replicate experiments. Significance: *P<0.05; **P<0.01; ***P<0.001.
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Résumé : L’AMPc est un messager important
de la régulation neurohormonale du cceur. En
activant ses effecteurs, I’AMPc régule de
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famille d’adénylate cyclases au sein de
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dans la régulation de la mort cellulaire est
encore inconnue. Dans cette thése, nous avons
démontré l'expression locale de plusieurs
acteurs de la signalisation de 'AMPc dans les
mitochondries cardiaques, a savoir une forme
tronquée soluble AC (sACt) et la protéine
d'échange directement activées par AMPc 1
(Epacl). Nous avons montré un rdle protecteur
pour sACt contre la mort cellulaire, 1'apoptose,
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primaires. Lors de la stimulation par du
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de I’AMPc, qui a son tour stimule la
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mitochondries au Ca®". Nous avons également
constaté que les familles de phosphodiestérases
(PDE), PDE2, 3 et 4, sont exprimées dans les
mitochondries cardiaques régulant le taux
d’AMPc. Ainsi, ces protéines forment une voie
de signalisation locale dans la matrice régulant
la fonction  mitochondriale  cardiaque.
Finalement, notre étude a permis d’identifier un
lien entre 1'AMPc  mitochondrial, le
métabolisme, certaines PDEs et la mort
cellulaire dans le cceur, qui est indépendant de
la signalisation AMPc cytosolique. Ceci
pourrait constituer un nouveau mécanisme
cardioprotecteur via la préservation de la
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physiopathologique.
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Abstract : cAMP is an important messenger in
neurohormonal regulation of the heart. By
activating its effectors, cCAMP regulates many
cellular functions such as gene expression,
excitation-contraction coupling and cellular
metabolism. In mammals, cAMP is produced
by a family of adenylyl cyclase with various
subcellular locations and membrane anchorage.
The existence and role of cyclic nucleotide
signaling in mitochondria has been postulated,
but has not yet been demonstrated. Moreover,
its implication in the regulation of cell death is
still unknown. In this thesis, we demonstrated
the local expression of several actors of cAMP
signaling within cardiac mitochondria, namely
a truncated form of soluble AC (sACt) and the
exchange protein directly activated by cAMP 1
(Epacl) and showed a protective role for sACt
against cell death, apoptosis as well as necrosis,
in primary cardiomyocytes. Upon stimulation
with bicarbonate (HCOs;) and Ca**, sACt
produces cAMP, which in turn stimulates
oxygen consumption, increased the

mitochondrial membrane potential (A¥Y'm) and
ATP production. cAMP is rate-limiting for
matrix Ca*" entry via the mitochondrial calcium
uniporter (MCU) and, as a consequence,
prevented mitochondrial permeability transition
(MPT). In addition, in mitochondria isolated
from failing rat hearts, stimulation of the
mitochondrial cAMP pathway by HCO;5
rescued the sensitization of mitochondria to
Ca’"-induced MPT. We also found that PDE2,
3 and 4 families are located in cardiac
mitochondria. They form a local signaling
pathway with soluble AC in the matrix, which

regulates cardiac mitochondrial functions.
Thus, our study identifies a link between
mitochondrial cAMP, mitochondrial

metabolism, some PDEs and cell death in the
heart, which is independent of cytosolic cAMP
signaling. This might constitute a novel
cardioprotective mechanism through
mitochondrial ~ function  preservation in
pathophysiological conditions.
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