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The heterogenous subcellular distribution of a wide array of channels, pumps and exchangers allows
extracellular stimuli to induce increases in cytoplasmic Ca®* concentration ([Ca?*].) with highly defined
spatial and temporal patterns, that in turn induce specific cellular responses (e.g. contraction, secretion,
proliferation or cell death). In this extreme complexity, the role of mitochondria was considered marginal, till
the direct measurement with targeted indicators allowed to appreciate that rapid and large increases of the
[Ca®™] in the mitochondrial matrix ([Ca®™],,) invariably follow the cytosolic rises. Given the low affinity of
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Mitochondria the mitochondrial Ca?* transporters, the close proximity to the endoplasmic reticulum (ER) Ca?*-releasing
Calcium channels was shown to be responsible for the prompt responsiveness of mitochondria. In this review, we will
Endoplasmic reticulum summarize the current knowledge of: i) the mitochondrial and ER Ca?>* channels mediating the ion transfer,
Cell death ii) the structural and molecular foundations of the signaling contacts between the two organelles, iii) the
Apoptosis functional consequences of the [Ca®T], increases, and iv) the effects of oncogene-mediated signals on
MAM mitochondrial Ca®>" homeostasis. Despite the rapid progress carried out in the latest years, a deeper

molecular understanding is still needed to unlock the secrets of Ca®* signaling machinery.

© 2009 Elsevier B.V. All rights reserved.

1. Calcium signaling and mitochondria: the general framework

In all eukaryotic cells, the cytosolic concentration of Ca>™ ([Ca®™].)
is tightly controlled by complex interactions among pumps, channels,
exchangers and binding proteins, and relatively small and/or local
changes in its concentration modulate a wide range of intracellular
actions. [Ca®™]. in resting condition is maintained around the value of
100 nM, significantly lower than extracellular [Ca®™] (1 mM). This
condition is guaranteed by the low permeability of the plasma
membrane to ions and by the activity of the Plasma Membrane Ca®*-
ATPase (PMCA, which pumps Ca®* outside the cells) and of the Na™/
Ca* exchanger (NCX). This fine regulation of [Ca®*] allows this ion to
act as one of the most important second messenger in signal
transduction pathways [1,2].

The increase of intracellular [Ca®"] can be elicited through two
fundamental mechanisms: i) the Ca®>* mobilization from intracellular
stores, mainly the endoplasmic reticulum (ER) and Golgi apparatus, or
ii) the entry from the extracellular milieu. The main route inducing
Ca™ release from intracellular stores involves the IP; Receptor (IPsR),
a transmembrane protein located on the ER and Golgi membrane,
which exposes on the cytosolic face the IP; binding site, while it forms
a Ca?>* channel in the transmembrane domain. When extracellular
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soluble agonists binds a G-coupled protein receptor, diverse isoforms
of phospholipase C (PLC) are activated producing inositol-1,4,5-
trisphosphate (IP3) from the hydrolysis of phosphatidylinositol 4,5
bisphosphate (PIP,). The binding of IPs to its receptor induces its
opening and the release of Ca?>* from ER and Golgi. IP5sR is not the only
protein involved in Ca®" release: ryanodine Receptor (RyR), for
example, is a transmembrane protein located on the ER membrane
and it is activated by the alchaloid ryanodine and by Ca®* itself, while
Sphingolipid Ca®™ release-mediating protein of the ER (SCaMPER) is
activated by sphingosine-1-phosphate [3]. The cADPr and NAADP
could also be listed as activators (or putative activators) of Ca™
release from the ER [4]. Intracellular store depletion consequent to the
opening of the IPsR triggers the activation of an inward rectifying Ca®™
current from the extracellular space named capacitative Ca®>* entry
(CCE). The molecular determinants of CCE have been identified in the
very last few years and include an ER Ca? ™" sensing protein (STIM) and
specialized Ca®* channels in the plasma membrane (Orai, for a recent
review [5]). The second mechanism inducing intracellular Ca’"
increases involves the opening of the plasma membrane Ca?™"
channels, which are traditionally grouped into three classes: the
Voltage Operated Ca®"™ channels (VOCs) which open following a
decrease of membrane potential [6], the Receptor Operated Ca’™
channels (ROCs), also called ligand gated channels, which open
following the binding of an external ligand [7] and the Second
Messenger Operated Channels (SMOCs) which open following the
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binding of a second messenger on the inner surface of the membrane
[8]. Once activated its downstream targets, Ca®>™ has to be rapidly
removed from cytosol to restore the resting conditions. So, the Ca®™
signal is terminated by the combined activity of Ca?™ extrusion
mechanisms, such as PMCA and NCX, and mechanisms refilling the
intracellular stores, like sarco-endoplasmic reticulum Ca?™ ATPases
(SERCAs). It has long been known that mitochondria can rapidly
accumulate Ca®™ down the electrochemical gradient established by
the translocation of protons across the inner mitochondrial mem-
brane (IMM), which is expressed as a membrane potential difference
(A¢y,) of —180 mV (negative inside) under physiological conditions
[9]. However, the accurate measurements of [Ca*] in resting cells
revealed values well below the affinity of the mitochondrial
transporters. Thus, the role of mitochondria in Ca®" homeostasis
was considered marginal (i.e. limited to conditions of cellular Ca®>*
overload), till the development of specific and reliable probes directly
reported major swings of mitochondrial [Ca®>* ] [10]. While enlivening
the interest in mitochondrial Ca>" homeostasis, these data raised an
apparent contradiction between the prompt response of the organelle
and the low affinity of the transporter. Based on a large body of
experimental evidence, it is now generally accepted that the key to the
rapid Ca®™ accumulation rests in the strategic location of a subset of
mitochondria, close to the opening Ca®™ channel. While, based on cell
morphology, such proximity is expected, and indeed often observed,
in neuronal processes, a close proximity between ER-resident Ca’™"
channels and mitochondria in non-excitable cells implies the
assembly of a dedicated signaling unit at the organelle interphase.
In this review, we will focus on these cell types, summarizing the
essential molecular components of the Ca%* signaling machinery of
the ER and the mitochondria, the functional role of the Ca®™ cross-talk
and some emerging regulatory mechanisms.

2. The mitochondrial side: a molecular enigma

The molecular machinery of mitochondrial Ca®™ transport is still
largely obscure. Indeed, accumulation into the matrix, and consequent
release, occur via the activity of transport mechanisms that were
functionally characterized in the 70 s but were never molecularly
identified despite the extensive efforts in this direction. We and other
groups extensively worked on this topic and what emerged was that
the outer mitochondrial membrane (OMM, although traditionally
considered freely permeable) is a critical determinant of the
mitochondrial Ca®>" accumulation [11,12]. Thus, the mitochondrial
Ca®* uptake machinery will be discussed, starting from the channels
of the OMM to the yet unidentified components of the inner
membrane; in parallel we will focus on the high-conductance channel
named permeability transition pore (PTP), most likely spanning both
mitochondrial membranes and causing organelle swelling and
permeabilization, which plays a major role in pathological conditions.

2.1. The voltage-dependent anion channel (VDAC)

Ca®* import across the OMM occurs through VDAC, the most
abundant protein of the outer mitochondrial membrane. Yeast
possesses only one channel-forming isoform (but has also another
VDAC gene that correctly inserts into OMM showing no channel
activity), while higher multicellular organisms and mammals have
three distinct VDAC genes (VDAC1, VDAC2 and VDAC3), with VDACI
representing the best characterized one. These three isoforms show a
substantial sequence homology (from 65 to 75% in identity) and
similar structure, with the only exception of VDAC2 that has a longer
(11 aminoacids) N-terminal tail [13]. Yeasts lacking VDAC gene cannot
grow on non-fermentable medium, thus highlighting the relevance of
this channel in mitochondrial function: reintroduction of any of the
mammalian VDAC genes in this yeast strain can promptly restore
growth defects [14,15]. VDAC is traditionally considered as a large,

high-conductance, weakly anion-selective channel, fully opened at
low potential (<20-30 mV), but switching to cation selectivity and
lower conductance at higher potentials (the so-called “closed” state).
Moreover, when reconstituted into liposomes, each isoform induced a
permeability in the liposomes with a similar molecular weight cutoff
(between 3400 and 6800 Da based on permeability to polyethylene
glycol). The physiological relevance of the voltage gating properties of
VDAC is however still matter of debates, since it requires the existence
of a potential across the OMM: although some have assumed such a
potential is not possible, others have proposed several clues in support
of this hypothesis (discussed in [16]). Moreover, a number of reports
show that numerous cytosolic components can significantly modulate
VDAC gating properties, including NADH [17], members of Bcl-2
protein family [18], metabolic enzymes [19], chaperones [20] and
cytoskeletal elements [21]. Direct in situ measurement of OMM
permeability revealed only small conductance at resting condition,
thus suggesting a “default” closed state of the channel [22]. However,
also in the closed state, small cations such as K™ Na™ and Ca®™ are
believed to freely permeate the channel, with relevant variations in
the conductance of the channel. A recent work by Tan and Colombini,
describes the higher permeability of VDAC to Ca?™ in the closed states
(with low permeability to anionic metabolites), rather than the
opened state. So VDAC closure promotes Ca®™ flux into mitochondria,
with consequent permeability transition and cell death, in according
with previous observations that VDAC closure is a pro-apoptotic signal
[23,24]. These notions have a direct impact on mitochondrial Ca?*
transport, as variations in OMM permeability to Ca®* can represent a
bottleneck for the efficient ion transfer from the high [Ca®™]
microdomain generated by the opening of the IPsR to the intermem-
brane space. In support of this view, we demonstrated that the
overexpression of VDAC enhances Ca%" signal propagation into the
mitochondria increasing the extent of mitochondrial Ca?>* uptake,
acting at the ER-mitochondria contact sites [11]. Further evidence of
the role of the VDAC were given by the demonstration of the physical
link, that boosts Ca®>* accumulation in mitochondria, between VDAC
and the IPsR, through the molecular chaperone glucose-regulated
protein 75 (grp75) [25].

2.2. The mitochondrial calcium uniporter (MCU)

Mitochondrial Ca?>* uptake plays a key role in the regulation of
many cell functions, ranging from ATP production to cell death.
However, the molecular mechanism underlying this phenomenon has
not yet been completely explained, indeed, while the contribution of
OMM Ca%™ channels (VDAC) has been well characterized, little is
known about the so-called mitochondrial Ca?>* uniporter (MCU). MCU
is an highly selective ion channel located in the mitochondrial inner
membrane, with a dissociation constant<2 nM over monovalent
cations, reaching saturation only at supraphysiological [Ca®™].. Ca®™
crosses the inner mitochondrial membrane through the MCU thanks to
the considerable driving force represented by the negative transmem-
brane potential. Also Sr?* and Mn?* are conducted by MCU and the
relative ion conductance is: Ca’?t~Sr?*>Mn?*~Ba?*. Studies
performed on isolated mitochondria allowed the identification of
some regulatory molecules acting on MCU, in particular the most
effective inhibitors are the hexavalent cation Rutenium Red (RuR) and
its related compound RuR360; MCU is also modulated by aliphatic
polyamines, such as spermine and aminoglycosides, and by the
adenine nucleotides, in the order of effectiveness ATP>ADP>AMP
(whereas the nucleoside adenosine is ineffective) [26] as well as
several plant-derived flavonoids [27]. RuR could represent a potentially
important tool for the MCU identification, but it showed some major
drawbacks: indeed, it binds a broad array of glycoproteins and it is
completely cell-impermeant so that, even at high concentrations
(50 mM), it is almost ineffective in reducing the mitochondrial Ca*
transients elicited by cell stimulation. Another important regulator of
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MCU is Ca®™ itself. As demonstrated by Moreau and its group [27], in
fact, MCU has a biphasic dependence on cytosolic Ca?™ concentration
([Ca®*].): [Ca®T]. increase can both activate or inactivate mitochon-
drial Ca®* uptake. MCU activation by Ca®" is mediated by the Ca**-
dependent Calmodulin activation and by the following activation of its
effector, Calmodulin-dependent Protein Kinasell (CaM kinasell), as
demonstrated by the impairment of mitochondrial Ca®>* uptake
induced by KN-62, an inhibitor of CaM kinasell. On the other hand,
[Ca®T]. increase then inactivates the uptake pathway. These two
processes follow an distinct kinetic: the uptake induction occurs with a
time constant of 6 s, while the inactivation occurs with a time constant
of 17 s. This mechanism allows the mitochondrial Ca* oscillation, but
it prevents an excessive mitochondrial Ca?* accumulation when
intracellular Ca®>* elevation is prolonged [28]. Further studies
performed to clarify the mechanisms regulating Ca®>* homeostasis,
suggestarole of the kinase-mediated network in the regulation of Ca®™
uptake: in particular, the different isoforms of protein kinase C (PKC),
when overexpressed in Hela cells, showed different effects on global
Ca%" signaling (e.g. PKCa, possibly through the previously reported
PKC-mediated phosphorylation of IP3Rs, reduces ER Ca®* release [29],
while the other PKC isoforms act on mitochondrial homeostasis: PKCB
reduces mitochondrial Ca®>* transients, whereas PKC{ potentiates
them) [30]. A recent paper by Graier et al. suggested that the
uncoupling proteins 2 and 3 (UCP2 and UCP3) of the IMM are essential
for mitochondrial Ca?* uptake since isolated liver mitochondria from
UCP2 KO mice show no RuR-sensitive Ca®>* uniporter acivity [31].
However, attempts from other groups to reproduce these data failed
[32], thus the role of UCPs in mitochondrial Ca>* uptake should be
regarded with caution. Finally, circumventing the low affinity of the
MCU, another mode of Ca?™ influx into mitochondria was described by
Sparagna et al. [33], defined rapid mode of uptake or RaM. This route
should allow mitochondria to uptake large amounts of Ca?* in short
pulses, at least 300 times faster than through the MCU. It should
transport Ca%* only for a brief period during the initial part of the pulse
and then be inactivated by Ca?* binding to an external binding site.
These prerogatives thus imply a marginal role in the total uptake of
Ca®* in the matrix, but could possibly generate local [Ca?* ], micro-
domains near the site of the transporter, that could represent hot-
spots for the regulation of Ca?*-sensitive matrix processes. This work
was not followed up, and thus the molecular identity, and even the
existence, of RaM is even more elusive than MCU. Indeed, it is
sensitive to the same regulatory mechanisms (e.g. it is also inhibited
by RuR), so the possibility remains open that it is simply a different
functional state of the MCU [34].

2.3. Calcium extrusion

The efflux pathways were extensively studied in isolated orga-
nelles, and their functional properties are fairly well characterized.
The mitochondrial Na*/Ca?" exchanger (mNCX) is similar to that
found in the plasma membrane; it allows Ca®>" efflux and it is
inhibited by Sr?>*, Ba®™, Mg?* or Mn?", and by a variety of compounds
of pharmacological interest such as diltiazem, verapamil and other
blockers of the voltage-dependent calcium channels, and more
specifically by CGP37157 [35]. As to the stechiometry of the exchange,
Ca®* was reported to be transported out of mitochondria against
values greater than those predicted for passive leak, and thus a Ca®*/
3Na*t was postulated [36]. The H*/Ca?* exchanger (mHCX) is
prevalent in non-excitable cells, and it extrudes Ca’" against a
gradient that is much higher than what thermodynamic parameters
permit for an electroneutral H™/Ca?™ exchanger [37,38]. These efflux
pathways can become saturated with high matrix Ca®™ load, such that
sustained and rapid Ca®* influx can still lead to mitochondrial Ca®*
overload. In recent years, an “old” ionic pathway has re-attracted great
interest: the high-conductance channel referred to as the “perme-
ability transition pore” (PTP) is traditionally considered to mediate the

so-called mitochondrial permeability transition (MPT). MPT is a Ca®*-
dependent process and it classically induced by a Ca?™ overload in
matrix [Ca®™] finally resulting in organelle swelling. This notion, and
the functional characterization of the process, became of general
interest to cell biologists, when it became apparent that this process is
likely to play a major role in cell death. Indeed, loss of mitochondrial
components and/or collapse of ionic gradient may lead, not only to
bioenergetic catastrophe (and thus cell death by necrosis), but also, in
a more controlled route, to cell death through apoptosis, elicited by
the release of cytochrome c and of the other mitochondrial proteins
responsible for receptor-independent activation of effectors caspases
(the so-called intrinsic pathway of apoptosis) [39]. Despite strenuous
effort, also PTP does not escape the fate of molecular uncertainty. The
pore is likely to be located in the inner-outer contact sites of the
mitochondrial membranes and it is believed to be a multi-protein
complex, even if the exact characterization of its molecular compo-
nents is still lacking. By the analysis of PTP activators and inhibitors,
the adenine nucleotide transferase (ANT), the voltage-dependent
anion channel (VDAC) and cyclophilin D (Cyp D) were proposed as the
most likely candidates. ANT was suggested as a possible candidate
according to the observation that Bongkrekate, an agent which holds
ANT in the m conformation (facing the matrix) inhibits PTP opening,
while Atractyloside, which holds ANT in the ¢ conformation (facing
the cytosol) activates PTP opening [40]. However, the judicious
analysis of the available knock-out mice for all three VDAC and ANT
isoforms has cast doubts on their role as obligatory components of
PTP. Mitochondria from VDAC™/~ cells exhibit Ca>* and oxidative
stress-dependent permeabilization indistinguishable from wild-type
mitochondria [35], and the same has been observed in mitochondria
lacking ANT [41]. Another important inhibitor of PTP opening is the
immunosuppressant Cyclosporine A (CsA). The target of CsA is the
peptidyl-prolyl cis-trans isomerase cyclophilin D (CypD) [42]. In
presence of high Ca®™ concentrations, CypD binds to IMM and to ANT,
thus inhibiting ATP/ADP binding and inducing PTP opening; CsA can
bind CypD, thus inhibiting its translocation to IMM and the opening of
PTP. These data strongly argue for a regulatory role of CypD within the
PTP, in particular it seems to sensitize it to mitochondrial Ca®>* loading
[43-46]. Numerous molecules can modulate the opening of the PTP. In
conjunction with a Ca®>* rise in the mitochondrial matrix, also pH,
adenine nucleotides, free radicals and mitochondrial membrane
potential (AW,,) participate in controlling pore opening. Ca’™"
entering the mitochondrial matrix enhances PTP opening because of
the presence of a Ca®™-binding site, competitively inhibited by other
ions such as Mg?*, Sr** and Mn?*, and by Pi (through an unknown
mechanism, that is believed to involve the Cyp D) [47]. Finally,
proapototic stimuli, such as C2-ceramide, can increase PTP sensitivity
to Ca®* regulation [48]. Given the relevance of these regulatory
mechanisms, we refer to more detailed reviews for an accurate
coverage of these topics [49,50].

3. Calcium release from cellular store: structure and function of
the IP;R

Many extracellular stimuli, such as hormones, growth factors,
neurotransmitters, neutrophins, odorants, and light, function gener-
ating IP3 through the phospholipase C isoforms, activated in different
manners: G-protein coupled receptors (acting via PLCP), tyrosine-
kinase coupled receptors (PLC7y), an increase in Ca%* concentration
(PLCS) or activated by Ras (PLCe) [51,52]. The final effector is the
inositol 1,4,5 trisphosphate IPs-sensitive receptor, a member of a
superfamily of ion channels with six transmembrane domains,
residing on the ER membrane. The opening of the channel is under
dual control, by IP; and by Ca?™ itself, as will be discussed in more
detail later.

From the structural point of view, several domains are recognized
in the protein sequence, with different functions. These include the
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IP3-binding domain (IP3BD), i.e. the minimal sequence sufficient for
IP5 binding, located near the N-terminus of the protein (aa 226-578).
Interestingly, this protein domain contains armadillo-repeat protein
structures that are engaged in protein-protein interactions, and
mediates intramolecular interactions with other IPsR domains as
well as the association with other regulatory proteins. N-terminally to
the IP3BD, i.e. within aa 1-222, a suppressor region is located that
inhibits ligand binding and thus lowers the global receptor IP5 affinity
in the physiological range. In the C-terminal portion, hydrophobic
residues form the C-terminal transmembrane/pore-forming domain
[53,54], and, between them, an internal coupling domain assures the
signal of IP3 binding is transferred to the channel-forming region,
hence triggering its opening [55]. Finally, in their coupling/suppressor
domains, the IP3Rs possess consensus sequences for phosphorylation
by numerous kinases, including Protein Kinase A (cAMP-dependent)
[56], Protein Kinase B (Akt/PKB) [57], Protein Kinase G (cGMP-
dependent) [58], calmodulin-dependent protein kinase II (CaMKII)
[59], protein kinase C (PKC) [60], and various protein tyrosine kinases
(PTK) [61].

Three isoforms of IPsR encoded by different genes have been
identified with different agonist affinities and tissue distribution [62-
64]. Given that the affinity of the IP3-binding core to its ligand is
similar for the three isoforms, the tuning of the whole receptor's
affinity appears to be due to the isotype-specific properties of the N-
terminal suppressor domain [65].

Ca?™ regulates channel activity in a biphasic manner, depending
on Ca®* concentration: at low [Ca?*] the ion exerts an activatory role,
while it has an opposite inhibitory effect at high [Ca?, thus allowing a
fine dynamic feedback regulation during Ca®* release [66,67]. In
addition, also the ER Ca®" content retains the capability to regulate
the channel opening: in permeabilized hepatocytes, an increase in
[Ca®"]r enhances the sensitivity of IP5R for its ligand, promoting also
spontaneous Ca®™ release, but the nature of this direct regulation and
the protein involved are still a matter of debate [68,69]. In this context,
the tight spatial relationship between ER and mitochondria, and the
capacity of the latter to rapidly clear the high [Ca?"] microdomain
generated at the mouth of the IPsR, makes mitochondria an active
player in the control of IP5R function. The first clear demonstration of
this concept came from the fine work of Lechleiter et al., who
demonstrated that energized mitochondria, by regulating the kinetics
of ER Ca?* release, finely tune the spatio-temporal patterning of Ca™*
waves in Xenopus oocytes [70]. Then, the observation that Ca?*
uptake by mitochondria controls the [Ca?"] microdomain at the ER/
mitochondrial contacts and thus the kinetics of IPsR activation/
inactivation was extended to a variety of mammalian cell lines, e.g.
hepatocytes [71], astrocytes [72] and BHK-21 cells [73], thus high-
lighting its general relevance.

Whereas IP; and Ca?™" are essential for IPsR channel activation,
other physiological ligands, such as ATP, are not necessary but can
finely modulate the Ca®"-sensitivity of the channel [74]. As for Ca®™,
the modulation of IPsR by ATP is biphasic: at micromolar concentra-
tions, ATP exerts a stimulatory effect, while inhibiting channel
opening in the millimolar range [75,76].

Upon IP3 production, IP3Rs have been shown to cluster at the ER
membranes: the size and composition of these clusters depend on the
isoform involved, while the global IP; binding affinity is shared among
the different isoforms [63,77]. Spontaneous clustering of IP3Rs (in
particular of IP3R-2, due to its higher IP5 affinity) have been proposed
to be the underlying mechanism responsible for Ca®>* puffs observed
in the cytoplasm [55]. The merging of discrete and localized [Ca®™].
increases, due to the opening of clustered IPsRs [78], are called “Ca®™
puffs” [79]. Recruitment of neighboring IPsRs and combination of
Ca®™ puffs results in Ca>* waves, ensuring that the Ca* signal propa-
gates to the entire cell [80], or remains confined to specific subcellular
regions [81]. The effects triggered by tightly controlling the diffusion of
a[Ca®*].signal elicited by IPsR opening is well illustrated by pancreatic

acinar cells. In this polarized cell type, the Ca>* wave originates in the
apical pole and may spread through the entire cell reaching the
nucleus, determining gene transcription or cell death. Alternatively,
the [Ca®™]. signal can remain localized near the source, i.e. the apical
pole, activating short-term effects such as secretion of enzyme-
containing granules [82-85]. The fate of the [Ca®"] signal (remaining
localized in the apical region, or reaching the basal region) depends on,
at first, the effectiveness of the stimulus and the further action of
different second messengers, and secondly, on the “firewall” effect
given by mitochondria. Indeed, in this case mitochondria were shown
to cluster between the apical and basal pole of the cell, thus forming a
fixed “Ca®* buffer” that must be overwhelmed by robust Ca®* wave in
order to reach the basolateral area. This occurs in case of supramaximal
stimulations, but also when pathological challenges (e.g. alcohol or
bile acids) synergistically act on the cells [86].

4. The molecular and cellular definition of the ER/mitochondria
contacts

Close appositions between ER and mitochondria have been
observed in electron micrographs (EM) of fixed samples in many
different cell types while experiments performed by our group had
eventually confirmed the physical and functional coupling of these
two organelles in living cells, by labelling the two organelles with
targeted spectral variants of GFP (mtBFP and erGFP) [87]. These
experiments revealed the presence of overlapping regions of the two
organelles (thus establishing an upper limit of 100 nm for their
distance) and allowed to estimate the area of the contact sites as 5-
20% of total mitochondrial surface. More recently, electron tomography
techniques allowed to estimate an even smaller distance (10-25 nm) as
well as the presence of trypsin-sensitive (hence proteinaceous) tethers
between the two membranes [88].

Unfortunately, very few of the relevant scaffolding or signaling
proteins of the ER/mitochondria contacts have been identified,
despite the growing interest on the topic. Nevertheless, novel
candidates are rapidly being isolated and it can be envisaged that
the molecular characterization will rapidly proceed, thanks to the
validation of biochemical approaches in the isolation of a subcellular
fraction containing the putative ER/mitochondria contacts. Indeed
one of the major apparent known technical pitfall of subcellular
fractionation, i.e. the “contamination” of the mitochondrial fraction
with ER vesicles, has been demonstrated to be due to the actual co-
segregation of stably associated mitochondrial and ER membranes.
This has led to a more accurate separation, through density gradient
centrifugations, of pure mitochondria from the so-called “mitochon-
dria-associated membrane” (MAM), which have been originally
shown to be enriched in enzymes involved in lipid transfer between
ER and mitochondrial membranes (e.g. the import of phosphatidyl-
serine (PS) into mitochondria) [89-91]. More recently, the same
subcellular fraction has been shown to contain as well Ca®" signaling
elements of both organelles [25,92], thus supporting the central role
of ER(or SR)/mitochondria cross-talk in signal transduction.

The molecular scenario is gradually adding new information, and
we will here cite a few interesting examples, mainly involving
chaperones. The role of glucose-regulated protein 75 (grp75) within
the mitochondrial matrix as a molecular chaperone assisting the
refolding of newly imported proteins was well established [93]. It was
then reported that a pool of grp75 is not imported into the matrix, but
has an extra-mitochondrial distribution [94]. We identified, in a two
hybrid screen, grp75 as a VDAC interactor, and demonstrated that it
mediates the molecular interaction of VDAC with the IP5R, allowing a
positive regulation of mitochondrial Ca®>™ uptake. This implies a sort
of conformational coupling between the Ca®>* channels of the two
organelles, and highlights the importance of macromolecular com-
plexes located in the MAM for this functional interaction (Fig. 1) [25].
Another intriguing example is that of sigma-1, a novel ER chaperone
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Fig. 1. (A) Schematical representation of mitochondria-ER contact sites and Ca>* handling. Agonist stimulation induces IP; synthesis and consequently opening of IPsR channel,
which causes Ca?™ redistribution. SERCA, sarcoplasmic/endoplasmic calcium ATPase; VDAC, voltage-dependent anion channel; MCU, mitochondrial calcium uniporter; IPsR, IP3
receptor; (B) Combined 3D imaging of mitochondria and ER in a Hela cell transiently expressing mtBFP(Y66H,Y145F) and erGFP(S65T) (5). (C) Representative traces of ER and
mitochondrial calcium response during agonist stimulation measured using specifically targeted aequorins.

serendipitously identified in cellular distribution studies and shown to
be involved in the Ca?*-mediated stabilization of IPsRs [95]. Sigma-1
is normally localized in MAM, bound to another ER chaperone (BiP).
When the luminal Ca?* concentration of the ER drops, following the
opening of IPsRs, sigma-1 dissociates from BiP and binds to IP3R-3,
thus preventing degradation by the proteasome. Thus, sigma-1
appears to be involved in maintaining, from the ER luminal side, the
integrity of the ER/mitochondrial Ca®>* cross-talk in conditions (e.g.
ER stress) that could impair signal transmission. In support of this
notion, back in 2005, Simmen et al. reported the identification of a
multifunctional sorting protein PACS-2, that integrates ER-mitochon-
dria and apoptosis signaling; depletion of this protein causes
mitochondrial fragmentation and uncoupling from ER, influencing
Ca%* homeostasis. Moreover in response of apoptotic stimuli, PACS-2
has been demonstrated to be capable of inducing Bid recruitment to
mitochondria, event that leads to cytochrome c release and caspase 3
activation [96].

The shaping of the ER-mitochondrial network can be affected by
binding proteins and physiological ligands; recently Hajnoczky et al.
demonstrated that exposure to TGFR affects Ca?* transfer to the
mitochondria through an impairment of the ER-mitochondrial
coupling, thus supporting the notion of a highly dynamic regulation
of inter-organelle communication [97].

This actively adapting interconnection stems also from the
observation that these organelles are intrinsically highly dynamic
structures continuously moving [98,99] and remodelling in their
shape. As a consequence, the molecular determinants of this
dynamism, such as for example, the family of “mitochondria-shaping
proteins” (Drp1, mitofusins, Opal etc.) constitute potential modula-
tors of ER/mitochondria cross-talk. Along this line, Scorrano et al. have
recently pointed out the crucial role of the mitofusin (MFN 1 and 2), in
particular the isoform 2 is thought to be important for ER-

mitochondrial interactions engaging them in both homo and hetero-
complexes [100]. They also showed that genetic ablation of MFN2
causes an increase in the distance between the two organelles with a
consequent impairment of mitochondrial Ca®* uptake, thus further
supporting the high [Ca?"] microdomains theory. Moreover the ER-
mitochondrial apposition performed by MFN 2 predispose mitochon-
dria to high Ca®>" microdomains and to the consequent overloading,
leading eventually to apoptosis by excessive Ca?* transfer.

5. Enhancing ATP production or Kkilling the cell: the yin/yang of
mitochondrial calcium

The main physiological role of Ca®>" uptake was assessed to be the
control of metabolic activity of the mitochondria, in terms of ATP
production rate. Indeed, important metabolic enzymes localized in the
matrix, the pyruvate-, o-ketoglutarate- and isocitrate-dehydro-
genases (collectively called the Ca®*-sensitive mitochondrial dehy-
drogenases, CSMDHs) are activated by Ca?™, with different
mechanisms: the first through a Ca*-dependent dephosphorylation
step, the others via direct binding to a regulatory site [101]. Those
three enzymes represent rate-limiting steps of the Krebs cycle thus
controlling the feeding of electrons into the respiratory chain and the
generation of the proton gradient across the inner membrane, in turn
necessary for Ca®™ uptake and ATP production. These events were
directly visualized in intact, living cells using a molecularly engineered
luciferase probe (a chimeric photoprotein including the mitochondrial
targeting sequence derived from subunit VIII of cytochrome c
oxidase). The probe revealed an increase in the [ATP] of the
mitochondrial matrix following agonist stimulation and mitochon-
drial Ca®™ uptake [70]. Subsequent work revealed that this important
example is only one of the mechanism controlling mitochondrial
metabolism. Indeed, metabolite carriers of the inner membrane, such
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as aralar1 and citrin, possess a Ca>* binding site in the portion of the
protein protruding in the intermembrane space, which is responsible
for stimulation-dependent enhancement of substrate accumulation
into the matrix [102]. This effect is lost if the Ca®"-binding site is
deleted from the carrier. Overall, these data indicate that a complex
Ca?*-sensing machinery, localized in different mitochondrial
domains, underlies the coupling of aerobic metabolism to Ca®*-
mediated signals in the cytosol.

The interest in the process of mitochondrial Ca>" homeostasis
dramatically increased when it became apparent that also cell death is
causally linked to organelle Ca?* loading. On the one hand, it was
clear that cellular Ca®>* overload, such as that caused by hyperstimu-
lation of ionotropic glutamate receptors, leads to Ca?* cycling across
the mitochondrial membranes, collapse of the proton gradient and
bioenergetic catastrophe, thus leading to cell death by necrosis. On the
other hand, Ca®" proved to sensitize cells to apoptotic challenges,
acting on the mitochondrial checkpoint. This notion, subsequently
confirmed by the study of other anti- and pro-apoptotic proteins,
emerged from the analysis of the effect of Bcl-2 on Ca®™ signaling, as
discussed later in this review. As discussed above Ca®™ binding to
cyclophilin D positively regulates PTP opening [44] and in turn cell
death [103]. Once opened, PTP allows the release in the cytosol of
intermembrane-residing apoptotic factors, such as cytochrome c, AIF
(apoptosis-inducing factor) and Smac/DIABLO, which can trigger
apoptosis by both a caspase-dependent and a caspase-independent
pathway [104]. Physiological [Ca®*],, oscillations do not induce PTP
opening, but become effective with the synergistic action of pro-
apoptotic challenges (such as ceramide or staurosporin) [48,105].

As to differential effects of specific research effort, a deeper insight
has been obtained for the IPsR. The involvement of IP5R in triggering
apoptosis has been demonstrated in different cell types through IPsR
isoform-specific silencing in response to many apoptotic stimuli. In
this intense research effort, type I and Ill isoforms were preferentially
studied, while the role of IPsR-2 in apoptosis, due to its low
expression, limited to few human tissues, has not been clarified yet.
In CHO cells, that expressed all three IP3R isoforms, IP3R-3 was shown
to strongly co-localize with mitochondria and its silencing depressed
agonist-dependent mitochondrial Ca?" signals and apoptosis, trig-
gered by different activators of the extrinsic or intrinsic pathway.
Altogether, these data suggested that, at least in this cell type, this
isoform could be primarily involved in transferring Ca®>* to mito-
chondria in apoptosis [106]. In other cell types, the experimental
evidence calls for a preferential role of type I IPsR. In Jurkat T
lymphoma cells, ablation of IPsR-1 protects cells from apoptosis
induced by different apoptotic stimuli [107]. In agreement with this
model, the co-culture of Jurkat T lymphoma cells with cells expressing
high levels of Fas ligand, such as the W620 colon carcinoma cells,
induces pro-apoptotic Ca®>* release from IPsR to mitochondria in
Jurkat cells [108]. Thus, it appears reasonable to conclude that, while
IPsR-mediated release of Ca®™ from ER appears a key sensitizing step
in various apoptotic routes, the precise molecular definition of this
process awaits the fine clarification of the macromolecular complex
assembled at the interphase between the two organelles, since
significant differences may occur in various cell types and/or
physiological conditions.

6. Depressing ER/mitochondria Ca®" cross-talk: an effective
strategy for oncogenes?

6.1. Bcl2

Bcl-2 family members function as regulators of almost all known
forms of programmed cell death. The first gene to be identified was
bcl-2, encoding a protein of 26 kDa, rapidly characterized as an anti-
apoptotic proto-oncogene [109]. In B-cell lymphomas, a chromosomal
translocation causes the fusion of bcl-2 gene with a transcriptional

enhancer of immunoglobulin, with consequent accumulation of Bcl-2
protein, block of apoptosis and abnormal proliferation [110]. Then, a
group of related proteins was identified, that share at least one of the
four Bcl-2-homology (BH) domains. The presence/absence of one or
more of these BH domains, distinguishes three different subfamilies of
Bcl-2 related proteins: the anti-apoptotic subfamily (e.g. Bcl-2, Bcl-
xL), which has all four of the BH domains, the multi-domain pro-
apoptotic subfamily (e.g. Bax, Bak), lacking the BH4 domain only, and
a pro-apoptotic subfamily (e.g. Bim, Bad) containing only the BH3
domain (BH3-only proteins) [111].

It is well beyond the scope of this review to cover the complex
intervention in apoptosis of this protein family, and even of Bcl-2
itself. We will only review the growing body of evidence indicating a
role of the oncoprotein in controlling the Ca®* cross-talk between the
ER and mitochondria. In Bcl-2 research focus was soon placed on
intracellular organelles, when it was demonstrated that this onco-
protein is associated, within the cell, with the outer mitochondrial
membrane, the ER and nuclear envelope, and also partly retained
within the cytosol [112,113]. In the early 90s a few papers reported
that Bcl-2 expression causes a greater resistance of mitochondria to
Ca%" induced respiratory injury, making cells competent to enter S-
phase [114,115].

Approximately a decade ago, the proposal that Bcl-2 family
members retain ion channel activity [116], triggered further work,
by us and other labs, aimed at revealing alterations of Ca’™
homeostasis in the mitochondria and/or in the ER. Using a panel of
organelle-targeted aequorin probes, we showed that overexpression
of Bcl-2 reduces the state of filling of the agonist-sensitive Ca?™
stores (i.e. both the ER and the Golgi apparatus), by increasing Ca>*
leakage (Fig. 2A) [117]. This property was not shared by pro-
apoptotic members of the protein family, and did not depend on
the putative pore-forming domain, as demonstrated by experiments
with wt Bax, and Bcl-2/Bax protein chimeras [118]. The mechanism
was finally solved when it was demonstrated that Bcl-2 interacts
with IP3Rs and sensitizes them to low IP3 concentrations [119]. As
a consequence of the reduced filling, stimulus-dependent [Ca®*]
increases were reduced both in the cytoplasm and in the mitochon-
dria [117]. The same results were obtained using a different type
of targeted indicator, the Ca®*-sensitive GFP constructs. Using an ER-
targeted ‘CaMeleon’, a lower steady-state [Ca®™]., was measured in
Bcl-2-overexpressing Hela cells, as well as an increased leak rate
upon thapsigargin blockage of SERCA pumps [120]. Then, using a
similar probe, a CaMeleon with improved reaction kinetics and a Ky
ideal for imaging Ca®™ in the ER, in MCF-7 breast cancer cells Bcl-2
was shown to lower [Ca®*].; and to alter Ca?" oscillations induced
by ATP [121]. Finally, Bax/Bak double knock-out cells were shown
to have a reduced [Ca®*]e;, and hence to be protected from a variety
of apoptotic challenges [122]. Bcl-2 silencing or SERCA overexpres-
sion restored both [Ca®" ], and sensitivity to apoptotic challenges.
These results are in keeping with previous work demonstrating
that SERCA overexpression causes ER Ca®*overload and increases
spontaneous apoptosis [123]. However, in other experimental
conditions and/or cell type, no effect of Bcl-2 on [Ca®T]er was
observed [124-128], thus raising the possibility that Bcl-2 dependent
control of Ca®* leakage may vary, for example, as a function of IPsR
subtype or phosphorylation. Interestingly, in these reports an
inhibition of ER Ca®™ release kinetics was proposed, thus postulating,
also in this case, reduced mitochondrial Ca?* uptake [126,127].
Experiments with an ER-targeted mutant of Bcl-2 (Bcl-Cb5), in which
the 21 C-terminal residues of Bcl-2 are replaced with the C-terminus
of rat cytochrome B5 [129], a TM protein that localizes to the ER
[130] conclusively support the ER/mitochondrial Ca?™ link in
apoptotic signaling. Bcl-Cb5 preserves mitochondrial function upon
different apoptotic challenges, preventing the collapse of mitochon-
drial membrane potential [131] or the release of cytochrome c¢ from
mitochondria [132].
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Fig. 2. Anti-apoptotic proteins Bcl-2 and Akt affect ER calcium homeostasis by differential mechanisms. (A) Bcl-2 overexpression increases the Ca* leak, while leaving Ca®™
accumulation unaffected, hence reducing the steady-state [Ca "] levels. (B) Akt hyper-activation induces a decrease in ER Ca®* release, probably through phosphorylation of IPsR. As
a direct consequence, the [Ca?*] increases caused by IP3-generating agonists were reduced in amplitude in both cytosol and mitochondria. Kinetics and [Ca?"] during agonist
stimulation measured by ER-targeted aequorin in Bcl-2 overexpression or AKT hyper-activation conditions, are shown in the respective panels.

As to the events downstream of the ER/mitochondria Ca’™
cross-talk, the logical mechanism was sensitization of PTP, pore
opening, mitochondrial morphological alterations and release of
cytochrome c. Physiological Ca?* loads were shown to sensitize
PTP to apoptotic challenges [133] and reduction of Ca®* signals by
a variety of molecular and pharmacological approaches protected
cells from apoptotic challenges [48]. The amount of releasable Ca®™,
rather than the [Ca®*]gg, seems to be the relevant parameter for the
transduction of the death signal, as it controls the ‘amplitude’ of the
signal reaching mitochondria. In agreement with this notion, over-

expression of calreticulin (the most important luminal ER Ca?* buffer)
does not raise [Ca®"]e,, but increases the amount of releasable Ca?™,
and cell survival is drastically reduced upon C2-ceramide treatment
[48]. This result well matches the observation that cell lines derived
from calreticulin knockouts are more resistant to apoptosis, indicating
that the crucial requirement is the amount of Ca®>* released and not
[Ca®"er [134].

Finally, it should be noted that, while thoroughly dissected for
Bcl-2, this mechanism is likely to be shared by other anti-apoptotic
proteins, not belonging to the Bcl-2 family. In support of this
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possibility, we report the case of the Coxsackievirus 2b protein, an
anti-apoptotic protein that extends the lifespan of the host cell by
blocking caspase activation. By overexpressing the protein in Hela
cells, we showed that it lowers the filling state of the Ca®>" stores
(ER and Golgi apparatus), affecting the Ca?* transfer from ER to
mitochondria [135].

6.2. Akt

Akt is an important sensor of the bioenergetics of the cell and
therefore it is linked to the function of the mitochondria [136].

Akt is a serine/threonine kinase, which in mammals comprises
three highly homologous members (PKB o, [ and 1y, also
denominated Akt 1, 2 and 3) involved in the control of cellular
processes as diverse as glucose metabolism, cell proliferation,
apoptosis, transcription and cell migration. This enzyme has a key
role in promoting cell survival utilizing different mechanisms that
include the regulation of NF-kB activity and the inactivation of the
pro-apoptotic protein Bad [137,138].

A few recent papers have drawn the attention on the possibility
that a signaling target of Akt is the IP3R. In a recent paper, Joseph et
al. reported IPsR phosphorylation by Akt in vitro and in vivo in
response to insulin activation of the PI-3 kinase pathway. The
phosphorylation of the IP3R occurs in the C-terminal tail at a single
consensus Akt phosphorylation site (serine 2618) that is present in
all three IPsR isoforms [57]. This is an interesting observation,
because in some cancer cells in which Akt is constitutively active
(e.g. prostatic carcinoma cells), IPsRs are hyper-phosphorylated.
However, the authors report that phosphorylation does not alter the
flux properties of the channel, even if it confers protection from
apoptosis This observation is in contrast with previous work of the
Roderick group [139], showing that phosphorylation of IP3Rs by Akt
inhibits Ca®™ release and apoptosis. Our own group has addressed
this issue, by expressing a constitutively active form of Akt
(myristoylated/palmytated Aktl, m/pAKT1) in HelLa cells and
investigating Ca>* homeostasis with targeted aequorins. Our results
showed that m/p-AKT1 markedly inhibits Ca?>* release from IPsR,
after both agonist (e.g. histamine) and apoptotic stimuli (such as
arachidonic acid and H,0,, two Ca?*-dependent apoptotic stimuli).
In turn, this alteration of ER Ca?™ release reduces significantly
cellular sensitivity to Ca®>" mediated pro-apoptotic stimulation
(Fig. 2B) [140]. Thus, these results appear coherent with those of
Roderick et al., possibly suggesting that tissue-specific differences
(e.g. expression or assembly of regulatory proteins) control the
functional outcome of Akt-dependent phosphorylation.

7. Conclusions

A large body of works has followed the observation, almost two
decades ago, that mitochondria undergo major swings in [Ca®>*] upon
cell stimulation. Two issues appear clear. The first is that this process
has a major signaling function, as it participates in decoding cellular
calcium signals in very different functional outcomes (e.g. regulation
of cell metabolism or induction of cell death). The second is that,
except for neurons, the swift response of the organelle depends on
close contacts with the ER, and its Ca>* channels. Research is rapidly
progressing both on the identification of the targets of the Ca®™ signal,
that are responsible for the downstream effects, and on the molecular
machinery of the Ca®" cross-talk between the two organelles
(channels, scaffolding proteins, regulatory elements). We have
reviewed the current knowledge on this topic (and the long-awaited
issues to be solved), including the evidence that two important
oncogenes (Bcl-2 and Akt) act on the ER/mitochondria Ca®* transfer,
further supporting the view that this cellular process may represent
an interesting pharmacological target, with special reference to the
development of novel anti-cancer drugs.
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