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1.1  �The Mitochondrial Network as a Fundamental Structure 
in Cellular Ca2+ Homeostasis

The capacity of mitochondria to take up Ca2+ was first documented in the 1960s 
(Deluca and Engstrom 1961). Mitchell’s chemiosmotic theory, proposed in the 
same years (Mitchell and Moyle 1967), early provided the ultimate thermodynamic 
basis for the entry of Ca2+ (i.e., a positively charged ion) into the mitochondrial 
matrix, thanks to the generation, by the respiratory chain, of an electrochemical 
gradient (Δѱ) across the inner mitochondrial membrane (IMM), negative on the 
side of the matrix (−180 mV). However, the molecular mechanisms and the signifi-
cance of this accumulation have started to be elucidated much more recently. Since 
the pivotal studies on isolated mitochondria, it was clear that the outer mitochon-
drial membrane (OMM) is largely permeable to ions and small solutes (at least in 
part due to the presence of different isoforms of the voltage-dependent anion chan-
nels, VDACs; see Chaps. 7, 8, 9, 10, and 11), and thus it is not a limiting step for 
mitochondrial Ca2+ accumulation. On the contrary, the inner mitochondrial mem-
brane (IMM) is highly impermeable to ions and requires specialized transport 
mechanisms (Bragadin et al. 1979). The molecular identity of the underlying pro-
teins has been only recently revealed (Baughman et al. 2011) (see also Chap. 2), but 
their activity was functionally characterized in the 1970s. The mitochondrial high-
capacity mechanism to take up Ca2+ was called “mitochondrial Ca2+ uniporter” 
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(MCU) and demonstrated to exhibit dependence on Δѱ, sensitivity to the inhibitor 
ruthenium red, low affinity for Ca2+ (Kd ~ 20 μM), and Ca2+ cooperativity (Carafoli 
2003). In addition, the existence of antiporters that export Ca2+ from the matrix in 
exchange for Na+ (especially in excitable tissues, such as the brain and heart) or H+ 
(in non-excitable tissues, such as liver) further controls and limits mitochondrial 
Ca2+ accumulation (Nicholls and Crompton 1980).

The initial enthusiasm for mitochondria in the cellular Ca2+ scenario temporarily 
vanished in the 1980s. Indeed, the development of fluorescent indicators and the 
discovery that inositol 1,4,5-triphosphate (IP3, generated upon stimulation of 
plasma-membrane (PM) receptors coupled to phospholipase C (PLC)) induces the 
release of Ca2+ into the cytosol from a “non-mitochondrial intracellular store” (Streb 
et  al. 1983) clearly demonstrated that physiological cytosolic [Ca2+] oscillations 
(ranging from 50 to 100 nM in basal conditions, to peaks of 1–3 μM) are not com-
patible with the activation of MCU, whose Kd is around 20 μM (Patron et al. 2013). 
Thus, the initial idea of mitochondria as key organelles in the modulation of intra-
cellular Ca2+ homeostasis was overcome by the general consensus that, only under 
pathological conditions with a massive cytosolic Ca2+ overload, an appreciable 
mitochondrial Ca2+ uptake would occur.

The introduction of genetically encoded Ca2+ probes targeted to the mitochon-
drial matrix (firstly aequorin (Rizzuto et al. 1992) and then GFP-based fluorescent 
probes (Miyawaki et al. 1997)) showed, however, that, upon cell stimulation, mito-
chondria promptly take up Ca2+ in a fashion that largely exceeds what is expected on 
the basis of the Kd of MCU for Ca2+, thus actively taking part in the regulation of the 
intracellular Ca2+ dynamics. The contradiction between these data was only appar-
ent and was solved by the demonstration that mitochondria are strategically posi-
tioned close to the regions of Ca2+ release from the intracellular stores (mainly the 
endoplasmic reticulum, ER (Rizzuto et al. 1998)), or Ca2+ entry from the PM. Indeed, 
in these areas, the opening of specific Ca2+ channels generates, close to their mouths, 
transient microdomains of high [Ca2+] that are experienced by nearby mitochondria, 
allowing the overcoming of the low affinity of MCU and resulting in a rapid mito-
chondrial Ca2+ accumulation that follows the cytosolic Ca2+ rise. Below, a brief sum-
mary on Ca2+ microdomain generation is provided.

1.1.1  �Molecular Determinants of Ca2+ Microdomains

A microdomain can be defined as a localized region, within a cell, that differs in 
composition from the surrounding areas. Usually, the term refers to the presence, 
for specific molecules, of appreciable concentration gradients in a given environ-
ment, which can be relatively long lasting or, on the contrary, promptly drop out 
within a few ms. The importance of the existence of microdomains is immediately 
clear when referred to those of Ca2+. Indeed, the versatility of Ca2+ as a key intracel-
lular second messenger, regulating different physiological processes, is achieved by 
combining the possibility to transmit Ca2+ signals as temporally distinct oscillations 
and by confining these events within spatially defined regions (not necessarily 
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membrane enclosed), allowing a fine and localized regulation of specific activities 
(Berridge et al. 2000). The generation of a Ca2+ microdomain typically begins with 
the opening of few Ca2+ channels located in the membrane of intracellular Ca2+ 
stores (endoplasmic/sarcoplasmic reticulum or Golgi apparatus) or in the PM. In the 
simpler model, immediately after their opening, Ca2+ flows from the mouth of the 
channels and spreads into the cytosol (where its concentration is lower), following 
Fick’s diffusion laws (for a recent review, see Filadi and Pozzan (2015)). Accordingly, 
its flux in a given point is inversely proportional to the distance from the channel. 
However, the presence of different Ca2+ buffers (typically proteins, such as parval-
bumin/calbindin or the Ca2+-modulated calmodulin/calcineurin, but also other mol-
ecules, such as ATP and negatively charged phospholipids), the high viscosity of the 
cytosol, the existence of organelles endowed with pumps/exchangers/channels that 
can promptly remove or further release Ca2+, and the possibility to tune the fre-
quency and the time of channel opening are all players that actively shape the 
microdomain (Filadi and Pozzan 2015).

Elegant mathematical models (Naraghi and Neher 1997) and, more recently, 
Ca2+-imaging experiments with sufficient temporal and spatial resolutions (Tadross 
et al. 2013) allowed to define the shape of a Ca2+ microdomain. Upon opening of a 
channel, within a few hundreds of nm, a Ca2+ microdomain is formed and reaches 
the steady state in less than 1 ms. When the channel closes, the microdomain van-
ishes immediately. A Ca2+ gradient was calculated to extend up to 50–70 nm from 
the mouth of a channel (Naraghi and Neher 1997), but clearly the amplitude of a 
Ca2+ microdomain in the cellular context depends on a multitude of parameters. 
Among them, particularly important are the flux of Ca2+ from a given channel deter-
mined by its current (the higher the flux, the higher the [Ca2+] reached in the micro-
domain), the concentration/affinity/diffusion constant of the buffers that surround 
the channel (the higher these parameters are, the higher the capacity of a given 
buffer to damp the microdomain), the presence of isolated or clustered channels (the 
more channels opening, the higher the flux of Ca2+), and the abundance of the Ca2+ 
reservoir (virtually infinite in the case of the extracellular milieu, depletable in the 
case of intracellular Ca2+ stores).

The generation of Ca2+ microdomains on the surface of mitochondria has vari-
able and important consequences for the cell fate, from activation of mitochondrial 
metabolism to control of cell death, from regulating autophagy to sustain tumor 
growth (see below).

1.1.2  �Generation of Ca2+ Microdomains on the Mitochondria 
Surface: The Importance of Being Coupled with Other 
Cell Compartments

As discussed above (and see also Chap. 2), the process of mitochondrial Ca2+ 
uptake largely takes advantage from the exposure of mitochondria to high [Ca2+] 
microdomains on their surface, thanks to the location of these organelles (or, more 
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precisely, of part of them) near the mouths of Ca2+ channels. On this aspect, the 
close proximity of mitochondria to the ER and, to a lesser extent, to PM, has been 
extensively investigated (Table 1.1 and see also next section).

As to the former, the first evidence that, upon an IP3-dependent Ca2+ release from 
the ER, mitochondria experienced on their surface an averaged Ca2+ concentration 
higher than that of the bulk cytosol was obtained thanks to the targeting of the pho-
toprotein aequorin to the mitochondrial inter-membrane space (MIMS) (Rizzuto 
et  al. 1998). Regions of close proximity between mitochondria and ER were 
observed in living cells, supporting the idea that mitochondrial Ca2+ uptake may be 
favored by their juxtaposition to the sites of Ca2+ release from the ER (Rizzuto et al. 
1998). A multitude of evidence in support of this notion were provided, for instance, 
an increased heterogeneity in the mitochondrial Ca2+ peaks upon a dynamin-related 
protein 1 (Drp1)-overexpression-dependent mitochondria fragmentation (Szabadkai 
et al. 2004). These results, obtained in single-cell Ca2+ imaging experiments employ-
ing mitochondrial GFP-based Ca2+ probes, further suggested a physiological origin 
of the mitochondrial Ca2+ rises from localized regions that then spread along the 
mitochondrial network. Finally, using FRET-based Ca2+ probes spanning on the 
cytosolic side of the OMM, it was directly demonstrated that, during an IP3-
dependent ER Ca2+ release, microdomains of high [Ca2+] (10–30 μM, compared to 
peaks of up to 3 μM in the bulk cytosol) are promptly generated on discrete sites on 
the OMM (Csordas et al. 2010; Giacomello et al. 2010) (Fig. 1.1).

Regarding the distance between ER and mitochondria for an efficient Ca2+ trans-
fer, it has been demonstrated, by the use of artificial linkers, that a decrease in the 
distance, or an increase in the surface of apposition, between the two organelles, 
correlates with an increase in the efficiency of Ca2+ transfer (Csordas et al. 2006, 
2010). However, below 7 nm in the distance between the two opposing membranes, 
the process resulted to be substantially impaired, likely because the IP3Rs span for 
~10 nm from the ER membrane and thus cannot be accommodated when the width 
of the cleft is lower. However, the physiological thickness of ER-mitochondria 
appositions observed by EM (10–15 up to 25–30 nm in the case of smooth ER and 
25–30 up to 50–80 nm in the case of rough ER) seems to be largely compatible 
with the process. Moreover, it must be stressed that, as discussed above, a Ca2+ 
microdomain is predicted to extend from the mouth of a channel for at least 50 nm 
(Naraghi and Neher 1997). In addition, given that IP3Rs form clusters (Foskett 
et al. 2007) and that they can open together, potentially engaging also the opening 
of Ryanodine receptors (RyRs) in the process of the Ca2+-induced Ca2+ release 
(CICR), further increasing the amount of Ca2+ locally released from the ER, it 
appears reasonable that, under certain conditions, microdomains of high [Ca2+] can 
reach an extension of up to 100–150 nm. Thus, even mitochondria located at dis-
tances of ~100 nm may be exposed to [Ca2+] sufficiently high to induce an efficient 
uptake of Ca2+. Importantly, regions in which ER membranes (especially those of 
the rough ER) are juxtaposed and follow the profile of the OMM at distances of 
50–100  nm have been reported (Filadi et  al. 2015; Giacomello and Pellegrini 
2016); whether they are physiologically relevant is not clear. Recently, a mathe-
matical model proposed a distance between IP3Rs and MCU of ~30–85 nm for an 
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optimal ER-mitochondria Ca2+ transfer (Qi et  al. 2015). Considering that the 
distance between the OMM and the IMM (where MCU is located) is at least of 
10–20 nm (Reichert and Neupert 2002), the optimal gap between the ER and the 
OMM is predicted to be in the range of 10–60 nm. Surely, the fact that the thick-
ness of the cleft is dynamically regulated may suggest that different types of con-
tact could have different functions or represent dormant states of contact, ready to 
be recruited and reactivated upon a change in the metabolic state of the cells (Sood 
et al. 2014; Giacomello and Pellegrini 2016).

In addition to IP3Rs, the ER of different cell types and the sarcoplasmic reticu-
lum (SR) of the striated muscles are endowed with RyRs. Though in principle the 
situation is similar to that of IP3Rs (i.e., a Ca2+ microdomain near the mouth of 

Fig. 1.1  Mitochondria-ER tethering is fundamental for their Ca2+ crosstalk. Left panel: EM image 
of a MEF cell showing several close appositions between ER (orange) and OMM (purple) (The 
EM image was acquired by G. Turacchio, Institute of Protein Biochemistry (CNR), Naples). Scale 
bar: 100 nm. The juxtaposition between the two opposing membranes allows the generations of 
high [Ca2+] on OMM upon Ca2+ release from ER Ca2+ channels. Upper right panel: an SH-SY5Y 
cell transiently expressing the OMM-targeted cameleon Ca2+ probe N33-D1cpv. Yellow-to-red 
spikes indicate the generation of high [Ca2+] microdomains in discrete regions of OMM upon 
bradykinin cell stimulation (100 nM) and IP3-mediated ER Ca2+ release. Scale bar: 5 μm (Image 
modified from Filadi et al. 2012). Lower right panel: simulations of [Ca2+] changes over time upon 
IP3-mediated ER Ca2+ release in the bulk cytoplasm (black, dotted trace), at regions of 
ER-mitochondria interface (black, continuous trace) and in mitochondrial matrix (red trace). Note 
the different scales and that mitochondrial Ca2+ uptake is slightly delayed compared to the almost 
immediate generation of Ca2+ hot spots on mitochondrial surface

R. Filadi et al.
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RyRs can be formed upon their opening and be experienced by juxtaposed 
mitochondria), the peculiar organization and ordered distribution of these Ca2+ 
channels in striated muscles make the case of SR-mitochondria coupling unique. 
Indeed, in this tissue, the situation is peculiar; while regions of close contact (medi-
ated by proteinaceous tethers of 10–15 nm (Franzini-Armstrong 2007; Boncompagni 
et al. 2009)) between SR and mitochondria have been clearly documented, RyRs are 
specifically clustered in the dyadic cleft, i.e., the portion of SR (junctional SR) that 
faces the T-tubules (for a recent review, see Filadi and Pozzan (2015)). Importantly, 
the space between T-tubules and SR is too narrow (~10 nm) to allow the accommo-
dation of mitochondria, which have been reported to be at a distance of ~130 nm in 
skeletal muscle (Boncompagni et al. 2009) and ~35 nm in cardiomyocytes (Sharma 
et al. 2000), where the SR cisternae are flatter. However, as discussed above, the 
presence of RyR clusters and the fact that the two opposing membranes in the 
dyadic cleft represent a barrier (that only allows the lateral diffusion of Ca2+) are 
factors that shape the Ca2+ microdomain and laterally spread it, so that mitochondria 
surrounding the Ca2+ releasing unit (CRU) are exposed to [Ca2+] sufficiently high to 
induce an appreciable uptake, as measured in different experimental models (Pacher 
et al. 2000, 2002; Szalai et al. 2000; Robert et al. 2001; Rudolf et al. 2004; Drago 
et al. 2012). Though in adult cardiomyocytes it is still a matter of debate whether 
mitochondria could efficiently take up Ca2+ during the fast physiological Ca2+ tran-
sients in a beat-to-beat manner, in neonatal cardiomyocytes, such oscillations in 
mitochondrial Ca2+ have been measured (Robert et  al. 2001; Pacher et  al. 2002; 
Drago et al. 2012) and demonstrated to actively impact the amplitude of cytosolic 
Ca2+ rises (Drago et al. 2012).

Finally, as far as Ca2+ crosstalk is concerned, it is important to stress that the 
existence of regions of close apposition between mitochondria and ER/SR is physi-
ologically relevant not only for the process of mitochondrial Ca2+ uptake but also for 
ER Ca2+ handling. First of all, the physical presence of mitochondria near ER mem-
branes limits the free Ca2+ diffusion upon release from the ER Ca2+ channels, poten-
tially sustaining the local [Ca2+] and favoring its reuptake by SERCA pumps. 
Moreover, the local high [Ca2+] may have opposite effects: on the one hand, affect-
ing the process of CICR (recruiting and opening more Ca2+ releasing channels, 
RyRs and IP3Rs), and, on the other, negatively regulating the opening of IP3Rs 
when the local [Ca2+] reaches a certain threshold (Landolfi et al. 1998; Foskett et al. 
2007). On the contrary, upon MCU activation and rapid mitochondrial Ca2+ accu-
mulation, mitochondria can act as Ca2+ buffers that dampen not only bulk cytosolic 
Ca2+ peaks but also, locally, Ca2+ microdomains (Qi et al. 2015). However, given 
that mitochondria do not store Ca2+ (with the only exception of Ca2+ phosphates 
precipitation, favored by the alkaline pH; (Nicholls and Chalmers 2004)) and, after 
Ca2+ uptake, they release it back to the cytosol, the latter phenomenon could facili-
tate Ca2+ reuptake into the ER by the SERCA. In addition, mitochondria have been 
reported to locally sustain SERCA activity by fueling it with ATP (De Marchi et al. 
2011), further indicating the existence of a functional, bidirectional crosstalk.

Much less investigated has been the role of mitochondria-PM contacts in the 
process of mitochondrial Ca2+ uptake. In many excitable cell types, a fast mitochondrial 

1  Mitochondrial Ca2+ Handling and Behind: The Importance of Being in Contact…
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Ca2+ rise has been measured upon voltage-operated channel (VOC)’s opening and Ca2+ 
entry from the extracellular environment, subsequent to PM depolarization (see 
Giacomello et al. 2010 and, for a review, Rizzuto and Pozzan 2006). Thus, regions 
of high [Ca2+] are likely to be generated on the surface of sub-PM located mitochon-
dria when Ca2+ enters through VOC’s. On the contrary, more debated is the genera-
tion of such Ca2+ microdomains on the OMM upon capacitative Ca2+ entry (CCE)). 
Indeed, evidence that mitochondria are exposed to CCE-generated Ca2+ microdo-
mains has been provided (Quintana et al. 2006; Watson and Parekh 2012), and mito-
chondrial membrane potential, as well as functional mitochondrial Na+/Ca2+ 
exchanger, has been shown to be necessary to sustain CCE, likely because of mito-
chondria capacity to buffer sub-PM local Ca2+ increases and maintain CCE activa-
tion (Naghdi et  al. 2010). However, mitochondrial depolarization has also been 
described to negatively impact on CCE by a different Mfn2-dependent mechanism, 
impairing migration of the ER Ca2+ sensor stromal interaction molecule 1 (STIM-1) 
protein to form PM-located ER punctae, critical for CCE induction (Singaravelu 
et al. 2011). Notably, during CEE, the close apposition between ER and PM is nar-
row enough to exclude mitochondria from the mouth of PM-located Orai1 channels 
(calcium release-activated calcium channel protein 1), thus arguing against the pos-
sibility that mitochondria could be exposed to high [Ca2+] during CCE. Moreover, 
data recently obtained in our lab (Giacomello et al. 2010; Filadi et al. unpublished 
results) did not support an appreciable contribution of CCE to mitochondrial Ca2+ 
uptake. Probably, these contrasting results depend on the specific cell type employed 
in different studies and, consequently, on the amplitude of the Ca2+ influx and on the 
presence, or not, of mitochondria in the regions surrounding the ER-PM platform 
generated during CCE. Further investigations will be required to address this issue. 
Interestingly, however, in HeLa cells, the presence of sub-PM mitochondria has 
been suggested to indirectly modulate the activity of both PM Ca2+ ATPases (PMCA) 
and store-operated Ca2+ channels (Frieden et al. 2005). The phenomenon was pro-
posed to be due, again, to a possible Ca2+ buffering effect exerted by sub-PM mito-
chondria on the entry of the ion through the PM located channels (Frieden et al. 
2005). Thus, it appears clear how the interrelationship between mitochondria and 
PM, as for the ER, may be bidirectional.

1.2  �Functional Consequences of Mitochondria-ER Ca2+ 
Cross-Talk

Ca2+ rises on the cytosolic surface of both the ER and mitochondria can have impor-
tant regulatory roles. For example, [Ca2+] in the mitochondrial inter-membrane 
space modulates the activity of metabolite carriers or dehydrogenases located on the 
outer surface of the IMM (see below); furthermore, as mentioned above, local mito-
chondrial Ca2+ sequestration has profound effects on the allosteric modulation of 
ER Ca2+-releasing channels. Regarding the [Ca2+] within mitochondria, two possi-
ble and opposite effects can be achieved: activation of mitochondrial metabolism by 
stimulating the Krebs cycle, NADH formation, and the respiratory chain activity, 

R. Filadi et al.
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with the result of an increase in ATP production, or sensitization toward cell death 
pathways, due to mitochondrial Ca2+ overload, opening of the mitochondrial perme-
ability transition pore (mPTP), and release of cytochrome C. Moreover, an impor-
tant role for ER-mitochondria Ca2+ transfer in modulating autophagy/mitophagy 
and tumor progression has been recently shown. While a more detailed discussion 
on the role of ER-mitochondria Ca2+ transfer in regulating cell death is provided 
elsewhere (see Chap. 6 and Orrenius et al. 2015 for a recent review), below a brief 
summary on activation of mitochondrial metabolism, autophagy, and cancer growth 
modulation by ER-mitochondria Ca2+ crosstalk is provided (Fig. 1.2).

1.2.1  �Mitochondrial Metabolism

Bioenergetics homeostasis and mitochondrial functionality are two essential fea-
tures that provide the correct energy to the cell accordingly to its requirements; 
in particular, in excitable cells, such as neurons, cardiac, and skeletal muscle 

Fig. 1.2  Mitochondria interact with different organelles/compartments within the cell. The car-
toon represents multiple mitochondria interactions with other organelles, as detailed in the text. 
Red-dotted squares underline specific functions sustained by the indicated inter-organelle interac-
tion, with the representation of the main proteins involved; yellow-dotted squares are those only 
identified in yeast; in the black-dotted square are represented proteins that have been implicated in 
the structure of the inter-organelle interface. See text for all the abbreviations used and the descrip-
tion of the specific functions. In italic, yeast proteins

1  Mitochondrial Ca2+ Handling and Behind: The Importance of Being in Contact…
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cells, ATP produced through the glycolysis process is not enough to guarantee 
the multiplicity of activities of these cells, and thus mitochondria become their 
energy suppliers.

Ca2+ is a specific signal for activating mitochondria metabolism: under resting 
conditions, the mitochondrial matrix Ca2+ level is in equilibrium with that of the 
cytosol, i.e., around 100 nM. Upon cytosolic Ca2+ rises, due to Ca2+ release from the 
intracellular stores, mainly the ER, or to Ca2+ entry from the extracellular space, and 
the generation of high Ca2+ microdomains (see above), mitochondria can take up 
Ca2+ thus increasing its concentration in the matrix, reaching, in some types of cells, 
values above 100 μM (Rizzuto et al. 1992; Pozzan and Rizzuto 2000). It has been 
known for a long time that a rise in Ca2+ levels in the matrix, due to an increase in 
the workload or to a specific cell stimulation, increases NADH levels, mitochon-
drial metabolism, and ATP synthesis (Jouaville et al. 1999; Pitter et al. 2002). On 
the other hand, it has been demonstrated that the buffering of Ca2+ rises, obtained 
upon cell stimulations, in the cytosol or in the mitochondrial matrix, limits the 
increase in mitochondrial metabolism (Wiederkehr et al. 2011). More recently, it 
has been demonstrated that also at resting conditions, the ER-mitochondria Ca2+ 
transfer is important for mitochondrial energy metabolism: the inhibition, or the 
absence, of the transfer causes a decrease in ATP levels, an increase in AMPK phos-
phorylation, and, eventually, a strong autophagy activation (Cardenas et al. 2010) 
(see below).

Mitochondria produce ATP for the cell through two main processes, the tricar-
boxylic acid (TCA) or Krebs cycle and the respiration by the electron transport 
chain (ETC). These two processes need pyruvate, the product of glycolysis, to move 
in the mitochondrial matrix where it is converted in acetyl-CoA, which enters in the 
TCA cycle. From each molecule of acetyl-CoA, mitochondria produce three NADH 
and one FADH2. These are two high-energy molecules that are essential for the ETC 
activity. Since 1970, it is known that four mitochondrial dehydrogenases are regu-
lated by Ca2+. One of these, the FAD-glycerol phosphate dehydrogenase (GPDH), is 
located in the IMM and senses the cation concentration in the intermembrane space, 
while the other three enzymes catalyze reactions of the TCA cycle (or immediately 
upstream) and sense mitochondrial matrix [Ca2+]: pyruvate dehydrogenase (PDH), 
isocitrate dehydrogenase (ICDH), and oxoglutarate dehydrogenase (OGDH) 
(Denton 2009). GPDH transfers, through a redox reaction, reducing equivalents 
from NADH, produced by glycolysis, to the ETC as FADH2; it presents a Ca2+-
binding motif that lies in the intermembrane space and has a Kd for Ca2+ of 0.1 μM; 
moreover, its activation increases cellular ATP levels (Garrib and McMurray 1986). 
PDH plays a crucial role in mitochondrial metabolism since it converts pyruvate 
into acetyl-CoA, allowing the TCA cycle activation. Its activity is regulated by a 
kinase/phosphatase cycle: when phosphorylated it is inactive, while a dephosphory-
lation event activates it. Ca2+ binds (Kd ~ 1 μM) both the dehydrogenase itself and 
its phosphatase, increasing the active form of the enzyme (Turkan et al. 2004). On 
the other hand, ICDH and OGDH catalyze two reactions of the TCA cycle: they are 
both regulated by Ca2+ through the direct binding of the cation; the latter event 
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induces an increase in the affinity of the enzymes for their substrates (Kd of 20–30 
μM and 1 μM, respectively; (Denton et al. 1978)).

More recently, in isolated mitochondria, it has been reported that Ca2+ can regu-
late directly the ETC and the F1F0 ATP synthase activity, indicating that mitochon-
drial matrix Ca2+ concentration is a key factor not only for TCA cycle enzymes but 
it can directly stimulate, independently from dehydrogenase functionalities, ATP 
production, and the activity of the respiratory chain complexes (Territo et al. 2000; 
Glancy et al. 2013).

As mentioned above, Ca2+ can regulate mitochondrial functions without 
reaching their matrix, modulating the shuttle of nucleotides, metabolites, and 
cofactors inside the organelles. Specific mitochondrial carriers (MCs), localized in 
the IMM, exchange nucleotides, substrates, and metabolites between cytosol 
and mitochondria. Among them, there are two Ca2+-binding MCs (CaMCs): the 
L-CaMCs (long Ca2+-dependent MCs) and the S-CaMCs (short Ca2+-dependent 
MCs). Both molecules sense Ca2+ in the intermembrane space by the presence 
of EF-hand Ca2+-binding domains localized in their N-terminal fragments fac-
ing the intermembrane space (del Arco and Satrustegui 2004; Satrustegui et al. 
2007).

L-CaMCs are the aspartate/glutamate carriers (AGC), and they belong to the 
malate-aspartate shuttle (MAS). They catalyze the exchange of a glutamate and an 
H+ (from the cytosol) for an aspartate (from mitochondria) and, being part of the 
MAS, the entry into mitochondria of a NADH molecule that contributes to mito-
chondrial metabolism (Palmieri et al. 2001). The role of AGC in substrates trans-
port has been known for several years but only recently, thank to structural studies, 
it has been shown its Ca2+ dependence by the presence of an EF-hand domain in its 
N-terminal fragment. Moreover, AGC is activated by low [Ca2+] (its Kd is around 
300 nM), well below the concentration needed for MCU activation. Thus, also low 
cytosolic Ca2+ rises can induce the entrance into mitochondria of NADH and 
metabolites, stimulating ETC activity and ATP production (Pardo et  al. 2006; 
Thangaratnarajah et al. 2014).

S-CaMCs, instead, are ATP-Mg/Pi carriers that catalyze the exchange of ATP 
and ADP for one phosphate across the IMM, modulating the levels of adenine 
nucleotides (AdN: AMP+ADP+ATP) inside mitochondria; due to this function, 
these carriers can modulate several cell functionalities, such as mitochondrial 
metabolism and oxidative phosphorylation. A defect in these carriers, or their 
absence, in different tissues, can induce an impairment in energy production 
required for several functionalities (Anunciado-Koza et  al. 2011; Amigo et  al. 
2013). The activity of ATP-Mg/Pi carriers is regulated by Ca2+, and they also 
present EF-hand Ca2+ binding domains, homologous to calmodulin, in their 
N-terminal parts facing the intermembrane space; their Kd is around 1.5–3 μM, 
requiring a higher increase in cytosolic [Ca2+], than L-CaMCs, for their activation 
and the regulation of AdN levels within mitochondria (Haynes et al. 1986; Nosek 
et al. 1990).

1  Mitochondrial Ca2+ Handling and Behind: The Importance of Being in Contact…
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1.2.2  �Autophagy/Mitophagy

Ca2+ plays a complex role in autophagy regulation and the first link between 
autophagy, and intracellularly stored Ca2+ was described in rat hepatocytes in 1993 
(Gordon et al. 1993). More recently, both inhibitory and activatory effects of Ca2+ 
on autophagy induction have been reported (see La Rovere et al. (2016) for a recent 
review).

As far as Ca2+ transfer from the ER to mitochondria is concerned, it has been 
shown that, under basal conditions, the constitutive, low level, IP3R-mediated Ca2+ 
release and subsequent Ca2+ uptake by mitochondria, throughout the MCU com-
plex, are essential for the maintenance of optimal cellular bioenergetics (see above). 
As a consequence of this energetic balance, autophagy is maintained at low levels 
in healthy cells. On the other hand, disturbances in ER-mitochondria Ca2+ transfer 
trigger autophagy by increasing the AMP/ATP ratio (due to a decrease in mitochon-
dria bioenergetics) and activating AMPK, a highly sensitive indicator of cellular 
energy status whose activity increases under conditions of metabolic stress 
(Cardenas et al. 2010). The importance of the ER-mitochondria Ca2+ crosstalk in 
autophagy induction was also confirmed by molecular (upon MCU overexpression) 
or pharmacological (upon treatments with drugs that increase the uptake of Ca2+ by 
mitochondria) approaches finalized to correct dysfunctional mitochondrial Ca2+ 
uptake in human fibroblasts from mitochondrial disorder patients, resulting, in these 
cells, in a rescue of autophagy levels similar to those observed in control cells 
(Granatiero et al. 2016). Consistently, stable knockdown of MCU and MCUR1, key 
components of the mitochondrial Ca2+ uptake machinery (Murgia and Rizzuto 
2015) (and see also Chap. 2), reduced cellular oxygen consumption rate, activated 
AMPK, and induced autophagy (Mallilankaraman et al. 2012).

Finally, other alterations in mitochondrial Ca2+ signaling can lead to mitophagy. 
PINK-1, a protein involved in mitophagy initiation, regulates Ca2+ efflux from mito-
chondria through the Na+/Ca2+ exchanger, and its loss may lead to mitochondrial 
Ca2+ accumulation (Gandhi et al. 2009), leading to mPTP opening and release of 
pro-apoptotic factors. In addition, elevation of local Ca2+ concentrations in the 
vicinity of mitochondria, a phenomenon very much depending on ER-mitochondria 
tethering (see above), with impaired membrane potential, promotes the activation of 
the mitochondrial shaping molecule Drp1, triggering mitochondrial fission and sub-
sequent mitophagy (Sandebring et al. 2009).

More recently, it has been demonstrated that the overexpression of Parkin, the 
cytosolic E3 ubiquitin ligase involved in mitophagy, favors, in normal conditions, 
ER-mitochondria tethering and their Ca2+ crosstalk, sustaining mitochondria mor-
phology and ATP production and consequently limiting ubiquitination of mito-
chondrial targets and mitophagy (Cali et al. 2013a). Upon mitochondrial damage 
(such as organelle depolarization), the protective effect of Parkin is however 
insufficient, and, after its recruitment to mitochondria, the mitophagic process is 
activated.

R. Filadi et al.
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1.2.3  �Cancer

Among multiple mechanisms, cancer growth relies mainly on dysregulation on cell 
proliferation and cell death, and Ca2+ and mitochondria are crucial actors in modu-
lating both events. In particular, while the correct mitochondrial Ca2+uptake sustains 
the increased energy demand of proliferating cells, mitochondrial Ca2+ overload 
induces organelles morphology alterations, permeabilization, and swelling, with the 
subsequent release of pro-apoptotic factors. Both Ca2+ -dependent pathways are 
very much linked to mitochondria-ER coupling.

Indeed, enhanced resistance to apoptosis of cancer cells involves also dysregula-
tion of the ER-mitochondria Ca2+ axis and several tumor suppressor and oncogenic 
proteins, mutated or deleted in various types of human cancers, act at the interface 
between the two organelles and modify their Ca2+ crosstalk. The oncogene AKT, for 
example, has been reported to phosphorylate two key targets, hexokinase 2 (HK2), 
promoting its binding with the mitochondrial channel VDAC1 (Majewski et  al. 
2004), and the ER Ca2+-releasing channel IP3R3 (Marchi et al. 2012), which in turn 
negatively affects the Ca2+-dependent apoptotic response. On the contrary, the tumor 
suppressor protein phosphatase and tensin homolog (PTEN), commonly lost or 
mutated in human cancers, have been shown to directly interact with IP3R, counter-
acting, by its enzymatic activity, the reduced IP3R-dependent Ca2+ release mediated 
by AKT phosphorylation (Bononi et al. 2013). The tumor suppressor PML has been 
shown to act on this ER-mitochondria Ca2+ pathway as well: it promotes the forma-
tion of a multiprotein complex containing IP3R3, AKT, and the protein phosphatase 
PP2a, which regulates ER-mitochondria Ca2+ transfer (Giorgi et al. 2010). Finally, 
other two examples that further indicate the ER-mitochondria Ca2+ crosstalk as a 
critical hub in cancer growth are the tumor suppressor proteins BRCA1 and p53: the 
first was found to be recruited to the ER during apoptosis in an IP3R-dependent 
manner, sensitizing the IP3R to its ligand, thus favoring the Ca2+-dependent apop-
totic response (Hedgepeth et al. 2015); the second, in an extra-nuclear fraction, has 
been shown to interact with the ER Ca2+-ATPase SERCA, modulating ER Ca2+ con-
tent and mitochondrial Ca2+ uptake, organelle swelling, and apoptosis induction 
(Giorgi et  al. 2015). Of note, recently, the cancer-testis antigen FATE1 has been 
reported to uncouple the two organelles and to protect from Ca2+- and drug-induced 
cell death (Doghman-Bouguerra et  al. 2016), highlighting the importance of the 
modulation of ER-mitochondria interface in cancer cells.

1.3  �Molecular Components Involved in Mitochondria-
Organelles Contacts

The first electron microscopy (EM) studies of cellular ultrastructure reporting that 
mitochondria are in physical contact with other organelles, in particular with the 
ER, dated back to the 1950s (Robertson 1960). In these identified regions of 

1  Mitochondrial Ca2+ Handling and Behind: The Importance of Being in Contact…



18

juxtaposition, the two opposing organelles do not fuse but maintain their identity 
(Fig. 1.1 and Table 1.1).

Contacts with the ER are conserved between different species (Rowland and 
Voeltz 2012) and have been well documented in yeast, mammals, and, recently, also 
in plants (Mueller and Reski 2015). Different types of contact have been reported, 
depending on the fact that mitochondria can be engaged in juxtaposition with both 
smooth ER and rough ER and that distances between ER membranes and OMM can 
be extremely variable, ranging from ~10 nm up to 80–100 nm (for a recent review, 
see (Giacomello and Pellegrini 2016)). However, while in the case of the classical 
close contacts (below 25–30 nm), OMM and ER membranes appear to be clearly 
tethered by electron-dense filamentous structures, proteinaceous in their nature 
(Csordas et al. 2006); such structures, to the best of our knowledge, have never been 
observed for the more distant areas of apposition. A complete list of the proteins that 
has been involved in the modulation of ER-mitochondria coupling is far away from 
the scope of the present chapter. However, below, a brief summary of both yeast and 
mammalian tethers is provided (Fig. 1.2).

In yeast, the ER-mitochondria encounter structure (ERMES), formed by the 
cytosolic protein Mdm12, the ER membrane protein Mmm1, and the OMM pro-
teins Mdm34 and Mdm10, was identified by a genetic screening (Kornmann et al. 
2009). ERMES has been implicated in ER-mitochondria lipid transport (AhYoung 
et al. 2015), though different groups failed to find defects in lipid metabolism in 
cells lacking the complex (reviewed in Murley and Nunnari 2016). Importantly, 
ERMES homologs have not been identified in mammals.

Recently, a proteomic analysis identified the ER transmembrane protein Ltc1/
Lam6 as a potential additional tether in yeast, thanks to its interaction with the 
OMM proteins TOM70/TOM71 (Murley et al. 2015).

ER-mitochondria contacts, in both yeast and mammals, mark sites of mitochon-
drial division (Friedman et al. 2011), and, in yeast, the additional ERMES-associated 
subunit Gem1 (a GTPase whose mammalian homolog is Miro-1) regulates 
ER-mitochondria connections (Kornmann et  al. 2011) and ER-dependent mito-
chondrial division (Murley et al. 2013).

In metazoan cells, while the functional significance of the ER-mitochondria jux-
taposition has been established in a number of different studies, the nature of the 
proteins involved in the physical tethering between the two organelles  remains 
much less understood. Different proteins have been demonstrated to modulate this 
parameter, but the formal demonstration that the lack of a given protein abolish 
close contacts has never been provided. Notably, the possibility that different and 
independent tethering complexes may exist, and compensate one for the lack of the 
others, increases the complexity of the above analysis.

Among the proteins that have been associated with ER-mitochondria tethering, 
the OMM resident protein Mitofusin-2 (Mfn2) has received a lot of attention. Mfn2 
was initially proposed to be a tether, given the presence of a fraction of the protein 
in ER membranes (particularly in the mitochondria associated membranes, MAMs) 
and its ability to form homotypic interactions with the OMM resident counterpart 
(de Brito and Scorrano 2008). The demonstration that the lack of this protein deeply 
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reduces ER-mitochondria co-localization, visualized by confocal microscopy 
techniques, as well as a number of indirect evidence involving Mfn2 in organelles’ 
coupling (Schneeberger et al. 2013), initially created a consensus on the fact that 
Mfn2 could be a tether. However, we (Filadi et al. 2015, 2016; Leal et al. 2016) and 
others (Cosson et al. 2012; Wang et al. 2015) have shown, by a number of different 
approaches, that Mfn2 depletion is actually associated to an increased 
ER-mitochondria physical and functional coupling, challenging the initial idea of 
Mfn2 as a tether. Interestingly, a Gp78 (an E3-ubiquitin ligase)-dependent Mfn2 
degradation has been correlated with an increased association of rough ER to mito-
chondria, while Mitofusin-1 has been shown to negatively affect the tethering with 
the smooth ER, thus suggesting that the coupling with mitochondria of rough and 
smooth ER may be differently regulated (Wang et al. 2015).

In addition to Mfn2, others proteins have been reported to be involved in the 
regulation of ER-mitochondria juxtaposition. PACS-2, a cytosolic multi-sorting 
protein, have been shown to control their apposition in a BAP31 (an ER cargo 
receptor)-dependent manner (Simmen et al. 2005), though its role as a molecular 
scaffold or as a simple regulator is not fully clarified.

Interestingly, a physical interaction between the ER resident IP3Rs (especially 
the MAM-enriched IP3R3), the cytosolic fraction of the mitochondrial chaperone 
Grp75, and the OMM located VDAC1 has been reported and demonstrated to be 
functionally involved in the efficacy of mitochondrial Ca2+ uptake (Szabadkai et al. 
2006). However, the interpretation that sees the IP3Rs-Grp75-VDAC1 complex as 
a potential tether between the two opposing organelles is, in our opinion, unlikely, 
because in DT40 cells knockout (KO) for the three IP3Rs isoforms, it has been 
demonstrated, by EM analysis, that ER-mitochondria physical association is not 
modified (Csordas et al. 2006), thus arguing against a role of the IP3Rs as tethers.

The familial Alzheimer’s disease (FAD)-related protein Presenilin-2 (PS2) has 
been shown by us to favor the physical and functional ER-mitochondria coupling, 
with FAD-linked PS2 mutants more effective than the wt counterpart in the modula-
tion of these parameters (Zampese et al. 2011; Kipanyula et al. 2012). Recently, we 
have demonstrated that PS2 is able to increase the number of ER-mitochondria 
close contacts in a Mfn2-dependent manner, by sequestering the latter protein and 
thus removing its negative effect on organelles tethering (Filadi et al. 2015, 2016) 
(see also below).

An interaction between the ER resident protein VAPB and the OMM protein 
PTPIP51 has also been demonstrated to positively correlate with the physical and 
functional ER-mitochondrial coupling (De Vos et al. 2012).

Finally, the ER-stress related protein kinase RNA-like ER kinase (PERK; see 
also below) has also been shown to modulate ER-mitochondria contact sites, inde-
pendently from its enzymatic activity and canonical role during ER stress (Verfaillie 
et al. 2012; van Vliet and Agostinis 2016). As to the contacts with the PM, their 
functions and molecular composition have been much less investigated, and con-
trasting results have been obtained. For instance, in HeLa cells, it has been reported 
that ~10% of the PM surface co-localized with mitochondria and that sub-PM mito-
chondria are important for the modulation of PM Ca2+ ATPases (Frieden et al. 2005). 
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However, given the optical resolution of confocal microscopy (at best, ~0.5 μm 
along the z-axis), this value may be overestimated and include also mitochondria 
that are in proximity but not really associated to PM. Indeed, in another study per-
formed in RBL-2H3 and H9c2 cells, just a few mitochondria-PM contact points 
were observed, and a large fraction of peri-PM mitochondria was found to lack a 
direct contact with the PM (Csordas et al. 2010). Often, an interleaving ER-stack 
was observed to be located between PM and mitochondria, hindering a direct asso-
ciation between them (Csordas et al. 2010). Moreover, it has been shown that, upon 
Drp1/Fis1 overexpression-induced mitochondrial fragmentation, the majority of 
mitochondria loose the co-localization with the PM, suggesting that just few tether-
ing points between the two structures may exist (Frieden et al. 2005).

The molecular nature of the junctions between mitochondria and the PM is mys-
terious. Recently, by employing a proteomic approach in murine liver, it has been 
reported that the connexin protein Cx32, enriched at gap junctions, but retrieved 
also in the IMM, physically interacts with the OMM resident fraction of sydero-
flexin-1 (SFXN-1), thus suggesting a putative role for the Cx32-SFXN1 axis as a 
PM-mitochondria tether (Fowler et al. 2013). In yeast, the interaction between the 
PM protein Num1 (Klecker et  al. 2013), the OMM-associated adaptor protein 
Mdm36 (Lackner et al. 2013), and still unknown additional partners has been dem-
onstrated to be important for the association of mitochondria with the cell cortex 
and for the retention of part of them in the mother cell after cell division (reviewed 
in Klecker et al. 2014). Thus, PM-mitochondria contacts may be essential for the 
partitioning of mitochondria between the mother cell and the bud.

Recently, different types of contact have been also described between mitochon-
dria and other cellular organelles, such as peroxisomes, through the binding of the 
peroxisomal protein Pex11 and the ERMES subunit Mdm34  in yeast (Mattiazzi 
Usaj et al. 2015), and melanosomes, through undefined Mfn2-dependent molecular 
tether structures (Daniele et  al. 2014) (see also below). Moreover, tight contacts 
(vCLAMPs, ~10 nm the distance between the opposing membranes and ~100 nm 
the length of the juxtaposition) have been reported between vacuoles and mitochon-
dria in yeast (Elbaz-Alon et al. 2014). These contacts depend on the vacuolar pro-
teins Vps39 and the Rab GTPase Ypt7 and have a role in lipid metabolism/exchange 
between these organelles (see below).

1.4  �Mitochondria Inter-organelle Contacts: Not Only Matter 
of Ca2+ Signaling

1.4.1  �Lipid Synthesis and Trafficking

The maintenance of the lipid composition of cellular membranes involves a tight 
communication between organelles (Lebiedzinska et  al. 2009). The more exten-
sively studied, and probably the more important interorganellar interaction for this 
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function, is between mitochondria and the ER. Indeed, lipid transfer is one of the 
most prominent feature of ER-mitochondria contact domains, even though the 
underlying molecular mechanisms are mostly unknown (Murley and Nunnari 2016).

The ER is the master organelle for lipid synthesis. Nevertheless, the specific 
domains associated to mitochondria (MAMs) have been shown to be enriched, com-
pared to the bulk ER membranes, in enzymes involved in lipid metabolism, such as 
membrane-anchoring proteins, cholesterol metabolism, and triglycerides/phospho-
lipids synthesis enzymes, including the two phosphatidylserine (PS) synthases 
(Stone and Vance 2000). Interestingly, certain phospholipids synthetic pathways 
require enzymes that are located at both the ER and the mitochondria: for example, 
biosynthesis of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) fol-
lows a complete circuit, starting from PS synthesis at the ER side of MAM by PS 
synthase (Zborowski et al. 1983; Stone and Vance 2000) to its decarboxylation into 
PE at the IMM and back to the ER for conversion into PC (Vance 1990; Voelker 
2000; Osman et al. 2011).

Beyond synthesis, there is a bidirectional and extensive lipid exchange between 
membranes of the two organelles, although the factors involved in lipid transport 
remain elusive (Rowland and Voeltz 2012). PC is the most abundant mitochondrial 
phospholipid, but it is synthesized only in elements of the ER. PS and PC must then be 
imported from the ER to the mitochondria, through yet uncharacterized mechanisms 
but likely involving ER membranes and OMM close juxtapositions (Vance 2014).

The importance of mitochondria-ER lipid exchanges is also illustrated by the fact 
that the precursor for the mitochondrial synthesis of cardiolipin, the phosphatidic 
acid, comes from the ER, through a yet unknown mechanism (Vance 2014). 
Moreover, sterols and sphingolipids are minor but potentially functionally signifi-
cant constituents of mitochondrial membranes. MAMs have been reported to be 
enriched in cholesterol, compared to the bulk ER, and studies have suggested that 
depletion of cholesterol from MAMs promotes the association of the two organelles 
(Fujimoto et al. 2012). Thus, mitochondria-ER contacts could contain microdomains 
that are enriched in cholesterol and gangliosides, modified sphingolipids, similarly 
to the detergent-resistant lipid rafts at the PM (Hayashi and Fujimoto 2010). 
Interestingly, in yeast, sterols have been suggested to be directly transported from the 
ER to the mitochondria through Ltc1 (also known as Lam6), an ER-located sterol 
transporter enriched in MAMs (Murley et al. 2015) which interacts with the ERMES 
complex (Gatta et al. 2015). Finally, ceramides, like other sphingolipids, constitute a 
quantitatively minor, but functionally significant, constituent of mitochondria, since 
they can induce OMM permeabilization-mediated apoptosis. Interestingly, cerami-
des synthesis has been shown to occur at MAMs (Stiban et al. 2008).

Even though the interplay between mitochondria and ER seems undeniable in 
the maintenance of cellular lipid homeostasis, a clear identification of molecular 
actors implicated in the process in mammalian cells is still missing. Insights for 
molecular mechanisms come almost exclusively from yeast. Indeed, an exciting 
clue arised from the identification in yeast of the members of the ERMES com-
plex (see above) as highly hydrophobic proteins involved in lipid trafficking 
(Kopec et al. 2010). More precisely, recent studies showed that synaptotagmin-like 
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mitochondrial lipid-binding protein (SMP) domains, present in the ERMES 
complex, are able to assemble in heterotetramer domains to form tubular struc-
tures, as hydrophobic tunnels for lipid transfer (AhYoung et al. 2015). Nevertheless, 
the fact that these SMP domains display a strong preference for PC (AhYoung 
et al. 2015) suggests that other glycerol-phospholipids transfer might be mediated 
by different parts of the ERMES complex or by other molecules (Murley and 
Nunnari 2016). Evidence has pointed toward a possible implication of some yeast 
members of the oxysterol-binding homology (Osh) protein family that display 
high affinity for PS and are crucial for PS homeostasis (Maeda et al. 2013), as well 
as for the ER membrane complex (EMC) proteins (Lahiri et al. 2014), for increas-
ing the rate of transfer of PS from the ER to mitochondria. All these elements 
suggest that defining the molecular mechanism of lipid transfer between ER and 
mitochondria could imply the discovery of mammalian homologues of ERMES to 
allow phospholipids transfer between organelles.

Recent studies, however, have provided the first possible molecular identity in a 
different protein implicated in ER-mitochondria steroid transfer. Indeed, the trans-
locator protein (TSPO), located in the OMM, is implicated in the import and pro-
cessing of steroids into mitochondria (Flis and Daum 2013), and many clues point 
toward a possible presence of TSPO in MAMs, particularly through its interaction 
with VDAC (Guilarte et al. 2016).

The ER is not the only partner with which mitochondria interact to maintain cel-
lular lipid homeostasis. Indeed, experimental disruption of ERMES has been shown 
to be compensated by the expansion of mitochondrial contacts with vacuoles/lyso-
somes, called vacuolar and mitochondrial patches (vCLAMPs), to maintain lipid 
homeostasis, and vice versa. Moreover, the molecular ratio between ERMES and 
vCLAMP components in yeast is dependent on the metabolic state of the cell. Ltc1 
(see above) could also be expressed at vCLAMPs, in conditions of expansion, and 
is necessary for the compensation of ERMES loss (Honscher et  al. 2014 and 
reviewed in Murley and Nunnari 2016).

Peroxisomes have been also shown to interact with mitochondria (see also 
below). Interestingly, in yeast, they make contacts at sites of mitochondria-ER jux-
tapositions, through the interaction between the peroxisomal protein Pex11 and the 
ERMES subunit Mdm34 (Mattiazzi Usaj et al. 2015). Interestingly, in these areas, 
the mitochondrial matrix enzyme PDH, responsible for the production of acetyl-CoA 
(see above), is also always present. Thus, acetyl-coA, which is a metabolite at the 
crossroad between glucose and lipids metabolism, is produced at a cellular hub of 
organelles’ interactions (Cohen et al. 2014). These observations could lead to excit-
ing speculations about a nutrient-sensing system based on the distribution of mito-
chondria/ER/vacuoles and peroxisome contacts, as well as on lipid transporters 
composition, to adapt lipid homeostasis and metabolism to cellular environment 
(Murley and Nunnari 2016).

It is important to underlie, however, that even if close contacts have the strongest 
relevance in inter-organelle lipid trafficking, other mechanisms might exist. In par-
ticular, soluble cytosolic lipid transfer proteins have been identified, especially for 
PC and PI (Vance 2015).
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1.4.2  �Autophagy

The process of autophagy is considerably dependent on intracellular organelles’ 
membranes and their possible interactions (Yang and Klionsky 2009).

The major intracellular source from which the initial isolation membrane (also 
known as “phagophore”) can form has been reported to be the ER, both in yeast 
(Suzuki and Ohsumi 2010) and mammals (Axe et al. 2008; Hayashi-Nishino et al. 
2009; Itakura and Mizushima 2010; Matsunaga et al. 2010). More recently, multiple 
pieces of evidence have been reported for mitochondria-ER contact sites as sources 
of membranes for autophagosome biogenesis. Depletion of ER-mitochondria teth-
ering regulators, such as Mfn2, has been shown to impair autophagosome formation 
(Hailey et al. 2010).

In addition, a milestone following study (Hamasaki et al. 2013) clearly demon-
strated that autophagosomes can form at mitochondria-ER contact sites: not only 
key components of the autophagic process (Atg5, Atg14, Beclin-1, Vps15, Vps34) 
were found to be localized in MAMs under starved conditions (and this association 
at mitochondria-ER contact sites was stable throughout the autophagosomes forma-
tion process) but also alterations of this association led to decreased autophagy. 
Moreover, it has been shown that MAM raft-like microdomains, containing the raft 
marker ganglioside-3 (GD3), were pivotal in autophagosome formation: under 
starved conditions, calnexin, a Ca2+-binding chaperone protein enriched in MAMs, 
strongly associates with GD3 and crucial upstream regulators of autophagy, such as 
AMBRA1 and WIPI1, allowing autophagy to proceed (Garofalo et al. 2016). The 
reduction in GD3 levels, by knocking down a member of the glycosyltransferase 
family responsible for its synthesis, led to impaired starvation-induced association 
of core complex molecules at MAMs and defective autophagy, highlighting the key 
role played by the MAM platform in driving the process.

Finally, by scanning electron microscopy and electron tomography, a morpho-
logical analysis confirmed that phagophores can assemble at the mitochondria-ER 
contact sites (Biazik et al. 2015). This observation, together with the finding that 
lipids transported from the ER to the mitochondria are subsequently translocated 
into autophagosomes under starved conditions (Hailey et al. 2010), strongly indi-
cates mitochondria-ER communications as fundamental for resupplying lipids to 
mitochondria to compensate for their transport into autophagosomes.

Very recently, FUNDC1, the integral OMM protein that functions as LC3 recep-
tor during hypoxia-induced mitophagy (Liu et  al. 2012), has been found to be 
enriched in MAMs and interact with calnexin, DRP1 and OPA1, mediating either 
mitochondria elongation in response to hypoxic stimuli or mitochondria fragmenta-
tion and mitophagy, depending on its phosphorylation pattern (Wu et  al. 2016). 
Thus, FUNDC1, localized at mitochondria-ER contact sites, functions as an adaptor 
protein coordinating mitochondrial dynamics and quality control in response to dif-
ferent signaling pathways and mitochondrial stresses.
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1.4.3  �The Unfolded Protein Response (UPR)

Several physiological and pathological stress conditions can alter ER homeostasis, 
decreasing the amount of Ca2+ accumulated within the ER or compromising the 
folding ER capacity, leading to accumulation of unfolded proteins in the ER lumen, 
and causing the ER stress response known as “unfolded proteins response” (UPR) 
(Verfaillie et al. 2013).

Within the cell, the mitochondria-ER axis is a critical player in the complex 
modulation of the UPR; indeed, both organelles have a key role during UPR, and 
they are both modulated by it in their functionality and interrelationship. For exam-
ple, the early phase of UPR is linked to changes in ER morphology and redistribu-
tion of mitochondria, which move toward the ER structure, strengthening 
ER-mitochondria contact sites. The increased ER-mitochondria interaction sus-
tained a higher Ca2+ transfer between them, rising mitochondrial metabolism, oxy-
gen consumption, and ATP production. The outcome can help the cell to rescue the 
stress state, supplying ATP to chaperone proteins, such as Bip, involved during UPR 
in the folding process (Bravo et al. 2011).

As mentioned above, if, however, the stress and the damage are too severe, the 
pro-survival pathway, mediated by the three sensors, turns into a pro-death response 
through the regulation of pro-apoptotic proteins. In this case, the stronger 
ER-mitochondria interaction favors a deregulated Ca2+ transfer, leading to mito-
chondrial Ca2+ overload, mPTP opening, and apoptotic protein activation. In par-
ticular, among the proteins that can trigger apoptosis, the truncated form of SERCA 
(S1T) has been shown to be involved in the late ER stress response: highly expressed 
during ER stress by the PERK-ATF4 pathway, the truncated pump increases 
ER-mitochondria tethering and blocks mitochondrial movements, causing an 
increased ER-mitochondrial Ca2+ transfer, mitochondrial Ca2+ overload, and eventu-
ally cell death (Chami et al. 2008).

1.4.4  �Organelle Activity and Biogenesis

A peculiar molecular and functional relationship between mitochondria and peroxi-
somes has been known for a long time. Indeed, these organelles not only share some 
components of their fission machinery (such as Drp1, Fis1, and Mff in mammals 
and Dnm1 and Fis1 in yeast) but also cooperate in some metabolic pathways, such 
as β-oxidation of fatty acids (reviewed in Schrader et al. 2015). Moreover, the mito-
chondrial biogenesis transcriptional co-activator PGC-1α has been found to directly 
increase peroxisomes number (Bagattin et al. 2010).

Mitochondria and peroxisomes have been reported to be closely associated in 
ultrastructural studies in mammalian cells (Hicks and Fahimi 1977), and multiple 
evidences indicate physical connections between mitochondria and peroxisomes in 
yeast (Rosenberger et al. 2009), although their contribution to metabolite exchange 
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between the two organelles is unclear. Instead, mitochondrion-derived vesicles 
(MDVs) were suggested to allow the latter feature (Neuspiel et al. 2008) and appear, 
together with vesicles derived from the ER, to be important for peroxisomal biogen-
esis (Mohanty and McBride 2013). As to the functions of mitochondria-peroxisomes 
contacts, they have been suggested to be relevant for peroxisome fission in yeast 
(Mao et al. 2014), as well as for the innate immune response against viral and bacte-
rial infections (reviewed in Schrader et al. 2015 and see also Horner et al. 2011, 
2015) and for redox homeostasis (Nordgren and Fransen 2014) (reviewed in 
Schrader et al. 2015). Moreover, the same molecular fission complex (see above) is 
reported to be recruited during the autophagic degradation of the two organelles, 
mitophagy (Mao et  al. 2013), and pexophagy (Mao et  al. 2014), respectively. 
Moreover, peroxisome division, occurring early in the process, has been shown to 
take place at mitochondria-peroxisome contact sites (Mao et al. 2014), highlighting 
a functional interplay of the two organelles in autophagy.

Mitochondria make also contacts with other organelles, although the significance 
and molecular characterization of these sites are not defined. For example, in yeast 
the acidic vacuole is functionally linked to mitochondria, and any dysregulation of 
each organelle is negatively reflected to the other (Hughes and Gottschling 2012). 
In mammals, a vesicular transport pathway has been described from mitochondria 
to lysosomes, as an early response to oxidative stress, independent from mitophagy 
and preventing mitochondrial dysfunctionality (Soubannier et al. 2012).

Finally, it has been recently demonstrated that ~7% of melanosomes are in close 
contact with mitochondria, thanks to the presence of proteinaceous bridges similar 
to those observed in ER-mitochondria regions of apposition (Daniele et al. 2014). 
This association has been reported to be important for melanosomes biogenesis, 
likely through a local ATP supply from mitochondria to melanosomes or through an 
exchange of other metabolites, such as Ca2+. Interestingly, though its abundance in 
the sites of interorganellar apposition is strongly reduced compared to the bulk 
OMM (as revealed by immunogold analysis), Mfn2 has been suggested to be impor-
tant for these contacts, because its downregulation decreases their number (Daniele 
et al. 2014).

1.4.5  �Other Cell Functions

1.4.5.1  �Mitochondria Inheritance

In yeast, it has been demonstrated that active nucleoids (the nucleoprotein structures 
responsible for mtDNA inheritance) are associated with a protein complex that 
spans the OMM and the IMM (Meeusen and Nunnari 2003). Components of the 
ERMES complex (involved in mitochondria-ER contacts in yeast, see above) have 
been observed to be spatially associated to active nucleoids (Murley et al. 2013). 
Moreover, Mmr1, an OMM protein specific of bud’s but not of mother cell’s mito-
chondria, physically interacts with Myo2 (Itoh et al. 2004), a class V myosin that 
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mediates the transport of mitochondria to the bud; of note, Mmr1 has been observed 
to be enriched at mitochondria-ER contact sites (Swayne et al. 2011), thus suggest-
ing that these regions of contact may be important for mitochondria inheritance.

Very recently, in mammalian cells, it has been reported that mtDNA synthesis is 
spatially associated to a subset of mitochondria-ER contacts involved in mitochon-
drial division (Lewis et al. 2016). Importantly, mitochondria-ER tether formation 
precedes and is necessary (but not sufficient) for mtDNA replication and mitochon-
drial division, thus playing a crucial role in the proper inheritance of mtDNA 
between dividing mitochondria. It is tempting to speculate that the existence of a 
contact with the ER creates a specialized platform on OMM and IMM, character-
ized by a specific lipid/protein composition (lipid rafts-like), important for the suc-
cessive recruitment of proteins involved in specific activities, such as mtDNA 
replication and mitochondrial division.

1.4.5.2  �Inflammation and Antiviral Response

The activation of innate immune response is another pathway in which the mito-
chondria-ER axis seems to be actively involved (reviewed in Marchi et al. 2014; 
van Vliet et al. 2014; Schrader et al. 2015). The cytosolic pathogen receptor RIG-
1, responsible for the production of pro-inflammatory cytokines, has been demon-
strated to be recruited for proper assembly by the OMM adaptor protein MAVS 
(mitochondria antiviral signaling protein; Belgnaoui et al. 2011), which has been 
recently reported to be specifically located at MAMs, where it regulates mito-
chondrial and peroxisomal signaling events during viral infections (Horner et al. 
2011). A proteomic analysis revealed, in these latter conditions, a dynamic change 
in MAM protein composition, with an increase in MAVS interactors (Horner 
et al. 2015).

The inflammasome NOD-like receptor NLRP3 is a multiprotein complex that 
works like a sensor of damage (intracellular pattern-recognition receptors that 
recognize pathogen-associated molecular patterns, PAMPs) activating the pro-
inflammatory response through specific pathways. Normally located at ER mem-
branes, after mitochondrial-ROS-induced inflammasome activation, NLRP3 
redistributes to MAMs (Zhou et al. 2011), thus highlighting the importance of this 
cell sub-compartment in ROS signaling and activation of inflammatory response. 
Importantly, the activity of VDACs, which are OMM proteins and important regu-
lators of mitochondrial metabolic activity (see Chaps. 7, 8, 9, 10, 11, and 12 for 
extensive descriptions), is crucial for NLRP3 activation. Moreover, in cystic 
fibrosis cell models, it has been recently shown that MCU-dependent mitochon-
drial Ca2+ uptake integrates pro-inflammatory signals initiated by pathogen-asso-
ciated molecules and relays the information to NLRP3 (Rimessi et  al. 2015), 
acting as a synergic stress stimulus in triggering exacerbated inflammatory 
response. Thus, not only mitochondria play a central role in the orchestration of 
the inflammatory response but also constitute the signal-integrating organelle for 
inflammasome activation.
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1.4.5.3  �Mitochondria Dynamics and Transport

Mitochondria are dynamic organelles, continuously undergoing fusion and fission. 
These opposite processes maintain the shape, size, and number of mitochondria as 
well as their physiological functionality (Youle and van der Bliek 2012). Numerous 
studies have suggested a role for mitochondria-ER interactions in mitochondrial 
fission and fusion (see Marchi et al. 2014 for a recent review), through mechanisms 
involving physical and functional (Ca2+) coupling. Moreover, many of the proteins 
involved in MAM structural integrity are mitochondria dynamics-related proteins.

Mitochondrial fission, in particular, seems to be highly dependent on ER proxim-
ity. The fragmentation process relies on the recruitment, by specific receptors at the 
mitochondrial surface, of dynamin-related proteins, forming helical oligomers that 
wrap around the organelles and divide them in a GTP-dependent manner (Klecker 
et al. 2014). Interestingly, these fission complexes assemble at specific sites where 
ER tubules circumscribe mitochondria to form constriction sites both in yeast and 
metazoan cells (Smirnova et al. 2001). In these latter, mitochondrial division medi-
ated by ER constrictions involves actin polymerization to tighten the noose formed 
by Drp1, through the action of the ER protein inverted formin-2 (INF2), a promoter 
of actin polymerization and depolarization (Prudent and McBride 2016). Moreover, 
the mitochondrial protein Miro1, at the OMM, has been shown to sense [Ca2+], stop 
mitochondria motility, and induce fission in a Drp1-dependent manner (Saotome 
et al. 2008). Interestingly, its yeast homolog Gem1, which presents similar features 
(Frederick et al. 2004), interacts with the MAM complex ERMES at sites of mito-
chondrial division (Nguyen et al. 2012). This interaction is relying on the Gem1 
EF-hand Ca2+-binding domain, suggesting that the association of the protein with 
ERMES could be Ca2+ dependent (Kornmann et al. 2011). Moreover, reduced mito-
chondria-ER interactions have been associated with mitochondrial fragmentation 
during glucose sensing in the liver (Theurey et al. 2016).

Apart from fission, mitochondria-ER interactions have been shown to be crucial 
for fusion processes as well. The main actors in the control of mitochondrial fusion 
are Mfn1 and Mfn2, two homologous GTPase proteins present, both, at OMM, but, 
the second one, also at ER membranes. In particular, Mfn2 coordinates the 
interactions between different mitochondria, leading to the stabilization of the 
whole mitochondrial network, but is also crucial for tuning their tethering to the ER, 
modulating MAM formation (see above) (Koshiba et al. 2004).

Only mitochondria-ER contacts have been clearly demonstrated to have a central 
role, with the described mechanisms, in mitochondrial shaping events. Nevertheless, 
clues suggest that mitochondria-peroxisome interactions might also play a part. For 
instance, induction of oxidative stress by expression of KillerRed in peroxisomes 
induces mitochondrial fragmentation, even though only functional interplay through 
ROS has been implicated in the phenomenon (Ivashchenko et al. 2011). Interestingly, 
both organelles undergo similar dynamics processes and share components of their 
division machinery, such as Drp1 and Fis1 (Schrader et al. 2016) (see above).

To this day, the only link observed between mitochondrial dynamics and mito-
chondria-PM interaction is the observation that organelles’ fragmentation mediated 
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by Fis1 or Drp1 overexpression is associated with their decreased interactions with 
the cell membrane. However, it is more likely that this element underlines the pos-
sibility that a small number of anchor points exist at the mitochondria-PM interface 
rather than a real functional interplay between mitochondrial dynamics and PM 
(Frieden et al. 2005).

1.5  �Mitochondria-ER Contacts and Diseases

As detailed above, the communication between mitochondria and ER regulates a 
multitude of physiological processes, ranging from intracellular Ca2+ homeostasis 
to lipid metabolism and control of cell death. Thus, the emergence of alterations in 
organelles’ physical and functional tethering as a common hallmark in different 
pathologies, such as neurodegenerative diseases, diabetes, obesity, and cancer is not 
surprising. A comprehensive and detailed review of all these findings is far away 
from the scope of the present chapter. Here, we limit ourselves to a brief summary 
of the main studies involving alterations in the mitochondria-ER axis as a key event 
in three neurodegenerative diseases: Alzheimer’s disease (AD), Parkinson’s disease 
(PD), and amyotrophic lateral sclerosis (ALS). The interested reader is also referred 
to additional reviews on this topic (Cali et al. 2013b).

1.5.1  �Alzheimer’s Disease

In Alzheimer’s disease (AD), the pathogenicity of the altered production/accumu-
lation of amyloid β peptide (Aβ) has been well established (Goedert and Spillantini 
2006). Additionally, however, AD patients display early intracellular alterations 
(such as those in Ca2+ homeostasis, lipid metabolism, axonal transport, ROS pro-
duction, autophagy, and mitochondrial dynamics) that have been much less inves-
tigated as potential therapeutic targets (Agostini and Fasolato 2016). Importantly, 
many of these altered processes are known to take place at MAMs. Furthermore, 
Presenilin 1 and 2 (PS1 and PS2), the two alternative core proteins of the γ-secretase 
complex responsible for Aβ production, mutated in the familial forms of the dis-
ease, as well as γ-secretase activity, have also been found to be enriched in MAMs 
(Area-Gomez et al. 2009; Schreiner et al. 2015). In addition, it has been originally 
demonstrated that wt PS2 and, more potently, familial AD (FAD)-PS2 mutants, but 
not PS1 neither FAD-PS1, favor ER-mitochondrial Ca2+ transfer by increasing the 
physical association between the two organelles (Zampese et al. 2011). Though an 
increased interorganellar apposition in the presence of FAD-PS2 mutations has 
been later confirmed by others in human fibroblasts from FAD patients (Area-
Gomez et al. 2012), an increased tethering with an impact on phospholipids and 
cholesterol metabolism has been additionally observed in fibroblasts from 
FAD-PS1 and sporadic AD patients (Area-Gomez et  al. 2012). In this paper, 
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however, the authors reported that both endogenous PS1 and PS2 negatively affect 
ER-mitochondria coupling, while their FAD mutants favor the apposition. It is, 
however, unclear how sporadic AD cases may converge on MAMs alterations sim-
ilarly to those mechanistically caused by PSs mutations, as it has been proposed. 
Moreover, in another independent study, FAD-PS1 expression in a neuronal cell 
model was found to be associated to a decreased, and not to an increased, 
ER-mitochondria physical and functional coupling (Sepulveda-Falla et al. 2014).

Very recently, we confirmed that only PS2 increases ER-mitochondria commu-
nications, by binding and sequestering Mfn2 (Filadi et al. 2016) (see also above). It 
is tempting to speculate that, while PS2 directly affect ER-mitochondria tethering, 
in the cases of FAD-PS1 and sporadic AD, other pathways may indirectly, and over 
a longer period of time, converge on ER-mitochondria association, though the 
molecular mechanism is not clear. On this line, an altered coupling between these 
two organelles has been reported in different AD models (Kipanyula et al. 2012; 
Hedskog et al. 2013), and an acute Aβ oligomer exposure has been demonstrated to 
increase ER-mitochondria Ca2+ transfer (Hedskog et al. 2013). Finally, it has been 
observed that increasing ER-mitochondria contacts (through Mfn2 down-regulation) 
deeply affects the process of Aβ production, by altering the maturation of γ-secretase 
(Leal et al. 2016), further suggesting that the ER-mitochondria platform may repre-
sent a novel target for AD pharmacological research.

1.5.1.1  �Parkinson’s Disease

The association between Parkinson’s disease (PD) and mitochondrial alterations is 
particularly immediate. Indeed, some of the genes mutated in the familial form of 
the disease encode for proteins that are targeted or are transiently associated, to 
mitochondria, such as PINK-1 and Parkin (reviewed in Cali et al. 2011). As to the 
contacts with the ER, overexpression of wt Parkin has been reported to favor 
ER-mitochondria physical and functional coupling, increasing mitochondrial Ca2+ 
uptake and sustaining ATP production, a function exerted also by endogenous 
Parkin, whose downregulation results in mitochondrial fragmentation (Cali et al. 
2013). However, a recent report described an increased ER-mitochondria apposition 
in fibroblasts from Parkin (PARK-2) KO mice, as well as from PD patients harbor-
ing PARK-2 mutations (Gautier et al. 2016). This increase has been associated to 
higher levels of the Parkin target Mfn2, proposed as an ER-mitochondria tether. 
However, the complete list of the possible Parkin targets still lacks, and thus whether 
the effects of Parkin-KO on the tethering depend or not from its effects on Mfn2 
levels is not clear. Overexpression of wt DJ-1 (another protein whose mutations are 
associated with PD familial forms) has been also shown to increase ER-mitochondria 
communication, by counteracting the negative effects of the tumor suppressor pro-
tein p53 on this parameter (Ottolini et al. 2013). Interestingly, a small fraction of 
DJ-1 has been recently demonstrated to translocate into mitochondrial matrix upon 
nutrient deprivation, a process important to sustain ATP levels, which is lost in the 
presence of pathogenic DJ-1 mutants (Cali et al. 2015). α-Synuclein has been also 
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reported to be involved in the modulation of ER-mitochondrial physical tethering, 
enhancing mitochondrial Ca2+ uptake (Cali et al. 2012), and has been recently dem-
onstrated to be localized at MAMs (Guardia-Laguarta et al. 2014), with its disease-
linked mutants less associated to MAMs and resulting in mitochondria-ER 
uncoupling. Finally, in drosophila PINK1/Parkin mutants, it has been found that 
defective mitochondria activate the PERK branch of UPR, a neurotoxic process that 
seems to be potentially modulated by Mfn2 (Celardo et al. 2016).

1.5.1.2  �Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron 
disease and is clinically and genetically associated to frontotemporal dementia 
(FTD) (Ling et al. 2013). In the nucleus and cytosol of neurons and glia of patients, 
inclusions of TDP-43-, FUS-, and C9ORF72-derived protein can be retrieved. 
Importantly, mutations in the genes encoding for these proteins are responsible for 
~50% of the familial forms of the disease (Ling et al. 2013). Recently, increasing 
evidence has been provided for a key role of the mitochondria-ER axis in ALS/FTD 
onset/progression (reviewed in Manfredi and Kawamata 2016). In particular, over-
expression of both wt and mutated TDP-43 decreases ER-mitochondria contacts 
and Ca2+ transfer (Stoica et al. 2014), by disrupting the VAPB-PTPIP51 tethering 
complex through activation of GSK-3β (see above). Similarly, FUS, wt, and ALS-
linked mutant overexpression has been reported to disrupt ER-mitochondria juxta-
position, Ca2+ shuttling, and ATP production (Stoica et al. 2016), by affecting, in a 
GSK-3β-dependent manner, the VAPB-PTPIP51 interaction. Importantly, VAPB 
mutations are responsible for some familial forms of ALS type-8, and VAPB-P56S 
expression increases mitochondrial Ca2+ uptake after its release from the ER (De 
Vos et  al. 2012). In mouse embryonic motor neurons, overexpression of G93A 
hSOD1, as an ALS animal model, has been shown to affect ER and mitochondrial 
Ca2+ homeostasis (Lautenschlager et al. 2013). Recently, the loss of the MAM pro-
tein SIGMA1-R (a condition associated to some familial forms of ALS/FTD) has 
been reported to impair mitochondria-ER crosstalk (Bernard-Marissal et al. 2015), 
and, similarly, SIGMA1-R loss-of-function mutations (associated to distal heredi-
tary motor neuropathies, dHMNs) have been shown to disrupt this interorganellar 
communication (Gregianin et al. 2016). Thus, different studies convincingly sug-
gested that ER-mitochondria axis could be an interesting platform to exploit as a 
therapeutic target in ALS/FTD.
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