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Abstract

Endoplasmic reticulum (ER)-mitochondria contact sites are crucial to allow Ca? flux between them and
a plethora of proteins participate in tethering both organelles together. Inositol 1,4,5-trisphosphate
receptors (IPsRs) play a pivotal role at such contact sites, participating in both ER-mitochondria
tethering and as Ca%*-transport system that delivers Ca?* from the ER towards mitochondria. At the ER-
mitochondria contact sites, the IPsRs function as a multi-protein complex linked to the voltage-
dependent anion channel 1 (VDAC1) in the outer mitochondrial membrane, via the chaperone glucose-
regulated protein 75 (GRP75). This IPsR-GRP75-VDAC1 complex supports the efficient transfer of Ca*
from the ER into the mitochondrial intermembrane space, from which the Ca? ions can reach the
mitochondrial matrix through the mitochondrial calcium uniporter. Under physiological conditions,
basal Ca?* oscillations deliver Ca%* to the mitochondrial matrix, thereby stimulating mitochondrial
oxidative metabolism. However, when mitochondrial Ca?* overload occurs, the increase in [Ca%"] will
induce the opening of the mitochondrial permeability transition pore, thereby provoking cell death.
The IP3R-GRP75-VDAC1 complex forms a hub for several other proteins that stabilize the complex
and/or regulate the complex’s ability to channel Ca?* into the mitochondria. These proteins and their
mechanisms of action are discussed in the present review with special attention for their role in

pathological conditions and potential implication for therapeutic strategies.



1. Introduction

The endoplasmic reticulum (ER) is the largest intracellular Ca?* store [1]. Ca® is actively transported
into the ER by the sarco- and endoplasmic Ca?* ATPases (SERCA) thereby reaching free intraluminal
[Ca?*]er of up to 500 — 1000 pM, i.e. over 1000x higher than in the cytosol [2—4]. The steep Ca®*
gradient across the ER membrane serves as driving force for the flux of Ca?* from the ER into the
cytosol, thereby generating Ca?* signals that propagate throughout the cell. Ca?* flux from the ER is,
depending on the cell type, mediated by inositol 1,4,5-trisphosphate (IPs) receptors (IPsR) [5-7],

ryanodine receptors (RyR) [7-9] and/or members of the large group of Ca?*-leak channels [10].

IPsRs form homo- and heterotetrameric Ca?*-release channels in the ER membrane. They are
encoded by three genes (ITPR1, ITPR2, and ITPR3) leading to three IP3R isoforms (IPsR1, IPsR2 and
IPsR3, resp.) displaying a high level of homology [5,6]. These receptors are activated by IP; produced
from phosphatidylinositol 4,5-bisphosphate after activation of cell-surface G protein-coupled
receptors or receptors with tyrosine kinase activity. IPsR opening and subsequent Ca?* release only
occur when all 4 subunits of the IPsR channels are occupied by the IP5 ligand [11]. The IPsRs vary in
affinity for IP; [12] and their Ca®*-flux properties are further regulated not only by local [Ca**] and
[ATP], but also by post-translational modifications such as phosphorylation and through interactions

with regulatory and structural proteins [13—-15].

The protein network around the IP3R has important impacts on its function. Recently, K-Ras-induced
actin-interacting protein (KRAP) was identified as a key protein that immobilizes IPsRs, thereby
licensing them for the generation of Ca?* puffs and global Ca?* signals [16]. Other proteins can impact
their Ca?*-flux properties, such as in the case of Bcl-2 (inhibiting IPsRs [17]) or Bcl-XL (sensitizing IP3Rs
[18]), or their abundance, such as in the case of BRCAl-associated protein 1 (BAP1) (deubiquitinating
and thus stabilizing IPsRs [19], F-box protein (FBXL2) and Erlin1/2 (ubiquitinating and thus tagging
IP3Rs for proteasomal degradation [20,21]). IPsR abundance is not only controlled through accessory
proteins but also through epigenetic factors, such as SMARCA2/4 that enhances chromatin
accessibility to /ITPR3 and thus drives IP3R3 expression [22]. Of note, some of these mechanisms may
be isoform specific, whereby IP3R1 is regulated by Erlin1/2 and IP3R3 is controlled by BAP1, FBXL2
and SMARCA2/4. Furthermore, kinases can have profound effects on IP3R function [13] with e.g.
protein kinase A stimulating especially IPsR1 [23] and protein kinase B (PKB/Akt) inhibiting the
activity of all three IPsR isoforms [24,25]. The resulting exquisite modulation of IPsRs enables the
generation of complex spatio-temporal Ca?* signals that control various aspects of cell behavior,
including secretion, contraction, motility, gene transcription, metabolism, and cell fate in a cell type-

and a condition-depending manner [26].



The regulation of cell fate by Ca?* signaling is multi-faceted as it encompasses the processes of cell
proliferation [27,28], differentiation [29-31], senescence [32—-35], autophagy [28,36—40], as well as
the various forms of cell death [28,36,39,41,42]. Please see also the further papers on the subject in

this Special Issue.

Interestingly, at several locations in the cells, the ER forms close connections with the mitochondria.
These contact sites harbor and/or control various processes, including Ca* and reactive oxygen
species (ROS) signaling, lipid exchange, mitochondrial dynamics, inflammation, apoptosis and

autophagy [43-50].

A particular aspect of intracellular Ca®* signaling relevant in the framework of present review, is
therefore the ability for the ER in general, and the IP3R in particular, to provide at ER-mitochondria
contact sites a quasi-synaptic Ca?* flux towards the mitochondria [51]. Additionally, it should be
mentioned that in cardiac and skeletal muscle cells, the RyR is also present at ER/sarcoplasmic
reticulum (SR)-mitochondria contact sites, thereby providing efficient Ca?* transfer towards the
mitochondria [52-59]. Furthermore, ROS are produced by the mitochondria and the resulting H,0,
transients sensitize both the IPsRs and the RyRs located at the ER-mitochondria contact sites by

redox modifications [60].

The mitochondrial Ca?* uptake is mediated through the existence of membrane contact sites
between these two organelles, Ca?*-transport systems at the outer and the inner mitochondrial
membrane (OMM and IMM resp.) and a strong negative potential across the IMM (Ay of about -180
mV). Very recently, elegant work using synthetic IPsR linkers that allow a rapamycin-controlled
immobilization of IPsRs at the ER-mitochondria contacts convincingly demonstrated the unique role
of IPsR in enabling mitochondrial Ca?* transfer and sustaining mitochondrial oxidative metabolism

[61].

Mitochondria contain several Ca?*-transport systems [62] of which the following two will be
discussed in this review: the voltage-dependent anion channel (VDAC) that forms Ca%**-permeable
channels in the OMM [63,64] and the mitochondrial calcium uniporter (MCU) in the IMM. The latter
is a low-affinity, high-capacity Ca?*-selective ion channel that functions as part of a heteromeric
protein complex. This MCU complex contains, besides four MCU subunits, a number of regulatory
proteins (EMRE, MICU1, MICU2, MICU3, MCUb, and MCUR1). MICU1-3 are Ca?*-binding proteins that
control MCU opening. MICU1, an EF-hand intermembrane space (IMS) protein, controls the
threshold and cooperativity of MCU’s Ca?*-transport function [65]. The endogenous ratio of
MICU1/MCU varies across tissues, underlying tissue-specific MCU-dependent mitochondrial Ca%*

uptake phenotypes and downstream effects on oxidative metabolism [66]. EMRE appears essential



for MCU activity, while MCUb is a dominant-negative version of MCU, and its presence will decrease
mitochondrial Ca* uptake. Finally, MCUR1 is most likely involved in the proper assembly of the MCU
complex [67-70].

The close apposition between ER and mitochondria allowing efficient transfer of ER Ca?* ions through
the IP3R to the mitochondrial matrix was first observed three decades ago by Rizzuto et al. [71,72].
Since then, the structure and physiological roles of ER-mitochondria contact sites have been amply
studied. Several recent reviews have discussed various facets on these interorganellar contact sites

and suggested their importance as therapeutic targets [44,73-77].

The properties and regulation of these contact sites and of the resulting Ca?* flux from ER to
mitochondria will be further discussed in sections 2 and 3. Furthermore, we will subsequently,
discuss on the one hand the importance of [Ca%]mit for proper mitochondrial function (section 4) and
on the other hand present a state-of-the-art view about the relation between high [Ca®*]mit and

apoptosis induction (section 5) before drawing conclusions (section 6).
2. Tethering of ER and mitochondria

Analysis of the ER-mitochondria contact sites by electron tomography indicated the existence of
protein tethers with a length of 9-16 nm between smooth ER and the OMM and of 19-30 nm
between rough ER and the OMM [78]. Moreover, using rapamycin-inducible linkers based on the
interaction between FKBP12 and the FKBP12-rapamycin binding domain of mTOR, it was
demonstrated that when the gap between ER and mitochondria was decreased below 7 nm, Ca?*
transfer was compromised, probably because the IP3R could not be correctly accommodated in such
a confined space [79]. Using longer linkers (15 nm), Ca?* transfer occurred more efficiently. Within
these contact sites, Ca?* concentrations of 9 uM and higher were observed. These values correlate

well with the Ca?*-concentration range of 15-20 uM reported in an independent study [80].

The close apposition of the ER and mitochondria in contact sites is controlled by various components
and dynamically regulated in response to changes in the cellular environment [81]. The contact
between the ER surface of ER-mitochondria contact sites, termed mitochondria-associated ER
membranes (MAMs) and the OMM is established by several tethering systems while anti-tethering

systems ensure further modulation and spacing.

Historically, the first described tethering protein of ER-mitochondria contact sites was the cytosolic
phosphofurin acidic cluster sorting protein 2 (PACS-2), a protein involved in vesicular sorting.
Interestingly, PACS-2 depletion causes B-cell receptor-associated protein 31 (BAP31) cleavage at the

ER, which leads to mitochondria fragmentation and uncoupling of the ER [82]. In fact, BAP31 couples



to FIS1, a mitochondrial fission protein located in the OMM (Figure 1), allowing for binding of pro-
caspase 8. Stress signals can be transmitted from FIS1 to BAP31, facilitating cleavage of the latter to a
pro-apoptotic p20 fragment, which elicits Ca?* release from the ER and increased Ca?* uptake in the

mitochondria [83,84].

At ER-mitochondria contact sites, IP3Rs reside in a macromolecular complex where the glucose-
regulated protein 75 (GRP75) chaperone bridges the IP3R to VDAC1 in the OMM [85] (Figure 1). All
three IP3R isoforms partake in ER-mitochondria contact, though IPsR2 appears to be the most
efficient for the delivery of Ca?* ions to the mitochondria [86]. Moreover, the tethering function of
the IP3R does not dependent on its Ca%*-release activity, since a pore-dead IPsR mutant too can
contribute to the formation of ER-mitochondria contacts [86]. Other proteins can associate with and
recruit IP3R to the MAMs, of which we will highlight some recent examples. At the functional level,
various IPsR isoforms may mediate ER-mitochondrial Ca?* flux, depending on cell type, physiological
conditions and/or cellular stress inducers. However, a prominent role has been implicated for IPsR3
channels and their regulation in both sustaining cell bioenergetics [87] as well as mediating cell death

[19,20].

A subpopulation of the ER stress sensor inositol-requiring enzyme 1 (IRE1a) resides in MAMs. Apart
from its canonical role in the unfolded protein response (UPR), IRE1a can scaffold IP3R in the MAMSs
[88]. Moreover, the MAM-enriched chaperone sigma-1 receptor (S1R) can stabilize IRE1a and
enhance its endonuclease activity necessary for the UPR [89]. In the MAMs, S1R also stabilizes the
IP3R, in this way enhancing ER-mitochondria Ca? fluxes [90]. Moreover, the IPsR-S1R complex is
formed upon chronic ER stress, a feature that is enhanced by pharmacological S1R agonists. Besides
IRE1aq, also another UPR player, protein kinase RNA-like ER kinase (PERK), has been found to act as a
structural tether that help stabilizing the ER-mitochondria interface, thereby ensuring the transfer of
ROS and Ca?* signals [91]. Moreover, PERK acts as a docking site for the recruitment of E-Syt1 to
MAMs, thereby enabling the adequate transfer of phospholipids from ER to mitochondria to ensure

mitochondrial respiration [92].

In the OMM of cardiomyocytes, FUN14 domain-containing 1 (FUNDC1), binds to IPsR2 and is
important for ER-mitochondria contact (Figure 1). Loss of FUNDC1 leads to abrogated ER-

mitochondria contact and cardiac dysfunction in mice [93].

Mitofusin (Mfn) 2, a GTPase mediating mitochondrial fusion and dynamics, is the subject of some
controversy. Mfn2 resides both at the ER and OMM, while Mfn1 is only present at the OMM. As such,
ER-resident Mfn2 has been proposed as a ER-mitochondria tethering protein by forming

interorganellar complexes with the OMM-resident Mfn2 (homotypic complexes) and Mfn1



(heterotypic complexes) (Figure 1) [94,95]. Other studies, however, reported an increase in ER-
mitochondria contact sites upon Mfn2 downregulation [96—102], suggesting rather an “anti-
tethering” function. For now, the exact role of Mfn2 as either a tethering or anti-tethering protein
remains to be fully established and is further critically discussed in Filadi et al. [103]. Furthermore,
Mfns are regulated by ubiquitination. MITOL, encoded by MARCHS5, ubiquitinates mitochondrial
Mfn2 [104]. Ubiquitination at K63 leads to Mfn2 oligomerization and MAM formation, while K192
poly-ubiquitination is necessary for GTP binding to Mfn2. Parkin, one of the proteins in which
mutations are linked to Parkinson’s disease (PD), is an E3 ubiquitin ligase targeting Mfn1 and Mfn2.
Such ubiquitination may lead to Mfn degradation [105], but can also promote ER-mitochondria
contact [106] via K416 ubiquitination of Mfn2 [107]. In addition, also trichoplein/mitostatin, a
putative tumor suppressor, interacts with Mfn2 but thereby acts as a negative regulator of ER-

mitochondria tethering [108].

Another pair of interacting proteins that is crucial for ER-mitochondrial contact is the ER-membrane
residing vesicle-associated membrane protein-associated protein B (VAPB) and protein tyrosine
phosphatase-interacting protein 51 (PTPIP51) at the OMM (Figure 1). In neuronal-like cells, the
overexpression of Tar DNA-Binding Protein 43, a protein associated with amyotrophic lateral
sclerosis and dementia, activated glycogen synthase kinase-3p (GSK3B) which in turn disrupted the
VAPB-PTPIP51 complex and ultimately decreased ER-mitochondria contacts [109]. VAPB and PTPIP51
localize to neuronal synapses, where they stimulate ER-mitochondria contact and neuronal activity
[110]. As such, pharmacologically targeting ER-mitochondria contact formation, e.g. by GSK3f

inhibitors, is being considered for the treatment of neurodegenerative diseases [111].

Finally, in the search of a mammalian ortholog of the ER-mitochondria tethering complex in yeast,
the ERMES complex, a protein called PDZ domain-containing protein 8 (PDZD8) was discovered [112],
which contains a synaptotagmin-like mitochondrial lipid-binding protein (SMP) domain (Figure 1).
Three out of the four ERMES proteins also contain such SMP domains. PDZD8 is a MAM-localized
protein and positively influences ER-mitochondria contact, whereas its deficiency in dendrites of
cortical neurons leads to impaired ER-mitochondria Ca?* transfer [112]. Furthermore, together with
Ras-related protein 7 and protrudin, PDZD8 localized to a tripartite contact site between the ER, late
endosomes and mitochondria [113]. While the role of PDZD8 in contact site integrity is apparent, its

mitochondrial target has not yet been identified.

In contrast to the above-mentioned tethers, also spacer proteins have emerged. For instance, fetal
and adult testis expressed transcript (FATE) 1, a member of the mitochondrial fission factor family

and cancer-testis antigen, act as an organellar uncoupler of ER and mitochondria [114,115]. In



adrenocortical carcinoma cells, FATE1-protein levels are upregulated via transcription factor SF-1.
This leads to a decreased coupling between ER and mitochondria, thereby reducing mitochondrial
Ca?* uptake and subsequently the sensitivity to Ca?*-dependent pro-apoptotic stimuli and apoptosis

induced by chemotherapeutic drugs [114].

During the past two decades, several proteins that could be involved in ER-mitochondria tethering
have been discovered. For now, a knowledge gap exists in the sense that it is unclear how the
different tethering proteins cooperate in establishing, maintaining and controlling ER-mitochondria
contacts. Presumably, the discovery of further structural or regulating actors participating in the
apposition of both organelles and a better understanding of their dynamics will allow to paint a more
complete picture. While some ubiquitous proteins involved in the tethering of ER to mitochondria
are likely mediating ER-mitochondria contact sites in cells of virtually all tissues, such as the IP3R and
IRE1a, others are tissue specific, such as FUNDC1 in cardiomyocytes. Moreover, the MAMs
composition is also dynamically regulated dependent on cell types, physiological demands and/or
cell-stress conditions. Recently, it became clear that IPsRs are motile and can travel in and out ER-
mitochondria contact sites [61]. When IP3Rs are trapped at such contact sites, they enable ER-
mitochondria Ca?* transfer. In addition to this, an increasing number of kinases and phosphatases
have been identified to reside and act at the MAMs thereby impacting local protein function, protein
localization and protein interaction networks [116]. The multitude of tethering proteins, the
differences among cell types and mechanisms ensuring dynamic control underscore the necessity for

cells to very precisely tailor the ER-mitochondria contacts according to their needs.

3. The IP3R as Ca**-release channel and tether

3.1.The IP3sR-GRP75-VDAC1 core complex

As already indicated above (section 2), IPsRs physically connect to the mitochondrial VDAC1 channels
through tethering via GRP75 [85]. GRP75 is a molecular chaperone that belongs to the heat shock
protein 70 family and is mainly localized in the mitochondrial matrix [117,118]. Additionally, GRP75
heavily influences the Ca** signaling related to its tethering function at the MAMs, enabling the
quasi-synaptic Ca?* transfer from the ER into the mitochondria [85]. The MCU complex in the IMM is
proposed to also reside in the proximity of the IP3R-GRP75-VDAC1 tethering complex (Figure 2), and
these four proteins form the Ca?*-transporting axis, even though the MCU is not known to directly
interact with any of the other proteins within the axis [119,120]. The physical linkage between ER
and mitochondria in general and in particular between IPsRs and VDAC1 through GRP75 allows the
formation of high [Ca?*] microdomains at the MAMs, which helps to surmount the low Ca?* affinity of

the MCU complex [79,80]. This efficient transfer of Ca?* to the mitochondrial matrix is however also



due to the positive cooperativity enabled by the presence of MICU1 and MICU2 within the MCU
complex [65].

The IP;R-GRP75-VDAC1 complex at the MAMs functionally impacts cellular energetics (see section 4)
as well as cell death (see section 5). Dysregulation of the tethering complex, for example through
silencing or deletion of GRP75, reduces Ca?* flux from the ER to the mitochondria and will result in
avoidance of the cell death that would result from mitochondrial Ca?* overload [121-124]. It should
however be pointed out that recent results [61] suggested that VDAC1 is present at such a high level
in the OMM, that its presence in the tether may be dispensable and that IPsRs could also be tethered
to the mitochondria via other proteins, e.g. TOM70, without impeding the Ca?* transfer. TOM70, a
translocase located at the OMM, interacts with IPsRs thereby supporting their functional recruitment
in close proximity of the mitochondria, enabling ER-mitochondria Ca? transfer and sustaining

mitochondrial bio-energetics [87].
3.2.Additional interaction partners of the IP;R-GRP75-VDAC1 complex

In recent years, an increasing number of proteins have emerged that modulate the formation and
functionality of the IPsR-GRP75-VDAC1 complex (Table 1). Here we will discuss the most important

proteins and their features, thereby focusing on the most recent discoveries.

DJ-1, a MAM-localized protein related to early onset PD, is one of the IPsR-GRP75-VDACI1 interaction
partners that received a lot of attention in recent years (Figure 2). DJ-1 physically interacts with the
IPsR3-GRP75-VDAC1 complex, thereby maintaining MAM integrity and functionality. Consequently,
loss of DJ-1 in M17 neuroblastoma cells results not only in the disruption of the IPsR-GRP75-VDAC1
complex itself but also of the MAMs [125-127]. Interestingly, the MAMs could be restored by wild-
type DJ-1 but not by DJ-1 mutants linked to PD. Such DJ-1 disease mutants were impaired in
interacting with the IP3R3-GRP75-VDAC1 tethering complex [125]. Moreover, DJ-1 influences IPsR3
turnover and aggregation, with decreased DJ-1 levels associated with less complex formation and
less Ca?*-induced IPsR3 degradation, leading to accumulation of the latter at the MAMs [125].
Mutant DJ-1 could therefore be at the root of the malfunctioning ER-mitochondria communication

observed in PD and could thus form a potential therapeutic target.

Another protein targeting the IPsR-GRP75-VDAC1 tethering complex is transglutaminase type 2 (TG2)
(Figure 2), which mediates mitochondrial homeostasis in stress conditions among numerous other
functions [117]. TG2 interacts with VDAC1 and GRP75 thereby hampering its interaction with IP3R3.
This results in reduced ER-mitochondria Ca?* flux, a decreased number of MAMs, and modified levels
of MAM proteins. Remarkably, it is believed that excessive IPsR3-GRP75 interaction in the absence of

TG2, reduce the functionality of the IP3sR-GRP75-VDAC1 complex at the MAMs. Hence, TG2

9



modulates the amount of GRP75 present in the tethering complex. Interestingly, TG2 also decreases
Ca?* flux through IP3R1 via posttranslational modification of GIn2746, thereby locking the receptor in
its closed conformation [128]. Yet, it is unknown whether this TG2-induced modification also impacts

IPsR1’s tethering function at the MAMs.

Recently, a-synuclein was also identified as an IP3R-GRP75-VDAC1 complex regulator in the context
of PD [129]. Overexpression of a-synuclein impairs IPsR-GRP75 interaction as well as decreases
mitochondrial Ca** overload and the number of MAMs without affecting DJ-1 levels. Nonetheless, a
direct interaction between a-synuclein and any of the IPs;R-GRP75-VDAC1 complex partners is yet to

be determined.

In addition to this, also Wolfram syndrome 1 (WFS1), whose loss of function leads to Wolfram
syndrome, has been identified as a MAM-resident protein affecting local IP3R function [130]. At the
MAMs, WFS1 forms a complex with IP3Rs, likely through the neuronal calcium sensor-1 (NCS-1),
thereby supporting the IP3sR-VDACL1 axis and sustaining IPsR-mediated ER-mitochondria Ca?* transfer
[131]. NCS-1 is a known IPsR-binding partner that enhances IPsR-mediated Ca?* release [132].
However, NCS-1 is also susceptible to degradation, particularly in conditions of sustained [Ca®**]c
elevations [133]. Loss of WFS1 disturbs MAM formation and impairs mitochondrial bio-energetics. At
the molecular level, lack of WFS1 results in the degradation of the NCS-1 protein, thereby impairing
IPsR function and reducing ER-mitochondria Ca?* transfer [134]. How WFS1 stabilizes NCS-1 is not
fully understood, but NCS-1 degradation in WFS1-deficient cell models could be due to loss of
physical interactions between WFS1 and NCS-1 or be a consequence of sustained ER stress and UPR

signaling.

However, NCS-1 is not easy to target pharmacologically. Therefore, more recent work focused on
more therapeutically tangible targets such as the S1R. This protein resides at the ER and particularly
the MAMs, supports ER-mitochondrial Ca®* transfer and can be stimulated by chemical S1R agonists
[135]. Fascinatingly, pharmacological S1R activation using the agonist PRE-084 can restore MAM
function and ER-mitochondria Ca* transfer in a WFS1 knockout disease model, thereby correcting
several mitochondrial defects such as compromised mitochondrial bio-energetics and elevated
autophagy and mitophagy. These improvements at the subcellular level also translated at the
behavioral level in studies performed in WFS1-deficient zebrafish and mouse models. This further
underpins the interconnection of different MAM-resident proteins and their ability to serve as
targets to correct or compensate (here NCS-1 or S1R) for deficiencies caused by other MAM-resident

proteins (here WFS1). However, whether S1R stimulation or overexpression/stimulation of other

10



MAM components would be able to rescue other deficiencies in MAM tethers or MAM-resident

proteins remains unknown but are interesting avenues to explore further.

The IP3sR-GRP75-VDAC1 complex therefore functions as a hub for a variety of proteins controlling in
this way ER-mitochondria Ca?* flux and downstream pathways, including mitochondrial energetics
and cell survival versus cell death. Not only does this intricate web of protein modulation has major
implications for general cell regulation, the IP3R-GRP75-VDAC1 complex and its regulatory effects
have also been revealed to be heavily dysregulated in a plethora of diseases, including cancers,

neurodegenerative diseases, and diabetes mellitus.
3.3.The IP;R-GRP75-VDAC1 complex in patho(physio)logical situations

In neuronal cells, the Ca?*-mediated communication between the ER and mitochondria seems to be
extensively modulated in many neurodegenerative disorders, with effects at both the structural and
the functional level of the MAMs. For example, in Alzheimer’s disease (AD), elevated Ca?* flux from
the ER to the mitochondria was observed along with increased MAM formation and elevated levels
of IP3Rs and VDAC1, which were all linked to an increased level of amyloid B (AB) [136—-138]. The
excessive mitochondrial Ca?* loading was also observed in the neurons of living brain by performing
multiphoton microscopy via a cranial window on mouse models for AD [139]. Interestingly, several
MAM proteins, such as PACS-2 and S1R, were also found to be upregulated at the MAMs in both AD
mouse models and AD patient cells, thereby modulating the IPsR-GRP75-VDAC1 complex [137]. In the
context of truncated apolipoprotein E4’s neurotoxicity, upregulation of GRP75-protein levels were
also observed in AD cell models with clear ties to its functioning at the MAMs [122]. Consistent with
this, reducing ER-mitochondria contact by decreasing the protein levels of the tethering protein
PDZD8 exerts a neuroprotective effect and sustains locomotor function in a Drosophila model of AD
based on AB42 expression, though whether this also entailed reduced mitochondrial Ca®* uptake was

not assessed [140].

In recent years, dysregulation of the IP;R-GRP75-VDAC1 complex further emerged as a critical
component underlying the pathogenesis of other neurodegenerative diseases besides AD, including
PD, Huntington’s disease, motor neuron diseases, and amyotrophic lateral sclerosis. A more
extensive view on the involvement of MAM-localized Ca?* signaling in neurons and in

neurodegeneration was recently reviewed [141].

The IP3sR-GRP75-VDAC1 complex is also of utmost importance in skeletal muscle cells, which is not
surprising, considering the high energy consumption of muscle cells and the key role of mitochondrial
Ca?" homeostasis on mitochondrial bioenergetics. A reduced number of MAMs and defective

mitochondrial function, often directly linked with defects at the level of the IPsR-GRP75-VDAC1
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complex, have been implicated in muscle pathophysiology related to defective skeletal muscle
functioning, such as insulin resistance [142,143], ageing [144—-146], and muscle dystrophy [147]. In
the latter case, MAMs architecture and their capacity for mitochondrial Ca%* transfer was diminished.
In mice suffering from age-related muscle dystrophy, the number of mitochondria connected with
the RyR was decreased, provoking thus a reduction in contact sites between ER/SR and mitochondria
[144]. Clear relations were observed between muscle dystrophy and the expression level of IP3R,
GRP75, and VDAC1 [145], MCU [148] as well as Mfn2 [144]. These findings underscore the
importance of MAMs and their Ca?*-transport function in muscle cells. For a more extensive view on

the topic, we refer to Zhang et al. [149].

Furthermore, GRP75-controlled ER-mitochondria Ca? flux appears to play a central role in the
pathogenesis of asthma, thereby evoking excessive ROS production and cytokine release in
imbalanced T-helper 1 and 2 response [150]. In the context of cisplatin resistance of ovarian cancers,
increased MAM formation was observed as a result of GRP75 and VDAC1 overexpression [151]. This
phenotype is thought to overcome the mitochondrial dysfunction induced by cisplatin as well as the

resulting apoptosis.

Finally, in hepatocytes, ER-mitochondria Ca** communication is important for adequate responses to
insulin and glucose homeostasis [115]. Decreased ER-mitochondria contacts is an early event in diet-
induced obesity in mice and is also observed in liver biopsies of obese patients with type 2 diabetes.
Interestingly, changing ER-mitochondrial contact is sufficient to impact the health and function of
hepatocytes. On the one hand, disrupting ER-mitochondrial contact, e.g. by forced expression of the
spacer protein FATE], is sufficient to impair the physiological function of hepatocytes, eventually
resulting in hepatic steatosis. On the other hand, artificially restoring ER-mitochondria contacts

through synthetic linkers is able to prevent diet-induced glucose intolerance.

Taken together, these data underscore the importance of proper distance between ER and
mitochondria in general and of GRP75 as member of a complex with the IP3R and VDACL1 in
particular, in stress responses, redox and Ca?* homeostasis. Moreover, these findings indicate the
potential of the IPsR-GRP75-VDAC1 complex and its modulating partners as therapeutic targets in a

wide range of diseases.
4. Physiological functions of mitochondrial Ca?*

Mitochondrial Ca?* uptake is a finely controlled process indispensable for regulating cell metabolism
and cell fate. In physiological conditions, increases in [Ca*"].,: caused by different energy-requiring
events, such as stimulation by hormones, secretion, muscle contraction, can be transmitted to the

mitochondria in order to upregulate ATP supply and keep up with energy consumption [100,152].

12



Several events in the mitochondria, from enzyme activities to substrate transporters, can be

activated by mitochondrial Ca%* in order to stimulate aerobic metabolism [100,152,153].

Mitochondrial Ca?* stimulates energy production by stimulating the activity of FAD-linked glycerol
phosphate dehydrogenase (GPDH), pyruvate dehydrogenase (PDH), NAD-isocitrate dehydrogenase
(IDH) and oxoglutarate dehydrogenase (OGDH) [153]. Moreover, by specifically capturing IP3Rs at the
contact sites between ER and mitochondria, Katona et al. could elegantly demonstrate that the
resulting increase in [Ca?*]mi: led to activation of these dehydrogenases [61]. In the absence of IPsRs,

mitochondrial bioenergetics is compromised and autophagy is activated [154].

GPDH is a Ca?*-sensitive enzyme involved in the glycerol phosphate shuttle, catalyzing the oxidation
of cytosolic glycerol-3-phosphate to dihydroxyacetone phosphate. Electrons from this reaction are
transferred via FAD to the electron transport chain (ETC). GPDH is localized in the IMM, with the
binding sites for glycerol phosphate and Ca? facing the IMS, being therefore readily accessible to
Ca? and substrates from the cytosol [155,156]. [Ca%"] in the micromolar range activates GPDH by

lowering the K, for glycerol phosphate [155-157].

PDH is a dehydrogenase at the beginning of the tricarboxylic acid (TCA) cycle that catalyzes the
conversion of pyruvate to acetyl-CoA, an irreversible step in the carbohydrate metabolism [158]. PDH
is a macro complex localized in the mitochondrial matrix, formed by multiple copies of pyruvate
decarboxylase, dihydrolipoate dehydrogenase, and dihydrolipoate acetyltransferase [159]. The
amount of the products acetyl-CoA and NADH in relation to the substrates CoA and NAD*, and the
phosphorylation/dephosphorylation of pyruvate decarboxylase subunits are ways to strictly regulate
PDH activity [158], and the latter step is regulated by Ca?*. The phosphorylation of PDH by pyruvate
dehydrogenase kinases (PDKs) causes PDH inhibition, which is specifically reversed by the Mg?*- and
Ca?*-dependent pyruvate dehydrogenase phosphatase isoform 1 (PDP1) [160-162]. Ca* thereby
binds with a Kq of 1 uM to the complex formed by PDP1 and dihydrolipoate acetyltransferase and

stimulates the dephosphorylation of pyruvate decarboxylase [160,161].

In contrast, the conversion of isocitrate to a-ketoglutarate is directly controlled by mitochondrial
Ca?*. This chemical reaction is catalyzed by IDH, a 320 kDa macromolecular complex formed by three
different subunits [163,164]. The enzymatic activity of IDH is inhibited by increasing ATP/ADP and
NADH/NAD" ratios. Lower ATP/ADP ratios promotes the interaction of Ca?* to IDH, which decreases
its Km for isocitrate, facilitating its activation [165-167]. The dissociation constants for Ca?* activation

of IDH range between 5 and 50 uM, depending on the ATP/ADP ratio [165,166].

The last TCA cycle dehydrogenase controlled by mitochondrial Ca?* levels is OGDH, a multi-enzyme

complex formed by dihydrolipoamide succinyl transferase, 2-oxoglutarate decarboxylase and
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dihydrolipoamide dehydrogenase. OGDH is responsible for the conversion of a-ketoglutarate to
succinyl-CoA. OGDH activity is inhibited by increases in the concentrations of the metabolites
succinyl-CoA and NADH. On contrary, increases of [Ca?*] and lower ATP/ADP ratios raise OGDH
activity [168]. The decrease of ATP/ADP ratio remarkably sensitizes OGDH to Ca?*, while Ca?* directly
binds and reduces the Kn, for oxoglutarate [165,168,169]. Therefore, the K., for oxoglutarate varies
from 0.2 to 2 uM depending to the presence of ADP [165], and the dissociation constant for Ca%
binding ranges between 1 and 7 uM [166]. The 2-oxoglutarate decarboxylase contains a regulatory

Ca?*-binding site, which contributes to the Ca%*-sensitivity of the OGDH complex [169-171].

In addition to the stimulatory effect of Ca?* on the dehydrogenases named above, Ca?* can directly
activate the ETC and the F;iF, ATP synthase. Ca%* at low micromolar concentration significantly
increases the H* conductance of complexes |, lll and IV of the ETC, doubling the maximum velocity of
oxidative phosphorylation [172]. Regarding the FiF, ATP synthase, which is the complex responsible
for producing ATP using the H* gradient generated by the ETC, the increase of Ca?* in the

mitochondrial matrix can directly activate this enzyme [173].

Finally, Ca®* regulates the shuttles of different nucleotides, metabolites and cofactors across the IMM
by regulating the Ca?*-binding mitochondrial carriers (CaMCs) located in this membrane. Based on
the number of amino acids and the mitochondrial carrier homology sequences, the CaMCs family can

be divided in longer (L-CaMCs) and shorter (S-CaMCs) members [100].

L-CaMCs, also known as aralarl and citrin, are two isoforms of the aspartate/glutamate carrier (AGC)
involved in the malate-aspartate NADH shuttle (MAS) and the urea cycle. L-CaMCs function as an
electrogenic exchange of mitochondrial aspartate for cytosolic glutamate and a H*, which contributes
to the entry of NADH into mitochondria and the mitochondrial metabolism in a Ca**-dependent
manner [174-177]. Low [Ca?*] (nanomolar range) already activate AGC due to the presence of EF-
hand motifs located in the N-terminal region, facing the IMS. In tissues in which the main expressed
isoform is aralarl, e.g. brain, half-maximal activation occurs at ~300 nM Ca?* [178], while in liver, in

which citrin is the main isoform, half-maximal activation occurs at ~150 nM Ca?* [179].

S-CaMCs, as ATP-Mg?*/Pi carriers, regulate the level of adenine nucleotides in the mitochondrial
matrix by exchanging across the IMM ADP or ATP bound to Mg?* for one inorganic phosphate,
directly impacting cell metabolism [180]. The activity of S-CaMCs is strictly Ca?*-dependent at
micromolar concentration due to the presence of a calmodulin-like motif at the N-terminus of the S-
CaMC s, facing the IMS [181,182]. The hypothesis is that the calmodulin-like motif controls an auto-

inhibitory region in the N-terminus of the S-CaMCs: in the absence of Ca?* this auto-inhibitory region
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blocks the IMS side of the carriers, while the presence of Ca** promotes conformational changes in

the N-terminus and removes this blockage, allowing transport of the adenine nucleotides [183—185].

Apart from triggering autophagy [38,186], a decreased Ca?* transfer from ER to mitochondria can
also influence mitochondria in other ways. [Ca%*]mit can affect both the morphology and the
intracellular localization of the mitochondria [187]. In cancer cell lines, mitochondrial Ca** overload
stimulated fragmentation of the mitochondria, while low [Ca?*]mi led to hyperfusion, characterized
by the appearance of elongated, highly interconnected mitochondria [188]. Furthermore, also the
intracellular mobility of mitochondria can be affected by [Ca%*]mi [189]. The average speed of
mitochondria in the axons of hippocampal neurons ranged from 0.1 to 0.6 um/sec that inversely
correlated with the [Ca®*]mit. A lower [Ca®*]mi: thus led to a faster movement of the mitochondria,
potentially ensuring redistribution to a different intracellular location [189]. Moreover, the same
study found that mutations in the EF-hand domain of Miro1, a Ras GTPase implicated in
mitochondrial mobility, reduced mitochondrial Ca?* influx, further supporting a role of [Ca?*]mi in the

control of mitochondrial mobility.

5. Mitochondrial Ca?* overload and apoptosis

It is important to realize that mitochondrial Ca?* uptake functions as a double-edged sword. Although
mitochondrial Ca?* uptake is essential for cellular energy homeostasis and survival (see section 4),
excessive ER-mitochondrial Ca?* transfer can trigger cell death [190]. While Ca?* signaling affects
multiple cell death modalities through various pathways [190,191] they do not all necessarily involve
mitochondria, e.g. calpains can be directly activated by increasing [Ca®].,: [192]. For the purpose of

this review, we will focus on the relation between ER-mitochondria Ca?* transfer and cell death.

5.1. Relation between [Ca?]mi and the occurrence of apoptosis.

It has long been recognized that excessive Ca%* uptake into the mitochondria is a trigger for cellular
demise [190]. This is due to the fact that Ca?* acts as a trigger for mitochondrial permeability
transition pore (mPTP) opening [193-195]. At the molecular level, Ca** accumulation in the
mitochondrial matrix evokes the disassembly of complex Il of the ETC. Enzymatically active
components of this complex are released from the IMM-resident partners, thereby generating
excessive ROS in an uncontrolled way. The culprit for the disassembly of complex Il is the loss of
cardiolipin, a Ca?*-binding IMM lipid that upon Ca?* binding dissociates from complex Il [196]. The
mPTP opening signifies a non-selective permeabilization of the IMM, which leads to an osmotic
imbalance [197,198]. This, in turn, leads to influx of water, OMM permeabilization and the release of
cytochrome c and other pro-apoptotic factors [199]. These factors trigger apoptosome assembly and

downstream activation of caspases, the executioners of apoptosis. It is important to note that mPTP
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opening is not exclusively linked with apoptotic cell death but may also be associated with necrosis

[190,191].

From a molecular point of view, mPTP is a Ca®*-sensitive pore in the IMM, the molecular identity of
which is still heavily debated [197,200]. Throughout the last decades, multiple candidates, such as
VDAC1, cyclophilin D (CyPD) and the adenine nucleotide translocator (ANT) have been proposed to
constitute the mPTP, but so far, none have withstood the scrutiny of robust genetic testing. The

latest findings are therefore summarized below.

The most recent addition to the list of mPTP candidates is the F1F, ATP synthase [194,201-204].
Indeed, the FiF, ATP synthase interacts with a number of previously identified regulators of mPTP
opening, such as CyPD [205] while factors that control opening of the mPTP, such as ATP, ADP and
inorganic phosphate, closely correlate with the biological function of the Fi1F, ATP synthase [197]. In
addition, the Bernardi group demonstrated that Ca?* binding to the B-subunit of the FiF, ATP
synthase is able to induce conformational changes in the protein [194]. In addition, the mitochondrial
chaperone TRAP1 is able to interact with and modulate the function of the F,F, ATP synthase, while it
counteracts CyPD-mediated facilitation of the mPTP [206]. Currently, two models exist for the F1F,
ATP synthase to function as the mPTP. The first proposes the membrane-embedded c-ring subunit of
the F1F, ATP synthase to function as the mPTP [201,203,204], the second puts forward that
dimerization of the F1F, ATP synthase is the pore-forming mechanism of the mPTP [194,202]. While
the knockout of the c subunit of the F;F, ATP synthase does not abolish mPTP opening, the peak
conductance of the mPTP was significantly lower in cells lacking the c subunit [207]. Also the
dimerization model has been disputed by studies showing that monomeric forms of the FiF, ATP

synthase are still permissive for mPTP opening [208].

Interestingly, recently, a dual model for mPTP opening has been proposed by the Molkentin lab
[209]. They revisited the rejected hypothesis that the earlier proposed ANT would be responsible for
mPTP opening and generated a knockout model where all three murine isoforms of the ANT are
absent. In this model, they found that simultaneous knockout of CyPD or its pharmacological
inhibition, abolished mPTP opening. Their data suggest that there are two pore components, one
ANT-dependent and one CyPD-dependent that requires another molecular player [209]. This dual
model for mPTP is also supported by work from the Pavlov group, indicating that deficiency in the c-
subunit of the F1F, ATP synthase causes loss of mPTP opening, while at the same time CyPD-
dependent channel activity remains [210]. In conclusion, the molecular identity of the mPTP remains

up for debate.

5.2. Regulation of Ca?*-mediated apoptosis
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The control of Ca**-mediated apoptosis is complex and can be regulated at various levels: IP3R-
mediated Ca?* release from the ER, Ca?* uptake in the mitochondria through VDAC1 and MCU and
the distance between ER and mitochondria at the locations where they are closely juxtaposed. IPsR-
mediated Ca?* release is controlled in a variety of ways. Firstly, IPsR expression levels are important
determinants of IPsR-mediated Ca?* release. Thereby, it is crucial to remember that the IP3R exists in
three different isoforms that in spite of their homology are endowed with different Ca%*-signaling
properties [5,211-214]. It was thought for a long time that IP3R3 was preferentially responsible for
the transfer of pro-apoptotic Ca®* signals to the mitochondria [215,216]. Recently, however, this
model has been challenged with new evidence that also IPsR1 and IPsR2 are able to provoke pro-

apoptotic Ca?* signaling [211,213,217] with IPsR2 even being the most efficient [86].

While the combination of IPsR expression levels and isoforms already allows for the fine-tuning of ER-
mitochondria Ca?* transfer, Ca?* signals can be further controlled through post-translational
modifications. For example, PKB/Akt-mediated phosphorylation of IPsR3 decreases its Ca?*-flux
properties and thus protects cells against mitochondrial Ca?* overload and apoptosis [24,216]. IPsR-
mediated Ca%*-release is actively disinhibited by the phosphatase and tensin homolog (PTEN) [218],
which dephosphorylates IP;R3. Moreover, PTEN also displaces FBXL2 from its binding site on the
IPsR3, stabilizing the level of the latter, thereby increasing pro-apoptotic Ca?* signaling to the
mitochondria [20]. These mechanisms become important in cancer cells in which PKB/Akt functions
as an oncogene and PTEN as a tumor suppressor. Cancer cells often lose PTEN at the genetic level or
acquire loss-of-function mutations resulting in a dysfunctional PTEN protein [219]. This skews the
balance in favor of PKB/Akt-mediated phosphorylation of IPsRs and suppression of ER-mitochondria
Ca? transfer. This in turn, protects cancer cells against mitochondrial Ca?* overload and apoptosis, at

least in vitro [211,218].

Thirdly, IP3Rs are functionally modulated by their binding partners. More than a hundred proteins
have been identified to interact with IPsRs [14], including many known oncogenes and tumor
suppressors that affect IPsR activity and consequently cell death or cell survival [220,221]. However,
also other proteins can similarly affect IPsR function, including metabolic enzymes as hexokinase 2

[222] and pyruvate kinase M2 [223].

For the purpose of this review, we will limit ourselves to the discussion of the Bcl-2-protein family as
the latter family plays a crucial role in the regulation of canonical apoptosis by controlling
mitochondrial outer membrane permeabilization (MOMP) [224,225]. MOMP is executed by the

multi-BH-domain-containing members of the Bcl-2 family, BAX, BAK and BOK. The pore-forming
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properties of BAX/BAK are controlled by a complex network of interactions with Bcl-2-family

members, while those of BOK are mainly controlled through its rapid proteasomal degradation.

However, less well-known is the fact that Bcl-2-protein family members are able to regulate
apoptosis through modulation of Ca%*-signaling [226—228]. It is mainly the anti-apoptotic family
members that partake in this moonlighting activity: Bcl-2 and Bcl-XL both interact with the IPsR and
modify its function. Bcl-2 inhibits IPsR-mediated Ca%*-release by binding to the central modulatory
domain of the IP3R through its BH4 domain and by suppressing IPsR-mediated Ca?*-signaling
[229,230]. Additional interactions between the transmembrane domains of both Bcl-2 and the IPsR
[231] and between the ligand-binding domain of the IPsR and the BH4 domain of Bcl-2 [232]
contribute to the inhibition of IP3R function. The functional implications of Bcl-XL interacting with
IPsRs appears even more complex. Bcl-XL can stimulate mitochondrial bioenergetics by promoting
oscillatory IPsR-mediated Ca?* signaling towards the mitochondria [18]. Bcl-XL through its
hydrophobic cleft formed by its BH3-BH1-BH2 domains binds to the C-terminal channel pore region
of IPsRs that has been proposed to possess 2 BH3-like domains [233]. Interference with the IPsR/Bcl-
XL complex either through BH3 mimetic drugs [233] or through proteins such as phosphorylated K-
Ras [234] compromises mitochondrial bio-energetics and renders cells more susceptible to cell
death. Bcl-XL can however also inhibit IP;R-mediated Ca?* signaling [235]. This discrepancy is not fully
understood, though it has been reported that the sensitizing effect of Bcl-XL on IPsRs displays a bell-

shaped dependent course with a maximal effect at 1 uM Bcl-XL [233].

A more recent addition to the modulators of ER-mitochondria Ca?* signaling is BOK, a pro-apoptotic
protein of the Bcl-2-protein family. BOK binds to IPsR1 and IP3R2, thereby protecting them from
proteolytic degradation [236], while vice versa IPsR-scaffolded BOK is stabilized and protected from
proteasomal degradation [237,238]. Moreover, a recent study by the Katz lab has shown that BOK is
necessary for the proper localization of the IPsRs to the MAMs, where BOK enhances ER-
mitochondrial Ca®* fluxes [239]. Hence, BOK can fulfil part of its pro-apoptotic role by boosting IP3R-

mediated ER-mitochondria Ca?* transfer.

The interaction between Bcl-2-protein family members and the IPsR becomes especially interesting in
the setting of cancer. The former proteins are often overexpressed in cancer cells to elicit apoptotic
resistance. It appears that at least part of this apoptotic resistance is conferred through Bcl-2’s or Bcl-
XL’s effect on Ca?* signaling. This is illustrated by the observation that peptide-mediated disruption of
the Bcl-2-IPsR interaction results in mitochondrial Ca** overload and cell death in a number of cancer
cell models [240-243]. Additionally, Bcl-2-protein family members may play a role in

chemoresistance in cancer cells through their Ca**-signaling-modulating properties, since many
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clinically used chemotherapeutics affect Ca?* signaling [244]. For example, cisplatin resistance in
ovarian cancer cell lines can be overcome by suppressing the Bcl-2-dependent inhibition of IP3R-

mediated Ca?* signaling [245].

A second layer of control over mitochondrial Ca?* overload-induced apoptosis, is at the level of the
Ca?* uptake into the mitochondria. Like for IPsRs, expression levels, binding partners and post-
translational modifications play a role in regulating mitochondrial Ca?* uptake through VDAC1 and
the MCU complex. VDAC1 forms also a target of anti-apoptotic Bcl-2-family members. Bcl-XL binds
via its BH4 domain to VDAC1 and inhibits its channel activity, thereby limiting pro-apoptotic Ca?*
transfer into the mitochondria [246]. The most interesting developments have, however, been made
at the level of the MCU. As discussed in section 1, the MCU is the channel pore that is part of a large
protein complex located in the IMM. This complex normally consists of EMRE, MCUb, MCUR1, MICU1
and MICU2 [67,247,248]. In certain tissues, like the brain, MICU2 is replaced in the complex by its
isoform MICU3 [249,250]. Both MCU and EMRE are necessary to form the functional Ca?* channel in
the IMM, while the other components of the complex regulate MCU’s Ca?* signaling properties. This
regulation can have important consequences. For example, Lambert et al. show that during cardiac
injury, the incorporation of dominant-negative MCUb in the MCU complex increases [251]. This is
proposed to act as an adaptive mechanism to limit mitochondrial Ca?* overload during
ischemia/reperfusion injury. In the context of cancer, MCUb was also found to be a marker for bad
prognosis for glioma. However, this appeared not to be related to remodeling of mitochondrial Ca%
signaling [252]. MICU1, another protein of the MCU complex is overexpressed in ovarian cancer cell
lines, leading to a similar effect as incorporation of MCUb [253]. Since MICU1 acts as a gatekeeper for
MCU-mediated Ca? uptake, overexpression of MICU1 in cancer cells increases the threshold for
mitochondrial Ca?* uptake, and in this way elicits chemoresistance. In the same study, silencing of

MICU1 in vivo was able to restore cisplatin sensitivity [253].

A last factor that determines the risk of mitochondrial Ca** overload is the distance between ER and
mitochondria at the contact sites. The current paradigm prescribes that IP3Rs at the ER and VDAC1 at
the mitochondria are part of a protein complex at those contact sites (see section 3). This allows for
the quasi-synaptic transfer of Ca?* from the IPsR to VDACLI that shuttles Ca?* to the IMS for further
uptake through the MCU [44,254]. Since the MCU has a relatively low affinity for Ca* (K4 ~10 pM),
the microdomain at the MAM s is crucial to locally concentrate Ca?* to sufficiently high concentrations
to allow uptake through the MCU. The extent to which such microdomains are present is therefore
an important factor in cellular sensitivity to apoptosis. MAMs are considered to be highly dynamic,
but little is known about how this dynamic nature is regulated at the molecular level [116]. In

general, high levels of tethering proteins at the MAMs, which narrow the distance between ER and
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mitochondria, increase the sensitivity towards mitochondrial Ca%* overload [255,256]. On the
contrary, depleting ER-mitochondria tethers has the opposite effect [85,257]. However, it is likely
that dynamic responses of MAMs require more subtle control mechanisms than simply modulating
protein tether levels. For example, local [Ca?*] -and thus also Ca?* release or Ca?* leakage from the
ER- may act as a regulator of ER-mitochondria contact sites [258,259]. What we do know, however, is
that in pathological situations the distance between ER and mitochondria is often altered at the
MAMs. For example, in cancer, the distance is often increased, protecting cancer cells from
mitochondrial Ca?* overload and demise [260,261]. This is one mechanism through which
chemoresistance can occur. Alternatively, in AD, MAMs are thought to be tightened, increasing the
sensitivity of neurons to mitochondrial Ca?* overload and contributing to the neuronal cell death that

is a hallmark of the disease [73,141].

Given the modulation of ER-mitochondria Ca?*-transfer in pathological contexts, it is not surprising
that scientists regard targeting mitochondrial Ca?* uptake and its associated consequences as a viable
option. A classic example in the field is ischemia/reperfusion injury, where it is shown that it is not
necessarily the ischemic period that is detrimental for cells, but rather the reperfusion afterwards
[262,263]. This reperfusion is accompanied by mitochondrial ROS production and mitochondrial Ca?*
overload, which eventually leads to cell death [264]. Numerous studies have shown that controlling
mitochondrial Ca?* uptake is able to limit the damage upon ischemia/reperfusion injury [265-267].
Earlier studies used cyclosporine A to target and inhibit the mPTP directly [268], whereas more
recent studies have shown that blocking Ca?* uptake via the MCU has a similar beneficial effect
[265,269]. This is one of many examples through which insights in biological processes at the

molecular level may pave the way towards new therapeutic approaches.

6. Conclusions

The ER-mitochondria contact sites are established and sustained by tethering proteins. By serving as
hotspots for Ca?* signaling microdomains between ER and mitochondria, they play a pivotal role in
cell function and particularly in cell death and survival. ER-resident IPsR channels are present in the
MAMs, where they are linked via the chaperone GRP75 to the OMM-resident VDAC1. At the MAMs,
IP3Rs fulfil two functions: first, they serve as ER-mitochondria tethers contributing to the formation
of ER-mitochondrial contact sites; second, they engage in ER-mitochondrial Ca?* transfer, establishing
a corridor for quasi-synaptic Ca?* transfer. Although IP3Rs can traffic in and out of the MAMs, when
parked there, they become particularly effective in mediating ER-mitochondria Ca?* transfer. As such,
IP3Rs critically control mitochondrial functions, from cell metabolism to cell death. During the last
years, a large number of proteins have been identified to reside at contact sites and to influence

contact site formation. Several of these proteins directly impact the Ca**-flux properties, the
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tethering function and/or abundance of IPsRs at MAMs. These proteins ensure a tight control of Ca%*
delivery towards the mitochondria. Moreover, several of these accessory proteins are directly
implicated in diseases, whereby loss-of-function or gain-of-function mutations underlies pathological
conditions such as neurodegenerative diseases, metabolic diseases, muscle diseases and cancer. As a
consequence, aberrations in the levels or in the localization of such MAM-resident proteins impact
ER-mitochondria contact site properties (extent of contacts, distance between ER and mitochondria,
number of contacts) and provoke dysregulation of Ca®* signaling at the ER-mitochondria Ca®*
interface that translate into mitochondrial defects. The output can be compromised mitochondrial
functionality and bio-energetics (as in the case of Wolfram syndrome or PD), cell death resistance (as
in cancers) when ER-mitochondria Ca?* transfer are severely hampered, or can be excessive cell
death susceptibility (as in neurodegenerative diseases such as AD) when ER-mitochondria Ca?*
transfer is excessively boosted. This has important ramifications. First, dysregulation of MAM
architecture and functionality is an important driver of the pathogenesis in a broad set of diseases at
the subcellular and microdomain level. Second, restoring MAM properties can reset mitochondrial
functionality, thereby preventing pathogenesis and/or dampen disease burden. Third, the rich
network of proteins and/or accessory proteins contributing to MAM architecture and functionality
also offer attractive, and potentially pharmacologically tangible, targets and exciting avenues to
develop novel therapeutic strategies to fix MAM defects, to restore mitochondrial functionality and
thus improve cellular health. For instance, activation of the MAM-resident S1R or elevating NCS-1-
protein levels can restore the MAM functionality and ER-mitochondria Ca?* fluxes in Wolfram
syndrome, thereby alleviating cellular and systemic/behavioral deficits arising from loss of WFS1.
Instead, in AD, which is characterized by a tightening of MAMs with subsequent mitochondrial Ca*
overload, spacing ER from mitochondria alleviates AB42-driven neurotoxicity and improves
behavioral outcomes. It will be exciting to further explore the role of MAMs in pathogenesis and

their therapeutic potential using pharmacological and/or genetic means to tackle diseases.
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Legends to the figures

Fig. 1. Overview of the proteins involved in the tethering of the ER to the mitochondria. ER-localized
IPsRs are coupled to VDACL1 in the outer mitochondrial membrane (OMM) via the chaperone protein
GRP75 thereby forming a Ca?*-transporting ‘highway’. In cardiomyocytes, IPsR2 interacts with
FUNDC1 at the OMM, thus increasing ER-mitochondria tethering. Mitofusin (MFN) 2 is located at
both the OMM and the ER and is able to form either a homodimer or a heterodimer with MFN1,
which is solely located at the OMM, thereby forming a bridge across the MAMs. Another tethering
protein complex that directly increase MAM formation and its size is formed by the ER protein VAPB
and mitochondrial PTPIP51. BAP31 in the ER membrane interacts with the fission protein Fisl in the
OMM, whereby ER-localized PACS-2 regulates BAP31s MAM interaction. Finally, PDZD8 localized at
the ER membrane is a known tethering protein that increases MAM formation. However, its
mitochondrial tethering partner is yet to be identified. Proteins with white lettering function as Ca?*

channels. See text for more information. Created with BioRender.com.

Fig. 2. Overview of the complex consisting of the inositol 1,4,5-trisphosphate receptor (IPsR) in the
ER, glucose-regulated protein 75 (GRP75) and the voltage-dependent anion channel 1 (VDAC1) in the
outer mitochondrial membrane (OMM) with the main interacting partners controlling ER-
mitochondria tethering and/or Ca?* flux. This complex forms together with the mitochondrial calcium
uniporter (MCU) in the inner mitochondrial membrane (IMM) the Ca?*-transporting axis. Parkinson’s
disease related protein DJ-1 interacts with all partners of the IP3R3-GRP75-VDAC1 complex and
regulates IPsR3 degradation. OMM-localized transglutaminase 2 (TG2) interacts with VDAC1 and
GRP75 thereby indirectly regulating the interaction between GRP75 and IPsR3. TOM70 is located on
the OMM and interacts with IP3R3 in order to recruit it to the mitochondria-associated membranes
(MAMs), thereby facilitating IPsR3-GRP75-VDAC1 complex formation. Thymocyte-expressed positive
selection-associated gene 1 (TESPA1) interacts with the N-terminal domain of IPsR1 and IPsR3, while
also interacting with GRP75 and thus promoting MAM formation and stability. In the context of
insulin resistance in skeletal muscle, PDK4 interacts with IPsR1 and GRP75 to increase their tethering
function. The presence of IRE1la and the activation of the sigma-1 receptor (S1R) in the ER
membrane, increase MAM formation as well as the Ca?* flux through the Ca**-transporting axis. SIR
directly interacts with both the IP3R and IRE1a, thereby stabilizing them. In turn, IRE1a is able to
scaffold and stabilize IPsR at the MAMSs through a direct interaction via its C-terminal cytoplasmic
region, independently of its enzymatic activity. It is possible that IRE1q, S1R, and IPsR form a

tripartite complex regulating the tethering of ER to mitochondria, but this remains to be proven. BCL-
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2 is an anti-apoptotic protein suppressing Ca%* flux through the IP3R, preventing mitochondrial Ca%*
overload. Lastly, Wolfram syndrome 1 (WFS1) is believed to form a complex with the IPsR through
NCS-1. The interaction between WFS1 and NCS-1 prevents the degradation of the latter. Both WFS1
and NCS-1 enhance Ca?* flux through the CaZ*-transporting axis while WFS1 also supports both MAM
formation and mitochondrial bioenergetics. Proteins with white lettering function as Ca%* channels.

See text for more information. Created with BioRender.com.
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