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Abstract

Mitochondria play vital role in regulating the cellular energetics and metabolism. Further, it is a
signaling hub for cell survival and apoptotic pathways. One of the key determinants that calibrate
both cellular energetics and survival functions is mitochondrial calcium (Ca2*) dynamics.
Mitochondrial Ca2* regulates three CaZ*-sensitive dehydrogenase enzymes involved in
tricarboxylic acid cycle (TCA) cycle thereby directly controlling ATP synthesis. On the other
hand, excessive Ca2* concentration within the mitochondrial matrix elevates mitochondrial
reactive oxygen species (mROS) levels and causes mitochondrial membrane depolarization. This
leads to opening of the mitochondrial permeability transition pore (mPTP) and release of
cytochrome cinto cytosol eventually triggering apoptosis. Therefore, it is critical for cell to
maintain mitochondrial Ca* concentration. Since cells can neither synthesize nor metabolize
Ca?*, it is the dynamic interplay of Ca?* handling proteins involved in mitochondrial Ca2* influx
and efflux that take the center stage. In this review we would discuss the key molecular machinery
regulating mitochondrial CaZ* concentration. We would focus on the channel complex involved in
bringing Ca%* into mitochondrial matrix i.e. Mitochondrial Ca2* Uniporter (MCU) and its key
regulators Mitochondrial Ca2* Uptake proteins (MICU1, 2 and 3), MCU regulatory subunit b
(MCUDb), Essential MCU Regulator (EMRE) and Mitochondrial Ca2* Uniporter Regulator 1
(MCUR1). Further, we would deliberate on major mitochondrial Ca2* efflux proteins i.e.
Mitochondrial Na*/Ca2*/Li* exchanger (NCLX) and Leucine zipper EF hand-containing
transmembranel (Letm1). Moreover, we would highlight the physiological functions of these
proteins and discuss their relevance in human pathophysiology. Finally, we would highlight key
outstanding questions in the field.
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1 Introduction

Mitochondrial calcium (Ca2*) homeostasis regulates aerobic metabolism, cell survival,
cellular Ca2* signaling and mitochondrial reactive oxygen species (mROS) generation
thereby driving several physiological and pathophysiological functions of the cell (De
Stefani et al., 2016; Rizzuto et al., 2012). Mitochondria calibrate various cellular processes
controlled by intracellular Ca2* by buffering cytosolic Ca2* and thereby maintaining
cytosolic CaZ* concentrations in range of 100 nM (Babcock et al., 1997; Carvalho et al.,
2020). Within mitochondria, Ca?* regulates three Ca%*-sensitive dehydrogenase enzymes
(pyruvate dehydrogenase, iso-citrate dehydrogenase and a-ketoglutarate dehydrogenase)
involved in tricarboxylic acid cycle (TCA) (Hajnoczky et al., 1995; Hansford, 1994;
McCormack and Denton, 1979; McCormack et al., 1990). Therefore, mitochondrial Ca2*
directly regulates mitochondrial metabolism and controls adenosine triphosphate (ATP)
generation (Hansford, 1994; McCormack and Denton, 1979; McCormack et al., 1990).
However, sustained elevated levels of mitochondrial Ca?* leads to elevated mROS, opening
of mitochondrial permeability transition pore (mPTP) and release of cytochrome ¢
(Boehning et al., 2003; Mammucari et al., 2018; Tanwar and Motiani, 2018). This leads to
activation of pro-apoptotic factors eventually causing cell death (Rasola and Bernardi, 2011;
Tanwar and Motiani, 2018). Mitochondrial Ca2* further regulates several cell death
pathways important for apoptosis as well as necrosis (La Rovere et al., 2016; Lemasters et
al., 1998; Nakagawa et al., 2005; Rimessi et al., 2008). Deluca et a/. reported mitochondrial
Ca?* uptake in isolated energized mitochondria (Deluca and Engstrom, 1961; Vasington and
Murphy, 1962). This uptake was found to be dependent on mitochondrial membrane
potential (Ay ~-180 mV) and was inhibited by the drug ruthenium red or its analog
ruthenium 360 (Deluca and Engstrom, 1961; Ying et al., 1991). High electrochemical
gradient of around —180 mV is responsible for Ca2* entry into the mitochondria via a
selective CaZ* uniporter (Bernardi, 1999). Although there is high electrochemical gradient
inside mitochondrial matrix for Ca2*, mitochondria have very low affinity for Ca2* uptake.
Mitochondrial Ca2* uptake occurs at highly specialized regions of close contacts between
mitochondria and endoplasmic reticulum (ER) called mitochondria associated membranes
(MAMs) (Csordas et al., 2006; Rizzuto et al., 1998; Sharma et al., 2020; Vecellio Reane et
al., 2020). ER resident Ca?* release channel inositol-1,4,5-trisphosphate receptor (IP3R)
releases Ca2* in the MAM s region thereby elevating Ca2* concentration (in M range) in
these nanodomains, which in turn activates mitochondrial Ca?* uptake (Bartok et al., 2019:
Rizzuto et al., 1993, 1998). Later on, the tools to measure free Ca2* concentration of
mitochondria were developed. Mitochondrial Ca2* concentration ([Ca2*]m) was selectively
measured with mitochondria targeting Ca2*-sensitive photoprotein aequorin (Rizzuto et al.,
1992). Rizzuto et al. further reported rapid and transient increase of [Ca2*]m via agonist-
stimulated elevations of cytosolic free Ca2* concentrations (Rizzuto et al., 1992). In order to
perform cellular functions a balanced regulation of mitochondrial Ca?* influx and efflux is
required, which is achieved through mitochondrial Ca2* uptake and efflux players. Last few
years have witnessed significant progress in the mitochondrial Ca2* signaling field with the
discovery of the several molecular components of the Mitochondrial Ca2* Uniporter (MCU)
complex that mediates mitochondrial Ca%* uptake (Foskett and Philipson, 2015; Kamer and
Mootha, 2015; Nemani et al., 2018; Pallafacchina et al., 2018; Pathak and Trebak, 2018).
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Moreover, the key players involved in mitochondrial Ca2* efflux were also characterized
recently (Giorgi et al., 2018; Kostic and Sekler, 2019; Lin and Stathopulos, 2019; Nita et al.,
2015). In this review we will focus on critical components of mitochondrial Ca2* influx and
efflux 1. e. MCU complex and Mitochondrial Na*/Ca2*/Li* exchanger (NCLX) & Leucine
zipper EF hand-containing transmembranel (Letm1). We will discuss their activation
mechanisms, associated regulatory components and their pathophysiological relevance.

2 Mitochondrial calcium (Ca?*) transport

Ca?* crosses the outer and inner mitochondrial membrane (IMM) in order to finally reach
mitochondrial matrix. The outer mitochondrial membrane (OMM) is permeable to
metabolites smaller than 5 kDa due to expression of Voltage-dependent anion channels
(VDACs) that form pores in OMM (Madesh and Hajnoczky, 2001; Mertins et al., 2014;
Rapizzi et al., 2002). VDACs allow Ca?* to easily diffuse across the OMM. VDAC1 along
with its two other isoforms VDAC2 and VDAC3 transport Ca2* from cytosol to inter-
membrane space (IMS) (Shoshan-Barmatz and Gincel, 2003). Although these three isoforms
of VDAC:s are ubiquitously expressed, their ratio and sub-mitochondrial distribution varies
among diverse tissues (Messina et al., 2012; Shoshan-Barmatz and Mizrachi, 2012). VDACs
can mediate Ca%* influx in both structurally open and closed conformations (Colombini,
2012; Shoshan-Barmatz et al., 2018; Tan and Colombini, 2007). Interestingly, VDAC in
closed conformation shows increased selectivity and efficacy for Ca2* transport (Colombini,
2012; Shoshan-Barmatz et al., 2018; Tan and Colombini, 2007). Rappizi et al. reported that
the overexpression of VDAC in skeletal myotubes and HeLa cells leads to enhanced Ca?*
influx into mitochondria by virtue of enhanced mitochondrial CaZ* uptake at MAMs
(Rapizzi et al., 2002). In an exciting study, Rizzuto’s group demonstrated physical
interaction of VDAC1 with the endoplasmic reticulum Ca2*-release channel inositol 1,4,5-
trisphosphate receptors (IP3Rs) via a molecular chaperone glucose-regulated protein 75
(grp75) (Szabadkai et al., 2006). Unlike OMM, the IMM ion permeability is extremely
stringent. Ca2* uptake into the mitochondrial matrix is mediated via a highly Ca2* selective
channel called as Mitochondrial Ca?* Uniporter (MCU) (Baughman et al., 2011; De Stefani
etal., 2011). On the other hand, mitochondrial Ca2* extrusion is mediated by a Na*/Ca?*
exchanger-like protein termed as Na*/Ca2*/Li* exchanger (NCLX) (Palty et al., 2010) and
Letm1 (2H*/Ca2* exchanger) (Jiang et al., 2009). Mitochondrial Ca2* extrusion can occur
via two processes: either in a Na* dependent manner or via a Na* independent mechanism
(Puskin et al., 1976). The concentration of Na* in the mitochondrial matrix is lower than that
in cytosol. This is due to functioning of Na*-H* exchanger which is driven by pH gradient,
that successfully transports Na* out of the mitochondrial matrix (Murphy and Eisner, 2009).
This Na* gradient, in turn, is responsible for the activity of NCLX that extrudes Ca2* from
the mitochondrial matrix (Palty et al., 2010). The thermodynamic analysis of NCLX give
rise to two school of thoughts, some investigators suggest that NCLX has 2:1 stoichiometry
(Brand, 1985) showing an electro neutral nature of NCLX (2Na*/1 Ca2*) whereas according
to others it is 3:1 (Baysal et al., 1994) exchanging 3Na* ions for 1 Ca2* ion, meaning it is
electrogenic in nature. Further, NCLX can function in reverse mode and thereby it can
transport Ca2* into the mitochondrial matrix when the membrane potential of mitochondria
dissipates (Boyman et al., 2013). For further details on NCLX thermodynamics and reverse
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mode functioning please refer to the detailed review focused exclusively on NCLX (Boyman
etal., 2013). The NCLX and Letm1 are responsible for CaZ* efflux from matrix to IMS and
eventually CaZ* is extruded to the cytosol via VDACs or other poorly characterized
mechanisms (Giorgi et al., 2018). In the following sections, we will discuss the key
molecular machinery regulating mitochondrial Ca2* influx and efflux (please refer Fig. 1 for
the diagrammatic illustration of intracellular Ca2* handling machinery including molecular
players involved in mitochondrial Ca2* dynamics).

The Mitochondrial Ca2* Uniporter (MCU) is well conserved in metazoan and plants but
absent in yeasts, few protozoan and fungal lineages (Bick et al., 2012; Cheng and Perocchi,
2015). Researchers have been extensively studying the Uniporter’s activity/biophysical
properties for over 50 years even before the discovery of its molecular identity. In 2004,
Kirichok et al. measured single-channel Ca2* currents in mitoplasts isolated from COS-7
cells and confirmed existence of an inwardly rectifying, highly Ca2* selective channel in the
IMM (Kirichok et al., 2004). In 2010, using comparative physiology, evolutionary genomics,
organelle proteomics and RNA interference studies first molecular component of the
Uniporter complex named Mitochondrial Calcium Uptake 1 (MICUL) was discovered as a
Ca?* sensing regulator of the Uniporter (Perocchi et al., 2010). In 2011, the studies from two
independent groups using different experimental approaches identified MCU (earlier known
as CCDC109A) as a pore-forming subunit of mitochondrial Ca2* uptake (Baughman et al.,
2011; De Stefani et al., 2011). Baughman et a/. utilized whole-genome phylogenetic
profiling, genomewide RNA co-expression analysis and organelle-wide protein co-
expression analysis for discovering MCU (Baughman et al., 2011). They further reported
that MCU forms oligomers in the mitochondrial inner membrane, and physically interacts
with previously identified regulator MICU1 (Baughman et al., 2011). Silencing of MCU in
cultured cells or /7 vivoin mouse liver led to decreased mitochondrial Ca2* uptake without
affecting mitochondrial respiration and membrane potential (Baughman et al., 2011). MCU
has two coiled-coil (CC) domains and two transmembrane (TM) domains linked by a highly
conserved acidic residue rich short loop facing IMS (Baughman et al., 2011). Both N- and
C- termini of MCU are located in the mitochondrial matrix (Baughman et al., 2011; Martell
et al., 2012). The linker sequence contains DIME motif, which acts as selectivity filter of
MCU. The conserved negatively charged amino acids near and within the DIME motif are
critical for MCU-mediated Ca2* uptake (Baughman et al., 2011). Please refer Fig. 2 for
diagrammatic illustration of domain architecture of MCU and other players involved in
mitochondrial CaZ* dynamics. Baughman e a/ further demonstrated that mutations with
alanine at these conserved residues (E257A, S259A, D261A, E264A) render MCU non-
functional except S259A mutant, which confers resistance to most effective uniporter
inhibitor Ru360 (Baughman et al., 2011). De Stefani et a/. utilized in silico analysis to
uncover the MCU, which was ubiquitously expressed along with MICU1 and is localized on
the IMM (De Stefani et al., 2011). In HeLa cells siRNA mediated silencing of MCU led to
substantial decrease in mitochondrial Ca2* uptake while overexpression of MCU increased
the mitochondrial Ca2* uptake evoked upon histamine stimulation (De Stefani et al., 2011).
Further, the authors purified MCU protein and recapitulated previously known
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electrophysiological properties as well as inhibitor sensitivity of the uniporter in planar lipid
bilayers (De Stefani et al., 2011). In HeLa cells, the overexpression of a mutant MCU
lacking two negatively charged residues (MCUDP260Q.E263Q) of the putative pore-forming
region exhibited no channel activity and decreased agonist-dependent mitochondrial CaZ*
transients (De Stefani et al., 2011). Further, the MICU1 over-expression failed to rescue the
decrease in the mitochondrial Ca2* levels in MCU-silenced cells (De Stefani et al., 2011).
Later on Chaudhuri et a/ utilized whole-mitoplast voltage-clamping technique and reported
that RNAi-mediated knockdown of the MCU results in decreased mitochondrial Ca2*
current (Ipica), whereas its overexpression leads to increase in lyjica (Chaudhuri et al.,
2013). Further, the authors demonstrated inhibition of MCU current by ruthenium red,
which was abolished by a point mutation in the putative pore domain of MCU (S259A) thus
establishing MCU as the pore-forming subunit of the uniporter complex (Chaudhuri et al.,
2013).

Subsequently, multiple groups have revealed X-ray and cryo-EM structure of MCU fungal
orthologs (Baradaran et al., 2018; Fan et al., 2018; Nguyen et al., 2018; Yoo et al., 2018).
More recently the structure of human MCU-EMRE subcomplex was revealed (Wang et al.,
2019). For identifying pore architecture of the MCU, Oxenoid et a/employed NMR and
negative-stain EM techniques and suggested that MCU from Cae-norhabditis elegans forms
a pentameric assembly (Oxenoid et al., 2016), which is still debatable. Subsequent study
from the same group utilized paramagnetic nuclear magnetic resonance technique for
demonstrating that the conserved DXXE signature sequence (Asp-X-X-Glu) of MCU forms
pore gate and selectivity filter in Caenorhabditis elegans (Cao et al., 2017). They further
reported that Ru360 directly blocks the selectivity filter by binding to Asp240 but not to
Glu243 (Cao et al., 2017). Later on, Yoo et al. revealed high resolution cryo-EM structure
(3.7 A resolution) of full length MCU from Neurospora crassa (Yoo et al., 2018). The
authors further demonstrated channel formation by four protomers (Yoo et al., 2018). A
recent study by Fan et a/. reported cryo-EM structure of human MCU holocomplex
(comprising MCU, EMRE, MICU1 and MICU2 subunits) in low and high Ca%* conditions
(Fan et al., 2020). Further, the authors reported well-resolved amino (N)-terminal domain
(NTD) of MCU in uniplex dimer and demonstrated two main particle species-uniplex
monomer and a V-shaped dimer in low Ca2* while predominantly dimers in high Ca2*
concentrations (Fan et al., 2020). More recently, Zhuo et a/. demonstrated intact structure of
human MCU supercomplex consisting MCU-EMRE-MICU1-MICU2 (Zhuo et al., 2020).
The authors reported MCU supercomplex as a 20- subunit-O shaped dimer of hetero-
decamers along with MICU1 and MICU2 subunits. Furthermore, they demonstrated that
EMRE plays an important role in the coupling of Ca%* sensing MICUs with MCU (Zhuo et
al., 2020). Similarly, Wang et al. reported cryo-EM structure of MCU-EMRE-MICU1-
MICU2 holocomplex under resting Ca2* conditions (Wang et al., 2020a). Another recent
report by Wang et al. reported cryoEM structures of the human MCU holocomplex in the
apo and Cambound states (Wang et al., 2020b). Collectively, these studies highlight a
tetrameric configuration of MCU.

Using inflammatory and hypoxia models, Dong et a/. recently reported that the conserved
cysteine97 residue in the N-terminus of human MCU undergoes S-glutathionylation (Dong
et al., 2017). The authors utilized biochemical assays and super-resolution imaging for
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demonstrating that the oxidation of this cysteine promotes oligomerization of MCU. This
MCU oligomerization leads to an increase in the MCU channel activity resulting in
enhanced mROS, mitochondrial Ca2* overload, and cell death (Dong et al., 2017).
Interestingly, Madesh’s group demonstrated that cytosolic Ca2* concentration regulates
MCU expression (Shanmughapriya et al., 2015). Shanmughapriya et a/. demonstrated that
MCU expression is dependent on Ca2* signals generated by 1P3 and SOCE signaling. The
authors reported decrease in mitochondrial Ca?* uptake and MCU expression in cells
lacking either IP3R or STIM1/Orail (Shanmughapriya et al., 2015). In these cells, MCU was
controlled by the Ca2*-dependent transcription factor, cyclic AMP response element-binding
protein (CREB). Finally, it was revealed that CREB directly interacts with the MCU
promoter to stimulate its expression (Shanmughapriya et al., 2015). Therefore, on one hand
efficient MCU functioning helps in maintaining cellular Ca2* levels and on the other hand
cytosolic Ca2* dynamics regulate MCU expression and activity. This clearly demonstrates
an intricate crosstalk between cellular and mitochondrial Ca2* signaling pathways. Recently,
a study by Ghosh et al. revealed an important role of mitochondrial phospholipid, cardiolipin
(CL) in MCU stability and activity in yeast model system (Ghosh et al., 2020). The authors
heterologously expressed human MCU in the wild type yeast (lacks MCU) and in different
yeast mutants defective in biosynthesis of phosphatidylethanolamine, phosphatidylcholine,
or cardiolipin (CL) (Ghosh et al., 2020). They further showed that loss of CL specifically
leads to a decrease in the MCU expression and Ca2* uptake (Ghosh et al., 2020).
Furthermore, they validated the physiological significance of this cardiolipin mediated
stability and activity of MCU in pathophysiology of Barth syndrome (Ghosh et al., 2020).
Please refer the “Pathophysiological relevance of MCU complex” section for further details
on the role of MCU complex in human pathophysiology.

The MCUb is a paralog of MCU and is characterized as dominant negative subunit of
uniporter complex (Raffaello et al., 2013). MCUb forms homo as well as hetero-oligomers
with MCU and acts as a negative regulator of MCU activity (Raffaello et al., 2013).
Although MCUb does not form a Ca2* permeable channel in planar lipid bilayers, co-
expression of MCUb with MCU leads to reduction in channel activity (Raffaello et al.,
2013). It also contains two transmembrane domains just like MCU and shares 50% sequence
similarity with MCU. Using RT-PCR analysis in HeLa cells and mouse tissues, the authors
revealed lower as well as differential expression profile of MCUb in comparison to MCU
(Raffaello et al., 2013). Recently, Lambert et a/. revealed altered MCU stoichiometry and
function in MCUb 7~ HeLa cell lines (Lambert et al., 2019). The authors reported
displacement of MCU from the functional MCU complex upon MCUDb overexpression. This
displacement decreased Ca2* uptake by mitochondria (Lambert et al., 2019). Further during
cardiac injury, MCUb incorporation into the MCU complex reduced mitochondrial Ca2*
overload (Lambert et al., 2019). Importantly, MCUb overexpression led to a decrease in
myocardial infarct size post ischemia injury (Lambert et al., 2019). Moreover, the authors
reported impaired mitochondrial energetics and contractile function upon MCUb
incorporation (Lambert et al., 2019). Certainly, more studies from several independent
groups are required to better understand physiological relevance of MCUb.
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5 Mitochondrial Ca?* uptake proteins (MICU1, MICU2 and MICU3)

The MICU proteins are known for their essential regulatory function on MCU activity. They
are localized in IMS, contain Ca%* binding EF hands and physically interact with MCU
(Perocchi et al., 2010; Plovanich et al., 2013). Interestingly, MICU1 was discovered as a
critical regulator of mitochondrial Ca2* uptake well before the molecular identity of MCU
(Perocchi et al., 2010). Mootha’s group utilized Mito-Carta inventory (compendium of the
mammalian mitochondrial proteins) (Pagliarini et al., 2008) and integrative genomics
approaches for the identification of MICU1 (Perocchi et al., 2010). The authors scanned
MitoCarta for homologues of evolutionary conserved IMM proteins present in vertebrates,
kinetoplastids (having evolutionary conserved MCU activity) (Carafoli and Lehninger, 1971,
Docampo and Vercesi, 1989; Vercesi and Docampo, 1992) and absent in yeast S. cerevisiae
(yeast doesn’t have MCU activity) (Balcavage et al., 1973; Carafoli and Lehninger, 1971;
Uribe et al., 1992). This search was followed by RNAI of shortlisted genes to finally reach at
MICUL1 (Perocchi et al., 2010). Perocchi et al. reported that the silencing of MICUL in the
intact as well as permeabilized cells leads to reduction in mitochondrial Ca2* entry but has
no effect on mitochondrial respiration or membrane potential. The authors further
demonstrated rescue of mitochondrial Ca2* uptake in the sh-MICU1 knockdown cells with
hairpin-insensitive MCU cDNA (Perocchi et al., 2010). Interestingly, by employing protein
flux analysis Madesh’s group reported that MICUL1 is localized to mitochondrial matrix and
MICU1 N-terminal polybasic domain is essential for its interaction with CC domains of
MCU (Hoffman et al., 2013). The work by the same group suggested that MICU1 is a
gatekeeper of the MCU mediated Ca2* uptake under basal conditions and knockdown of
MICU1 in HeLa cells leads to basal accumulation of the mitochondrial Ca?* thus generating
excessive ROS (Mallilankaraman et al., 2012b). Later Csordas et a/. also proposed that
MICUL1 acts as a MCU gatekeeper by sensing cytosolic Ca* concentrations (Csordas et al.,
2013). They also reported that MICU1 controls the threshold of the mitochondrial CaZ*
uptake (Csordas et al., 2013). Further, the authors showed mitochondrial Ca2* accumulation
upon MICUL1 loss in mouse liver and cultured cells (Csordas et al., 2013). These studies
collectively conclude that MCU is kept closed by MICUs at resting or low cytosolic Ca*
concentrations thus preventing Ca2* entry into mitochondrial matrix and an increase in the
Ca?* concentration is sensed by EF hands of MICUs eventually leading to opening of the
MCU (Csordas et al., 2013; Hoffman et al., 2013; Mallilankaraman et al., 2012b). Similarly,
overexpression of MICU1 in HeLa cells was shown to increase mitochondrial Ca2* uptake
upon histamine stimulation (Patron et al., 2014). Later on, the bioinformatics analysis led to
discovery of MICU2 and MICU3 as two paralogs of MICU1 in humans (Plovanich et al.,
2013). The authors demonstrated that the MCU, MICU1 and MICU?2 reside within the same
complex and stabilize protein expression of each other in HeLa and HEK293T cell lines
(Plovanich et al., 2013). The RNAi mediated silencing of MICU1, MICU2 or both in mouse
liver resulted in additive impairment of the mitochondrial Ca2* signaling without affecting
mitochondrial membrane potential and respiration (Plovanich et al., 2013). Both MICU2 and
MICU3 have EF hand domains as well as have N-terminal mitochondrial targeting sequence
(Plovanich et al., 2013). In an elegant study, using purified lipid bilayers and intact cells, it
was reported that the MICU1-MICU2 heterodimers regulate activity of MCU (Patron et al.,
2014). Patron et al. showed that the MCU is activated by MICU1 at higher Ca%*
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concentrations and is inhibited by MICU2 at lower Ca?* concentrations thus proposing
MICU2 as a genuine negative regulator of MCU (Patron et al., 2014) (Please refer Fig. 3 for
the diagrammatic illustration of Ca2* mediated MCU activation). Recently, the same group
reported differential expression of MICUs in diverse tissues; MICU3 is highly expressed in
neuronal tissues and skeletal muscle while MICU2 in visceral organs (Patron et al., 2019).
MICU3 physically interacts with MICU1 but not with MICU2 whereas MICU1 can form
heterodimer with both MICU2 and MICU3 (Patron et al., 2019). The authors showed that
MICUS3 silencing results in impaired CaZ* signaling in primary cortical neurons and
therefore specifically regulating neuronal function (Patron et al., 2019). Interestingly,
Raffaello and Rizzuto groups identified an alternative splice variant of MICU1 (MICU1.1)
in skeletal muscle, which binds Ca2* more efficiently than MICU1 (Vecellio Reane et al.,
2016). The authors further reported that heterodimers of MICU1.1-MICU2 were able to
activate MCU at lower Ca2* concentrations as compared to MICU1-MICU2 heterodimers
(\Vecellio Reane et al., 2016). Recently, Mootha’s group reported stabilization of both
MICU1 and MICU2 by Ca?* and demonstrated higher binding affinity of MICU1 to Ca%* as
compared to MICU2 (Kamer et al., 2017). They further reported formation of MICU1-
MICU?2 heterodimers and their binding to Ca2* with higher affinity /7 vitro (Kamer et al.,
2017). In an exciting study Petrungaro et al. demonstrated that Mia40 (a mitochondrial
chaperone) facilitates disulfide covalent bond that links MICU1-MICU2 Fheterodimers
(Petrungaro et al., 2015). The presence of disulfide bond in the MICU1-MICU2 heterodimer
enables its binding with MCU at low Ca2* concentrations and dissociation at higher Ca2*
concentrations thereby regulating gatekeeping activity of the MICU1-MICU2 heterodimer
(Petrungaro et al., 2015). In the absence of this bond, the receptor induced mitochondrial
Ca?* uptake was significantly increased (Petrungaro et al., 2015). Recently, Hajnoczky’s
group reported that MICU1 regulates MCU inhibition by ruthenium red/Ru360 (Paillard et
al., 2018). They identified a putative DIME interacting domain (DID) in MICU1, which is
essential for the gatekeeping and cooperative activation of MCU (Paillard et al., 2018). The
authors proposed that interaction of MICU1 with D ring of MCU pore is important for
controlling the uniporter activity (Paillard et al., 2018). More recently, Madesh’s group
demonstrated that MICU1 expression is increased upon inhibition of glycolysis,
mitochondrial pyruvate transport and mitochondrial fatty acid transport (Nemani et al.,
2020). Nemani et al. further reported that knockdown of mitochondrial pyruvate carrier
(MPC) results in enhanced MICU1 expression via transcription factor early growth response
1 (EGR1). It implicates that mitochondrial pyruvate and fatty acid flux regulates MICU1-
dependent activity of MCU (Nemani et al., 2020). Certainly, more studies are required for
understanding the molecular mechanisms regulating expression and activity of MICUSs.

Importantly, the MICU1(/) mice showed ataxia and muscle weakness phenotype (Liu et al.,
2016). Further, the MICU1("") mice has increased resting mitochondrial Ca2* levels, altered
mitochondrial morphology, and reduced ATP thereby validating MICU1 as a molecular
gatekeeper that prevents mitochondrial Ca2* overload (Liu et al., 2016). Additionally, using
MICU1(") mice Hajnéczky’s group demonstrated critical role of MICU1 in adaptation to
postnatal life and for tissue repair after injury (Antony et al., 2016). They reported failure of
liver regeneration, impairment of cell cycle and necrosis upon MICU1 loss. In MICU1-
deficient hepatocytes, the authors observed accelerated mPTP opening due to Ca2* overload

Mitochondrion. Author manuscript; available in PMC 2021 September 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Tanwar et al.

6 EMRE

Page 9

thus suggesting a role for MICUL in liver regeneration (Antony et al., 2016). The individuals
with MICU1 mutations show proximal myopathy, learning difficulties, elevated creatine
kinase (CK) level, lethargy, fatigue, nystagmus, cataracts and a progressive extrapyramidal
movement disorder (Lewis-Smith et al., 2016; Logan et al., 2014; Musa et al., 2019). The
clinical MICU1 mutations result in increased agonist-induced mitochondrial Ca2* uptake at
low cytosolic Ca2* concentrations and reduced cytosolic transients in fibroblasts (Logan et
al., 2014). The loss of function mutations in MICU1 had no effect on mitochondrial
membrane potential but caused mitochondrial fragmentation (Logan et al., 2014). A recent
study reported impaired mitochondrial Ca2* signaling upon loss of MICU1 in skeletal
muscle of mice and patient derived fibroblast (homozygous MICU1 exon 1 deletion)
(Debattisti et al., 2019). Taken together, these /7 vivo mice and human mutation studies
clearly demonstrate the merit of targeting MICUs for calibrating mitochondrial Ca2*
signaling. A critical step in this direction was to determine the crystal structure. Excitingly,
1.9 A crystal structure of MICU2 was recently reported, which shows its dimeric
architecture (Wu et al., 2019). In both Ca2*-free and Ca?*- bound conditions, the authors
characterized the interaction sites within the MICU2 homodimer, and MICU1-MICU2
heterodimer (Glu242 in MICU1 and Arg352 in MICUZ in apo heterodimer while Phe383 in
MICU1 and Glu196 in MICU2 Ca2*-bound state) thereby proposing MICU1-MICU2
heterodimer model (Wu et al., 2019). More recently, the crystal structure of the apo form of
the human MICU1-MICU2 heterodimer was reported wherein MICU1-MICU2 heterodimer
acting as MCU gatekeepers was further corroborated (Park et al., 2020). Importantly, using
high throughput screening MCU-i4 and MCU-i11 were identified as modulators of
mitochondrial Ca2* uptake (Di Marco et al., 2020). These compounds negatively regulate
MCU activity resulting in decreased mitochondrial Ca2* influx by specifically binding to
MICUL. This inhibitory effect was not seen in MICUL silenced or deleted cells (Di Marco et
al., 2020). In skeletal muscle fibers MCU-i4 and MCU-i11 reduced mitochondrial Ca*
uptake and impaired muscle growth (Di Marco et al., 2020). We are still in very early days
of identification and characterization of the MICUs modulators. Definitely, significant
efforts from multiple groups are required for addressing this highly relevant and outstanding
need.

The Essential MCU REgulator (EMRE) was identified using quantitative mass spectrometry
of affinity-purified uniporter complex along with MICU1, MICU2, MCU and MCUb
(Sancak et al., 2013). EMRE is an IMM localized protein with a single transmembrane
domain and conserved carboxy terminal acidic domain (Sancak et al., 2013). Please refer
Fig. 2 for diagrammatic illustration of domain architecture of MCU and other players
involved in mitochondrial Ca* dynamics. The shRNA based knockdown or TALEN
mediated knockout of EMRE in HEK-293 T cells resulted in impairment of mitochondrial
Ca?* uptake despite intact expression of the MCU protein and its oligomerization (Sancak et
al., 2013). The EMRE is essential for MCU interaction with MICU1 and MICU2, which is
critical for MCU channel activity (Sancak et al., 2013). In EMRE knockout cells,
overexpression of MCU failed to restore mitochondrial Ca2* uptake (Sancak et al., 2013).
The EMRE protein expression was decreased in MCU deficient cells with no effect on
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MRNA levels suggesting post-transcriptional destabilization and degradation of EMRE
(Sancak et al., 2013). EMRE regulates MCU channel activity by sensing mitochondrial
matrix Ca2* concentrations (Vais et al., 2016). Vais et a/. utilized protease protection assays
to demonstrate that the C terminus of EMRE is localized to matrix and acts as a sensor for
matrix Ca2* (Vais et al., 2016). The authors further proposed that the MCU activity is
regulated by both cytoplasmic CaZ* via MICU1/MICU?2 as well as by matrix CaZ* through
EMRE thereby protecting mitochondria from Ca?* depletion and Ca?* overload (Vais et al.,
2016). The deletion or charge neutralization of the acidic residues in EMRE C terminus
abolished Ca2* induced inhibition of MCU currents (Vais et al., 2016). In contrast to these
studies, using a yeast expression system (reconstituting the mammalian MCU complex in
yeast), Yamamoto et a/. revealed opposing topology of EMRE (Yamamoto et al., 2016). The
authors showed that the N-terminus of EMRE and not the C-terminus as reported earlier is
located in the mitochondrial matrix (Yamamoto et al., 2016). Similarly, Tsai et a/.
demonstrated that the EMRE N-terminus is located in the mitochondrial matrix while its C-
terminus is present in the intermembrane space (Tsai et al., 2016). The authors utilized
mass-tagging and MCU-EMRE fusion constructs for deriving the conclusions. They
reported that EMRE physically interacts with MCU via its N-terminus and binds to MICU1
through C terminus (Tsai et al., 2016). Thus, the authors proposed a dual function of EMRE
i.e. MCU activation and MICU1 regulation thereby protecting cells from mitochondrial Ca2*
overloaded and death (Tsai et al., 2016). Recently, same group reported a proteolytic
pathway that maintains stoichiometrically suitable levels of MCU and EMRE thereby
preventing dysfunctional assembly of uniporter subunits (Tsai et al., 2017). The authors
further demonstrated that mitochondrial mMAAA proteases AFG3L2 and SPG7 hydrolyze
and degrade unassembled or excessive EMRE (Tsai et al., 2017). The protease resistant
mutants of EMRE lead to induction of constitutive Ca2* leakage into mitochondria (Tsai et
al., 2017). Konig et al. studied interactome of mouse neuronal m-AAA proteases (IMM
protein), mutations of which are associated with neurodegeneration in spinocerebellar ataxia
(SCAZ28) and hereditary spastic paraplegia (HSP7) (Konig et al., 2016). The authors revealed
a complex that regulates assembly of the MCU complex via EMRE biogenesis and m-AAA
proteases that degrades non-assembled EMRE (Konig et al., 2016). The loss of the m-AAA
protease led to augmented constitutively active MCU-EMRE channels that too without
gatekeeping MICU subunits. This resulted in mitochondrial Ca?* overload, mitochondrial
permeability transition pore opening eventually causing neuronal death (Konig et al., 2016).
A recent study reported cryo-EM structure of the human MCU-EMRE complex (Wang et
al., 2019). Wang et al. reported that the juxta membrane loop of MCU and extended linker of
EMRE are critical for EMRE-dependent MCU gating and EMRE stabilizes the juxta
membrane loop of MCU (Wang et al., 2019). Further, the authors proposed dimerization of
two MCU-EMRE complexes at the N-terminal domain (NTD) of human MCU (Wang et al.,
2019). Another recent study reported cryo-EM structure of the intact human MCU-EMRE-
MICU1-MICU2 supercomplex (MEMMS, 3.3-3.7 A) (Zhuo et al., 2020). Zhuo et al
demonstrated that MCU forms hydrogen bonds with the N-terminal domain of EMRE.
Further, the authors showed interactions between MICU1 G105, F1g6 and EMRE Eg3z, E101
and no direct interactions of MICU1 with MCU indicating critical coupling function of
EMRE (Zhuo et al., 2020). The authors further proposed that EMRE may act as lever for
regulation of MCU matrix gate (Zhuo et al., 2020). Excitingly, the EMRE knockout mouse
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model was recently characterized (Liu et al., 2020). Liu et a/. reported that although EMRE
knockout mice are viable, they are smaller in size and are born less frequently. The authors
further validated that EMRE is indeed critical for MCU function /n vivo (Liu et al., 2020).

7 MCUR1

The Mitochondrial Ca2* Uniporter regulator 1 (MCURL) previously known as CCDC90A,
was identified through a RNAI screening (Mallilankaraman et al., 2012a). It is a membrane
protein essential for ruthenium red-sensitive MCU-mediated mitochondrial Ca2* uptake in
HEK293T, HelLa and primary human fibroblast cells (Mallilankaraman et al., 2012a).
MCURL is ubiquitously expressed across mammalian tissues and is localized to IMM
(Mallilankaraman et al., 2012a). Structurally, MCURL1 has two transmembrane domains and
both its N- and C- termini face the inter-membrane space (Mallilankaraman et al., 2012a).
The knockdown of MCUR1 had no effect on MCU localization and expression but led to
decrease in Ca%* uptake by energized mitochondria (Mallilankaraman et al., 2012a).
Mallilankaraman et a/. further demonstrated that MCURZ1 overexpression enhances
mitochondrial Ca2* uptake. However, this increased Ca2* influx was not observed upon
MCU knockdown suggesting that both MCU and MCURL are critical for efficient
mitochondrial CaZ* uptake (Mallilankaraman et al., 2012a). Moreover, MCURL silencing
led to disruption of oxidative phosphorylation and activation of AMP kinase-dependent pro-
survival autophagy (Mallilankaraman et al., 2012a). Interestingly, the exact molecular
mechanism by which MCUR1 regulates mitochondrial CaZ* uptake is still not clear and its
direct interaction with MCU is debatable. A rather contradictory study reported that MCUR1
is a cytochrome ¢ oxidase assembly factor instead of MCU regulator (Paupe et al., 2015).
Paupe et al. suggested that MCURL1 does not regulate MCU activity directly (Paupe et al.,
2015). The decrease in MCU activity upon MCURL1 knockdown is due to change in
mitochondrial membrane potential caused by defect in respiratory chain (Paupe et al., 2015).
Later, Vais ef al. employed patch clamp electrophysiology for directly measuring activity of
MCU by recording MCU-mediated Ca?* currents (Iycy) in mitoplasts isolated from wild-
type HEK293 cells and MCUR1 knockdown HEK cells (Vais et al., 2015). The authors
demonstrated significant decrease in ruthenium red-sensitive, inwardly rectifying, Ca?*
concentration-dependent Ca?* currents upon knockdown of MCURL. Further, the authors
rescued the decrease in MCU-mediated Ca2* currents by overexpressing ShRNA-insensitive
MCURL1 in MCURL stable knockdown cells (Vais et al., 2015). More recently, Madesh’s
group suggested that MCURL1 functions as a scaffold protein for the MCU complex and it
binds to conserved CC domains of both MCU and EMRE in COS-7 cells to form
heterooligomeric complex (Tomar et al., 2016). Tomar et a/. reported decrease in
mitochondrial Ca2* uptake and lycy current in MCUR1 deficient mouse cardiomyocytes
and endothelial cells (Tomar et al., 2016). The authors demonstrated that MCUR1 is
essential for MCU complex assembly and loss of MCURL leads to disruption of MCU
complex (Tomar et al., 2016). Interestingly, a recent report revealed that MCURL1 is a
regulator of Ca2* concentration required for induction of mitochondrial permeability
transition (MPT) (Chaudhuri et al., 2016). Further, silencing of MCURL in HeLa cells
resulted in increased Ca2* threshold for MPT activation thus inhibiting cell death associated
with mitochondrial Ca2* overload (Chaudhuri et al., 2016). The role of MCURL in human
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pathophysiology is emerging in nature. Recently, it was reported that MCURL1 expression is
increased in human hepatocellular carcinomas (HCC) (Ren et al., 2018). The upregulation of
MCUR1 in HCC results in enhanced MCU-mediated mitochondrial Ca2* uptake, increased
cell proliferation and inhibition of apoptosis (Ren et al., 2018). The same group further
reported that the higher MCUR1 expression is associated with HCC metastasis (Jin et al.,
2019). It was shown that MCUR21 promotes epithelial-mesenchymal transition, invasion and
metastasis of HCC cells (Jin et al., 2019). Certainly, more studies in different types of
cancers are required for better understanding of MCURL role in tumorigenesis.

Recently, Zulkifli et al. reported role of Saccharomyces cerevisiae homologs of MCUR1
(Put6 and Put7) in mitochondrial proline metabolism (Zulkifli et al., 2020). Further, the
authors demonstrated that Put6 and Put7 are localized to inner mitochondrial membrane and
form heterooligomeric complex. The authors showed that the loss of Put6 and Put7 leads to
perturbed mitochondrial proline uptake and cellular redox balance (Zulkifli et al., 2020).
While heterologous expression of human MCURZ1 rescued proline-specific growth defects in
putbl, pufll\, and- puteApufi A yeast cells (Zulkifli et al., 2020).

8 Pathophysiological relevance of MCU complex

The MCU complex plays an essential role in regulating several cellular functions including
mitochondrial Ca2* homeostasis, bioenergetics, autophagy, cytosolic Ca2* buffering,
secretory functions, cell survival, cell proliferation/migration and cell death among others
(Giorgi et al., 2018; Mammucari et al., 2018; Pathak and Trebak, 2018; Paupe and Prudent,
2018). The MCU plays an important role in glucose sensing by pancreatic  cells (Tarasov et
al., 2012). Literature advocates role of mitochondrial Ca2* in macrophage polarization (Gu
et al., 2017), embryonic development (Prudent et al., 2013) and inflammatory response
during cystic fibrosis (Rimessi et al., 2015). In aging human skeletal muscle, Rizzuto’s
group linked improved muscle function with exercise-induced increase in MCU expression
(Zampieri et al., 2016). There have been numerous studies demonstrating MCU’s role in
various pathophysiological conditions including ischemia, myocardial infarction, and
neurodegenerative disorders (Mammucari et al., 2018). By utilizing gene trap strategy Pan et
al. reported that MCU(/) mice present only a mild phenotype. The MCU"") mice were
slightly smaller in size as compared to wild type mice however organ weight was found
proportional to body weight (Pan et al., 2013). This observation was rather surprising as
MCU plays a critical role in the mitochondrial Ca2* influx. Pan et a/. reported that the
mitochondria isolated from heart of MCU(/) mice were not able to uptake CaZ* (Pan et al.,
2013). Further, the authors reported altered phosphorylation and activity of pyruvate
dehydrogenase enzyme in skeletal muscle of MCU(/) mice (Pan et al., 2013). Interestingly,
the authors observed a significant decrease but not complete absence of mitochondrial
matrix Ca2* in the skeletal muscle cells of MCU(/) mice. The Ca2* concentration in the
mitochondrial matrix of MCU"") mice was 25% of wild type littermate control mice. Pan
and colleagues suggested that although the MCU mediated rapid mitochondrial Ca2* influx
was absent in MCU() mice, other alternative mechanisms must exist for slower Ca2*
influx. Further, the authors implicated that this physiological adaptation might be assisting
MCU(") mice in survival. However, it is important to note that NCLX is essential for
cardiac function as conditional (cardiac specific) NCLX”- mice is lethal with more than 87%
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lethality within 2 weeks of birth (Luongo et al., 2017). Please refer the NCLX section for the
details.

Mammucari et al. reported that the MCU regulates skeletal muscle function and trophism /n
vivo (Mammucari et al., 2015). The authors further demonstrated that MCU overexpression
protects from denervation-induced atrophy (Mammucari et al., 2015). Holmstrém et al.
demonstrated impaired mitochondrial Ca%* signaling in mitochondria isolated from MCU(/)
mice without affecting basal cardiac function (Holmstrom et al., 2015). Another report
revealed that Ca2*/ calmodulin-dependent protein kinase Il (CaMKII) (activated in ischemia
reperfusion, myocardial infarction and neurohumoral injury) regulates MCU current (/ysc0)
and opening of mPTP (Joiner et al., 2012). This eventually causes myocardial death thus
implicating a critical role of MCU in heart failure (Joiner et al., 2012). The vital role of
MCU in cardiac physiology was further demonstrated by using transgenic mice expressing a
dominant negative form of MCU (Wau et al., 2015). These mice showed reduction in
myocardial ATP generation and inhibition of fight or flight induced increase in heart rate
(Wu et al., 2015). Independently, mice with cardiomyocyte-specific deletion of MCU
showed abrogation of acute mitochondrial Ca2* uptake without affecting basal
mitochondrial CaZ* levels (Kwong et al., 2015). The MCU deletion protected mice from
acute ischemia-reperfusion injury (Kwong et al., 2015). Moreover, cardiomyocyte-specific
expression of mutant MCU in adult mice leads to loss of mitochondrial Ca* uptake,
reduced heart rate during fight or flight responses (Luongo et al., 2015). This imparts
protection from ischemia-reperfusion mediated injury by reducing mPTP activation without
affecting basal cardiac function (Luongo et al., 2015). In case of diabetic mouse hearts, the
expression of MCU and EMRE is decreased but expression of MCUb is increased (Suarez et
al., 2018). This leads to decrease in mitochondrial Ca2* uptake thus affecting mitochondrial
energetics and cardiac function during diabetic conditions (Suarez et al., 2018). Taken
together, all these studies highlight a key role for MCU complex in cardiac physiology.

A recent study by Ghosh et a/. demonstrated critical role of MCU in pathogenesis of Barth
syndrome (rare genetic disorder) (Ghosh et al., 2020). Barth syndrome is characterized by
skeletal muscle weakness, neutropenia and cardiomyopathy (Garlid et al., 2020). This
disease is caused by mutations in Tafazzin (a transacylase required for acylating immature
cardiolipin to mature cardiolipin) (Garlid et al., 2020). Ghosh et a/. reported decrease in
MCU stability and function in murine Tafazzin KO cells and Barth’s syndrome patient-
derived B-lymphocytes and cardiac tissues (Ghosh et al., 2020). Therefore highlighting a
crucial role of MCU stability and activity via cardiolipin in human physiology (Ghosh et al.,
2020).The role of MCU complex in cancer biology is still emerging in nature. Early on,
Pinton’s group identified miR-25 (overexpressed in human colon cancer) as a cancer-related
MCU-targeting microRNA (Marchi et al., 2013). Marchi et al. reported decrease in MCU
expression and mitochondrial Ca?* uptake upon miR-25 overexpression thereby implicating
role of MCU in tumorigenesis (Marchi et al., 2013). A recent study reported role of MCU in
colorectal carcinogenesis via its crosstalk with receptor-interacting protein kinase 1 (RIPK1)
(Zeng et al., 2018). RIPK1 is up-regulated in human colorectal cancer, which in turn results
in increased mitochondrial Ca?* uptake and bioenergetics (Zeng et al., 2018). A report from
Mammucari’s group demonstrated role of MCU in triple-negative breast cancer (Tosatto et
al., 2016). The authors observed a decrease in ROS production, reduction in hypoxia-
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inducible factor-1a. (HIF-1a) expression and inhibition of breast cancer cell growth and
metastasis in MCU-silenced cells (Tosatto et al., 2016). Interestingly, Tang et a/. showed role
of MCU in store-operated Ca2* entry dependent cell migration in breast cancer (Tang et al.,
2015). In MDA-MB-231 breast cancer cell line both pharmacological inhibition (with
ruthenium Red) and siRNA mediated knockdown of MCU resulted in suppression of serum-
induced migration (Tang et al., 2015). For further details regarding physiological and
pathophysiological role of MCU complex please refer recent reviews on this topic (Arduino
and Perocchi, 2018; De Stefani et al., 2016; Mammucari et al., 2017, 2018, 2016; Pathak and
Trebak, 2018). Excitingly, Perocchi’s group identified mitoxantrone (an anti-cancer drug) as
a highly specific human MCU inhibitor (Arduino et al., 2017). Future studies aimed at
examining the effects of targeting MCU complex with mitoxantrone and other drugs (MICU
inhibitors discussed earlier) would open up the doors for therapeutic modulation of MCU
complex against a number of above discussed pathophysiological conditions.

Mitochondrial Na*/Ca2*/Li* exchanger (NCLX) proficiently mediates the exchange of
Ca?*/Na* and also the exchange of Li*/Ca%*. The action of NCLX was first reported in
mitochondria isolated from cardiac cells loaded with Ca2* (Carafoli et al., 1974). The fact
was based on the observation that when Na* was added to the solution containing isolated
mitochondria there was a sudden efflux of Ca2* from the mitochondria and in the absence of
Na* no Ca?* extrusion was detected (Carafoli et al., 1974). Moreover, Li* gave the similar
results (Carafoli et al., 1974). The activity of Na*/Ca2* exchange was later observed in the
mitochondria isolated from several tissue types including liver (Gunter et al., 1988;
Wingrove and Gunter, 1986), skeletal muscle, brain, parotid gland, adrenal cortex (Andrews
et al., 2005; Crompton et al., 1978). Sekler’s group was first to discover the NCLX gene
(Palty et al., 2004). Palty et al. cloned NCLX gene (earlier known as FLJ22233) from
HEK?293 cells and validated that NCLX is discrete from both Na*/ Ca2*/K* exchanger
(NCKX) and Na*/Ca?* exchanger (NCX) in its capacity to catalyze Li*/Ca?* exchange
(Palty et al., 2004). The NCLX is highly specific for Ca* and doesn’t catalyze either Ba2*
or Zn?* transport (Palty et al., 2004). Later on, the same group demonstrated that
overexpression of NCLX increases the mitochondrial Ca2* extrusion function while its
silencing reduces this function (Palty et al., 2010). The authors also showed that NCLX is
endogenously expressed on the mitochondrial cristae (Palty et al., 2010). The NCLX shares
structural similarity with the Na*/Ca2* exchangers (NCXs) that are members of Ca2*/cation
antiporter (CaCA) gene family (Blaustein and Lederer, 1999; Khananshvili, 1991). It
consists of two transmembrane domains known as a1 and a2 containing ion binding and ion
exchange sites (Blaustein and Lederer, 1999; Khananshvili, 1991). Recently, Roy et al. used
molecular modeling and fluorescence analysis approach to prove that a1l and a2 domains of
NCLX play an important role in regulating cation selectivity (Roy et al., 2017). The authors
further identified the distinctive residues critical for Li* versus Na* dependent Ca?* efflux.
Thereby, highlighting their functional significance under varying ionic concentration and
mitochondrial membrane potential (Roy et al., 2017).

The NCLX influxes 3Na* into mitochondria for extrusion of 1 Ca2* out of mitochondria.
Studies in primary astrocytes demonstrated that rise in cytosolic Na* induced by glutamate
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is followed by activation of the mitochondrial Na*/Ca2* exchanger, which in turn results in
increased Na* influx into the mitochondria (Bernardinelli et al., 2006). Parnis et al.
corroborated NCLX’s critical role in mitochondrial Ca2* efflux (Parnis et al., 2013). The
silencing of NCLX dysregulated cytosolic Ca2* levels in astrocytes because of perturbations
in the Ca2* entry through SOC pathway (Parnis et al., 2013). The authors further
demonstrated that the coupling of CaZ* influx via SOCE and mitochondria CaZ* uptake is
much robust than the ER Ca2" release induced mitochondrial Ca2* transients (Parnis et al.,
2013). This data suggested that at least in astrocytes there is stronger functional crosstalk
between SOCE and mitochondrial Ca2* dynamics in comparison to Ca2* release from ER
(Parnis et al., 2013). However, in non-excitable cells it is demonstrated that in response to
IP3, microdomains of high intracellular Ca2* concentration are achieved at ER-Mitochondria
contact sites. Riz-zuto ef a/. used mitochondria targeted recombinant aquorin to demonstrate
that these microdomains were transiently generated and were sensed by mitochondria
(Rizzuto et al., 1993). Therefore, it is suggested that in non-excitable cells the major route of
mitochondrial Ca2* influx is via Ca2* microdomains established at ER-Mitochondria contact
sites. An important factor that regulates source of Ca2* (plasma membrane influx or ER
release), which is taken up by mitochondria is the precise localization of these organelles
within the cells. The organelle localization would in turn affect their relative positioning
which is a critical factor regulating the mitochondrial CaZ* uptake. For more details on the
role of ER Ca?* release in regulating mitochondrial Ca2* influx, please refer to this relevant
review (Garcia-Sancho, 2014).

Interestingly, Sekler and Trebak groups recently delineated the molecular basis of the
crosstalk between SOCE and NCLX mediated mitochondrial Ca2* extrusion (Ben-Kasus
Nissim et al., 2017). Nissim et a/. demonstrated that exclusion of extracellular Na* decreases
cytosolic Na* that in turn hinders NCLX function and inhibits Orail mediated SOCE (Ben-
Kasus Nissim et al., 2017). Furthermore, the authors showed that silencing of NCLX neither
affects the expression nor the interaction of STIM1 and Orail (Ben-Kasus Nissim et al.,
2017). It was rather the ROS sensitivity of Orail, which was modulated by NCLX
functioning (Ben-Kasus Nissim et al., 2017).

The experiments performed on guinea pig myocytes for detecting the mitochondrial Ca2*
concentration showed that increased cytosolic Na* levels activate NCLX that in turn
depletes mitochondrial Ca?* (Maack et al., 2006). Further, this leads to reduction in
metabolic rate of mitochondria and decrease in ATP generation during cardiac ischemia
(Maack et al., 2006). Moreover, the knockdown of NCLX causes substantial delay in
glucose-dependent insulin secretion (Nita et al., 2012). The studies conducted on
Parkinson’s disease have shown that the extrusion of mitochondrial Ca2* via NCLX
expression was neuro-protective. It was found that the MCU and MICU1 were
transcriptionally up-regulated upon expression of mutant LRRK2 in primary mouse cortical
neurons (Verma et al., 2017). Importantly, the knockdown of MCU and overexpression of
NCLX were shown to be neuroprotective (Verma et al., 2017). The neuroprotective activity
of NCLX was also observed in PTEN-Induced kinase 1(PINK1) deficient neurons, which
are used as cellular model for Parkinson’s disease (Kostic et al., 2018). Purroy et al. used
cellular models of Friedreich ataxia (neonatal rat cardiomyocytes and dorsal root ganglia
neurons deficient in frataxin) and observed decrease in the NCLX expression (Purroy et al.,
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2018). Further, the studies using brain ischemia model have shown that the intra-axonal
Ca?* expulsion during ischemia mainly depends on Na* inflow hence downregulation of
NCLX plays a preventive role during such injuries (Nikolaeva et al., 2005). Recently,
Luongo et al. have shown that tamoxifen-induced deletion of NCLX gene in adult mouse
heart results in sudden death (Luongo et al., 2017). The lethality was associated with an
extreme damage of myocardial tissue, resulting in cardiac failure. The mechanism behind
the heart pathology is CaZ* overload in mitochondria (Luongo et al., 2017). This leads to
ROS generation and necrotic cell death, which was rescued by suppression of mPTP
(Luongo et al., 2017). Conversely, overexpression of NCLX in mouse cardiac tissue by
conditional transgenesis reduced ischemia-induced cardiac damage (Luongo et al., 2017).
Recently, Trebak lab reported a dichotomous role of NCLX in colorectal cancer progression
and metastasis (Pathak et al., 2020). Pathak et a/. demonstrated that NCLX downregulation
arrests tumor growth in xenografts and spontaneous colon cancer models by regulating cell-
cycle progression. However, NCLX silencing led to an increase in metastatic potential of
colon cancer cells through HIF1a signaling (Pathak et al., 2020). Taken together, these
studies elegantly demonstrate a key role for NCLX in regulating pathophysiological
conditions associated with perturbations in mitochondrial Ca?* dynamics.

10 Letml

Letm1 is shorthand for Leucine zipper EF hand-containing trans-membranel. Letm1 is
evolutionary conserved among eukaryotes and codes for mitochondrial inner membrane
protein (Dimmer et al., 2008; Hasegawa and van der Bliek, 2007; Tamai et al., 2008). Letm2
is a paralog of Letm1, which is expressed in mammals, plants and yeast (Frazier et al., 2006;
Tamai et al., 2008; Zhang et al., 2012). Endele et a/identified Letm1 as a gene frequently
deleted in Wolf-Hirschhorn syndrome (WHS) patients (Endele et al., 1999). Letm1 encodes
an 83.4 kDa Ca2* binding protein, containing two transmembrane domains, a leucine zipper
domain and two EF hand motifs (Austin and Nowikovsky, 2019; Endele et al., 1999; Lee et
al., 2017; Li et al., 2019). The initial report on role of Letm1 in regulating mitochondrial
Ca?* dynamics came from Clapham’s group (Jiang et al., 2009). Jiang et a/. performed
genome wide RNA interference screen for identifying genes responsible for the regulation of
mitochondrial Ca2* and H* concentrations (Jiang et al., 2009). This screen in drosophila
cells narrowed down to a mammalian homolog of Letm1, which regulates Ca2*/H* exchange
(Jiang et al., 2009). Further corroborating experiments like liposome reconstitution and
overexpression of Letm1 exhibited that it is a mitochondrial Ca2*/H* exchanger (Jiang et al.,
2009). In subsequent studies Jiang et al. performed Letm21 knockdown in HEK293 cells and
confirmed that Letm1 mediates CaZ* influx into mitochondria at low mitochondrial Ca%*
levels (Jiang et al., 2013). They further generated Letm1 lacking mice and demonstrated
lethality in homozygous and half of heterozygous knockout mice (Jiang et al., 2013). The
surviving mice showed reduction in mitochondrial Ca2* uptake at low cytosolic Ca2*
concentrations. Moreover, in Wolf-Hirschhorn syndrome (WHS) patients ATP generation
was hindered and glucose metabolism was dysregulated due to loss of Letm1 function (Jiang
et al., 2013). Nowikovsky et a/. performed theoretical analysis on the direction of Ca2* flux
via mitochondrial membrane in energized mitochondria with different Ca2*/H*
stoichiometry (Nowikovsky et al., 2012). The authors proposed that Ca2* extrudes
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mitochondria with 2H*: 1Ca2*/3H*: 1Ca2* stoichiometry and enters mitochondria with 1H*:
1Ca2* under physiological respiration conditions (Nowikovsky et al., 2012).

Interestingly, Clapham’s group has demonstrated role of Letm1 in mediating mitochondrial
Ca?* influx (Jiang et al., 2009; Tsai et al., 2014) while other groups in regulating
mitochondrial CaZ* extrusion (Austin et al., 2017; Shao et al., 2016). However, its role
remains controversial (Austin and Nowikovsky, 2019; De Marchi et al., 2014). Importantly,
Madesh’s group demonstrated role of Letm1 in both Ca2* influx and efflux from
mitochondria (Doonan et al., 2014). Doonan et a/. reported that Letm1 silencing decreases
mitochondrial Ca2* influx without affecting expression and function of MCU (Doonan et al.,
2014). Recently, Austin et al. reported that Letm1 silencing perturbs H* mediated Na* and K
* homeostasis which leads to K* accumulation in the mitochondrial matrix (Austin et al.,
2017). Further, Letm1 silencing resulted in specific reduction in Na*/Ca2* exchange via
NCLX (Austin et al., 2017). Therefore, the effects on mitochondrial CaZ* efflux upon
manipulation of Letm1 could be in part explained through its control over NCLX
functioning (Austin et al., 2017).

Tamai et al. demonstrated importance of Letm1 in maintenance of tubular network of
mitochondria and assembly of respiratory chain super complexes (Tamai et al., 2008). The
Letm1 knockdown in HelLa cells led to decrease in number of cristae structures and induced
mitochondrial swelling. Further, Letm1 silencing resulted in dismantling of complexes I, 11l
and IV of respiratory chain (Tamai et al., 2008). Moreover, downregulation of BCS1L also
resulted in insufficiency in the development of respiratory complexes I, 11l and 1V (same as
in the Letm1 knockdown), proposing that Letm1 and BCS1L coordinate in the biogenesis of
respiratory chain complexes (Tamai et al., 2008). Similarly, Hasegawa et a/. reported that the
Letm1 silencing in human cells and in C. elegans causes mitochondrial swellings along the
long edges (Hasegawa and van der Bliek, 2007). On the other hand, over expression of
Letm1 resulted in swelling of cristae due to increased electron density of mitochondrial
matrix (Hasegawa and van der Bliek, 2007). This study clearly demonstrates an essential
role for Letm1 in regulating mitochondrial matrix volume (Hasegawa and van der Bliek,
2007). Recently, Nakamura et al. corroborated role of Letm1 in regulating mitochondrial
shape (Nakamura et al., 2020). Letm1 altered the shape of /in vitro reconstituted
proteoliposomes leading to development of invaginations on artificial liposomes (Nakamura
et al., 2020). However, mutant Letm1 failed to do so thereby implicating a key role for
Letm1 in the organization of mitochondrial membrane morphology (Nakamura et al., 2020).

The role of Letm1 in maintaining osmotic balance, mitochondrial morphology, metabolism
and dynamics is well established and these functions in part could be due to its role in
maintaining mitochondrial ionic (K*, Na* and Ca2*) homeostasis (Austin and Nowikovsky,
2019; Hashimi et al., 2013). Further, Letm1 was recently shown to couple mitochondrial
translation to metabolic changes and cell survival in WHS derived fibroblasts (Durigon et
al., 2018). Piao et al. demonstrated that overexpression of Letm1 decreases mitochondrial
biogenesis and ATP synthesis thereby inducing cell death by necrosis (Piao et al., 2009).
Moreover, the authors performed immuno-histochemical studies on human cancer tissues
and found that Letm1 expression was higher in cancerous tissues in comparison to healthy
tissues (Piao et al., 2009). Recently, overexpression of Letm1 was reported in esophageal
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squamous cell carcinoma (Yang et al., 2018). Further, Huang et a/. showed that Letm1
silencing in bladder cancer cells (J82, EJ, T24 and 5637) inhibits their proliferation and
invasion (Huang et al., 2017). Collectively, these studies point towards an evolving role of
Letm1 in cancer progression. However, more studies are needed for clearly establishing its
role in cancer biology and other diseases.

11 Concluding remarks and future perspectives

Although significance of mitochondrial Ca?* dynamics and the electrophysiological
characterization of the proteins involved in this process started emerging almost 50 years
ago, the molecular identity of the key regulators of mitochondrial Ca2* mobilization only
started to evolve in last decade. Since identification of crucial players controlling
mitochondrial Ca2* influx and extrusion, this field has attained significant attention from the
scientific community. This has led to several exciting discoveries in last few years. However,
there are many more outstanding questions that need to be addressed in future for better
understanding and possible targeting of these players in managing human pathophysiology.
The emerging literature suggest that the perturbations in the expression and activity of MCU
complex is associated with cardiovascular disorders, neuronal abnormalities and cancers.
But the signaling cascades and molecular choreography that precisely regulate expression of
these proteins in diverse disease conditions remain largely unexplored. Similarly, the role of
post-translational modifications in modulating the activity of the mitochondrial Ca2*
handling toolkit under resting conditions and their alterations during pathophysiology is
poorly understood. Further, so far the focus of the field has been on understanding the role
of these proteins in mitochondrial physiology. In future, it would be interesting to examine if
these players have any extra-mitochondrial function. Although most of these proteins have a
mitochondrial targeting signal peptide, their extra-mitochondrial functions can’ t be
completely ruled out. The association of mutations in mitochondrial Ca2* handling toolkit
with human diseases is emergent in nature and to this point only mutations in MICU1 and
Letm1 are reported in human patients. Going forward, it would be fascinating to see if
mutations in other components of MCU complex are associated with human diseases. The
answers to above highlighted questions would certainly assist in better understanding of the
mitochondrial Ca2* dynamics and associated pathophysiological states. This knowledge
would further augment the ongoing efforts on designing and characterization of small
molecules for disease specific targeting of the mitochondrial Ca?* handling machinery.
Moreover, it would motivate both academia and pharma giants to investigate the possibilities
of repurposing of FDA approved drugs for calibrating mitochondrial Ca?* dynamics and
thereby managing associated human disorders.
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Inner Mitochondrial Membrane

Inter Membrane Space
Inositol-1,4,5-triphosphate Receptor
Leucine zipper EF-hand containing TransMembrane 1
Mitochondrial Associated Membranes
Mitochondrial Calcium Uniporter

MCU Regulatory subunit b
Mitochondrial Ca?* Regulator 1
Mitochondrial Ca?* Uptake protein 1
mitochondrial Permeability Transition Pore
mitochondrial Reactive Oxygen Species
Na*/Ca2*/Li* Exchanger
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RIPK1 Receptor Interacting Protein Kinase 1
Ru360 Ruthenium 360
SERCA Sarco/Endoplasmic Reticulum Ca2* ATPase
ShRNA Short Hairpin RNA
SIRNA Small Interfering RNA
SOCE Store Operated Calcium Entry
STIM1 Stromal Interaction Molecule 1
TCA Tricarboxylic Acid Cycle
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Fig. 1.

In?racellular Ca?* handling machinery. Ligand binding to G protein-coupled receptors
(GPCR) leads to phospholipase C (PLC) activation that further produces second messenger
inositol-1,4,5 trisphosphate (1P3) which binds to its receptor, the IP3R, resulting in release of
Ca?* from ER to the cytosol. This depletion of ER Ca2" stores activate canonical store-
operated Ca?* entry (SOCE) via plasma membrane localized Orai channels thus resulting in
refilling of ER Ca?" stores by sarcoplasmic/endoplasmic reticulum ATPase (SERCA) pumps
or Ca2* can be taken up by other organelles such as mitochondria. In Ca2* enriched
mitochondrial associated membranes (MAMs), Ca2* released from IP3R crosses the OMM
through VDACSs and enters the intermembrane space (IMS), which is finally transported to
mitochondrial matrix via MCU complex. While mitochondrial matrix Ca?* is extruded via
the Na*/Ca?* exchange (NCLX) and Letmi.
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Fig. 2. Domain architecture of key molecular playersinvolved in regulating mitochondrial ca?*
dynamics.

(A-F): Linear overview of MCU, MCUb, EMRE and MICU1/2/3 showing the predicted
domain structural components for each protein (Kamer and Mootha, 2015). (G): Linear
overview of LETML1 structure, showing the specific sites and domains (Li et al., 2019). (H):
Cartoon representing predicted domain architecture of NCLX protein (He and O’Halloran,
2014). Here, MTS stands for Mitochondrial targeting signal; CC stands for Coiled-coil
domain; TM stands for transmembrane domain; DIME means conserved DIME motif; CAD
stands for Carboxy-terminal acidic domain; EF means EF-hand domain; brown circles mean
Ca?* binding sites.
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A

Fig. 3. MCU complex composition and itsregulation by ca?t.
A) The Uniporter complex consists of pore-forming subunit-MCU along with regulatory

proteins-MICU1/2/3 and EMRE. At low mitochondrial intermembrane space (IMS) Ca2*
concentration, MICU1-MICU2 heterodimer inhibits MCU activity by virtue of inhibitory
effect of MICU2. B) At high IMS Ca2* concentration, Ca2*-dependent conformational
change in MICU1-MICU2 dimer releases MICU2 dependent inhibition and MICU1 act as a
positive regulator of MCU channel activity to cause Ca?* uptake into the mitochondrial
matrix. EMRE tether and stabilize MICU1/MICU?2 to the MCU complex.
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