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Abstract

Calcium is of critical importance to mitochondrial and cell function, and calcium signaling is 

highly localized in the cell. When stimulated, mitochondria are capable of rapidly taking up 

calcium, affecting both matrix energetics within mitochondria and shaping the amplitude and 

frequency of cytosolic calcium “waves”. During pathological conditions a large increase in 

mitochondrial calcium levels is thought to activate the mitochondrial permeability transition pore, 

resulting in cell death. The protein responsible for mitochondrial calcium uptake, the 

mitochondrial calcium uniporter (MCU), was identified in 2011 and its molecular elucidation has 

stimulated and invigorated research in this area. MCU knockout mice have been created, a variety 

of other regulators have been identified, and a disease phenotype in humans has been attributed to 

the loss of a uniporter regulator. In the three years since its molecular elucidation, further research 

into the MCU has revealed a complex uniporter, and raised many questions about its physiologic 

and pathologic cell roles.

1. Mitochondria and Calcium Uptake-a History

The clinical significance of calcium has been appreciated for centuries, since Ringer first 

discovered in 1883 that the addition of the divalent ion could trigger contractions in cardiac 

myocytes [1]. Mitochondrial calcium uptake was first measured over 50 years ago, when 

studies in the 1960s showed that mitochondria were capable of rapidly taking up calcium 

[2,3]. When this occurred mitochondrial matrix concentrations of total calcium could rise by 

factors of 10 or more [2,4,5]. The ability of isolated mitochondria to accumulate calcium led 

to suggestions in the late 1970's that mitochondria might contribute to the regulation of 

cytosolic calcium. David Nicholls showed that because of the relative kinetics of 

mitochondrial uptake by the uniporter and release by the Na-H (or Na-Ca) exchanger that 

mitochondria could regulate extra-mitochondrial calcium to a “set point”: if extra-

mitochondrial calcium was raised above the set point the mitochondria would accumulate 

calcium, but if extra-mitochondrial calcium was reduced below the set point, mitochondria 

would release calcium via the efflux pathway [6]. This concept that mitochondria regulate 

cytosolic calcium was challenged by studies in giant squid axon in which the cytosol could 
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be loaded with calcium sensitive dyes such as arsenazo. These studies suggested that, under 

physiological conditions, cytosolic calcium did not rise to levels sufficient to support 

mitochondrial calcium uptake; others suggested that the role of mitochondrial calcium 

uptake was not to regulate cytosolic calcium, but rather to regulate mitochondrial matrix 

calcium and the activity of calcium sensitive mitochondrial dehydrogenases [7,8].

In the 1980s, the role of intracellular organelles in regulating cell calcium homeostasis 

turned away from the mitochondria and towards other organelles [9–11]. One reason for this 

was that baseline levels of mitochondrial calcium were found to be relatively low, and 

generally comparable to that of the cytosol (∼ 100 nM), suggesting that mitochondria do not 

serve as reservoirs for large amounts of calcium, at least at baseline cell conditions [8,12–

16]. Even with agonist stimulation or at peak contractility bulk cytosolic calcium only rose 

to ∼1μM, and only very transiently [12,17].

Although it was well established that the sarcoplasmic reticulum was the intracellular 

organelle involved in calcium release and reuptake during calcium transients, the 

intracellular source of agonist-induced calcium release was unknown, and mitochondria 

were considered a possible source. In the 1980s, several groups found that agonists that led 

to the generation of inositol 1,4,5 triphosphate (IP3), caused calcium release from the 

endoplasmic reticulum [10,11]. Other research showed that the endoplasmic reticulum had a 

much higher affinity for calcium than the mitochondria [18]. It was general agreed that 

mitochondria did not have a major role in regulating cytosolic calcium homeostasis and that 

mitochondria only accumulated calcium under pathological cell death conditions associated 

with a massive increase in cytosolic calcium [19]. Accordingly, research turned to focus 

largely on the endoplasmic reticulum's role in cellular calcium handling.

Attention shifts back towards mitochondria

Attention returned to the mitochondria as a major player in cellular calcium in the 1990s, 

when the development of highly specific probes made it possible to demonstrate 

microdomains of high calcium near the mitochondria [20–22]. When channels on 

sarcoplasmic/endoplasmic reticulum (SR/ER) or plasma membrane opened, there was a 

sudden, local increase of calcium five to ten times the general cytosolic calcium 

concentration. Mitochondria near these microdomains of high calcium concentration were 

able to rapidly take up calcium. Therefore high levels of cytosolic calcium, sufficient to 

activate MCU did exist, in small focused areas often in close proximity to mitochondria, 

which were then able to accumulate calcium [23].

The concept emerged that calcium release from SR/ER exposed mitochondria to a much 

higher calcium concentration that what is typically present in the cytosol [24,25]. This 

picture also helped to reconcile the fact that mitochondrial calcium was essential for aerobic 

metabolism with its roles in propagating cell death: while an accumulation of calcium could 

cause cell death, a rapid and transient rise in calcium, the kind initiated by the brief 

appearance of these microdomains of high cytosolic calcium, could exist physiologically 

[24].
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Mitochondria also appear to be docked to the ER/SR at designated signaling sites, ensuring 

their proximity and their ability to utilize these small, locally potent releases of calcium [26]. 

It was shown that the if the tethers between the ER/SR and mitochondria were tightened, 

mitochondria became more prone to calcium overload, mPTP opening and subsequent cell 

death, presumably because of their increased exposure to microdomains of high cytosolic 

calcium (see section 2b) [23,27].

2. (Patho)physiological roles of mitochondrial calcium

Balanced calcium uptake by the mitochondria is essential: at appropriate levels, it can 

stimulate important metabolic processes such as activation of mitochondrial 

dehydrogenases, but higher mitochondrial calcium can be detrimental for a cell, initiating 

cell death pathways such as apoptosis and necrosis. Mechanisms for altering mitochondrial 

calcium levels, and maintaining homeostasis, are therefore essential for both aerobic 

metabolism and cell survival [4].

a) Metabolism

Mitochondria are classically referred to as the powerhouse of the cell: provided with oxygen 

and reducing equivalents, respiring mitochondria are able to produce ATP and maintain a 

membrane potential. Three mitochondrial matrix dehydrogenases essential for ATP 

production are activated by calcium: pyruvate dehydrogenase, alpha-ketoglutarate, and 

isocitrate-dehydrogenase [28]. The stimulation of these dehydrogenases by calcium 

increases NADH availability, and therefore the flow of elections down the respiratory chain: 

mitochondrial calcium increases mitochondrial ATP production [29]. Calcium is also known 

to activate several complexes of electron transport [30,31].

b) Cell Death

Mitochondria are capable of rapidly taking up calcium, but at very high levels, their ability 

to buffer that calcium can be overwhelmed. When this occurs, pathological calcium 

concentrations are reached, and a large conductance channel known as the mitochondrial 

permeability transition pore (mPTP) opens in the inner mitochondrial membrane [32–34] 

First formally described by Haworth and Hunter in 1976, this pore has since been implicated 

in a multitude of cell death pathways, including cardiac and neuronal cell death, 

hepatotoxicity, and nervous and muscular dystrophies [35] this pore has since been 

implicated in a multitude of cell death pathways, including cardiac and neuronal cell death, 

hepatotoxicity, and nervous and muscular dystrophies. The process appears to begin with an 

oxidative stress and/or ATP depletion, which is followed by mitochondrial calcium loading 

to pathologically high levels, inducing the mPTP to open [36]. When the mPTP opens there 

follows a collapse of the mitochondrial membrane potential and a subsequent bioenergetic 

crisis. MPT-dependent mitochondrial swelling occurs, and cell death rapidly ensues [37]. 

Opening of the mPTP appears to play a fundamental role in reperfusion injury in the heart 

[32–34,38]. The low pH during ischemia is known to inhibit the mPTP, but as cytosolic pH 

is restored on reperfusion the mPTP opens [38]. In both I/R injury and other forms of mPTP 

induced cell death such as neuronal glutamate toxicity, blocking of either the mPTP or the 
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reduction of mitochondrial calcium uptake appears to be protective, suggesting that 

mitochondrial calcium uptake may be a potential site for therapeutic intervention [39,40].

3. MCU Identified

Although it had been clear for decades that mitochondrial calcium levels were involved in 

the regulation of processes ranging from aerobic metabolism to cell death, the actual protein 

responsible for calcium uptake into the mitochondria had not been identified. Because the 

outer membrane of the mitochondria has channels such as the voltage dependent anion 

channel (VDAC) that render it freely permeable to calcium, the MCU was proposed to be on 

the inner membrane of the mitochondria, but its molecular identity was unknown. Evidence 

suggested that the MCU would be i.) highly selective ii.) sensitive to ruthenium red (RuR) 

and iii.) have low affinity for the cation [41,42]. The driving force for calcium uptake by the 

MCU was established to be the steep negative membrane potential established by the 

respiratory chain [43]. Furthermore, measurements in mitoplasts had shown that the MCU 

was a calcium-specific ion channel [44].

Despite the well-described nature of the MCU, it took 5 decades to elucidate the molecular 

structure of this putative membrane channel. In 2010 Mootha's group identified 

Mitochondrial Calcium Uptake 1 (MICU1), a mitochondrial protein that bound calcium by 

examining MitoCarta. They identified a 54 kDa protein that they named MICU1, that, when 

silenced, abrogated mitochondrial calcium uptake. They correctly hypothesized that this 

protein was more likely to be a regulator than the core component of the uniporter, because 

it had maximally only one predicted transmembrane domain, while a pore would need at 

least two. It did however have two EF hands that could bind calcium, making it potentially 

capable of regulating a partner channel [45,46].

With an associated protein identified, the path to pursue the putative uniporter became 

somewhat more straightforward, and two groups simultaneously identified MCU over the 

next year, using the MitoCarta database. Both groups identified CCDC109A, now called 

MCU, as a universally expressed protein, present in mitochondria, with two transmembrane 

domains that oligomerizes to form a larger complex [46,47].

In 2010, Mootha's group examined RNA and protein expression profiles to identify proteins 

that were co-expressed in proportion to MICU1 [46]. They discovered a protein that was not 

similar in sequence with MICU1, but whose expression varied proportionately with MICU1: 

they were co-expressed or co-absent in 495 of 500 organisms. Rizzuto's group searched the 

MitoCarta database for a protein expressed in most organisms, but specifically 

Trpanosomatida, which was known to have RuR-sensitive calcium uptake, but not present in 

S. cerevisiae, which was known to lack RuR-sensitive mitochondrial uptake. They further 

limited their search to proteins that had the two transmembrane domains necessary to be an 

ion channel [47]. Both groups found that CCDC109A fit their criteria. They both further 

showed, in a variety of cell types, that MCU over and under-expression led to the expected 

changes in mitochondrial calcium uptake. With the addition of histamine, an inositol 1,4,5-

triphosphate-generating agonist that causes calcium release from the endoplasmic reticulum, 

MCU overexpression doubled calcium concentrations in the mitochondrial matrix. In these 
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cells, mitochondria took calcium up more quickly and reached a higher concentration of 

calcium. Furthermore, these cells were more sensitized to apoptotic stimuli, consistent with 

previous hypothesis that the MCU was highly participatory in cell death pathways [47].

Both groups also found that silencing the MCU with siRNA abrogated mitochondrial 

calcium uptake proportional to the decrease in MCU mRNA, with no effect on 

mitochondrial respiration, membrane potential, or basic morphology [46]. Interestingly, 

Mootha's group found that when they silenced MCU in mice, their liver cells were 

physiologically intact and still capable of undergoing normal respiratory state changes, 

despite being unable to take up calcium into the mitochondria [46,47].

a) Topology

MCU has two transmembrane domains, and is localized to the inner membrane. Though 

there was originally some dissent on the orientation of the N and C-termini of the MCU, the 

development and use of ascorbate peroxidase, or APEX, which functions as an electron 

microscopy tag, identified the mitochondrial matrix as the site of both the N and C-termini 

[48]. MCU appears to oligomerize within mitochondrial inner membrane as part of a larger 

molecular weight complex, consistent with the presence of MICU1 and MICU2, its major 

regulators. MICU2 appears to associate with MCU via MICU1, though whether MICU1 is 

directly bound to MCU or attached via another regulatory protein known as Essential MCU 

Regulators (EMRE, see section 3b, iii) remains unknown in metazoans, as does the exact 

orientation of EMRE [49]. A short stretch of amino acids facing the intermembrane space 

appear critical for calcium transport: ruthenium red and the related compound Ru360 are 

known potent inhibitors of the MCU, but mutations in residues in this stretch of amino acids 

and in the intermembrane carboxy terminus both conferred a marked resistance to both 

calcium uptake and the inhibitory effect of Ru360, strongly suggesting that this is the pore-

forming unit of the uniporter [46].

b) Regulators

Following the identification of MCU, several other regulators and a dominant-negative 

paralog of MCU have been identified. This has lead to the understanding that MCU exist as 

a multiprotein complex and that these regulators modulate MCU activity. Though their exact 

stoichiometry, role and interaction within the uniporter are still under investigation, what has 

become clear is that this is a complex ion channel. Furthermore, it appears that the relative 

ratios of these regulators, as well as the ratio MCU to its paralog, may vary from tissue to 

tissue in proportion to levels of mitochondrial calcium uptake. This exacting level of 

regulation is consistent with the important and complex role that mitochondrial calcium, and 

the MCU play in cell physiology [50].

i) MCUb—MCUb is a 33 kDa protein that looks very similar to the MCU in structure and 

orientation but that acts as a dominant-negative paralog of the MCU due to substitutions in 

the previously discussed loop region of the channel. This channel does not allow the 

movement of calcium ions across the inner mitochondrial membranes, but instead appears to 

reduce the movement of calcium into the mitochondria when it oligomerizes with the MCU. 

Perhaps most intriguingly, the ratio of MCU and MCUb mRNA expression varies from 40:1 

Harrington and Murphy Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



to 3:1 across different tissue types, suggesting a mechanism to differentially regulate 

mitochondrial calcium uptake in different tissues. Cardiomyocytes, for instance, take up 

dramatically less calcium into their mitochondria, and have a much lower ratio (3:1) of 

MCU: MCUb than skeletal muscle, which has been observed to take up 28 times more 

calcium, and which has an MCU:MCUb at a 40:1 ratio [51].

ii) MICU1 and MICU2—With the MCU and one of its regulatory units MICU1 identified, 

research began to identify the capacities in which MICU1 regulated MCU. Results were 

almost immediately confusing: Overexpression of MICU1 clearly led to higher levels of 

mitochondrial calcium, especially at higher levels of cytosolic calcium, but silencing of 

MICU1 also unexpectedly led to higher levels of mitochondrial calcium, even at basal 

cytosolic calcium levels. This led to the understandable, but ultimately incorrect assessment 

that MICU1 had different roles at different calcium concentrations [45,52,53].

In 2014, the picture was greatly clarified by the discovery of a 45-kDa homolog of MICU1 

called MICU2. Both proteins are exclusively found in the mitochondrial membrane, and 

have EF hands, but appear to play very different roles. MICU1 appears to primarily act to 

respond to high cytosolic calcium levels by stimulating MCU to uptake calcium, whereas 

MICU2 appears to inhibit the function of the MCU at lower cytosolic calcium levels. When 

MICU2 was specifically silenced, there was an increase in mitochondrial calcium levels. 

When MICU2 was overexpressed, there was also a small, though statistically significant, 

decrease in mitochondrial calcium concentration. MICU2 therefore effectively sets a 

threshold for MCU function and for the calcium concentration of the mitochondria thereby 

preventing calcium overload. It now appeared MICU1 and MICU2 work in balanced 

opposition to finely tune mitochondrial calcium intake [52]. This model also explains the 

sigmoidal response of the mitochondria, and the MCU, to calcium: at lower concentrations, 

cytosolic calcium fluctuations may go largely ignored by the MCU—but at higher 

concentrations, there can be a large and immediate uptake of calcium into the mitochondria 

via the MCU.

Furthermore, research found that while MICU1 is capable of homodimerizing, that MICU2 

necessarily heterodimerizes with MICU1 via a disulfide bond: MICU2 appears to associate 

with the MCU via the MICU1. The MICU2 protein physically connects to the MICU1, 

which then binds to the MCU, and so a cell with silenced or absent MICU1 has similarly 

compromised levels functional MICU2 protein (though not mRNA). This explained some of 

the confusing results initially found by labs, specifically that cells without or with less 

MICU1 actually had higher levels of calcium within their mitochondrial matrices. It was 

now obvious that without MICU1 to stabilize it, MICU2 levels were also reduced, and the 

MCU lost not only its stimulatory regulator (MICU1) but also by extension its inhibitory 

regulator (MICU2). The loss of MICU2 then contributed to the higher observed baseline 

mitochondrial calcium levels [52,54].

Mootha's group did find that MICU2 had some ability to stabilize or potentially act as a 

MICU1 paralog: when MICU2 was administered to MICU1 silenced cells, MICU1 levels 

were restored to half of wild-type levels, suggesting that there was further complexity to the 

interaction of MICU1 with MICU2, which has not yet been fully described. A third paralog, 
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MICU3, was also identified, but present almost exclusively skeletal muscle and the nervous 

system [52]. Overall, ratios of each of the three MICU proteins were found to vary from 

tissue to tissue, suggesting a very complex mechanism for cytosolic and mitochondrial 

calcium handling that differs from tissue to tissue.

The control of these two paralogs both appears to be mediated by calcium binding to their 

EF hands: when cytosolic calcium levels rise, the EF hands of MICU1 and MICU2 are 

bound, simultaneously relieving the inhibitory MICU2 and stimulating the activating 

MICU1. Mootha's group made several insightful observations that underscored the essential 

nature of these EF hands. First, they found that mutating the EF hands of either MICU1 or 

MICU2 so that they were unable to bind calcium significantly reduced calcium uptake by 

the MCU. This effect was most obvious with the mutation of MICU2, consistent with its 

identified role as an inhibitor, and the release of MICU2 inhibition via calcium binding to its 

EF hands. EF mutation of MICU1 also reduced overall calcium uptake, though it appeared 

to be most significant at higher levels of cytosolic calcium. This is consistent with Rizzuto's 

finding that MICU1 stimulates calcium uptake: at higher levels of calcium, binding of its EF 

hands promotes calcium uptake by the MCU [52,53]. It was also found that MICU2 can 

stabilize or potentially act as a MICU1 paralog: when MICU2 was administered to MICU1 

silenced cells, MICU1 levels were restored to half of wild-type levels, suggesting that there 

was further complexity to the interaction of MICU1 with MICU2, which has not yet been 

fully described. A third paralog, MICU3, was also identified; it is present almost exclusively 

in skeletal muscle and the nervous system [52]. Overall, ratios of each of the three MICU 

proteins were found to vary from tissue to tissue, suggesting a very complex mechanism for 

cytosolic and mitochondrial calcium handling that differs from tissue to tissue. Given the 

role of mitochondrial calcium in both pathologic and physiologic cell processes, the need 

multiple regulators is expected.

iii) Essential MCU Regulator—In 2013, Mootha's lab identified, using SILAC, a 10 kDa 

single-pass transmembrane regulator that appears essential to MCU function, which they 

called Essential MCU Regulator (EMRE). MCU and MICU1/2 are exquisitely well 

preserved across phylum, which suggests that they were present even in early mitochondria. 

In contrast, metazoans appear to be the only lineage with EMRE: it has no equivalent in 

plants, fungi, or protozoa, suggesting that it is a fairly recent adaptation. Within mammals, 

however, it appears to be widely expressed, and essential for mitochondrial calcium 

transport. In both isolated mouse cells and organelles, EMRE silencing rendered the MCU 

completely ineffective. Thus far, research has suggested that while MICU1 and MICU2 are 

important MCU regulators, they are not essential for MCU function: EMRE therefore 

represents the first identified regulator essential for uniporter activity. The observation that 

EMRE is essential for uniporter activity appears to be in opposition to findings in in vitro 

bilayer studies, which found that purified MCU was sufficient for mitochondrial calcium 

transport [47,55]. However, Mootha and coworkers point out that the electrophysiological 

properties of MCU in bilayers were different from that in mitoplast and suggest that 

regulation might be different in mitochondria versus bilayers.

Interestingly, when MCU was silenced, EMRE expression was reduced, but normal levels of 

EMRE mRNA were present, suggesting the loss of EMRE was posttranslational, and 
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possibly due loss of MCU destabilization. Furthermore, co-precipitation experiments have 

suggested that EMRE is responsible for the interaction between the MICU1/MICU2 

heterodimer and MCU. The orientation of EMRE has not yet been fully identified, however 

it currently appears that EMRE may interact with both MICU1 and MICU2 in the inner 

membrane space and with the MCU within the inner membrane itself [49,55].

iv) SLC25A23—SLC25A23 is EF-hand containing mitochondrial carrier that exchanges 

Mg-ATP/Pi. Hoffman et al have reported that silencing SLC25A23 reduces, but does not 

eliminate, mitochondrial calcium uptake [56]. Hela cells with knockdown of SLC25A23 

exhibit a smaller decrease in mitochondrial membrane potential following mitochondrial 

calcium uptake. It is suggested that SLC25A23 might regulate MCU by calcium activation 

of the phosphate anion transporter, but it has also been suggested that SLC25A23 interacts 

with MCU. It should be noted that SLC25A23 was not found in the MCU complex in the 

SILAC study by Mootha and coworkers. Silencing of SLC25A23 also appeared to be 

potentially protective in cell death [56]. In apparent contrast to the results of Hoffman et al, 

Amigo et al report that loss of SLC25A23 reduces mitochondrial calcium retention capacity, 

consistent with enhanced mPTP opening [57].

v) MCUR1—Mitochondrial Calcium Uniporter Regulator 1, or MCUR1, is a 40-kDa 

protein with two transmembrane domains and one coiled-coil region, which, like MCU, has 

N and C-termini that face the intermembrane space. Cells without MCUR1 appear similar to 

cells with MCU knockdown, and have no obvious calcium uptake. Cells also exhibit 

increased autophagy and increased resistance to apoptotic and necrotic cell death [58]. 

Overexpression of MCUR1 results in increased mitochondrial calcium uptake, but only 

when MCU is expressed. This suggests that calcium is indeed transported through the MCU. 

Furthermore, silencing of MCUR1 led to an increase in MCU mRNA and protein levels. 

Perhaps most interestingly, an MCUR1 equivalent has been identified in Saccharomyces 

cerevisie, or yeast, which has demonstrable mitochondrial calcium uptake, but no MCU 

equivalent [59,60].

Other regulators: A variety of other proteins, including mitochondrial sodium calcium 

exchanger (NCLX), uncoupling proteins (UPC) 2 and 3, leucine-zipper EF-hand containing 

transmembrane protein 1 (LETM1), EPR57, and transient receptor potential 3 (TRCP3), also 

appear important for mitochondrial calcium physiology, but their exact relationships, both 

physical and biochemical, have yet to be fully elucidated [43,55].

c) Knockout Mice

Once the molecular identity of the MCU was described, the Finkel lab created knockout 

mice to further elucidate the role of the MCU in biologic processes, with some perplexing 

results. The mice showed no evidence of calcium uptake into the mitochondria. Although 

mitochondrial calcium has been proposed to play a role in responding to changing energy 

demands, surprisingly when they analyzed oxygen consumption of MCU−/− MEFs under 

basal conditions, there were no detectable differences from WT MEFs using a variety of 

potential metabolic substrates. In addition there was no change in total body basal oxygen 

consumption between the WT and MCU-/- mice. Thus it was concluded that “that basal 

Harrington and Murphy Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



metabolism is not markedly altered in the absence of MCU expression.” Only in skeletal 

muscle, under conditions of maximum work, was there a difference between WT and MCU-

KO mice; the MCU knockout mice had reduced abilities to generate maximal power.

One surprising finding was that it was possible to create MCU KO mice at all. Given the 

important role of mitochondrial calcium in a variety of cell processes, it was very possible 

that an MCU KO phenotype would be lethal. Though MCU-KO mice were viable in an 

outbred background, they were born in non-Mendelian ratio, suggesting that there was some 

embryonic lethality. Furthermore, the MCU-KO mice were embryonic lethal in a C57 

background (See Ref 68 for further discussion).

Surprisingly, while the KO mice were smaller than their WT counterparts, they appeared to 

be physiologically very similar on a gross level: their organ weights were proportional to 

their body size, and there were no changes in overall body composition between KO and 

WT mice. Furthermore, examination by electron microscopy revealed no defects in 

mitochondrial population or morphology.

Mitochondria from MCU-KO mice, mouse embryo fibroblasts (MEFs), and isolated adult 

cardiac myocytes were unable to take up calcium. In contrast, WT mitochondria were able 

to quickly and efficiently take up calcium, unless they were treated with ruthenium red or 

Ru360 to inhibit the MCU, which reduced their mitochondrial calcium levels to levels 

comparable to that observed in the KO mice. As had been observed in MCU silenced and 

knockdown models, the loss of the ability to take up calcium had no obvious effects on 

aerobic respiration in the purified mitochondria from KO mice [61].

While there was a significant reduction in total mitochondrial matrix calcium, there was not 

a complete absence of mitochondrial matrix calcium in KO mice: in skeletal muscle it was 

reduced to about 25% of WT levels. The presence of mitochondrial calcium in the KO mice 

might argue for alternative mechanisms for calcium entry, although the data from the MCU 

mice suggest that if there are alternative calcium uptake pathways they must be very slow, 

as no calcium uptake occurred over a 10 to 20 minute time scale. It is also work noting that 

mitochondria have a sodium-calcium exchanger that normally functions to extrude calcium 

from the mitochondria. However this exchanger is in electrochemical equilibrium with 

sodium (and possibly the membrane potential if it is electrogenic) [62]. This exchanger can 

run in reverse and could allow a mechanism for calcium entry into the mitochondria [63,64].

Because mPTP opening and subsequent cell death is generally initiated by a large influx of 

calcium into the mitochondria via the MCU, there was a great deal of interest in whether the 

MCU KO mice would be protected from mPTP opening and resultant cell death following 

ischemia and reperfusion. When exposed to pathologic levels of calcium, mitochondria from 

WT mice experience mPTP opening, and are protected by cyclosporine A (CsA), which 

reduces the mPTP opening, and ruthenium red, known to reduce mitochondrial calcium 

influx [65]. Mitochondria or permeabilized MEFs from KO mice exhibited no signs of 

mPTP opening when exposed to high calcium levels that resulted in mPTP opening in WT 

mitochondria. However, there was no evidence that the MCU-KO MEFs were protected 

from cell death. MCU-KO MEFs died as quickly and in similar numbers to WT MEFs and 
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had similar levels of caspase-3 activation and mitochondrial swelling. Furthermore, perfused 

hearts from MCU-KO mice subjected to ischemia and reperfusion showed no difference in 

infarct size or in recovery of contractile function compared to WT hearts. It should be noted 

that while there was no mPTP opening in MCU KO mitochondria exposed to large amounts 

of calcium, this does not preclude mPTP opening by ROS, independent of calcium, in cells 

following ischemia-reperfusion. Thus it is possible that the mPTP is activated in the MCU-

KO hearts in a calcium independent manner. This would be consistent with suggestions that 

ROS is the primary activator of mPTP in vivo [37,66,67]. If mPTP activation occurs in 

MCU-KO heart, then one would expect that CsA, an inhibitor of the mPTP, should provide 

protection in the MCU-KO hearts. This was tested by Pan et al in the MCU knockout mice. 

They found that following ischemia and reperfusion that WT hearts were protected from cell 

death by the administration of CsA, but that MCU-KO hearts were not [61]. These data 

suggest that in contrast to the WT hearts, inhibition of the mPTP is not protective in the 

MCU-KO hearts. There are several possible explanations for this surprising finding. One 

explanation for the comparable rates of cell death is an up-regulation of a different cell death 

pathway, one that does not involve mPTP opening. Another possible explanation is that 

mPTP opening is occurring in the MCU-KO hearts, but it is not inhibited by CsA, perhaps 

because the stimulus for mPTP opening is greater in MCU-KO hearts than in the WT hearts. 

It is well established that mPTP opening is only facilitated by CyP-D and can still occur in 

its absence or in the presence of CsA if the stimulus is sufficiently great. Finally, the 

observation that MCU knockout mice are not cardioprotected is also consistent with the 

hypothesis that cytosolic calcium, rather than mitochondrial calcium is the key determinant 

of cell death [68].

4) Other Channels

Recent observations by Graier's lab further suggest that there are alternative mitochondrial 

pathways for calcium uptake. In one of their recent studies they used electrophysiology to 

identify up to 5 different calcium currents in mitoplasts [69,70]. Another lab has found that 

the ryanodine receptor, previously known to be one of the major channels for SR calcium 

release, is also present on the mitochondrial inner membrane, and serves as an additional 

mitochondrial uptake mechanism in cardiomyocytes and neurons. Like the MCU, they found 

the ryanodine receptor responds to increases in cytosolic calcium by increasing 

mitochondrial calcium uptake [71]. These data suggest that there are alternative 

mitochondrial calcium uptake pathways. However, the MCU-KO mitochondria do not take 

up any measurable calcium over a 10 to 20 minute time period, making it unlikely that any 

of these alterative mitochondrial calcium uptake mechanisms can function on rapid time 

scale. It is also possible that during mitoplast isolation that ER/SR or plasma membrane 

might incorporate into the mitoplast, introducing additional currents. Future work will be 

needed to address this issue.

5) Human Disease

In 2014, a human disease process attributable to the uniporter was reported. They found that 

individuals with mutations in MICU1 had a clinical phenotype that included proximal 

myopathy, a progressive extrapyramidal movement disorder and learning disabilities. In 
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these individuals, mitochondrial uptake at low cytosolic calcium levels was increased (likely 

due in part to the destabilization of MICU2) and cytosolic calcium signals occurred at a 

lower amplitude and frequency. Interestingly, they found that under basal conditions, 

fibroblast from diseased individuals had normal cellular metabolic function. Given this, and 

their progressive disease course, the researchers theorized that affected individuals were able 

to compensate to a certain degree, after which the chronic activation of the MCU channel 

and mitochondrial calcium overload stressed cells enough to create the observed phenotype. 

The discovery of an MCU disease also re-emphasized the importance of the uniporter, and 

its regulator, on both mitochondrial calcium uptake and, more broadly, on human health 

[72].
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EMRE Essential MCU Regulator

ER endoplasmic reticulum
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IP3 inositol 1,4,5 triphosphate

LETM1 leucine-zipper EF-hand containing transmembrane protein 1

MCU Mitochondrial Calcium Uniporter

MCUR1 Mitochondiral Calcium Uniporter Regulator 1

MICU1 Mitochondrial Calcium Uptake 1

mPTP mitochondrial permeability transition pore

NCLX mitochondrial sodium calcium exchanger

RuR ruthenium red

UPC uncoupling proteins

SR sarcoplasmic reticulum

VDAC voltage dependent anion channel
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The MCU: Questions Answered and Unanswered

In the three years since the discovery of the MCU, it has become clear that the uniporter 

exists as a complex, with a large number of regulatory proteins. Though a variety of 

regulators and a paralog of MCU have been identified, their exact roles and 

stoichiometric variance from tissue to tissue are still not fully understood. The creation of 

MCU KO mice has established the importance of the uniporter in generating maximal 

power, but also suggested that the MCU may not be essential, or even important, at 

baseline oxygen consumption or basal metabolism. Additionally, lack of protection from 

I/R injury in MCU-KO hearts, in spite of the apparent lack of calcium active mPTP, 

might lead to a re-examination of the role of mPTP in ischemia-reperfusion cell death. 

Finally, the identification of a progressive human disease characterized by MICU1 

deficiency has underscored the essential, though not yet fully characterized, nature of this 

complex.
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MCU Highlights

The mitochondrial calcium uniporter (MCU) was recently identified.

Regulators, including MICU1, MICU2, EMRE and a null paralog, have been identified

Mitochondria from MCU KO mice do not take up calcium

Mitochondria from MCU KO mice do not undergo calcium activated mPTP.

Hearts from MCU KO mice were not protected from ischemic/reperfusion injury
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Figure 1. Impact of MICU1 or MICU2 loss on MCU activity
Highlighting indicates the dominant regulator at a given calcium concentration A. At low 

calcium levels, MICU2's EF hands are unbound, and it inhibits the MCU, keeping it closed 

and preventing calcium entry into the mitochondria. B. At high calcium levels, the EF hands 

of both MICU2 and MICU1 are bound, quieting inhibitory MICU2 and activating 

stimulatory MICU1. The MCU opens, and calcium is taken up rapidly into the 

mitochondria. C. With MICU1 silenced, MICU2 loses its physical connection to the MCU, 

and is unable to set a threshold for calcium uptake. Calcium therefore “leaks” into the 

mitochondria, even at low cytosolic calcium levels. D When MICU1 has been silenced, the 

stimulatory regulator is unable to encourage MCU to open, even at high cytosolic calcium 

levels, and calcium uptake is greatly reduced. E. With MICU2 silenced, the MCU loses its 

primary threshold for calcium uptake. Calcium therefore “leaks” into the mitochondria, even 

at low cytosolic calcium levels.
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Figure 2. Ratio of MCU to MCUb in Uniporter Affects Calcium Uptake
Relative amounts of calcium uptake by the MCU tetramer (represented by green arrows) 

vary based on the ration of MCU to MCUb, the negative paralog of MCU. MCU tetramers 

with lower ratios of MCU:MCUb have less calcium uptake. The ratio of MCU:MCUb has 

been noted to vary from tissue to tissue, suggesting that mitochondrial calcium handling 

varies by site.
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