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ABSTRACT 

Mitochondria shape cytosolic Ca2+ (cCa2+) transients. Ca2+ entry into the 

mitochondria is driven by the highly negative mitochondrial membrane potential and 

through a highly selective channel, the Mitochondrial Calcium Uniporter (MCU). 

Mitochondrial Ca2+ (mCa2+) is utilized by the matrix dehydrogenases for maintaining 

cellular bioenergetics. The TCA cycle-derived NADH and FADH2 are mCa2+ dependent 

thus, feed into the electron transport chain (ETC) to generate ATP. Either loss of mCa2+ 

or metabolite uptake by the mitochondria results in a bioenergetic crisis and mitochondrial 

dysfunction. Reciprocally, sudden elevation of cCa2+ under conditions of stroke or 

ischemia/reperfusion injury (I/R) drives excessive mCa2+ overload that in turn leads to the 

opening of a large channel, the mitochondrial permeability transition pore (PTP) that 

triggers necrotic cell death. Thus, Ca2+ and metabolite equilibrium is essential to maintain 

a healthy mitochondrial pool.  

Our laboratory has previously showed that loss of mCa2+ uptake leads to decreased 

ATP generation and cell survival through autophagy. Although metabolite scarcity also 

results in similar reduction in ATP generation, the molecular mechanisms by which 

metabolites control mitochondrial ion homeostasis remain elusive. Deprivation of glucose 

or supplementation of mitochondrial pyruvate carrier (MPC) transport blocker UK5099 

and or carnitine-dependent fatty acid blocker etomoxir triggered an increase in the 

expression of MICU1, a regulator of the mitochondrial calcium uniporter (MCU) but not 

the MCU core subunit. Consistently, either RNAi-mediated deletion of MPC isoforms or 

dominant negative human mutant MPC1 R97W showed significant induction of MICU1 

protein abundance and inhibition of MCU-mediated mCa2+ uptake. Moreover, TCA cycle 
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substrate-dependent MICU1 expression is under the control of EGR1 transcriptional 

regulation. Reciprocally, the MICU1 dependent inhibition of mCa2+ uptake exhibited lower 

NADH production and oxygen consumption and ATP production. The reduction of 

mitochondrial pyruvate by MPC knockdown is linked to higher production of mitochondrial 

ROS and elevated autophagy markers. These studies reveal an unexpected regulation 

of MCU-mediated mCa2+ flux machinery involving major TCA cycle substrate availability 

and possibly MICU1 to control cellular switch between glycolysis and oxidative 

phosphorylation.          

  While mCa2+ is required for energy generation, sustained elevation of mCa2+ results 

in mitochondrial swelling and necrotic death. Hence, it was thought that preventing mCa2+ 

overload can be protective under conditions of elevated cCa2+. Contrary to this, mice 

knocked-out for MCU, that demonstrated no mCa2+ uptake and hence no mitochondrial 

swelling, however failed protect cells from I/R- mediated cell death. MCU-/- animals 

showed a similar infarct size comparable to that of control animals, suggesting that 

prevention of MCU-mediated mCa2+ overload alone is not sufficient to protect cells from 

Ca2+-induced necrosis.  

The absence of mCa2+ entry revealed an elevation in the upstream cCa2+ transients 

in hepatocytes from MCUHEP. Ultra-structural analysis of liver sections from MCU-/- 

(MCUHEP) and MCUfl/fl animals revealed stark contrast in the shape of mitochondria: 

MCUfl/fl liver sections showed long and filamentous mitochondria (spaghetti-like) while 

MCUHEP mitochondria were short and circular (donut-like). Furthermore, challenging 

MCUfl/fl and MCUHEP hepatocytes with ionomycin caused a marked increase in cCa2+
 and 

a simultaneous change in mitochondrial shape (from spaghetti to donut), a phenomenon 
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we termed mitochondrial shape transition (MiST) that was independent of mitochondrial 

swelling. The cCa2+-mediated MiST is induced by an evolutionarily conserved 

mitochondrial surface EF-hand domain containing Miro1. Glutamate and Ca2+-stress-

driven cCa2+ mobilization cause MiST in neurons that is suppressed by expression of 

Miro1 EF1 mutants. Miro1-dependent MiST is essential for autophagosome formation that 

is attenuated in cells harboring Miro1 EF1 mutants. Remarkably, loss of cCa2+ 

sensitization by Miro1 prevented MiST and mitigated autophagy. 

 These results demonstrate that an interplay of ions and metabolites function in 

concert to regulate mitochondrial shape that in turn dictates the diverse mitochondrial 

processes from ATP generation to determining mechanisms of cell death.   
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CHAPTER 1 

INTRODUCTION 

Mitochondrial Oxidation Phosphorylation 

Mitochondria are double membraned organelles that developed from -

proteo bacteria. Similar to their prokaryotic ancestors, mitochondria comprise of 

their own genetic system and multiply or divide by fission. The outer mitochodrial 

membrane (OMM) is non-selective, whereas the inner mitochondrial membrane 

(IMM) is a very seletive to solutes and ions. The IMM of the mitochondrion forms 

cristae to provide with an increased surface area. Mitochondrial energy 

metabolism is divided into three steps 1) prodcution of reducing equivalents by 

the tri-carboxylic acid cycle (TCA cycle) 2) transfer of electrons through the 

complexes of the electron transport chain (ETC) 3) generation of ATP by ATP 

synthase [1]. 

The TCA cycle is a series of biochemical reactions that are catalyzed by the 

enzymes of the matrix to oxidize acetyl CoA, a product generated by the 

breakdown of carbohydrates and fatty acids to carbon dioxide and chemical 

energy. During this catabolic process, the cycle generates various precursor 

molecules that participate in anapleuretic pathways. It is the central metabolic 

hub of the cell that is involved in catabolic and anabolic processes. The TCA 

cycle is a loop of eight steps that are performed in a series of redox, dehydration, 

hydration, and decarboxylation reactions that produce two carbon dioxide 

molecules, one GTP/ATP, and reduced forms of NADH and FADH2 [2]. This is 
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the aerobic pathway as the NADH and FADH2 produced, transfer their electrons 

to the next pathway in the system, which will use oxygen. 

The cycle begins with the condensation of oxalo acetate and acetyl CoA to 

a six carbon citrate molecule. Formation of citrate is an irreversible process that 

is ATP dependent. Citrate then looses a water molecule to form an isomer of 

citrate called iso-citrate. The dehydration step is followed by two consecutive 

steps of oxidative decarboxyation resulting in formation of  five-carbon -

ketoglutarate and then four carbon succinate. The two decarboxylation 

reactions removes two electrons reducing NAD+ to NADH and the carboxyl 

groups to two molecules of CO2. Succinate is then dehydrated to form fumarate 

with simulataneous reduction of FAD to FADH2. Addition of water molecule onto 

fumarate forms malate. The last step of the cycle is the regeneration of oxalo 

acetate by oxidation of malate along with a molecule of NADH .  thus, each cycle 

generates two CO2 , three molecules of NADH and one FADH2 . The TCA cycle 

in itself doesn’t generate ATP but generates reducing equivalents of NADH and 

FADH2. Electrons from NADH and FADH2 are released and passed onto a 

series of IMM proteins in a process called oxidative phosphorylation (ox-phos) 

that generate a proton gradient [3]. The protons then flow through the ATP 

synthase to form the high energy ATP. Ox-phos comprises of four complexes 

NADH-dehydrogenase (complex I), succinate dehydrogenase (complex II), 

ubiquinone, bc1 complex (complex III), cytochrome c (Cyt c), and cytochrome c 

oxidase (CcO; complex IV) that make up the ETC. Electrons from NADH are 

transferred to complex I and from FADH2 to complex II which are then given to 
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the ubiquinone pool. During this process of transfer of eletrons between the 

complexes, protons  get pumped into the IMS thus generating a proton gradient. 

This proton gradient is then utilized by ATP synthase to generate ATP from ADP 

and Pi [4].  

Mitochondrial Calcium Signaling 

Ca2+ ion is a versatile second messenger essential for a variety of kinetically 

different cellular processes from fertilization to cell death [5]. While some 

processes like endocytosis occur in seconds, other processes such as gene 

transcription take up to hours and how Ca2+ regulates these diverse processes is 

a question still being studied [6]. Ca2+ entry into the cytosol occurs through 

numerous plasma membrane channels including voltage gated, receptor 

mediated, second messenger mediated, store operated channels or release from 

intracellular Ca2+ stores [7]. One ubiquitous mode of receptor-regulated Ca2+ entry 

is store-operated calcium entry (SOCE), first proposed by Putney [8]. Resting 

cCa2+ is kept low (~ 100nM) and this is achieved by Ca2+ efflux mechanism such 

as plasma membrane Ca2+-ATPase (PMCA), sodium calcium exchanger (NCX) 

and organelles such as ER and the mitochondria that act as Ca2+ sinks. cCa2+ 

transients are defined and shaped by the mitochondria [9]. mCa2+ uptake was first 

observed about five decades ago when isolated mitochondria buffered Ca2+. Since 

then, mCa2+ has been extensively studied. Ca2+ taken up by the mitochondria plays 

three major roles. Primarily, Ca2+ is utilized by the dehydrogenases of the TCA 

cycle (pyruvate dehydrogenase, iso-citrate dehydrogenase and -ketoglutarate 

dehydrogenase) for ATP generation [10]. Secondly, to maintain cCa2+ transients 
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and finally, to trigger various cell death pathways of apoptosis and necrosis [11-

14].  

The driving force for Ca2+ entry into the mitochondria is the high electrochemical 

gradient (~ -180 mV - -200 mV) and occurs without the transport of any other ions 

hence making the channel a uniporter. Studies on isolated mitochondria estimated 

a flux of more than 10,000 Ca2+ ions per second through the channel [9]. 

Electrophysiological studies defined the channel to be an inward rectifying current 

with high specificity for divalent cations Ca2+ ~Sr2+ >> Mn2+ ~ Ba2+ and to be 

inhibited at Nano molar concentrations of ruthenium red (RuR) and ruthenium 360 

(Ru360) [15].  The biophysical properties of the channel were characterized as 

being 1. Electrogenic dependent 2. Selective 3. Low affinity for Ca2+. The 

molecular identity of the channel was identified in 2011 by two independent groups 

[16, 17]. Whole genome phylogenetic profiling, RNA co-expression analysis and 

organelle wide protein co-expression analysis revealed a RuR sensitive 

transmembrane protein resident of the IMM and is a part of a large complex called 

the mitochondrial calcium uniporter (MCU). Reconstitution of MCU in planar lipid 

bilayer produced channel recordings with conductance similar to previous findings. 

Additionally, presence of RuR failed to produce Ca2+-permeable channel activity 

indicating sensitivity to Ruthenieum, a characteristic of the mitochondrial Ca2+ 

transport [17]. Consistent with the finding that all vertebrate mitochondria take up 

Ca2+, the expression of MCU is conserved across eukaryotes except in yeast.  

MCU exists as part of a heteromeric complex that consist of MICU1, MICU2, 

MCUR1, EMRE, MCUb and SLC25A23 [18-22]. The activity of the channel is 
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determined by its negative regulator MICU1 and its positive regulator MCUR1 [18, 

23]. Like most ion channels that open upon agonist stimulation, MCU channel 

opens only when cCa2+ rises above 1-2 M. The threshold is set by its gate keeper 

MICU1. The EF hands of MICU1 sense the rise in cCa2+ (> 3 M) and physically 

dissociate from the channel thus transforming MCU to its open conformation [23]. 

Serial mutation analysis in MICU1 revealed that the evolutionary conserved poly 

basic region of MICU1 (99 -110 aa) directly interacts with the coiled-coiled domains 

of MCU. Mutations in polybasic region but not EF hand domain results in loss of 

interaction with MCU [24]. Structural analysis of MICU1 reveals the under Ca2+-

free conditions MICU1 forms a hexamer that interacts with MCU and inhibits its 

activity through the c-helix [25]. In complement with the gate keeping function, 

genetic deletion of MICU1 exhibits increased Ca2+ uptake at low cCa2+ with a 

concomitant mCa2+ overload in vivo. [26, 27].  

A positive regulator of the channel, MCU regulator 1 (MCUR1) was 

identified in an RNAi screen of 45 mitochondrial proteins. Of the 45 genes, only 

one RNAi resulted in the inhibition of mitochondrial calcium uptake. MCUR1 

directly interacts with the channel and promotes Ca2+-uptake into the mitochondria. 

Silencing of this ubiquitously expressed protein resulted in blunted mitochondrial 

calcium uptake under basal and activated conditions, with no changes in cytosolic 

Ca2+ dynamics. The reduced mCa2+- uptake then resulted in perturbed 

bioenergetics in MCUR1 KD cells [18]. To understand the role of MCUR1 in high 

and moderate Ox-phos demanding tissues, animal models of heart (MCUR1fl/fl-

MHCCre; cMCUR1 KO) and vasculature (MCUR1fl/flVE-Cad-Cre; MCUR1EC) 
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specific deletion of MCUR1 were generated. While germ line deletion of MCUR1 

in the vasculature did not show any discernable phenotype, cMCUR1 KO animals 

were smaller and died 3 weeks after birth. Electrophysiological and biochemical 

studies from tissue specific KOs demonstrated a significant decrease in MCU 

current due to the disruption of MCU super complex in the absence of MCUR1. 

Blunting of MCU current when the transmembrane voltage is clamped suggests a 

direct effect of MCUR1 on mitochondrial calcium uptake and not an indirect effect 

of decreased m [28-30]. Loss of mCa2+ entry in MCUR1-/- EC and 

cardiomyocytes resulted in severely suppressed cellular bioenergetics possibly 

due to unavailability of Ca2+ ions to activate the dehydrogenases of the TCA cycle 

thus generating low ATP. 

Project 1: Blockade of Mitochondrial Pyruvate and Fatty Acid Flux Stimulates 

MICU1-Dependent Control of MCU Activity  

Figure 1: Mitochondrial Metabolites Regulate mCa2+ Homeostasis. Left panel. 
Pyruvate flux through the MPC complex and mCa2+ through the uniporter complex 
are both essential for the generation of reducing equivalents by the TCA cycle that 
then feed into the ETC to produce ATP. Right panel. Loss of pyruvate flux through 
MPC, upregulates MICU1 and reduces mCa2+ as a feedback mechanism. The 
reduced mCa2+ and metabolites generate reduced ATP leading to bioenergetic 
crisis.  
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Metabolic homeostasis is essential not only at cellular level for processes 

from cell division, growth, proliferation, differentiation to cell death but tissue and 

whole organismal development. The three major catabolic pathways of energy 

production are from glucose, lipids and proteins. Mutations in these metabolic 

pathways present with disrupted energy in patients leading to organ system 

damage and sudden death. Oxidation of glucose-derived metabolites by 

mitochondria is crucial for the activation of cellular functions. The positive feedback 

mechanisms subsequently increase uptake of Ca2+ by mitochondria which in turn 

activate mitochondrial metabolism, further enhancing the synthesis of ATP. 

Although pyruvate is generated through multiple routes in the cytoplasmic milieu, 

it is transported into the mitochondria through a hetero-oligomeric complex of 

MPC1 and MPC2 proteins [31, 32]. Consistent with molecular identity of MPC, a 

recent finding reveals that mutations in mitochondrial pyruvate carrier (MPC1R97W) 

that perturbs the transport of pyruvate from the cytosol to the matrix of 

mitochondria, exhibits fatally severe hyperlactacidemia and hyperpyruvicemia [33]. 

Similar symptoms of elevated lactate levels and metabolic acidosis were observed 

in neonate with mutations in E1 subunit of pyruvate dehydrogenase (PDH) [34-

36]. Although genetic deletion of MPC resulted in embryonic lethality in mouse 

models, the loss of MPC in several normal and cancer cell lines survive against 

this metabolic stress by an unknown mechanisms [37, 38]. Conversely, the forced 

ectopic expression of MPC exhibited a suppression of tumor growth [39]. 

Additionally, mutations in carnitine palmotyl transferase (CPT1) where carnitine 

cannot be converted to acyl-carnitine for transport into the mitochondria also 
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results in severe metabolic crisis and sudden death [40-42]. Several other 

mutations in mitochondrial carriers including carnitine acyl carrier have been 

studied where transport of substrates into the mitochondrial matrix for the TCA 

cycle is absent and thus resulting in hyperglycemia, brain damage, coma, cardiac 

arrest and death [43]. Metabolic response to nutrients is tightly regulated via 

nutrient and energy sensing mechanisms. Dysregulated energy equilibrium is 

often the major consequence of several metabolic disorders. At sub-cellular level, 

different organelles respond differently to metabolic stress. The ER has several 

mechanisms in place that are well studied to detect nutrient stress [44-46]. On the 

other hand, mitochondria employ two broad mechanisms of response to nutrient 

stress i) altering mitochondrial dynamics and ii) transcriptional and post - 

translational modifications [47-49]. Although aberrant energy production is a 

common denominator, the mechanisms by which mitochondria function during 

metabolic stress remain elusive. Collectively these findings underscore how 

metabolite deficiency alters mitochondrial function and understanding the 

molecular regulation of mitochondria by substrates can provide potential 

therapeutic avenues.     

Ca2+ flux across the IMM regulates cellular bioenergetics, intra-cellular 

cytoplasmic Ca2+ signals, and various cell death pathways. Ca2+ uptake into the 

mitochondria is driven by its highly negative membrane potential via a highly 

selective channel, the MCU [16, 17]. Anabolism of the macromolecules including 

carbohydrates, proteins and fatty acids results in the production of substrates 

which energize mitochondria for generating ATP. Mitochondrial matrix calcium 
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activates the dehydrogenases of the TCA cycle thus producing reducing 

equivalents that in turn feed into the ETC to generate ATP [10, 50]. Thus both, 

calcium as well as metabolites are necessary to maintain a pool of healthy 

mitochondria that generate ATP for cellular processes. Although it is established 

that the interplay of ions and metabolites dictates functional mitochondria the 

mechanism by which mitochondria functions during metabolite deficiency have not 

been studied. Therefore, the aim of this study was to identify the pathway by 

which mitochondria function under conditions of metabolite deficiency. To 

test this hypothesis, I proposed: 

1. To assess if mutations in pyruvate carrier (MPCR97W) alter basal 

mitochondrial matrix Ca2+?  

2. To test if the changes in mCa2+ are a result of altered MCU complex 

components (MCU, MICU1, MCUR1).  

3. Examine the pathway of cell survival under loss of pyruvate flux 

Loss of pyruvate flux into the mitochondrial matrix revealed a decrease in basal 

matrix Ca2+ with a simultaneous increase in MICU1 expression. MICU1 was 

identified as a gatekeeper for MCU that dissociates from MCU and opens the 

channel when cCa2+ rises over 1-3 M. The elevated MICU1 under metabolite 

deficiency seemed to decrease mCa2+ entry and thus prevent mCa2+ overload under 

resting conditions. To understand the mechanism by which MICU1 was elevated, 

I performed a luciferase reporter assay that revealed transcriptional regulation of 

MICU1 under loss of pyruvate flux into the mitochondria.  Bioinformatic analysis of 

the MICU1 promoter region revealed putative EGR transcription factor binding 
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sites. To test if indeed EGR1 binds MICU1 promoter and regulates MICU1 

expression, I measured MICU1 mRNA and protein expression in endothelial cells 

(ECs) and hepatocytes isolated from EGR1-/- and EGR4-/- animals. A decrease in 

MICU1 levels was observed in EGR1-/- but not EGR4-/- ECs.  mCa2+ in EGR1-/- ECs 

was found to be significantly higher than control or EGR4-/- ECs because of loss of 

the gatekeeper of the MCU channel. Having observed that EGR1 regulates MICU1 

expression, I decided to test if the regulation by EGR1 resulted in increased MICU1 

under loss of pyruvate conditions. I found that hepatocytes from EGR1-/- animal 

did not respond to loss of metabolites unlike the hepatocytes from control and 

EGR4-/- animals that showed a significant increase in MICU1 expression. Having 

identified the transcription factor that causes an increase in MICU1 levels under 

substrate unavailable conditions, I then tested for the bioenergetic parameters. 

MPCR97W mutant cells exhibited significantly lower ATP levels and basal oxygen 

consumption with a concomitant increase in mitochondrial reactive oxygen species 

(ROS). Because loss of pyruvate flux resulted in insufficient activation of TCA cycle 

dehydrogenases and thus triggering a chain of events leading to reduced oxygen 

consumption and ATP generation, I found that MPC1R97W mutant cells utilized 

autophagy as a mode of survival.  

 

Project 2: Molecular determinant of Mitochondrial Shape Change 

 Mitochondria are dynamic organelles that are pleomorphic in nature. 

Mitochondrial morphology is an essential feature for maintaining cellular 

homeostasis, mCa2+ buffering capacity, ATP generation and mediating various cell 
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death processes [51]. Aberrant mitochondrial morphology has been linked to 

various pathological conditions of neurological disorders. Actively respiring 

mitochondria are long and filamentous networks distributing ATP to different parts 

of the cell [52, 53]. In contrast short circular mitochondria are often associated with 

various pathological conditions [54].  First studies on visualization of mitochondria 

using electron microscope (EM) revealed small circular organelles. The discovery 

of cationic dyes and imaging techniques permitted the visualization of long tubular 

network of mitochondria that are in a continuous cycle of fission and fusion [55-

57]. In response to various stress conditions, mitochondria show early alterations 

in shape. Swollen mitochondria with collapsed cristae are a classical hallmark of 

mCa2+ overload conditions. Though mCa2+ is utilized by the calcium-dependent 

dehydrogenases of the TCA cycle to generate ATP, reciprocally mCa2+ overload 

can trigger the PTP opening and cell death by necrosis. mCa2+ overload-mediated 

necrosis can be prevented either by blocking MCU or PTP [58-61]. Surprisingly, 

generation of MCU null mice did not show a significant cardiac phenotype and 

enigmatically found no change in myocardial infarct size in ex vivo global ischemia 

model [62]. The above results suggest preventing mCa2+ overload was not 

sufficient to protect cells from Ca2+-induced cell death. Preliminarily results from 

our lab revealed stark contrast in the shape of mitochondria as observed from EM 

images of liver sections from control and MCU-liver specific KO (MCUHEP) 

animals. MCUHEP displayed shorter and more circular mitochondria, while control 

mitochondria were long and filamentous. Additionally, challenging control and KO 

hepatocytes with ionomycin caused a marked increase in cCa2+
 and a 
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simultaneous change in mitochondrial shape, from long filamentous spaghetti-like 

to short circular donut-like, a phenomenon we called mitochondrial shape transition 

(MiST). Although these remarkable findings support the view of mitochondria as 

dynamic in nature, the molecular mechanisms which mediate phenotypic changes 

during pathological conditions remain to be seen. The question remains whether 

chronic insult such as elevated intracellular Ca2+ causes non-fission/fusion 

mitochondrial remodeling, and if so what mechanism is involved as well as 

what the consequences are of the changes in shape. To test and define cCa2+ 

transients as a determinant for MiST, I proposed the following aims: 

1. Delineate MiST to be independent of mitochondrial fragmentation.  

2. Determine the molecular factor that causes MiST 

3. To investigate the physiological significance of MiST  
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Figure 2: Loss of MCU promotes cCa2+-induced MiST. Left panel. In the 
presence of MCU, cCa2+ is cleared by uptake into the mitochondria that are 
tethered to the cytoskeleton through Miro/Kinesin/Tubulin complex. Right panel. 
Absence of MCU leads to elevated cCa2+ that is not cleared by the mitochondria. 
Elevated cCa2+ binds the EF hands of Miro1, resulting in a change in mitochondrial 
shape and release of the donut-shaped mitochondria from the cytoskeleton.   
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To test the upstream cCa2+ signaling in the absence of MCU-mediated 

mCa2+ uptake, hepatocytes were isolated from MCUfl/fl and MCUHEP animals. 

cCa2+ measurements revealed an increase in basal cCa2+ in hepatocytes from 

MCUHEP than the control. I confirmed that it was indeed an elevation in cCa2+ 

that triggers MiST by chelating intra and extra-cellular Ca2+ by using Ca2+ 

chelators such as BAPTA-AM and EGTA. Upon chelation of both intra and 

extra-cellular Ca2+, the mitochondria remained filamentous and did not undergo 

MiST. Since mitochondrial fragmentation occurs when Drp1, a cytosolic protein 

that belongs to the dynamin related family localizes to the OMM and binds 

receptors on the OMM such as MFF, Fis1, Mid49 and Mid51. I performed MiST 

analysis in Drp1KO MEFs, MFF/Fis1 double KO MEFs and RNAi silenced 

Mid49 and Mid51 MEFs. MEFs with loss of either mitochondrial fission 

machinery protein still underwent MiST. To search for factors that sense 

elevated cCa2+ and induces MiST identified Miro1 and Miro2 (Mitochondrial 

Rho GTPase) on the OMM that encompassed two canonical EF hand. I 

designed mutations in EF hand domains of Miro1 and Miro2 such that it can no 

longer bind Ca2+ and performed the MiST analysis. Surprisingly, I noticed that 

only a mutation in EF1 of Miro1 but not Miro2 limited MiST with no change in 

mitochondrial shape upon elevated cCa2+. Investigation into the significance of 

MiST revealed that it is one of the mechanisms utilized by the cell to undergo 

mitochondrial quality control. I found that when MiST is prevented as in the 

case of Miro1 EF1 mutant MEFs, LC3-II tethering to the mitochondria is absent, 
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no autophagosome formation was observed and that no degradation by the 

lysosomes occurred. Since majority of the mitochondrial population exists as 

long filamentous mitochondria of over >5 m long, for the mitochondrion to be 

encompassed by the autophagosome, the mitochondrion undergos a change 

in shape. Thus, MiST is one of the mechanisms of maintaining mitochondrial 

turnover. 

Together, I propose that ions and metabolites act in concert and a loss of 

either ions or metabolite flux into the mitochondria perturbs its function by either 

altering its shape or mCa2+ signaling that in turn results in dysfunctional 

mitochondrial network.  
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CHAPTER 2 

MATERIALS AND METHODS 

Cell culture 

HeLa, HEK 293T, HepG2 cells and mouse embryonic fibroblasts (MEFs) 

were cultured using low-glucose DMEM (GIBCO, Life Technologies) containing 

10% fetal bovine serum and 1% penicillin/ streptomycin, with or without 2 μg/ml 

puromycin. HepG2 and HEK293T cells (5X105 /well) grown in 6 well plates were 

transduced with lentiviruses expressing shRNA for NegShRNA, MPC1 (Sigma # 

SHCLNV-NM_016098) and MPC2 (Sigma #SHCLNV-NM_015415). HEK293T 

cells were transfected with Flag-tagged MPC1R97W. Two days post transduction, 

the cells were selected with puromycin (2 g/ml) or blasticidin (2 g/ml) for 6–10 d 

and expanded.  

 

Plasmids and Antibodies 

Peredox-mCherry (Hung et al., 2011) was purchased. MICU1 luciferase 

construct was purchased from Switchgear. Antibodies specific for MPC1 (Cell 

Signaling Technology, Cat # 14462S; 1:1000), MPC2 (Sigma, Cat# HPA056091; 

1:500) LC3 (Sigma, Cat# L7543; 1:10000), p62 (Cell Signaling Technology, Cat# 

5114; 1:1000), P-AMPK (Cell Signaling Technology, 1:1,000), AMPK (Cell 

Signaling Technology, 1:1000), -actin (Santa Cruz Biotechnology Inc, Cat# sc-
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47778 HRP; 1:10000), Flag (1:2000; Monoclonal anti-flag M2- peroxidase, Sigma), 

Tom 20 (Santa Cruz Biotechnology Inc, Cat# sc-11415).  

qRT PCR analysis  

The knockdown expression was assessed by qRT PCR. Total RNA was 

isolated from HepG2 Neg shRNA, MPC1 KD and MPC2 KD cells, using the 

RNeasy Mini Kit (Qiagen, Valencia, CA). Total RNA (1 μg) was reverse transcribed 

with the iScript cDNA Kit (BioRad). Real-time qPCRs were performed with the 

gene specific Taqman primers for MPC1 and MPC2, Hprt. The relative gene 

expression was calibrated with control using 7300 Real Time PCR system RQ 

study software (Applied Biosystems, Carlsbad, CA). 

 

Isolation of endothelial cells and hepatocytes 

EGR1-/- and EGR4-/- animals were generously shared by Dr. Jonathan 

Soboloff [63-66]. Mouse pulmonary microvascular endothelial cells (MPMVECs) 

were isolated from the lungs of wild-type, EGR1-/- and EGR4-/- mice. Freshly 

harvested mouse lungs were treated with collagenase, followed by isolation of 

endothelial cells by adherence to magnetic beads coated with MAb to CD144 

obtained from BD Biosciences Pharmingen (Palo Alto, CA). MPMVECs were 

propagated in DMEM complete media supplemented with 15% FBS, nonessential 

amino acids, and penicillin/streptomycin. Cells which were not bound to the beads 

during MPMVEC isolation were plated separately and grown as MLF. MLFs were 
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transduced with Ad-Cre-GFP virus (50 MOI) [67]. The loss of EGR1 and EGR4 

were confirmed by western blotting.  

Hepatocytes from wild-type, EGR1-/- and EGR4-/- mice. All animal 

experiments were approved by Temple University’s IACUC and followed AAALAC 

guidelines. Primary adult mouse hepatocytes were isolated using a two-step 

collagenase perfusion technique with slight modifications [68]. Mice liver was 

sequentially perfused with perfusion medium- I (DPBS containing 10mM HEPES, 

0.05% w/v KCl, 5mM Glucose, 200M EDTA, pH 7.4) and perfusion medium-II 

(DPBS containing 30mM HEPES, 0.05% w/v KCL, 5mM Glucose, 1mM CaCl2, pH 

7.4) containing collagenase D (400g/ml). Liver lobes were dissected, dissociated, 

and crude hepatocyte preparation passed through the gauze mesh filter (100M 

diameter). The crude hepatocyte preparation was centrifuged at the speed of 50g 

for 2 min to pellet down parenchymal hepatocytes. The hepatocytes were washed 

five times with perfusion medium-II. Following the wash, cells were plated in culture 

dishes in hepatocyte attachment medium (Williams E medium containing 1% (v/v) 

antibiotic-antimycotic solution (Gibco), 1% (v/v) 200mM L-glutamine, 1% (v/v) non-

essential amino acids, and 10% heat-inactivated fetal bovine serum). The next 

day, attachment media was replaced with hepatocyte culture medium (Williams E 

medium containing 1% (v/v) antibiotic-antimycotic solution (Gibco), 1% (v/v) 

200mM L-glutamine, and 1% (v/v) non-essential amino acids). 

Isolation of Neonatal Rat Cardiomyocyte  
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Neonatal rat cardiomyocytes were isolated, as described previously (26). 

The heart was excised from neonatal rats (1–2 d), and cardiomyocytes were 

isolated with the Neonatal Cardiomyocyte Isolation kit (cat. no. nc-6301) from 

Cellutron Life Tech (Highland Park, NJ, USA), according to the manufacturer’s 

instructions. Isolated cardiomyocytes were washed 3 times with DMEM containing 

10% FBS and seeded on laminin-coated 22-mm-diameter coverslips in 6-well cell 

culture plates (2x106 cells/well) overnight. On the second day, cardiomyocytes 

were washed with serum-free medium and cultured in complete DMEM. 

Cardiomyocytes were then transfected with siRNA against MPC1 and MPC2. 

Matrix Ca2+ and m measurement in permeabilized cell system  

mCa2+ uptake and m was determined by simultaneous monitoring of 

extra-mitochondrial Ca2+ with Fura-2FF (0.5 μM; Life Technologies, Grand Island, 

NY) and m with the lipophilic cationic dye 5,5′,6,6′-tetrachloro-3,3′-

tetraethylbenzimidazolcarbocyanine (JC-1; 800 nM; Life Technologies). Cells 

grown in T-75 flasks were trypsinized, neutralized with fetal bovine serum, 

centrifuged at 1500 rpm for 5 min, aspirated, resuspended in 20 ml of phosphate-

buffered saline, centrifuged at 800 rpm for 3 min, aspirated, and then 8 × 106 cells 

were resuspended in 1.5 ml of ICM buffer containing 40 μg/ml digitonin to 

permeabilize the cells, protease inhibitors (EDTA-free complete tablets; Roche 

Applied Science, Indianapolis, IN), and 2 μM thapsigargin to block the SERCA 

pump. Mitochondria were energized with 2 mM of succinate [69] and then and 

followed by Fura-2FF. After 20 s of data recording, JC-1 was added. At 1200 s or 

400 s 10M CCCP was added. Fluorescence was measured using a dual-
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wavelength fluorimeter (PTI) with 490-nm excitation and 535-nm emission for 

monomeric JC-1 and 570/595 nm for the J-aggregate. The m was calculated as 

the ratio of J-aggregate and the monomer [70].  

 

cCa2+ and mCa2+ dynamics  

HepG2 NegshRNA, MPC1 KD and MPC2 KD cells were grown on 25-mm 

glass coverslips for 48 h and loaded with 2 μM Rhod-2 AM (50 min) and 5 μM Fluo-

4 AM (30 min) (Life Technologies) in extracellular medium [18, 71]. After 1 min of 

baseline recording, agonist (ATP, 10 μM) was added, and confocal images were 

recorded every 3 s (510 Meta; Carl Zeiss, Thornwood, NY) at 488- and 561-nm 

excitation using a 63× oil objective to simultaneously monitor cCa2+ and mCa2+ 

dynamics. Images were analyzed and quantified using ImageJ (National Institutes 

of Health, Bethesda, MD) and custom-made software (Spectralyzer, Elmsford, 

NY). 

 

Immunoblotting 

HepG2, HEK 293T, cardiomyocytes, hepatocytes (from WT, EGR1-/- and 

EGR4-/- mice) cells treated without or with the inhibitors 2DG, etomoxir, Uk5099 or 

in combination 2DG+etomoxir and etomoxir+Uk5099 were lysed using RIPA buffer 

(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1 mM EDTA, 1% 

NP-40, protease inhibitor cocktail (Complete, Roche and 1 mM PMSF)). Equal 

amounts of protein were separated on 4-12% Bis-Tris polyacrylamide gel, 



21 
 

transferred to a PVDF membrane, and probed with corresponding antibodies as 

specified. 

 

Confocal m measurement 

Neg shRNA, MPC1 and MPC2 KD HepG2 cells were plated in six-well 

plates containing 0.2% gelatin coated glass coverslips and stained with 

Tetramethylrhodamine, methyl ester (TMRM; 100 nM) for 30 min at 37°C. Image 

acquisition was performed using a Carl Zeiss 510 confocal microscope using a 

63× oil objective at excitations 561 nm and 488 nm, respectively. Images were 

quantified using ImageJ [18].   

 

Mitochondrial ROS measurement  

Mitochondrial superoxide was measured by using the mitochondrial oxygen 

free radical indicator MitoSOX Red (molecular probes; Invitrogen) (Mukhopadhyay 

et al., 2007). Cells grown on 0.2% gelatin coated glass coverslips were loaded with 

5 M MitoSOX Red for 30 min, and coverslips were mounted in an open perfusion 

microincubator (PDMI-2; Harvard Apparatus) at 37oC and imaged. Confocal (510 

Meta; Carl Zeiss, Inc.) images were obtained at 561 nm excitation by using a 63x 

oil objective. Images were analyzed, and the mean MitoSOX Red fluorescence 

was quantified by using Image J software (NIH). 
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Oxygen consumption in MPC 1 and 2 KD cells 

HepG2 control, MPC1 KD and MPC2 KD cells were subjected to oxygen 

consumption rate (OCR) measurement at 37°C in an XF96 extracellular flux 

analyzer (Seahorse Bioscience). Cells (1.5 x 104) were seeded in 96-well plates 

treated with Poly L-Lysine (BD Bioscience). After 24 hr, cells were loaded into the 

machine for O2 concentration determinations. Cells were sequentially exposed to 

oligomycin, carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) and 

rotenone plus antimycin A. After each injection, OCR was measured for 5 min, the 

medium was mixed and again measured for 5 min. Every point represents average 

of 10 different wells. Basal OCR was calculated as difference between OCR 

measured before and after oligomycin. Maximum OCR was calculated as 

difference between OCR measured after FCCP and that measured after exposure 

to rotenone plus antimycin. After every experiment protein concentration was 

determinate by lysing the samples [72]. 

MEFs stably expressing M1WT, M1EF1 and M1EF2 mutant plasmids were 

subjected to oxygen consumption rate (OCR) measurement at 37°C in an XF96 

extracellular flux analyzer (Seahorse Bioscience). MEFs (1.5 x 104) were seeded 

in 96-well plates treated with Poly L-Lysine (BD Bioscience). After 24 hr, cells were 

loaded into the machine for O2 concentration determinations. Cells were 

sequentially exposed to thrombin (5 mU), oligomycin (1 M), carbonylcyanide p-

trifluoromethoxyphenylhydrazone (FCCP; 300 nM) and rotenone/ antimycin A (100 

nM). After each injection, OCR was measured for 5 min, the medium was mixed 

and again measured for 5 min. Every point represents average of 10 different 
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wells. Basal OCR was calculated as difference between OCR measured before 

and after oligomycin. Maximum OCR was calculated as difference between OCR 

measured after FCCP and that measured after exposure to rotenone plus 

myxothiazol. After every experiment protein concentration was determinate by 

lysing the samples [73]. 

Total Cellular ATP 

Total ATP abundance was assessed using CellTiter-Glo® luminescent 

assay, and the luminescence was measured using a plate reader (Infinite M1000 

PRO, Tecan). 

Luciferase Assay  

HEK293 scrambled siRNA, MPC2 siRNA transfected HEK293T cells grown 

on 6 well plates were transfected with either MICU1 promoter reporter plasmid or 

control vector (purchased from switchgear) using fugene transfection reagent as 

per manufacturer’s instructions. 48 hr post-transfection, cells were lysed with 50 

mL/well of 1 3 passive lysis buffer (Promega) and the luciferase activity was 

detected using Bright-Glo Luciferase Assay System (Promega) as per 

manufacturer’s instruction. Values were normalized with untreated controls and 

the relative luciferase activity (RLU) was plotted using GraphPad PRISM software 

version 5.0 (Graphpad). 

NADH Measurement 

HepG2 NegshRNA and MPC2 KD cells (1× 105 cells) were transiently 

transfected with NADH-NAD+ redox sensor, peredox m-cherry (Hung et al., 2011). 
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48 hr post transfection cells were imaged. MEFs stably expressing M1WT and 

M1EF1 mutant (1× 105 cells) were grown on 0.2% gelatin coated glass coverslips 

and transiently transfected with NADH-NAD+ redox sensor, peredox m-cherry [74]. 

Cells were imaged 48 hr post transfection. After a baseline recording of 1 minute, 

cells were challenged with 5 M CCCP After a baseline recording of 60s, cells 

were challenged with FCCP. Confocal images were acquired at 405 nm and 561 

nm excitation every 3s using Carl Zeiss 710 Meta NLO. Images were analyzed 

using ZEN 2010 software and plotted with SigmaPlot [75]. The experiments were 

performed at 37°C.  

Autophagy 

HeLa NegshRNA, MPC2KD and MPC1R97W were plated on 0.2% gelatin 

coated cover slips. Cells were infected with adenovirus expressing mRFP-GFP-

LC3. After 36 hours of infection confocal images were obtained at 561 and 488 nm 

excitation using a 40×oil objective (510 Meta; Carl Zeiss, Inc.). Images were 

analyzed and quantified using ZEN 2010 software. The puncta of each cell were 

counted and 10 pictures were taken for each sample. Autophagic flux was 

determined by evaluating the punctuated pattern of GFPLC3/ mRFP [76]. 

Generation of Hepatocyte-Specific Mice and Isolation of Primary 

Hepatocytes 

Hepatocyte-specific MCU knockouts were generated by a Cre-LoxP 

approach using hepatocyte-specific Cre-recombinase transgenic mice (B6.Cg-Tg 

(Alb-cre)21Mgn/J, The Jackson Laboratory, USA) and MCUfl/fl mice. All animals 
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were bred and maintained in our colony in the Animal Facility at the Lewis Katz 

School of Medicine at Temple University. All experiments were approved by 

Temple University’s IACUC and followed AAALAC guidelines. Hepatocytes from 

MCUfl/fl and MCUHEP were isolated as described above.  

Plasmids and Antibodies 

Plasmids GCaMP6-mt (Ref), peredox-mCherry (Hung et al., 2011), GFP-

Sec61(Addgene plasmid# 15108, Parkin-mCherry (Addgene plasmid # 23956), 

Tubulin-GFP, GFP-LC3 and mCherry-LC3 were purchased. Mito-EGFP Mito-Red 

(pDsRed2-Mito Vector) purchased from Clontech Laboratories. COX8A-C-mRFP 

(pCMV6-AC-RFP), KIF5B-Flag and Peroxiredoxin 3 was purchased from Origene 

Technologies. Mito-BFP from Dr. Gia Voeltz (Friedman et al., 2011) and Drp1-WT 

plasmid described earlier (Shanmughapriya et al., 2015a). The full-length wild-type 

and EF-hand mutant Miro1 (M1EF1 with point mutations in D210A and E221K; 

M1EF2 with point mutations in D330A and E341K), Miro2 (M2EF1 with point 

mutations in D197A and E208K; M2EF2 with point mutations in D317A and 

E328K), and constitutively active human MIRO1 GTPase mutant P13V, and 

dominant negative mutant T18N constructs were custom synthesized as gBlock 

gene fragments from IDT Inc. and subcloned into appropriate vectors for further 

use as described previously (Dong et al., 2017). Lentiviral constructs expressing 

Drp1 mutants S600A, S600D, S579A and S579D were generated and transduced 

for stable expression. All the plasmids were confirmed by sequencing before use. 

Antibodies specific for LC3 (Sigma, Cat# L7543; 1:10000), p62 (Cell Signaling 

Technology, Cat# 5114; 1:1000), β-actin (Santa Cruz Biotechnology Inc, Cat# sc-
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47778 HRP; 1:10000), KIF5B (Santa Cruz Biotechnology Inc, Cat# sc-376246; 

1:200), Drp1 (Santa Cruz Biotechnology Inc, Cat# sc-32898; 1:200), Mfn1 (Santa 

Cruz Biotechnology Inc, Cat# sc-50330; 1:500), Mfn2 (Santa Cruz Biotechnology 

Inc, Cat# sc-100560; 1:500), Miro1(Novus Biologicals, cat# NBP1-59021; 1:1000), 

Tubulin (Santa Cruz Biotechnology Inc, Cat# sc-8035; 1:1000), cytochrome c 

(Santa Cruz Biotechnology Inc, Cat# sc-13156; 1:1000), Tom 20 (Santa Cruz 

Biotechnology Inc, Cat# sc-11415), MCU (Sigma-Aldrich, cat# HPA016480-

100UL; 1:500), Xbp1s (Cell Signaling Technologies, cat# CST-12782 ), ATF6a 

(Santa Cruz Biotechnology Inc, Cat# sc-166659), Flag (Monoclonal anti-flag M2, 

Sigma, Cat# F1804, 1:500 for IP), Flag-HRP (Monoclonal anti-flag M2, Sigma, 

Cat# A8592), HA (Sigma, Cat# H6908, 1:500 for IP) and HA-Peroxidase (Roche, 

Cat# 12013819001, 1:10000) were used. 

siRNA knockdown 

Transient knockdown of Mid49, Mid51, Dynamin2 and KIF5B was achieved 

by using siRNA pool of four oligos (SMARTpool, Dharmacon, USA) (5 nM) for 

Dnm2 (ACCAUGAGCUGCUGGCUUA,GAAGAGGGCCAUACCCAAU, 

AAAGUUCGGUGCUCGAGAA,GGAGCCCGCAUCAAUCGUA),  

MID51 (GAUAGUAUGAGAAACGUGA, CUCAAGAAAUAGACGAGUU, 

GAGCUAGGCUAUAUAUUUA, GAAGAGUGAUUGCAUGUUU),  

MID49 (CUCUAUGGGCCACGAAUUA, GUAAAGCGGCUCAUCGACA, 

CCUCUUGGCUAAUGCUCGA, AGAUUGAUGACAUUGGCUA),  
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KIF5b (GAGCUAAACCGUUGGCGUA, GCAAGAAGUAGACCGGAUA, 

CAACAGACAUGUCGCAGUU, CAGGACAGAUGAAGUAUAA),   with scrambled 

siRNA as control at a final concentration of 20nM using Lipofectamine® RNAiMAX 

transfection reagent.  

Generation of Stable Cells Expressing M1WT, M1EF1, M1EF2, M2WT, 

M2EF1, M2EF2 and M2EF12 

Mouse embryonic fibroblasts were transfected with Flag tagged - M1WT, 

M1EF1, M1EF2, M2WT, M2EF1, M2EF2 and M2EF12 plasmids and 48 h post-

transfection, the cells were selected with blasticidin (2 g/ml) for 6–10 days and 

expanded. COS7 and HeLa cells were transfected with Flag tagged - M1WT and 

M1EF1 mutant plasmids and after 48 h cells were selected with blasticidin (2 

g/ml) for 6–10 days. 

Simultaneous Measurement of MiST and Mitochondrial Swelling 

HeLa WT cells were grown on 25-mm glass coverslips and transfected with 

COX8-mRFP. 48 h post transfection, cells were stained with PTP opening indicator 

calcein-AM for 30 minutes and then with CoCl2 (1mM) to quench cytosolic calcein. 

To confirm that MiST was upstream of PTP opening, HeLa cells were treated for 

30 minutes ± CsA (5 M) and stained with PTP opening indicator calcein-AM. 

Coverslips were mounted in an open perfusion microincubator (PDMI-2; Harvard 

Apparatus) at 37°C and imaged. After 1 min of baseline recording, ionomycin (2.5 

µM) was added and confocal images were recorded every 3 s (510 Meta; Carl 

Zeiss) at 488- and 561-nm excitation using a ×63 oil objective. The reduction in 
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fluorescence and change in mitochondrial morphology following stimulation with 

2.5 M ionomycin was assessed and compared with before ionomycin stimulation. 

Mitochondrial swelling was measured as a decrease in calcein fluorescence [58, 

77]. The length of individual mitochondria from each image was measured using 

image J and represented as a percentage of mitochondria in 0.2-2 m, 2-5 m and 

> 5 m.   

Simultaneous Measurement of MiST and cCa2+ 

HeLa WT/ MEF WT/ MEFs stably expressing M1WT, M1EF1, M1EF2, 

M2WT, M2EF1 and M2EF2 mutants or HeLa cells expressing M1P13V/ M1T18N 

were grown on 25-mm glass coverslips and transfected with COX8-mRFP.  To 

monitor cCa2+, 48 h post transfection, cells were loaded with 5 M Fluo-4AM 

(30 min) in the extracellular medium [18]. Coverslips were mounted in an open 

perfusion microincubator (PDMI-2; Harvard Apparatus) at 37 °C and imaged. After 

1 min of baseline recording, agonist (histamine (100 M); ionomycin (2.5 M); 

thrombin (5 mU)) was added and confocal images were recorded every 3 s (510 

Meta; Carl Zeiss) at 488- and 561-nm excitation using a 63x oil objective. Images 

were analyzed and quantified using ImageJ (NIH) and custom-made software 

(Spectralyzer). The length of individual mitochondria from each image was 

measured using image J and represented as a percentage of mitochondria in 0.2-

2 m, 2-5 m and > 5 m.   

Freshly isolated rat ventricular myocytes infected with 2 l/ml of Ad-Cox8a-

mRFP. 72 h post infection cells were loaded with 5 M Fluo-4 to monitor calcium 
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and blebbistatin 10 M to prevent hypercontraction. Ionomycin (10 M) was added 

and confocal images were recorded every 3 s (510 Meta; Carl Zeiss) at 488- and 

561-nm excitation. 

Measurement of MiST in Neuronal Cultures 

Dissociated primary postnatal day 6 mouse dorsal root ganglion neurons 

were cultured in tissue culture plastic dishes with glass coverslips affixed at the 

bottom of a hole drilled in the center of the dish and coated with polylysine (100 

g/mL) and laminin (25 g/mL) coated. Neurons were cultured in F12H medium 

with 1:50 B27 and 50 ng/mL nerve growth factor. Primary rat hippocampal 

embryonic day 18 neurons were prepared from hippocampi obtained from 

BrainBits Inc (Springfield, IL). The dissociation and culture of these neurons 

followed the manufacturer’s protocols and reagents. On the day in vitro (DIV) 3 the 

medium was switched to mbactiv1 medium (BrainBits), with subsequent changes 

of medium every 4 days. Mouse sensory neurons were transfected prior to plating 

using Amaxa nucleofection (program G013) and 15 g/mL of the plasmid. 

Hippocampal neurons were transfected on DIV 12 using Lipofectamine (20 L + 2 

L plasmid in a 300 L medium volume) for one hr, followed by replacement of the 

transfection solution with the medium. Mitochondria were labeled with MitoTracker 

Green (25 nM for 30 min followed by medium wash). Prior to imaging in all cases, 

the medium was replaced with F12H without B27. All imaging was performed on 

an Axio Observer Z1 inverted fully motorized microscope equipped with a stage 

heater, Hammamatsu Orca R2 CCD camera, 63x objective. Microscope protocols 

and acquisition were run using Zeiss AxioVision software. Measurements of 



30 
 

mitochondrial length were performed using Zeiss AxioVision measurement 

functions.  

Simultaneous Measurement of MiST and cCa2+ in the Absence of mCa2+ 

Uptake and PTP Opening 

To further validate that MiST is independent of PTP opening, MCU KO and 

MCUfl/fl hepatocytes isolated from MCUfl/flAlb-Cre+ mice were coated on 25-mm 

glass coverslips and loaded with matrix-localized m indicator dihydrorhodamine 

123 (DHR123 10M) for 30 min [77]. Confocal images were recorded every 30 s 

(510 Meta; Carl Zeiss) at 488 nm excitation using a ×40 oil objective. Images were 

analyzed and quantified using ImageJ (NIH) and custom-made software 

(Spectralyzer). The length of individual mitochondria from each image was 

measured using image J and represented as a percentage of mitochondria in 0.2-

2 m, 2-5 m and > 5 m.  

CypD KO [78], SPG7 KO [77], VDAC1/3 DKO [79] and Bax/Bak DKO [80] 

MEFs were transiently transfected with GCaMP6-mt. 48 h post transfection, cells 

were analyzed for MiST using confocal microscope upon ionomycin stimulation as 

described above. 

To confirm cCa2+-mediated MiST phenomenon, HeLa WT cells were 

transfected with COX8a-mRFP. 48 h post transfection, cells were loaded with 5 μM 

Fluo4-AM (30 min) and treated for 30 minutes either with cCa2+ chelator BAPTA-

AM (25 M) or extrcellular Ca2+ chelator EGTA (0.5 mM). After a baseline 

recording of 60s, cells were stimulated with ionomnycin (2.5 M) and confocal 
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images were recorded every 3 s (510 Meta; Carl Zeiss) at 488- and 561-nm 

excitation using a ×63 oil objective. Images were analyzed and quantified using 

ImageJ (NIH) and custom-made software (Spectralyzer). The length of individual 

mitochondria from each image was measured using image J and represented as 

percentage of mitochondria in 0.2-2 m, 2-5 m and > 5 m. 

Simultaneous Measurement of Mitochondrial Shape (MiST) and m 

For simultaneous measurement of m and MiST, HeLa WT/ MEF WT/ 

M1EF1 KI MEF cells were grown on 0.2% gelatin-coated 25-mm glass coverslips 

and transfected with COX8a-mRFP.  48 h post transfection, cells were loaded with 

10 μM DHR123 for 30 min in extracellular medium [77]. Coverslips were mounted 

in an open perfusion microincubator (PDMI-2; Harvard Apparatus) at 37 °C and 

imaged. After 1 min of baseline recording cells were challenged with either FCCP 

(10 μM) or ionomycin (2.5 μM) and confocal images were recorded every 3 s (510 

Meta; Carl Zeiss) at 488- and 561-nm excitation using a ×63 oil objective. Images 

were analyzed and quantified using ImageJ (NIH) and custom-made software 

(Spectralyzer). The length of individual mitochondria from each image was 

measured using image J and represented as percentage of mitochondria in 0.2-2 

m, 2-5 m and > 5 m. Loss of m, was measured over time as the dissipation 

of the DHR123 from the mitochondria or increase in DHR123 fluorescence in the 

cytosol and plotted. 

Measurement of MiST in ROS Scavenged Conditions 
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To test if MiST occurred due to Ca2+-dependent ROS, HeLa WT cells grown 

on 25-mm glass coverslips were co-transfected with COX8a-mRFP and Tubulin-

GFP. 48 h post transfection, cells were treated with either 5 mM N-acetyl cysteine 

(NAC) or 10 mM GSH (reduced glutathione) for 30 minutes. Additionally, HeLa WT 

cells grown on 25-mm glass coverslips were transfected with a combination of 

cox8a-mRFP, Ad-MnSOD and peroxiredoxin (Prdx3) and 48 h post transfection, 

imaged using confocal microscopy.  After a baseline recording of 60s, cells were 

stimulated with 2.5 M ionomycin to observe ionomycin-dependent ROS-mediated 

change in morphology using a confocal microscope. MiST was measured as a 

decrease in mitochondrial length as above.  

Measurement of MiST and Cytoskeletal Changes 

To evaluate MiST in the presence of cytoskeletal inhibitors, HeLa / MEF WT 

cells grown on 25-mm glass coverslips were transfected with COX8a-mRFP and 

Tubulin-GFP, a marker that labels microtubules. 48 h post transfection, cells were 

imaged using confocal microscope. After a baseline recording of 60s, cells were 

stimulated with 1 M colchicine and images were recorded every two minutes 

(colchicine) to observe changes in mitochondrial morphology on microtubule de-

polymerization. The length of individual mitochondria was measured as above. 

Measurement of MiST in Mitochondrial Fission Deficient Cells 

To validate that MiST is independent of mitochondrial fission, Drp1 KO [81], 

MFF/Fis1 DKO MEFs [82] and Dyn2 KD/ Mid51 KD and Mid49 KD MEFs were 

grown on 25-mm glass coverslips and transfected with COX8a-mRFP. To assess 
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MiST in the absence of motor protein, KIF5B KD MEFs were grown on 25-mm 

glass coverslips and transfected with COX8a-mRFP. 48 h post transfection, cells 

were analyzed for MiST upon challenge with ionomycin (2.5 M) using a confocal 

microscope. Additionally, HeLa cells transfected with COX8a-mRFP were treated 

with 1 m FK506 (Sigma-Aldrich; F4679-5MG) for 30 minutes, a Ca2+-dependent 

phosphatase, calcineurin inhibitor. After a baseline recording of 60s, cells were 

stimulated with 2.5M ionomycin and images were recorded every 3 s (510 Meta; 

Carl Zeiss) at 488- and 561-nm excitation using a ×63 oil objective. The length of 

individual mitochondria were measured as above. 

Flow Cytometry and PI Staining 

MCUfl/fl and MCU-/- ECs were isolated and plated in 6 well plates. After 24 hr, cells 

were treated with H2O2 (2 M), ceramide (C2) (100 M), ionomycin (Iono) (5 M) 

and thapsigargin (Tg) (10 M) for 18 h. For necrotic cell death measurement, cells 

were stained with propidium iodide. The cells were analyzed with a flow cytometer 

(BD Calibur). Relative PI staining was plotted on a logarithmic scale using Flow-Jo 

software [70].  

Immunoblotting 

Cell extracts were prepared from cells of indicated genotypes using RIPA buffer 

(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1 mM EDTA, 1% 

NP-40, protease inhibitor cocktail (Complete, Roche and 1 mM PMSF)). Equal 

amounts of protein were separated on 4-12% Bis-Tris polyacrylamide gel, 
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transferred to a PVDF membrane, and probed with corresponding antibodies as 

specified. 

Co-immunoprecipitation 

Cell extracts were prepared from transiently transfected MEFs cells using RIPA 

buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.25% deoxycholic acid, 1 mM 

EDTA, 1% NP-40, protease inhibitor cocktail (Complete: Roche and 1 mM PMSF). 

To study the interaction of M1WT with M1 WT, HA tagged M1 WT was co-

transfected with Flag tagged M1WT and M1EF1 mutant plasmids. Following 

immunoprecipitation with HA antibody (Sigma-aldrich, USA), total cell lysates and 

immunoprecipitated materials were subjected to Western blot analysis. 10% of cell 

lysates were probed with Flag (Sigma-Aldrich) and HA antibodies to serve as 

inputs, and similarly, immunoprecipitated samples were probed with their 

corresponding antibodies to assess protein binding. To study the effect of Ca2+ on 

Miro and KIF5B interaction, Flag-KIF5B and HA-Miro plasmids were co-

transfected in COS7 cells. After 48 hours of transfection, cells were collected and 

lysed in RIPA buffer with (1 mM) or without Ca2+. To study the protein-protein 

interaction anti-Flag and anti-HA antibodies were used for immunoprecipitation. 

10% of total cell lysates and immunoprecipitates were probed with corresponding 

antibodies [28]. 

Simultaneous Assessment of MiST and Autophagy 

Stable M1WT and M1EF1 mutant MEFs were transiently transfected with 

Cox8a-mRFP and GFP-LC3. Briefly, cells were imaged 48 h post transfection. 



35 
 

After a baseline recording of 60s, cells were stimulated either with thrombin (15 

mU/ml) or ionomycin (1 M). Confocal images were acquired at 405 nm and 561 

nm excitation every 3 minutes for a total of 60 minutes using Carl Zeiss 510. 

Images were analyzed using ZEN 2010 software and image J and plotted with 

SigmaPlot.  M1WT, M2WT and mutant MEFs were plated on 60mm tissue culture 

treated dishes and either starved in Earle’s salt solution for 6h or treated with 

ionomycin (5 M) for 2 h. Cell lysates were collected for immunoblotting with 

autophagy markers.  

To monitor autophagic flux, M1WT, M2WT and M1 and M2 mutants were 

plated on were plated on 0.2% gelatin coated cover slips. Cells were infected with 

adenovirus expressing mRFP-GFP-LC3. After 36 hours of infection confocal 

images were obtained at 561 and 488 nm excitation using a 40×oil objective (510 

Meta; Carl Zeiss, Inc.). Images were analyzed and quantified using ZEN 2010 

software. The puncta of each cell were counted and 10 pictures were taken for 

each sample. Autophagic flux was determined by evaluating the punctuated 

pattern of GFPLC3/ mRFP [76].    

To monitor the transfer of lipid from mitochondria to autophagosome during 

starvation induced autophagy, M1WT and M1EF1 mutant MEFs were co-

transfected with Mito-BFP and mCherry-LC3. The chloroform was removed from 

NBD-PS (18:1 NBD-PS Cat#810198, Avanti Polar Lipids, Inc) and reconstituted to 

a 2.2mM solution in DPBS and 0.22mM solution was added to cells for 30 min [83]. 

After incubation, culture media is replaced with whole media or EBSS to induce 

the starvation. Confocal images were recorded at indicated time points using 
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LSM510 confocal microscope at 405, 488- and 561-nm excitation using a 100x oil 

objective. 

Mitochondrial Translocation of Parkin 

Mitochondrial translocation of Parkin was monitored by confocal 

microscopy of M1WT and M1EF1 MEFs co-transfected with Parkin-mCherry and 

Mito-EGFP. Cells were imaged 48 h post transfection. After a baseline recording 

of 60s, cells were stimulated with either ionomycin (2.5 M) or pre-treated with 

FCCP (10 M) for 1 or 4 h.  Confocal images were acquired at 405 nm and 561 

nm excitation every 3 minutes for a total of 60 minutes using Carl Zeiss 510. 

Images were analyzed using ZEN 2010 software and image J and plotted with 

SigmaPlot.   

 Simultaneous Measurement of ER-mitochondrial network and MiST 

COS7 cells stably expressing M1WT and M1EF1 mutant were grown on 25-mm 

glass coverslips and transfected with GFP-Sec61 and Mito-Red to visualize the 

ER-mitochondrial contacts. After 48 h of transfection, coverslips were mounted in 

an open perfusion microincubator (PDMI-2; Harvard Apparatus) at 37 °C and 

imaged. After 1 min of baseline recording, ionomycin (2.5 μM) was added and 

confocal images were recorded every 3 s (510 Meta; Carl Zeiss) at 488- and 561-

nm excitation using a 100x oil objective. Images were analyzed and quantified 

using ImageJ (NIH) and custom-made software (Spectralyzer). The length of 

individual mitochondria from each image was measured using image J and 

represented as a percentage of mitochondria in 0.2-2 m, 2-5 m and > 5 m. 
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MEFs stably expressing M1WT and M1EF1 mutant plasmids were plated on 10cm 

dishes and treated with ionomycin 5 M for 10 minutes and fixed EM-grade 2% 

glutaraldehyde (Electron Microscopy Sciences, Hartfield, PA) and 2% 

paraformaldehyde in 0.1 M sodium cacodylate buffer containing 2mM calcium 

chloride. Cells were fixed for 1h at room temperature. Images were acquired using 

Zeiss LIBRA120 TEM equipped with Gatan UltraScan, 1000 2k x 2k CCD EFTEM, 

energy filtering. 

Size Exclusion Chromatographic Analysis of Miro1 Complex 

Gel filtration of Miro1 complex was performed at 4°C by fast protein liquid 

chromatography (ÄKTA Pure FPLC; GE Healthcare), using Superdex 200 10/300 

column equilibrated with PBS. The cleared cell lysates prepared from MEFs stably 

expressing M1WT and MiEF1 mutant were directly loaded onto a Superdex 200 

FPLC column at a flow rate of 0.5 ml/min. The 0.5mL fractions were collected, 

concentrated and used to assay complexes by immunoblotting. 

mCa2+ Uptake and m Measurement in Permeabilized Cell System 

Cells were washed in Ca2+ free PBS, pH 7.4. An equal number of cells (10x106 

cells) were resuspended and permeabilized with 40 µg/ml digitonin in 1.5 ml of 

intracellular medium (ICM) composed of 120 mM KCl, 10 mM NaCl, 1 mM 

KH2PO4, 20 mM Hepes- Tris, pH 7.2 and 2 µM thapsigargin to block the SERCA 

pump. All the measurements were performed in the presence of 5 mM succinate. 

The simultaneous measurement of m and extramitochondrial Ca2+ ([Ca2+]out) 

clearance as an indicator of mCa2+ retention was achieved by loading the 
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permeabilized cells with JC-1 (800 nM) and FuraFF (0.5 µM), respectively. 

Fluorescence was monitored in a multiwavelength excitation dual-wavelength 

emission fluorimeter (Delta RAM, PTI). [Ca2+]out is shown as the excitation ratio 

(340 nm/380 nm) of Fura-FF/FA fluorescence and m as the ratio of the 

fluorescence of J-aggregate (570 nm excitation/595 nm emission) and monomer 

(490 nm excitation/535 nm emission) forms of JC-1 [18]. A series of Ca2+ boluses 

(10 M) and mitochondrial uncoupler, CCCP (2 M), were added at the indicated 

time points. All the experiments were performed at 37ᵒC with constant stirring. 

Simultaneous Measurement of cCa2+ and mCa2+ in Intact Cell System. 

HeLa WT cells grown on 25-mm glass coverslips were co-transfected with 

GCaMP6 and mito-R-GECO1. MEF grown on 25-mm glass coverslips were loaded 

with 2 µM Rhod2-AM (50 min) and 5 µM Fluo4-AM (30 min) in extracellular medium 

(ECM) containing 2% bovine serum albumin (BSA). Cells were washed nd placed 

in ECM containing 0.25% BSA. Coverslips were mounted in an open perfusion 

microincubator (PDMI-2; Harvard Apparatus) at 37°C and imaged. After 1 min of 

baseline recording, agonist (histamine (100µM); thrombin (500 mU)) was added 

and confocal images were recorded every 3 s (510 Meta; Carl Zeiss, Inc.) at 488- 

and 561-nm excitation using a 63x oil objective. Images were analyzed and 

quantitated using ImageJ (NIH) and custom-made software (Spectralyzer).  

Measurement of Basal mCa2+ and [Ca2+]i Release 

MEFs cells stably expressing control vector, M1WT and M1EF1 were 

resuspended and permeabilized with digitonin (40 mg/ml) in 1.5 mL of intracellular 
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medium composed of 120mMKCl, 10mMNaCl, 1mMKH2PO4, 20 mM HEPES-tris 

(pH 7.2), 5 mM succinate, bath Ca2+ indicator Fura-2FF (0.5 mM), MCU blocker 

Ru360 (1 mM) and NCLX blocker, CGP (1 mM), and 2 M thapsigargin to block 

the SERCA pump. The experiments were performed at 37 oC with constant stirring. 

To assess the resting [Ca2+]m, after baseline recording of bath Ca2+ ([Ca2+]out), 

FCCP (10 M mM) was added to release matrix mitochondrial Ca2+. Fluorescence 

was monitored in a multiwavelength excitation, dual-wavelength emission 

fluorimeter (DeltaRAM, PTI). [Ca2+]out was recorded as an excitation ratio (340 

nm/380 nm) and emission at 510 nm of Fura2FF fluorescence. Cells were washed 

in Ca2+ free PBS, pH 7.4.  

To measure [Ca2+]i release, an equal amount of cells (10x106 cells) were 

re-suspended in Hank’s Buffered Salt Solution and loaded with 1M Fura-2 AM for 

30 minutes. Fluorescence was monitored in a multi-wavelength excitation dual-

wavelength emission fluorimeter (Delta RAM, PTI). [Ca2+]i is shown as the 

excitation ratio (340 nm/380 nm) of Fura-2 AM fluorescence. Agonist (histamine 

(100 μM); ionomycin (2.5 μM); thrombin (5 mU)) was added at the indicated time 

point. All the experiments were performed at 37ᵒC with constant stirring. 

Assessment of Mitochondrial Fragmentation 

M1WT and M1EF1 mutant MEFs were transiently transfected with cox8a-

mRFP. 48h post transfection cells were subjected to 10 M oligomycin and 10 M 

antimycin A for 4 hours and imaged for mitochondrial fragmentation. The length of 

mitochondria were measured from every image as above.  
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Statistical Analysis 

Data were expressed as the mean ± SE. Statistical significance was 

evaluated via Student’s unpaired t test, one-way and two-way ANOVA. P <0.05 

was considered statistically significant. All experiments were conducted at least 

three times unless specified. Data were plotted either with Sigma Plot 11.0 

software or GraphPad Prism version 6 software. Data obtained from neurons was 

analyzed using GraphPad Instat software (v 3.10). 
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CHAPTER 3 

MITOCHONDRIAL PYRUVATE CARRIER REGULATES MITOCHONDRIAL 

Ca2+ HOMEOSTASIS 

INTRODUCTION 

Mitochondrial metabolites in association with Ca2+ act together to generate 

reducing equivalents that feed into the ETC to generate ATP. One major 

metabolite that is an initiator of the TCA cycle is acetyl CoA that is mainly 

generated by the decarboxylation of pyruvate. Pyruvate, the end product of 

glycolysis is transported into the mitochondrial matrix through the mitochondrial 

pyruvate carrier, a heteromeric complex on the IMM. Mutations in the pyruvate 

carrier where arginine 97 of MPC1 is mutated to tryptophan (MPC1R97W) has been 

shown to present with lactic acidosis leading to premature death. Having observed 

that loss of mCa2+ perturbs the downstream bioenergetic pathway, the central 

hypothesis was to identify if loss of metabolites would reduce Ca2+ entering 

the mitochondria to match the metabolite concentration thus perturbing 

cellular bioenergetics [28]. 

RESULTS 

Deprivation of Mitochondrial Substrates by Blocking Pyruvate and Fatty 

acid Entry Induces MCU complex MICU1 Protein Abundance 

cCa2+ signals determine mitochondrial reducing equivalents and cell survival 

by altering MCU-mediated mCa2+ uptake [75]. To understand whether altering 

mitochondrial substrates modulate MCU complex abundance, we treated primary 

cardiomyocytes with glucose analogue 2deoxy glucose (2DG) that halts glycolysis, 
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etomoxir that prevents the conversion of fatty acyl-coA to fatty acyl-carnitine, 

hence preventing the transport of fatty acid into the mitochondria for oxidation and 

third with UK5099, a compound that prevents the entry of pyruvate into the 

mitochondria and assessed MCU complex proteins MCU and MICU1 [84-86].  

After the treatment, cell lysates were subjected to Western blotting and probed for 

MCU and MICU1 protein abundance. Remarkably, cells treated with either 2-DG, 

etomoxir, UK5099 alone or in combination 2DG+Eto and UK5099+Eto resulted in 

a significant increase in MCU gatekeeper MICU1 protein abundance without any 

effect on MCU pore subunit (Fig. 3A). We next exposed hepatocellular carcinoma 

cell line HepG2 cells under same conditions and investigated MICU1 and MCU 

protein abundance. Consistent with cardiomyocyte data, HepG2 cells exhibited 

elevated MICU1 protein expression. Under these conditions, the MCU protein level 

remained unaltered (Fig. 3B). Since 2DG and UK5099 treatment showed induction 

of MICU1 protein, we next asked whether knockdown of pyruvate transporter 

proteins MPC1 and MPC2 would induce MICU1.  In complement with the 

pharmacological inhibitors, RNAi-mediated silencing of MPC1 and MPC2 in 

primary cardiomyocytes, HEK 293T and HepG2 cells resulted in a heightened 

increase in MICU1 protein levels (Fig. 3C-3E). To further verify the effect of 

pharmacologic as well as MPC knockdown, we stably reconstituted the human 

dominant negative MPC mutant (MPC1R97W) in HEK293T cells. Cells stably 

expressing MPC1R97W exhibited an increase in MICU1 protein levels that was 

similar to MPC KD cells (Fig. 3E). Collective densitometric analysis revealed an 

increase in 2-15 fold in the KDs compared to the control cells (Fig. 3A-3E).  
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Together, these data suggest that preventing mitochondrial pyruvate and fatty acid 

entry into the mitochondria results in up-regulation of the mCa2+ uptake MCU 

complex regulatory component MICU1.    

 

 

 

 

Figure 3: Deprivation of TCA cycle metabolites increases MICU1 levels. A and 
B) Primary rat cardiomyocytes (A) and HepG2 cells (B) were exposed to either 

2DG (1 mM), etomoxir (10 M), UK5099 (100 M), or combination of 2DG+ 
etomoxir and Uk5099+etomoxir overnight and immunoblotted for MICU1 and 
MCU. Tom20 was used as loading control. Bottom panel represents relative 
density of protein abundance quantified using Image J. Mean + SEM. *P<0.05, 
**P<0.01, ns= not significant. C) MPC1 KD and MPC2 KD HepG2 cells were 
immunoblotted for MICU1 and MCU. Tom20 was used as loading control. Bottom 
panel represents relative density of protein abundance quantified using Image J. 
Mean + SEM. **P<0.01, ns= not significant.  D) Primary rat cardiomyocytes were 
transiently silenced for MPC1 and MPC2 using siRNA and immunoblotted for 
MICU1 and MCU. Tom20 was used as loading control. Bottom panel represents 
relative density of protein abundance quantified using Image J. Mean + SEM.  
***P<0.001, ns= not significant. E) HEK293T control, MPC2KD and stably 
expressing MPC1R97W cells were immunoblotted for MICU1 and MCU. Tom20 was 
used as loading control. Bottom panel represents relative density of protein 
abundance quantified using Image J. Mean + SEM.  *P<0.05, ns= not significant. 
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Loss of MPC 1 and 2-dependent MICU1 Induction Alters Basal MCU-

Mediated mCa2+ Uptake 

Next, we assessed if this elevated MICU1 played a role in modulating MCU-

mediated mCa2+ uptake. MICU1 binds MCU and inhibits MCU-mediated Ca2+ 

uptake at intracellular Ca2+ in resting cells thus acting as a gatekeeper for MCU. 

Loss of MICU1 results in basal matrix mCa2+ accumulation [24, 87]. In order to 

understand how loss of mitochondrial substrate availability alters mitochondrial 

function, we utilized genetic knockdown of MPC genes as a model system. HepG2 

cells stably knocked-down with MPC1 and MPC2 shRNAs were generated and 

exhibited a knockdown over 80% at mRNA and protein level (Fig. 4A - 4D). 

Consistent with previous reports we observed that loss of one isoform results in 

possibly destabilization of MPC protein complex and protein degradation of 

heteromeric subunit (Fig. 4C and 4D) [31, 32]. Since MICU1 was elevated under 

conditions of nutrient deficiency, we asked if these cells exhibited any difference 

in basal matrix Ca2+. Digitonin permeabilized control and KD cells were challenged 

Figure 4: RNA and protein expression of MPC KD clones. A and B) MPC1 and 
MPC2 expression in HepG2 cells stably expressing either negative shRNA or 
lentiviral shRNA targeting different regions of MPC1 and MPC2 were assessed by 
qRT-PCR. Mean + s.e.m., n=3, ***P<0.001, ns=not significant. C and D) MPC1 
and MPC2 expression in HepG2 cells stably expressing either negative shRNA or 
lentiviral shRNA targeting different regions of MPC1 and MPC2 were assessed by 
western blot analysis (n=3). 
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with thapsigargin (Tg), a SERCA inhibitor to prevent Ca2+ uptake by the ER and 

an uncoupler CCCP. Addition of the uncoupler, CCCP depolarizes the 

mitochondria thus releasing the matrix Ca2+ that was significantly lower in the MPC 

KD cells compared to the control (Fig. 5A and 5B). To validate that the decrease 

in matrix Ca2+ was indeed due to pyruvate deficiency dependent MICU1 increase, 

we performed rescue experiments. Reconstitution of MPC1 and MPC2 in the 

respective KD cells, resulted in basal matrix Ca2+ as that of the control (Fig. 5C 

and 5D).  Loss of either isoforms of MPC exhibited partial m reduction compared 

to the control cells (Fig. 5E and 5F) that was reversed when MCP1 and MPC2 

were reconstituted (Fig. 5G and 5H). Since mitochondria shape cCa2+ dynamics 

and loss of pyruvate carrier resulted in decreased matrix Ca2+, we next tested if 

the mCa2+ uptake was intact in the KD cells. mCa2+ uptake upon stimulation with 

ATP was significantly decreased in both MPC1 and MPC2 KD cells compared to 

control (Fig. 5I and 5J) which was reversed in rescue MPC HepG2 cells (Fig. 5K). 

To further verify the role of MPC in mCa2+ uptake, we measured basal mCa2+ levels 

in MPC1R97W mutant cells.  As expected, mitochondrial matrix Ca2+ content was 

lower in MPC1R97W mutant expressing cells with intact m (Fig. 6A-6D). 

Collectively, these data suggest that inhibition of mitochondrial pyruvate transport 

alters MCU-mediated mCa2+ uptake possibly through stress-induced expression of 

MICU1.  
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Figure 5: Silencing MPC reveals a MICU1-dependent altered mitochondrial 
Ca2+ homeostasis. A) Representative traces of permeabilized (40 μg/ml digitonin) 

HepG2 control and MPC KD cells loaded with 2 M thapsigargin (Tg), ratiometric 

Ca2+ indicator Fura2-FF and pulsed with 10 M uncoupler CCCP at 1200 s. MPC1 
and MPC2 KD showed reduced matrix mCa2+. B) Quantification of CCCP-induced 
Ca2+ release in control and MPC KD HepG2 cells. Data represent mean + s.e.m. 
(n=3), *P<0.05. C) Representative traces of permeabilized HepG2 control and 

MPC rescue cells loaded with the 2 M thapsigargin (Tg), Fura2-FF and pulsed 

with 10 M uncoupler CCCP at 1200 s. MPC1 and MPC2 rescued HepG2 cells 
showed similar matrix mCa2+. D) Quantitation of CCCP-induced Ca2+ release in 
control and MPC rescue HepG2 cells. Data represent mean + s.e.m. (n=3), n.s=not 
significant. E) Representative traces of permeabilized HepG2 control and MPC KD 

cells loaded with the 2 M thapsigargin (Tg), ratiometric m fluorophore JC-1 and 

pulsed with 10 M uncoupler CCCP at 1200 s. MPC1 and MPC2 KD showed 

reduced m. F) Quantitation of m before addition of CCCP in control and MPC 
KD HepG2 cells. Data represent mean+ s.e.m. (n=3), *P<0.05. G) Representative 

traces of HepG2 control and MPC rescue cells loaded with the 2 M thapsigargin 

(Tg), JC-1 and pulsed with 10 M uncoupler CCCP at 1200 s. MPC1 and MPC2 

rescue HepG2 cells showed m similar to that of control cells. H) Quantitation of 
ΔΨm before addition of CCCP in control and MPC rescue HepG2 cells. Data 
represent mean + s.e.m. (n=3), n.s=not significant. I) Mean traces of mCa2+ uptake 
as measured by Rho-2 fluorescence in HepG2 WT, MPC1 and MPC2 KD cells 

upon stimulation with 10M ATP. J) Bar graph represents the peak fluorescence 

in HepG2 WT, MPC1 and MPC2 KD cells upon stimulation with 10M ATP. K) 
Rate of mCa2+ uptake in control, MPC1 and MPC2 rescue HepG2 cells Data 
represent mean + s.e.m. (n=3), n.s=not significant 
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Figure 6: Mutations in MPC result in MICU1-dependent altered mCa2+ 
homeostasis. A) Representative traces of permeabilized HepG2 control and 

MPC1R97W cells loaded with the 2 M thapsigargin (Tg), ratiometric m 

fluorophore JC-1 and pulsed with 10 M uncoupler CCCP at 400 s. m was 

similar in control and MPC1R97W HepG2 cells. B) Quantification of m before 
addition of CCCP in control and MPC1R97W HepG2 cells. Data represent mean 
+ s.e.m. (n=3), ns=not significant. C)Representative traces of permeabilized 

HepG2 control and MPC1R97W cells loaded with the 2 M thapsigargin (Tg) 
ratiometric Ca2+ indicator Fura2-FF and pulsed with 10 μM uncoupler CCCP at 
400 s. MPC1R97W exhibited reduced matrix mCa2+. D) Quantification of CCCP-
induced Ca2+ release in control and MPC1R97W HepG2 cells. Data represent 
mean + s.e.m. (n=3), *P<0.05. 
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EGR1 controls MICU1 Promoter and Induces MICU1 Expression During 

Mitochondrial Stress 

One possible mechanism for the MICU1 induction in mitochondrial substrate 

deprivation in blockers and MPC KD cells could be a transcriptional regulation of 

MICU1 abundance. To test this, HEK 293T cells were transiently silenced with 

MPC2 siRNA and transfected with either control or full length MICU1 promoter-

tagged to renilla luciferase. Consistent with MPC KD results, RNAi-mediated 

silencing of MPC2 exhibited a ~600 fold increase in MICU1 promoter transcription 

compared to the control cells (Fig. 7A), suggesting that the increase in MICU1 

protein is possibly due to transcriptional regulation. Bioinformatic analysis of the 

MICU1 promoter region revealed putative EGR transcription factor binding sites. 

Early growth response factors (EGRs) are the first among the transcription factors 

that respond to varied environmental conditions including, growth factors, 

hormones, neurotransmitters, mitogens and metabolites and that functionally 

control cell proliferation in multiple cell types [88-90]. The EGR family consists of 

four members EGR1, EGR2, EGR3 and EGR4. All four members share the same 

consensuses DNA binding sequence (Fig. 7B). To test if EGR1 indeed binds and 

regulates MICU1, we utilized primary endothelial cells (ECs) freshly isolated from 

12-week-old EGR1-/- mice. As shown before the EGR1-/- animals do not exhibit any 

developmental or behavioral changes from that of the WT animals. EGR1-/- ECs 

displayed a decrease in MICU1 mRNA levels with concomitant increase in basal 

Ca2+ levels (Fig. 7C and 7D).   
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Figure 7: MICU1 is transcriptionally regulated under impaired pyruvate flux.  
A) Control and MPC2 siRNA KD HEK293T cells were transfected with MICU1 
promoter-luciferase construct and analyzed for luciferase activity. B) Schematic of 
the consensus DNA binding region in EGR1, EGR2, EGR3 and EGR4. C) Bar 
represents relative MICU1 mRNA expression in ECs from WT and EGR1-/- 
animals. D) Bar graph represents quantification of normalized basal matrix mCa2+ 
in ECs from WT and EGR1-/- animals. 
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EGR1 but not EGR4 Regulates MICU1 Transcription under Substrate 

Deficiency 

Since MICU1 inhibits MCU-dependent Ca2+ uptake in low cCa2+ conditions, 

we then tested if EGR1-/- ECs take up low regime (1 M) Ca2+ which is prevented 

by MICU1. Simultaneous measurement of mCa2+ uptake and m revealed a rapid 

uptake of 1M Ca2+ pulse by EGR1-/- but not the WT and EGR4-/- ECs with 

unaltered m (Fig. 8A). Consistent with MICU1 promoter results, EGR1-/- ECs 

showed increased mCa2+ upon addition of the uncoupler (Fig. 8B and 8C), 

suggesting that EGR1 likely controls MICU1 induction during mitochondrial 

nutrient stress.  
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To further confirm that EGR1 but not EGR4 regulates MICU1 expression, 

primary hepatocytes isolated from EGR1-/- and EGR4-/- mice were challenged with 

UK5099 and etomoxir.  WT and EGR4-/- hepatocytes exhibited a significant 

induction of MICU1 protein that was similar to other cell types with no change in 

MCU levels (Fig. 9). In contrast, MICU1 protein levels remained unaltered in EGR1-

/- hepatocytes (Fig. 9A). Densitometric analysis revealed about 2-3 fold increase in 

Figure 8: Elevated basal mCa2+ in EGR1-/-. A) Representative traces of 

permeabilized ECs from WT, EGR1-/- and EGR4-/- animals loaded with 2 M 

thapsigargin (Tg), ratiometric m fluorophore JC-1 and pulsed with 1M Ca2+ 

followed by 10 M uncoupler CCCP at 700 s.  m was unchanged in WT, EGR1-

/- and EGR4-/- ECs. Bottom panel. Representative traces of permeabilized ECs 

from WT, EGR1-/- and EGR4-/- loaded with the 2 M thapsigargin (Tg), ratiometric 

Ca2+ indicator Fura2-FF and pulsed with 1M Ca2+ followed by 10 M uncoupler 
CCCP at 700 s. B) Zoomed inset showing mitochondrial matrix mCa2+ released 
upon stimulation with CCCP. C)Top panel. Bar graph represents quantification of 
amount of matrix mCa2+ released upon stimulation with CCCP. Bottom panel. Bar 

graph represents quantification of rate of mCa2+ uptake with 1M Ca2+ pulse.  
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the protein levels of MICU1 in the WT and EGR4-/- but not in EGR1-/- hepatocytes 

(Fig. 9B). Having observed the lack of response to blockers in EGR1-/- 

hepatocytes, we measured the basal mCa2+ in wild-type and EGR1-/-  hepatocytes 

(Fig. 9C). Consistent with blockers and MPC KD results, basal mCa2+ content is 

lowered in blockers pretreated wild-type but not in EGR1-/- hepatocytes indicating 

that 

EGR1 could be the prominent transcription factor that controls MICU1 abundance 

under nutrient stress conditions. Together, these data reveal that the elevated 

MICU1 levels under conditions of metabolic stress, is due to transcriptional 

regulation of MICU1 promoter by EGR1.  

 

Impaired Mitochondrial Pyruvate Flux Promotes Lactate Accumulation and 

Perturbs Bioenergetics 

Figure 9: Elevated MICU1 protects from Ca2+ overload under substrate 
deficiency. A) Hepatocytes isolated from WT, EGR1-/- and EGR4-/- mice were 

exposed to either 2DG (1mM), etomoxir (10M), UK5099 (100M), or combination 
of 2DG+ etomoxir and Uk5099+etomoxir overnight and immunoblotted for MICU1 
and MCU. Tom20 was used as loading control. B) Bar graph represents relative 
density of protein abundance quantified using Image J. Mean + s.e.m., **P<0.01, 
ns= not significant. C) Bar graph represents the basal mCa2+ as measured by Rho2 
fluorescence in hepatocytes isolated from WT and EGR1-/- animals exposed to 

either 2DG (1mM), etomoxir (10 M), UK5099 (100M), or combination of 2DG+ 
etomoxir and Uk5099+etomoxir. 
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To examine the link between pyruvate flux and MICU1-mediated MCU 

complex function, we measured mitochondrial bioenergetics parameters.   Having 

observed altered mCa2+ levels under conditions of mitochondrial pyruvate 

deprivation, we assessed if deletion of MPC proteins had impact on mitochondrial 

oxygen rate (OCR). We measured oxygen consumption rate in control and MPC1 

and 2 KD cells. OCR analysis revealed a significant decrease in basal and maximal 

oxygen consumption in both MPC1 and MPC2 KD cells compared to control cells 

(Fig. 10A-10C). Additionally, MPC KD levels exhibited low total cellular ATP levels 

and reduced m compared to control, with a concomitant increase in mROS 

levels (Fig. 10D and 10E). Pyruvate being a substrate for complex I, we next 

assessed the activity of complex I to synthesize reducing equivalents NADH. To 

measure the dynamic change of NADH/NAD+ ratio, control and MPC2 KD HepG2 

cells were transiently transfected with a NADH sensor peredox-mCherry and 

stimulated with mitochondrial uncoupler, FCCP. Upon stimulation, the 

protonophore would cause a rapid dissipation of m which maximizes the electron 

transport chain complex activity to build the proton gradient. FCCP caused a rapid 

rise in NADH fluorescence in control cells but not in MPC2 KD cells (Fig. 10F) 

suggesting lower pyruvate as well as reduced basal mCa2+. A point mutation in 

MPC1 transforming arginine to tryptophan (R97W), renders defects in 

mitochondrial pyruvate oxidation. Patients with MPC1R97W mutation exhibit lactic 

acidosis and hyperpyruvetemia [33]. To further explore if silencing MPC proteins 

had similar effect as that of the point mutation, HEK 293T cells stably expressing 

Flag-tag MPC1R97W mutant plasmid were generated. Consistent with MPC KD 
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results, MPC1R97W mutant cells also showed reduced cellular ATP levels and 

increased mitochondrial ROS (Fig. 10G and 10H). Additionally, intracellular and 

extra-cellular lactate levels were elevated in the MPC1R97W cells compared to the 

control (Fig. 10I) suggesting conversion of the accumulated cytosolic pyruvate to 

lactate. Taken together these data suggest that the blockade of pyruvate entry into 

mitochondria results in bioenergetic crisis possibly due to MICU1 overexpression 

and normalizing the MCU activity.  
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Figure 10: Loss of mitochondrial pyruvate flux perturbs cellular 
bioenergetics. A) Measurement of oxygen consumption rate (OCR) in WT, 

MPC1KD and MPC2 KD HepG2 cells. After basal OCR, oligomycin (1 M) (A), 

FCCP (1 M) (B), and rotenone (100 M) + Antimycin A (100 M) (C) were added. 
B and C) Bar represents mean basal OCR, and maximal OCR. Mean ± SEM, 
(n=10); ***P<0.001, **P<0.01. D) Bar graph represents cellular ATP levels in WT, 
MPC1KD and MPC2 KD HepG2 cells. Mean ± SEM, (n=8); ***P<0.001, **P<0.01. 
E) Quantification of MitoSOX Red fluorescence in WT, MPC1KD and MPC2 KD 
HepG2 cells. Mean ± SEM, (n=8); ***P<0.001, **P<0.01. F) Mean traces of cellular 
NADH/NAD+ fluorescence in WT, MPC1KD and MPC2 KD HepG2 cells. Inset: 
Peak NADH/NAD+ fluorescence. Mean ± SEM, (n=4); *P<0.05. G) Bar graph 
represents cellular ATP levels in HepG2 cells stably expressing Flag-tagged empty 
vector and MPC1R97W plasmids. Mean ± SEM, (n=8); **P<0.01. H) Quantification 
of MitoSOX Red fluorescence in HepG2 cells stably expressing Flag-tagged empty 
vector and MPC1R97W plasmids. Mean ± SEM, (n=3); **P<0.01. I) Quantification of 
intra and extra-cellular lactate levels in HepG2 cells stably expressing Flag-tagged 
empty vector and MPC1R97W plasmids. Mean ± SEM, (n=3); ***P<0.001, *P<0.05 
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MPC Mediated Pyruvate Flux Controls AMPK Dependent Autophagy 

Having observed that loss of pyruvate transporter had detrimental effects 

on cellular energy from glucose and pyruvate oxidation, we then examined if 

alternative modes of energy production were being utilized by the cell. Autophagy 

is a conserved process of degrading selective dysfunctional mitochondria under 

conditions of nutrient deprivation and energy crisis [91, 92]. When energy demand 

exceeds its supply, dysfunctional mitochondria are targeted to the autophagosome 

and degraded by lysosomes. Thus, eliminating damaged mitochondria is a survival 

mechanism during nutrient stress. Since autophagy is a dynamic process that 

involves three major steps of formation of the autophagosome, fusion of 

autophagosome and lysosome and finally degradation in the lysosome, monitoring 

autophagic flux accurately evaluates the complete autophagic process [93]. To 

investigate if autophagy is increased during perturbation of mitochondrial pyruvate 

transport, autophagic flux analysis was performed in cells knocked down for MPC. 

HepG2 WT and MPC KD cells were transduced with the tandem LC3-GFP-RFP 

reporter that not only detects autophagy but also autophagic flux. The presence of 

green puncta indicate autophagosome formation and red puncta indicate 

autolysosome formation. Due to the acidic environment of the lysosome GFP 

signal is quenched. MPC2 KD and MPC1R97W mutant cells exhibit yellow (Red and 

Green) LC3 puncta under normal conditions and an increase in number of LC3 

puncta under starvation conditions (Fig. 11A (lower panels)). On the contrary, 

control cells showed nominal levels of puncta under normal conditions (Fig. 11A 

(top panels)). Quantification of the number of LC3 autophagosomes reveal a 
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significant increase in the number of LC3 puncta in MPC2 KD and MPC1R97W cells 

under basal conditions. Starvation resulted in the same number of 

autophagosomes in control and MPC KD cells if not more in MPC1R97W cells (Fig. 

11A and 11B). To further validate these findings, we blotted for markers of 

autophagy. Complementary to the confocal data, cell lysates of MPC2 KD and 

MPC1R97W cells showed a higher LC3I processing to LC3II and increased 

degradation of p-62 under normal conditions compared to the control (Fig. 11C - 

11F). These results establish the link between mitochondrial substrate uptake and 

MCU-mediated mCa2+ uptake in physiology and metabolic stress conditions. 

 

Figure 11: Loss of mitochondrial pyruvate flux upregulates autophagic flux. 
A) Representative confocal images of mRFP-GFP tandem fluorescent-tagged LC3 
(tfLC3) in WT, MPC2 KD and MPC1R97W HeLa cells before and after starvation (24 
hours). n=4. B) Quantification of autophagy performed as normalized LC3 puncta. 
Mean ± SEM (n=4); ***P < 0.001. C) Western blot analysis of cell lysates from WT, 
MPC2 KD and MPC1R97W HeLa cells before and after starved for 24h. The cell 
lysates were probed for LC3, p-AMPK, AMPK and p62 antibodies. actin served 
as loading control n=3. D, E and F) Bar graph represents quantification of LC3-
I/LC3-I+LC3-II, p62 and p-AMPK/AMPK. Mean ± SEM (n=3); **P<0.01, *P<0.05 
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DISCUSSION 

This study reveals an unexpected diversity of mitochondrial Ca2+ sensing 

protein response against mitochondrial substrate availability. The MICU1 protein 

abundance is induced by both blocking pyruvate and fatty acid transport into the 

mitochondria. The systematic analysis of the MCU-mediated mCa2+ uptake 

indicated that MICU1 upregulation prevents basal mCa2+ accumulation and 

reduces mitochondrial bioenergetics. Conversely, deletion of MPC exhibited 

cellular lactate increase and heightened oxidative stress. Experimentally, 

mitochondrial substrate deprivation by MPC deletion revealed that EGR1 controls 

MICU1 induction during metabolic stress possibly through binding to the MICU1 

promoter. Once bound to DNA, EGR1 can acts as an activator of transcription, 

through mechanisms that depend on interactions with or regulation of distinct 

cofactors. Functionally, we find that blockade of MPC-dependent pyruvate flux 

enhanced AMPK-dependent autophagy. Our findings signify that substrate-

dependent control of mCa2+ uptake could determine metabolic switch and cell 

survival. 

The ability to sense and respond to stress conditions is a key feature at 

cellular level that drives evolution and facilitates growth [94]. ER and the 

mitochondria have been identified as the major metabolite sensing organelles. 

Proper protein folding in the ER is an energy consuming process. Conditions of 

nutrient stress limit energy production thus halting the protein folding process. ER 

then senses the accumulation of unfolded proteins and triggers an unfolded protein 

response (UPR) that induces transcription of a large set of nuclear encoded genes 
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to either degrade the unfolded proteins or to increase the capacity for protein 

folding.  Thus, the ER senses nutrient deprivation and upregulates UPR in 

response to it [44-46, 95-97] [44-46, 97, 98]. The mitochondria on the other hand, 

respond to nutrient stress by undergoing numerous post-translational 

modifications and altering its dynamics [98]. Metabolic changes in mitochondria 

have been studied to cause broad changes in nuclear gene expression through 

the retrograde mitochondria to nuclear signaling referred to as mitochondrial stress 

responses. Evidence suggests that mitochondrial localized SIRT3 expression is 

induced upon metabolite deficiency. The increased SIRT3 activity induces 

transcription of genes that promote fatty acid oxidation and mitochondrial electron 

transport [99]. Our data describes a mechanism by which mitochondrial localized 

MCU complex regulator MICU1 is significantly induced upon mitochondrial nutrient 

deprivation in various cell types implying that MICU1 could be potential sensor of 

mitochondrial substrate levels (Fig. 3). Although MICU1 is characterized as the 

gate keeper of MCU, limiting Ca2+ entry into the mitochondria through the uniporter 

under resting conditions [87], functionally increased MICU1 levels corroborated 

with decreased basal resting matrix Ca2+ thus protecting the cells from Ca2+ 

overload under conditions of metabolite scarcity (Fig. 5).      

To dissect the mechanisms of the mitochondrial metabolite - Ca2+ 

homeostasis axis, we utilized genetic and pharmacologic tools to silence and 

inhibit the mitochondrial pyruvate carrier proteins (MPC1 and MPC2). The 

mitochondrial pyruvate carrier was found to be a complex comprised of MPC1 and 

MPC2 proteins forming a hetero-oligomeric complex. Loss of one isoform resulted 
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in the loss of the other subunit thus halting pyruvate flux into mitochondria. Both 

MPC1 and MPC2 proteins were found to be conserved from yeast to humans 

suggesting their functional importance. Genetic deletion of either MPC1 or MPC2 

in mice resulted in embryonic lethality at E11 - E13.5, likely due to decreased 

mitochondrial OXPHOS activity [37, 38]. Patient mutations in the mitochondrial 

pyruvate carrier have been identified and observed to cause severe neonatal 

metabolic acidosis with growth retardation leading to sudden death [33]. Our 

findings reveal that loss of pyruvate entry into the mitochondrial matrix either due 

to silencing of MPC or due to mutations in MPC (MPC1R97W) leads to elevated 

MICU1 protein levels. Luciferase reporter gene assay revealed MICU1 was 

transcriptionally elevated by EGR1 but not EGR4 (Fig 7).  

Mitochondria rapidly adapt the capacity and efficiency of ATP generation to 

changes in energy supply and demand. Substrates such as pyruvate, succinate, 

and malate feed into the TCA cycle producing reducing equivalents that in turn 

feed into the ETC to generate ATP. Loss of pyruvate flux into the mitochondria 

demonstrated a significant reduction in basal and maximal OCR, total cellular ATP 

levels with a concomitant elevation of mROS levels. Production of reducing 

equivalents (NADH) was severely perturbed in MPC KD compared to the control, 

revealing severe cellular bioenergetic crisis (Fig. 10). Additionally, we observed a 

striking increase in autophagic mode of survival in the nutrient deprived cells. In 

conclusion, we describe a mechanism by which mitochondria responds to 

metabolite deficiency by induction of MICU1 which controls mCa2+uptake and 
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bioenergetics. Thus, increased MICU1 levels protect the cells from Ca2+-overload 

and cell death.  
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CHAPTER 4 

CYTOSOLIC CALCIUM INDUCES MITOCHONDRIAL SHAPE CHANGE 

 While Ca2+ uptake into the mitochondria is required to drive physiological 

processes of energy generation, pathological or sudden elevation in cCa2+ results 

in sustained elevation of mCa2+ which is a prerequisite for opening of the 

permeability transition pore (PTP). Opening of the pore results in solutes and water 

filling up into the mitochondria resulting in mitochondrial swelling, and eventually 

rupture and necrotic cell death [60, 61, 100, 101]. In response to various 

pathological signals, mitochondria exhibit early alterations in their shape and 

function, which at least in some instances may be explained by mitochondrial 

fission, fusion and PTP opening. Because mCa2+ overload can be prevented by 

blocking MCU-mediated Ca2+ uptake, it was thought that loss of MCU would be 

protective during ischemia-reperfusion (I/R) mediated cell injury and death. 

Surprisingly, MCU-/- animals subjected to I/R exhibited similar infarct size and cell 

death compared to control animals though the in vitro indices of PTP opening were 

absent [62]. This suggests that MCU-/- animal failed to offer protection from I/R 

injury even though mCa2+ overload and PTP opening are prevented. Preliminarily 

results from our lab revealed stark contrast in the shape of mitochondria as 

observed from electron microscopy (EM) images of liver sections from control and 

MCU-liver specific KO (MCUHEP) animals. MCUHEP displayed shorter and more 

circular mitochondria, while control mitochondria were long and filamentous. 

Additionally, challenging control and KO hepatocytes with ionomycin caused a 

marked increase in cCa2+
 and a simultaneous change in mitochondrial shape, from 
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long filamentous spaghetti-like to short circular donut-like, a phenomenon we 

called mitochondrial shape transition (MiST). From the above results, I 

hypothesize that pathophysiological elevation of cCa2+
 induces MiST and that 

change in mitochondrial shape is different from PTP-opening induced 

mitochondrial swelling. 

Loss of MCU failed to protect cells from Ca2+-induced necrotic 

death. 

To determine whether blockade of MCU-mediated mCa2+ uptake protects 

cells from necrotic cell death, freshly isolated Mouse Pulmonary Microvascular 

Endothelial Cells (MPMVECs) from MCUfl/fl and MCUEC were challenged with 

ionomycin (5 M) for 18 h and cell viability was measured using flow-cytometry 

after staining with PI. Surprisingly, MCUEC failed to show protection against Ca2+-

induced cell death (Fig. 12A), even though MCU-mediated mCa2+ uptake or the 

indices of in vitro PTP opening were absent (Fig. 12B and 12C).   

 

Figure 12: Loss of MU did not protect cells from Ca2+-induced death. A) Loss 
of MCU did not protect ECs from cell death induced by H2O2, ceramide, ionomycin, 
and thapsigargin. Data represents Mean ± SEM; ns= non-significant; (n = 3). B) 

mCa2+ uptake is ablated in ECs that lack MCU. C) Deletion of MCU prevents Ca2+-
mediated mitochondrial swelling. (n=3). 
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 Loss of MCU exhibited elevated cCa2+ transients and change in 

mitochondrial shape. 

 Next, we asked whether ablation of MCU alters cCa2+
 transients. In 

accordance with ablated mCa2+ uptake in MCUEC, MCUHEP behaved similarly 

(Fig. 13A). Remarkably, MCUHEP exhibited decreased cCa2+ clearance (Fig. 13A) 

and increased basal cCa2+ fluorescence (Fig 13B). Because we hypothesized 

elevated cCa2+ to induce MiST, we performed electron microscope imaging of 

MCUHEP hepatocytes. The liver sections revealed small circular mitochondria 

compared to long and filamentous, mitochondria in control hepatocytes (Fig. 13C 

and D).  
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MiST is Trigered by Sustained Elevated cCa2+ 

To confirm MiST to be induced by elevated cCa2+, freshly isolated 

hepatocytes from control and MCUHEP mice were loaded with DHR123, a marker 

that labels mitochondria and mitochondrial shape was analyzed after stimulation 

with ionomycin (2.5 M). Remarkably, both control and MCUHEP hepatocytes 

show a change in mitochondrial shape (Fig. 14A- 14C) in agreement with elevated 

Figure 13: Loss of MCU exhibited elevated cCa2+ transients and induced 

MiST: A) Loss of MCU-mediated mCa2+
 in MCUHEP hepatocytes. B) Elevated 

cCa2+ in MCUHEP. Data represents Mean ± SEM; ***P<0.0001. C) MCUHEP 
hepatocytes display donut-like mitochondria compared to long and filamentous 
Spaghetti-like mitochondria in MCUfl/fl. (n=3). D) Quantified bar graph of 

mitochondrial length from EM images of MCUfl/fl and MCUHEP. Mean ± SEM; 
(n=3). ***P< 0.001. 
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cCa2+
. To further validate that cCa2+ induces MiST, intra and extra-cellular Ca2+ was 

chelated using BAPTA-AM and EGTA. HeLa cells transiently transfected with 

cox8a-mRFP and pre-treated with BAPTA-AM. As expected, ionomycin-induced 

intracellular cCa2+ rise was ablated in BAPTA treated cells with no change in 

mitochondrial shape (Fig. 14D- 14F). In contrast, EGTA treated cells exhibited a 

transient rise in cCa2+ when compared to the control (Fig. 14G- 14I). The above 

experiments confirm that indeed cCa2+ elevation caused MiST as both chelation of 

intra and extra-cellular Ca2+ prevented MiST occurrence.  
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Figure 14: MiST is triggered by sustained elevated cCa2+. A and B) 

Representative confocal images of live MCUfl/fl and MCU-/- primary hepatocytes 

loaded with DHR123 (10 M) and challenged with ionomycin (2.5 M) n=7. C) Bar 

graph represents length of mitochondria quantified from MCUfl/fl and MCU-/- 

hepatocytes before and after stimulation with ionomycin. Mean ± SEM; (n=6). ***p< 

0.001 (p value calculated for 0.2-2 m length mitochondria).  D and G) 

Representative confocal images of HeLa cells transiently transfected with cox8a-

mRFP, treated with (G) BAPTA-AM (25 M) or (J) EGTA (0.5 mM) for 30 minutes 

and challenged with ionomycin to observe mitochondrial shape changes. n=11. E 

and H) Mean traces of Fluo-4 (cCa2+) fluorescence measured in (E) BAPTA-AM or 

(H) EGTA treated HeLa cells transfected with cox8a-mRFP. Data represent Mean 

± SEM; n=11. F and I) Mean traces of change in mitochondrial length (> 5 m) 

over time following ionomycin challenge in (F) BAPTA-AM or (I) EGTA pretreated 

HeLa cells. Mean ± SEM; n=3. 
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cCa2+ Determines MiST 

Having determined that cCa2+ triggers MiST, we next asked if physiological 

cCa2+ triggers MiST. To address this, cells were stimulated with GPCR agonists 

that drive cCa2+ dynamics through the evolutionarily conserved intracellular Ca2+ 

release and Ca2+ entry channels. HeLa cells and MEFs were stimulated with 

histamine and thrombin respectively, that caused a rapid transient followed by 

periodic cCa2+ dynamics (Fig. 15A). Analysis of mitochondrial length revealed a 

reversible MiST that correlates with cCa2+ dynamics. In contrast, a sustained 

increase in cCa2+ with ionomycin resulted in irreversible changes in mitochondrial 

shape (Fig. 15A right panel). We measured the intracellular Ca2+ ([Ca2+]i) release 

in MEFs and HeLa cells after stimulation with GPCR agonists, histamine and 

thrombin, and Ca2+ ionophore ionomycin (Fig. 15B). While histamine and thrombin 

caused transient (~ 3-6 M) [Ca2+]i, ionomycin resulted in  sustained rise in [Ca2+]i  

(Fig. 15C). The kinetics of cCa2+ rise is consistent with the rate of MiST. 
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MiST is upstream of PTP-mediated mCa2+ overload 

To differentiate the process of MiST from mitochondrial swelling, we 

developed a fluorescence based assay. HeLa cells were transfected with 

mitochondrial marker Cox8a-mRFP. Forty-eight hours post-transfection, cells were 

loaded with PTP opening indicator, Calcein-AM and challenged with ionomycin 

[77, 102]. we titrated the dose of ionomycin to a concentration that does not cause 

Figure 15: Determination of [Ca2+]i required to elicit MiST.  A) Mean traces of 

cCa2+ as measured by Fluo-4 fluorescence in WT HeLa cells. After measurement of 

baseline fluorescence, cells were stimulated with GPCR agonists (histamine (100 

M) (red)) and thrombin (5 mU/ml) (blue)) or ionomycin (2.5 M (black) and changes 

in cCa2+
 fluorescence was measured. The right panel depicts the change in 

mitochondrial length after stimulation. Mean ± SEM; n=3. B) Representative traces 

of [Ca2+]i rise following histamine (100 M) (blue),  thrombin (5 mU/ml) (red) or 

ionomycin (2.5 M) (black) stimulation. n=6. C) Bar graph represents [Ca2+]i rise 

following histamine (blue), thrombin (red) or ionomycin (black) at peak (left) and at 

100s (right) challenge. Mean ± SEM; n=6. 
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loss of m [14, 51]. Upon ionomycin stimulation, spaghetti-like mitochondria 

underwent a change in shape to donut-like first (Fig 16A). At later times following 

MiST, Ca2+-induced mitochondrial PTP opening occurred as evidenced by Calcein 

fluorescence quenching due to CoCl2 entry (Fig. 16A and 16B). To demarcate 

MiST from Ca2+-induced PTP opening and swelling, we treated HeLa cells 

expressing Cox8a-mRFP with CsA (5M) for 30 mins before ionomycin 

stimulation. Remarkably, MiST was observed in cells treated with CsA with no loss 

of Calcein fluorescence (Fig. 16C and 16D). Our results bolsters MIST to be 

induced by elevated cCa2+ and is a phenomenon that is distinct from Ca2+-induced 

PTP opening and swelling. Analysis of data revealed similar kinetics and near-

complete transition of mitochondria to donut-like shape in the presence and 

absence of CsA without loss of IMM permeability (Fig. 16E- 16G). These results 

suggest that MiST occurs earlier and is temporally upstream of PTP- opening. 

Even in the absence of PTP opening as in the case of CsA treated condition or 

MCUHEP, MiST is triggered. 
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Next, we examined if MiST still occurred when IMM and OMM 

permeabilizaiton was prevented, MEFs knocked-out for other components of 

mPTP (VDAC1/3 DKO and SPG7 KO) and apoptotic gatekeepers Bax and Bak  

Figure 16: MiST is temporally upstream from PTP-mediated swelling. A) 
Representative high resolution confocal images of live HeLa cells transiently 

transfected with mitochondrial matrix marker Cox8a-mRFP, and loaded with 

calcein-AM (1 M) in the presence of CoCl2 (1 mM). After a baseline recording of 

60s, cells were challenged with ionomycin (2.5 M) and images were collected 

every 3s for a total of 20 minutes. n=6. B) Representative traces of mitochondrial 

calcein fluorescence (red) and mitochondrial length change over time (black). n=6. 

C) Representative high resolution confocal images of live HeLa cells transiently 

transfected with Cox8a-mRFP, loaded with calcein-AM (1 M) and CoCl2 (1 mM) 

and in the presence of CsA (5 M) for 30 minutes and challenged with ionomycin 

(2.5 M) after a baseline recording of 60s. n=6. D) Representative traces of 

mitochondrial calcein fluorescence from HeLa cells treated with (red) or without 

CsA (black). n=6. E) Representative traces of mitochondrial cox8a-mRFP 

fluorescence from HeLa cells treated with (red) or without CsA (black). n=6. F) 

Mean traces of percentage of mitochondria > 5 m in length were derived from 

HeLa cells treated with (red) or without CsA (black). Mitochondrial shape change 

was calculated from Figure 1A and C. Mean ± SEM; n=6. G) Quantification of 

mitochondrial length in – CsA and + CsA treated conditions. Mean ± SEM; n=6. 

***p< 0.001 (p value calculated for 0.2-2 m length mitochondria). 
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(Bax/Bak DKO) were transfected with mitochondrial marker and challenged with 

ionomycin. Preventing mPTP opening (SPG7 KO, VDAC1/3 DKO) and outer 

mitochondrial membrane permeabilization (Bax/Bak DKO) did not have any effect 

on MiST (Fig. 17A and 17B). Nonetheless, the MCU-mediated mCa2+ uptake was 

unaltered among control and KO MEFs (Fig. 17C), suggesting that the cCa2+ 

elevation but not PTP-dependent mitochondrial swelling triggers MiST. Together, 

these results indicated that cCa2+ is a prerequisite for MiST and is an upstream 

event of MCU-mediated mCa2+ uptake and subsequent PTP opening. 
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MiST is Distinct from Cytoskeletal Changes 

Organelles in the cell are tethered to the cytoskeleton. Having observed that 

cCa2+ triggers MiST, we next asked if MiST was due to disruption of the cytoskeletal 

elements. To test this, HeLa cells transfected with cox8a-mRFP were stimulated 

with colchicine, a drug that de-polymerizes microtubules and imaged for MiST. The 

control HeLa cells stimulated with ionomycin underwent mitochondrial length 

shortening upon cCa2+ mobilization (Fig. 18A, 18C and 18D). In these cells, all the 

Figure 17: Deletion of PTP Components Did Not Limit cCa2+-Induced MiST. A) 
Representative confocal images of WT MEF, BaxBak DKO, SPG7 KO and 
VDAC1/3 DKO MEFs transfected with a mCa2+ marker, GCaMP6-mt. After baseline 

recording of 60s, cells were challenged with 2.5 M ionomycin and MiST was 
recorded. n=8. B)  Bar graph represents change in mitochondrial length before and 
after stimulation with ionomycin in WT, BaxBak DKO, SPG7 KO and VDAC1/3 DKO 

MEFs. Mean ± SEM; ***p<0.001(p value calculated for 0.2-2 m length 
mitochondria). n=3. C) Mean traces for [Ca2+]m (GCaMP6-mt) uptake in WT (black), 
BaxBak DKO (red), SPG7 KO (blue), and VDAC1/3 DKO (green) MEFs. After 
measurement of baseline fluorescence, cells were stimulated with ionomycin (2.5 

M) and changes in [Ca2+]m fluorescence were measured. Mean ± SEM; n=6. 
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mitochondria went shortening of length at 400 s unlike the above results which 

show 200s. We do see variations in time but the range we observed was from 200s 

– 400s. Unlike ionomycin, colchicine caused mitochondrial aggregation-like 

remodeling but not MisT phenotype (Fig. 18B). Analysis of mitochondrial length 

revealed no shortening of mitochondrial length upon colchicine treatment (Fig. 18C 

and 18D), suggesting that MiST was not a consequence of cytoskeletal disruption.    

MiST Does Not Require Adaptor Motor Protein 

Spatial distribution of mitochondria in the cell is primarily dependent on 

kinesin family of motor proteins. The kinesin heavy chain (KHC) domain of the 

Figure 18: MiST is Independent of Microtubule Changes. A and B) HeLa cells 

were co-transfected with cox8a-mRFP and Tubulin-GFP (marker that labels 

microtubules). Real time visualization of mitochondrial shape changes in cells 

challenged with ionomycin (2.5 M) or colchicine (1 M). n=8. C) Mean traces of 

mitochondrial morphology change >5 m quantified from HeLa cells treated with 

ionomycin (black) and colchicine (red). Mean ± SEM; n=3. D) Bar graph represents 

length of mitochondria before and after stimulation with ionomycin and colchicine. 

Bar quantified from Figure 17A and 17B. Mean ± SEM. n=3. ***p< 0.001 (p value 

calculated for 0.2-2 µm length mitochondria). 
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protein utilizes ATP for motility along the microtubules [103]. Having observed 

cytoskeletal disruption-mediated mitochondrial aggregation was separate from 

MiST, we next investigated if the loss of motor protein elicited MiST. To address 

whether loss of KIF5B phenocopies MiST, we silenced KIF5B using siRNA. The 

knockdown levels were confirmed by Western blot analysis (Fig. 19B). KIF5B 

siRNA MEFs were then co-transfected with tubulin-GFP and COX8A-mRFP.  

Consistent with previous finding [104], we observed that loss of KIF5B resulted in 

perinuclear aggregation of mitochondria (Fig. 19A). Upon ionomycin stimulation, 

the aggregated mitochondria still underwent a change in shape to donut-like with 

similar cCa2+ and mCa2+
m as that of the control MEFs (Fig 19A, 19C-19E).  
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Figure 19: MiST is independent of KIF5B. A) Representative confocal images of 
KIF5B siRNA MEFs expressing cox8a-mRFP and Tubulin-GFP and challenged 

with ionomycin (2.5 M). B. Western blot analysis of KIF5B in KIF5B silenced 
MEFs. C) Bar represents change in mitochondrial length before and after 

transfection with ionomycin (2.5 ).Mean + s.e.m. n=4. ***P<0.001. D and E) 
Mean traces of cCa2+ as measured by Fluo-4 and mCa2+ uptake as Rhod-2 
fluorescence in WT and KIF5B siRNA MEFs.   
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MiST is Separate From ROS-Mediated Changes 

GPCR and ionomycin-mediated iCa2+ elevation has been shown to trigger 

cellular ROS production [105]. Shortening of mitochondrial length has been 

reported to take place as a consequence of environmental stressors and reactive 

oxygen species [106]. To examine if cCa2+-induced ROS elicits MIST, cox8a-

mRFP transfected HeLa cells were pre-treated with antioxidants either glutathione 

(GSH-ethyl ester; 5 mM) or N-Acetyl cysteine (NAC; 10 mM) for 30 minutes and 

challenged with ionomycin (Fig. 20A and 20B). Cells treated with antioxidants 

showed normal mitochondrial length shortening similar to control cells, indicating 

that ROS is not required for Ca2+-induced MiST (Fig. 20C and 20D). Together, 

these results reveal that Ca2+-induced MiST to be independent of ROS and 

microtubule organization.    
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Figure 20: MiST is independent of ROS-mediated changes. A and B) 

Representative confocal images of live HeLa cells co-transfected with cox8a-

mRFP and Tubulin-GFP and pretreated with GSH-ester (5 mM) and N-Acetyl 

cysteine (10 mM) for 30 minutes.  After a baseline recording of 60 s, cells were 

challenged with ionomycin and mitochondrial shape change recorded. (n=6). C) 

Mean traces of mitochondrial morphology change >5 m quantified from HeLa 

cells pre-treated with GSH (black) and NAC (red) and challenged with ionomycin. 

Mean ± SEM. n=3. D) Bar graph depicting length of mitochondria in GSH and NAC 

conditions before and after stimulation with ionomycin. Bar quantified from Figure 

3H and 3I. Mean ± SEM. ***p< 0.001 (p value calculated for 0.2-2 µm length 

mitochondria). 



79 
 

MiST is Not A Consequence of m Loss 

To examine if MiST was a consequence of loss of m, HeLa and MEFs 

were transfected with cox8a-mRFP and loaded with a m marker Dhr123. 

Stimulation with ionomycin resulted in MiST but not loss of m as seen by yellow 

rounded mitochondria with intact Dhr123 (Fig. 21A). Analysis of HeLa and MEFs 

revealed a change in mitochondrial shape without any loss of m (Fig. 21B and 

21C). Next, we asked if promoting m loss would trigger MiST. Cox8a-mRFP 

expressing MEFs and HeLa cells were challenged with an uncoupler FCCP. 

Challenge with uncoupler caused a rapid dissipation of m but without triggering 

MiST (Fig. 21D). Analysis of fluorescence revealed an increase in cytosolic Dhr123 

with no change in mitochondrial shape (Fig. 21E and 21F). These data suggest 

that MiST is not a consequence of m loss.  
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Figure 21: MiST is not a consequence of m loss. A) High resolution confocal 

images of MEFs and HeLa cells expressing cox8a-mRFP and loaded with Dhr123 

(10 M) for 30 minutes. After a baseline recording, cells were challenged with 

either ionomycin (2.5 M) or FCCP (10 M). B and C) Mean traces of mitochondrial 

morphology > 5 m (red) and m (black) changes from MEFs and HeLa cells 

treated with ionomycin. Mean + SEM; n=4. E and F) Mean traces of mitochondrial 

morphology > 5 m (red) and m (black) changes from MEFs and HeLa cells 

treated with FCCP. Mean + SEM; n=4.  
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MiST is Independent of Mitochondrial Fission Machinery 

There is a long-sought evidence that mobilization of cCa2+ promotes the 

release of calcineurin bound to calmodulin and dephosphorylates Drp1. Drp1 is a 

member of the dynamin family of GTPases that participate in mitochondrial 

fragmentation [107, 108]. Drp1-dependent mitochondrial fragmentation is 

controlled by phosphorylation at two different conserved sites, serine 600 and 

serine 579 in isoform 3 [S637 and S616 of Drp1 isoform1]. Mobilization of cytosolic 

Ca2+ promotes the release of calcineurin bound to calmodulin and 

dephosphorylates Drp1 [109-111]. De-phosphorylation at S600 by calcium 

dependent phosphatase, calcineurin, results in Drp1 migration to the OMM and 

mitochondrial fragmentation [112, 113].To examine whether cCa2+-mediated MiST 

is independent of Drp1, Drp1 KO MEFs transfected with cox8a-mRFP and 

visualized for MiST (Fig. 22A). Upon ionomycin challenge, Drp1 KO MEFs 

underwent MiST at similar rate as that of the control cells with comparable cCa2+ 

and mCa2+ dynamics (Fig. 22B - 22D). Drp1 binds to four receptors on the OMM 

MFF, Fis1, Mid49 and Mid 51. Cells lacking these two receptors, MFF and Fis1, 

have a significant defect in mitochondrial fission, and exhibit elongated 

mitochondria at baseline [114, 115]. MFF/Fis1 DKO and WT MEFs were 

transfected with Cox8a-mRFP and imaged using confocal microscope (Fig. 22E). 

Ionomycin stimulation caused both the WT and the KO cells to undergo change in 

morphology with intact cCa2+ and mCa2+ dynamics (Fig. 22F - 22H).   
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Figure 22: MiST occurs in fission deficient Drp1 and MFF/Fis1 DKO MEFs. A 

and E) Representative confocal images depicting mitochondrial shape changes in 

Drp1 KO, WT and MFF/Fis1 DKO MEFs transfected with cox8a-mRFP and 

challenged with ionomycin (2.5 M). n=10. B and F) Mean traces of change in 

mitochondrial length over time from Drp1 KO or MFF/Fis1 DKO (red) and WT 

MEFs (black) treated with ionomycin (2.5 M). Mean ± SEM; n=10. D and G) Mean 

traces of cCa2+ as measured by Fluo-4 in Drp1 KO or MFF/Fis1 DKO (red) and WT 

MEFs (black). After measurement of baseline fluorescence, cells were stimulated 

with ionomycin (2.5 M). Mean ± SEM; n=10. E and H) Mean traces for mCa2+
 

(GCaMP6-mt) uptake in Drp1 KO or MFF/Fis1 DKO (red) and WT MEFs (black). 

After measurement of baseline fluorescence, cells were stimulated with ionomycin 

(2.5 M). Mean ± SEM; n=10.  
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A second layer of mitochondrial fission machinery recently proposed is 

dynamin 2. Mitochondrial fission is initiated by Drp1 targeting followed by Dyn2 

assembly [116]. To address if components of the dynamin family play a role in 

MiST, we performed MiST analysis in RNAi knockdown of Dyn2 and adaptor 

proteins Mid51 and Mid49 in MEFs [117]. siRNA KD MEFs were transfected with 

COX8a-mRFP and imaged for cCa2+-induced MiST (Fig. 23A- 23C). Upon 

stimulation with ionomycin, Dyn2, Mid 49 and Mid 51 siRNA treated MEFs 

exhibited a rise in cCa2+ and mCa2+ similar to that of scrambled siRNA MEFs (Fig. 

23D and 23E). The analysis of cCa2+-induced MiST data revealed that the 

knockdown of the receptor and ligands of fission still elicited mitochondrial shape 

change that is similar to control (Fig. 23F and 23G). Collectively, these results 

indicate that mitochondria undergo shape change from spaghetti-like to donut-like 

when subjected to high cCa2+ which are independent of the fission machinery.   
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MiST is Retraction of Each Mitochondrion 

Analysis at the level of single mitochondrion revealed that during MiST each 

mitochondrion retracts from long-filamentous to short circular but not 

fragmentation. Line scanning data demonstrates the shortening of single 

mitochondrion over time (Fig. 24A and 24B). 

 

 

 

 

Figure 23: MiST is independent of mitochondrial fission machinery. A, B and 

C) Representative images of Dyn2 siRNA, Mid51 siRNA, and Mid49 siRNA treated 

MEFs expressing cox8a-mRFP. Real time visualization of mitochondrial shape 

changes in cells challenged with ionomycin (2.5 M). n=4-6. D and E) Mean traces 

of cCa2+ as measured by Fluo-4 fluorescence and mCa2+ as measured by rhod-2 

fluorescence in Scr siRNA, Dyn2, Mid51, and Mid49 siRNA treated MEFs. After 

measurement of baseline fluorescence, cells were stimulated with ionomycin (2.5 

M). The bar graph (right panel) depicts the amplitude of Fluo-4 fluorescence after 

stimulation. Mean ± SEM; n=3. F) Bar graph representing quantification of 

mitochondrial length from Scr siRNA, Dyn2 siRNA, Mid51 siRNA, and Mid49 

siRNA treated MEFs before and after stimulation with ionomycin. Mean ± SEM; 

***p<0.001(p value calculated for 0.2-2 µm length mitochondria). n=4-6. G) mRNA 

abundance of Dyn2, Mid51, and Mid49 from MEFs by qRT-PCR after siRNA 

treatment. Mean ± SEM; ***p<0.001, **p<0.01 
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MiST is Driven by Miro1 Through its EF Hand Domain 

To examine the molecular link between cCa2+ and MiST we looked for EF 

hand containing OMM proteins that can sense a rise in cCa2+ in MitoCarta and 

MitoMiner proteome libraries [118, 119]. The atypical Rho GTPases consisting of 

Miro1 and Miro2 proteins reside in the OMM at their c-terminal region. Miro 

proteins comprise a pair of canonical EF hand domains and a pair of GTPase 

domains that faces the cytosol. It has been shown that Miro1, Miro2, Milton 

(TRAK1) and Kinesin form the transport complex at the cytosolic and mitochondrial 

junction for mitochondrial trafficking in several cell types including neurons [120-

125]. Elevated [Ca2+]i halts the motility of mitochondria at the area of high cCa2+ 

[120, 121, 126-128]. It has been reported that genetic deletion of Miro1 in both 

yeast and mouse models demonstrated an altered mitochondrial phenotype, 

possibly due to loss of anchoring with the cytoskeletal proteins, hence precluding 

the use of Miro1 KO cells for our experiments [123, 129]. To examine if the EF 

Figure 24: Single mitochondrion analysis of MiST.  HeLa cells expressing 

cox8a-mRFP and challenged with ionomycin. Line scanning data representing a 

single mitochondria undergoing MiST over time. 
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hands of Miro sense elevated cCa2+, we generated stable mutant MEFs expressing 

M1EF1, M1EF2 and M2EF1 and M2EF2 with point mutations in the acidic residues 

of the EF hand such that they can no longer bind Ca2+ (Fig. 25A and 25B). MEFs 

stably expressing M1WT, M1EF1 and M1EF2 were transiently transfected with 

cox8a-mRFP and imaged for MiST (Fig. 25C). Upon ionomycin stimulation, cCa2+ 

mobilization and mCa2+ uptake were similar in the control and mutant MEFs (Fig. 

25D and 25E). Time lapse analysis revealed similar rates of MiST in M1WT and 

M1EF2 mutant MEFs. Surprisingly, M1EF1 mutant MEFs did not undergo MiST 

upon cCa2+ rise (Fig. 25F).  
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Figure 25: EF1 of Miro1 Triggers MiST. A) Scheme of full length Miro1 and EF-

hand mutation regions. B) Expression of Flag-tagged -M1WT, -M1EF1 and -

M1EF2 mutants MEFs probed with Flag antibody. n=3. C) Representative confocal 

images of stably expressing M1WT, M1EF1, and M1EF2 mutants MEFs 

transfected with cox8a-mRFP. After a baseline recording of 60s, cells were 

challenged with ionomycin. n=12. D and E) Mean traces of cCa2+ as measured by 

Fluo-4 and mCa2+
 (GCaMP6-mt) in WT (black), M1EF1 mutant (red) and M1EF2 

mutant (blue) MEFs. After measurement of baseline fluorescence, cells were 

stimulated with ionomycin (2.5 M). Mean ± SEM; n=12. F) Mean traces of change 

in mitochondrial length over time from WT (black), M1EF1 mutant (red) and M1EF2 

mutant (blue). Mean ± SEM; n=3. 
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 Since Miro 1 and 2 are type 1A single-span OMM proteins that are largely 

conserved across species, the functions of Miro1 and 2 are subtly distinct in their 

structural domains [130-132]. To test the physiological functions of Miro2, we 

generated the M2EF1 and M2EF2 mutant constructs and stably expressed in 

MEFs We next investigated if Miro2 played a role in MiST. MEFs stably expressing 

M2WT, M2EF1 and M2EF2 mutant plasmids were analyzed for MiST (Fig. 26A 

and 26B). Upon challenge with ionomycin, M2EF1 and M2EF2 underwent MiST 

similar to M2WT (Fig. 26C and 26F). Although M2EF2 exhibited slower kinetics 

compared to M2WT and M2EF1 (Fig. 26F). cCa2+ mobilization and mCa2+ uptake 

rates were comparable among the control and mutant MEFs (Fig. 26D and 26E).  

These results suggest that only EF1 of Miro1 is responsible for eliciting Ca2+-

induced MiST. 
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Figure 26: Miro2 is dispensable for cCa2+-induced MiST. A) Schematic 

representation of full-length Miro2 and EF-hand mutation regions. B) Western blot 

analysis of cell lysates from MEFs stably expressing Flag-tagged -M2WT, -M2EF1 

and -M2EF2 mutants probed with Flag antibody. (n=3). C) Representative confocal 

images of stably expressing M2WT, M2EF1, M2EF2 and M2EF1/2 mutant MEFs 

transfected with cox8a-mRFP. After a baseline recording of 60s, cells were 

challenged with ionomycin. n=10. D and E) Mean traces of cCa2+ as measured by 

Fluo-4 and mCa2+
 (GCaMP6-mt) in WT (black), M2EF1 mutant (red) and M2EF2 

mutant (blue) MEFs. After measurement of baseline fluorescence, cells were 

stimulated with ionomycin (2.5 M). Mean ± SEM; n=12. F) Mean traces of change 

in mitochondrial length over time from WT (black), M2EF1 mutant (red), M2EF2 

mutant (blue) and M2EF1/2 double mutant (green). Mean ± SEM; n=3. 
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Miro1 EF1 Mediated MiST is Conserved Across Cell Types 

Miro GTPases are key regulators of mitochondrial trafficking in primary 

neurons [123, 133-135]. Here we used primary sensory and hippocampal neurons 

to investigate the role of Miro1 for MiST. Cultured sensory neurons were loaded 

with Mitotracker Green and imaged for MiST following ionomycin stimulation. 

Similar to HeLa and MEFs, neurons underwent MiST upon ionomycin application 

(Fig. 27A). Having recapitulated MiST in neurons, we next investigated whether 

expression of Miro1 EF1 mutants in neurons prevents ionomycin-induced MiST. 

To address the specific role of Miro1 EF1-hand in cCa2+ sensing, neurons were 

transfected with either Miro1 or M1EF1 mutant-tagged with mRFP. 24 hr post 

transfection, neurons were loaded with Mitotracker Green. Similar to MEFs, 

neurons expressing M1EF1 did not undergo MiST, while Miro1 expressing neurons 

exhibited MiST (Fig. 27B and 27C). Glutamate toxicity triggers mitochondrial-

dependent neuronal death through elevation of cCa2+
, [136, 137] . As expected, 

neurons exhibited [Ca2+]i elevation following glutamate addition (Fig. 27D and 

27E). Next, to determine whether glutamate stimulation phenocopies the 

ionomycin-induced MiST, hippocampal neurons were subjected to glutamate 

stimulation and MiST monitored. Neurons expressing Miro1 EF1 mutant exhibited 

a significant reduction of MiST when compared to neurons expressing Miro1 WT 

(Fig. 27F and 27G). By 20 min of treatment the mitochondria in the processes of 

neurons expressing Miro1 WT exhibited decreased lengths. In contrast, in the 

neurons expressing Miro1 EF1 mutant there was no effect of glutamate. By 45 min 

post-treatment, the lengths of mitochondria in Miro1 WT neurons had undergone 

further shortening relative to 20 min (p<0.0001). The mitochondria also underwent 

some shortening in the Miro EF1 mutant expressing neurons, but only to the 

degree of the 20 min time point in WT expressing neurons (p=0.79). These results 

indicate that Miro1 is required for the progression of MiST in multiple cell types 

including peripheral and central nervous system neurons. Having observed MiST 

phenomenon in neuronal cells, we have further validated in demonstrating MiST 
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in primary adult cardiomyocytes (Fig. 27H - 27J). This provides strong support that 

MiST is a conserved mechanism that is observed in multiple cell types.  
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GTPase Domains of Miro are Dispensable for MiST 

Miro proteins consists of two GTPase domains. The N-terminal GTPase 

domain is canonical and indispensable for mitochondria motility. The C-terminal 

GTPase domain is redundant. Point mutation in GTPase domain I that converts 

proline to valine (P13V) renders the protein in constitutively GTP bound form. 

Figure 27: MiST is conserved across multiple cell types.  A) Representative 

images of the axons of primary sensory neurons loaded with Mitotracker Green. 

After acquisition of baseline pre-treatment images, cells were challenged with 

ionomycin (5 M, 10 min post-treatment shown). n = 6. B) Representative images 

of primary sensory neurons transfected with M1WT (left) and M1EF1 mutant (right) 

tagged with mRFP and loaded with Mitotracker Green. After a baseline recording, 

cells were challenged with ionomycin (5 M, 10 min). The blue arrowhead in the 

M1EF1 panels denotes the rounding of mitochondria in a non-transfected nearby 

gial Scwhann cell. C) Quantification of mitochondrial length pre and at 10 min post 

ionomycin treatment. Mean + SEM, medians (black lines) and the results of Dunn's 

Multiple Comparisons Test are presented (n=number of mitochondria shown in 

bars). D) Mean traces of [Ca2+]i as measured by Fluo-4 in embryonic rat 

hippocampal neurons stimulated with glutamate (200 M and 1 mM). Mean ± SEM; 

n=4. E) Quantification of normalized Fluo-4 fluorescence at peak. Data represents 

Mean ± SEM; n=4. F) Representative images of the mitochondria in the processes 

of hippocampal rat embryonic neurons transfected with M1WT and M1EF1 mutant 

tagged with mRFP and loaded with Mitotracker Green and challenged with 

glutamate (1 mM) and imaged at 10, 20, 30 and 45 min. G) Quantification of 

mitochondrial length pre and at 20 and 45 min post treatment with glutamate. 

Within treatment across times comparisons performed using Dunn's Multiple 

Comparisons Test. Time-matched comparisons between M1WT and M1EF1 

mutant performed using the Mann-Whitney test. H) Representative images of the 

mitochondria in adult rat ventricular myocytes infected with Ad-cox8a-mRFP. After 

72hrs of infection, blebbistatin (10 M) pretreated myocytes were stimulated with 

Ionomycin (10 m) and imaged. n=6. I) Bar graph represents change in 

mitochondrial length over time in cardiomyocytes. Mean ± SEM; n=6. J) Mean 

traces of [Ca2+]i as measured by Fluo-4 in cardiomyocytes. After measurement of 

baseline fluorescence, myocytes were stimulated with ionomycin (10 M). Mean ± 

SEM; n=6. 
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Mutating Tyrosine to arginine (T18N) that renders the protein inactive with 

constitutive GDP bound form [138, 139]. Stably expressing T18N and P13V HeLa 

cells were transfected with cox8a-mRFP and imaged for MiST. Stimulation with 

ionomycin resulted in change in mitochondrial shape in the mutants similar to the 

control cells with comparable cCa2+ dynamics and mCa2+ uptake (Fig. 28A- 28F). 

These results indicate that GTPase domain of Miro1 at N-terminal is dispensable 

for Ca2+-induced MiST. 
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Miro1EF1 Is Susceptible to Mitochondrial Fission 

Figure 28: GTPase domain of Miro1 is dispensable for cCa2+-induced MiST. 
A) Representative highresolution images of Miro1 T18N mutant HeLa cells 

expressing cox8a-mRFP challenged with ionomycin (2.5 M). n=4. B) Mean traces 

of cCa2+ as measured by Fluo-4 in WT (black) and M1T18N mutant (red) HeLa 

cells stimulated with ionomycin (2.5 M). Mean ± SEM; n=4. C) Mean traces of 

change in mitochondrial length over time from WT (black) and M1T18N mutant 

(red). Mean ± SEM; n=4. D) Representative images of Miro1 P13V mutant HeLa 

cells expressing cox8a-mRFP and challenged with ionomycin (2.5 M). n=5. E) 

Mean traces of cCa2+ as measured by Fluo-4 in WT (black) and M1P13V mutant 

(red) HeLa cells stimulated with ionomycin (2.5 M). Mean ± SEM; n=4. F) Mean 

traces of change in mitochondrial length over time from WT (black) and M1P13V 

mutant (red). Mean ± SEM; n=5. 
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Having observed that EF1 of Miro1 is the predominant sensor of MiST, we 

asked if mutations in EF1 effect mitochondrial fragmentation. To test if Miro1EF1 

can undergo mitochondrial fragmentation, M1WT and M1EF1 mutant MEFs were 

subjected to ETC inhibitors that promote mitochondrial fission (oligomycin + 

antimycin A) for 4 hours. Analysis of mitochondrial number and length reveal that 

both M1WT and M1EF1 undergo fragmentation, indicating that mutation in EF1 

does not affect mitochondrial fission processes (Fig. 29A and 29B).  

 

 

 

Figure 29:  Miro1 EF1 mutant expressing cells undergo 

mitochondrial fragmentation that is MiST independent. A) 

Representative confocal images of Miro1WT and EF1 mutant MEFs 

transfected with cox8a-mRFP and treated with oligomycin (100 M) 

+ antimycin (10 M) for 4 hours. B) Bar represents change in 

mitochondrial length before and after treatment with oligomycin + 

antimycin in Miro1 WT and M1EF1 mutant MEFs. Mean ± SEM; 

***p<0.001 (p value calculated for 0.2-2 µm length mitochondria). 

n=3. 
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MiST Disrupts Miro/Kinesin/Tubulin Complex but not ER-Mito 

Contact Sites 

Building on the current models of mitochondrial motility, we next examined 

the molecular mechanism by which MiST occurs. First, we tested if the oligomeric 

nature of MiST was disrupted upon Ca2+ binding using fast performance liquid 

chromatography (FPLC). Cell lysates from MEFs stably expressing Miro1 WT or 

M1EF1 treated with or without ionomycin were subjected to FPLC profiling. 

Although Miro1 full-length and Miro1 EF1 mutant interact, the FPLC analysis 

revealed that the oligomeric nature of Miro1 and its mutant were not disrupted upon 

cytosolic Ca2+ (Fig. 30A) suggesting that the loss of Ca2+ binding did not alter the 

stoichiometric nature of Miro1. To date three models on mitochondrial motility and 

halting have been proposed but the mechanism of this process is unknown. The 

first being, Ca2+ binding to Miro1 releases kinesin KIF5B from interacting with Miro1 

[127]. Second, an increase in cCa2+ relieves KIF5B binding to microtubules 

releasing KIF5B-TRACK-Miro1 complex from the microtubules [128]. Lastly, Ca2+ 

binding to Miro1 causes Miro-TRACK to detach from KIF5 with subsequent 

interaction of KIF5 with syntaphilin, a mitochondrial docking protein [140]. Building 

on the current models of mitochondrial motility, we next examined the molecular 

mechanism by which MiST occurs. WT MEFs were co-transfected with 

hemagglutinin (HA)-tagged M1WT/M1EF1/ M1EF2/M2WT/M2EF1/M2EF2 and 

Flag tagged-KIF5B (Fig. 30B). Immunoprecipitation of Miro and its mutants with an 

antibody specific for Flag followed by western blotting revealed that Miro1/2 and 

its EF mutants interact with kinesin both in the presence and absence of Ca2+. 
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Either interaction of KIF5B/tubulin or Miro/tubulin was disrupted in the presence of 

Ca2+ but that was intact exclusively in M1EF suggesting that MiST results in 

release of mitochondria from tubulin but not motor protein (Fig. 30A and 30B). 
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The two organelles of ER and mitochondria are known to contact each other 

at specific sites and the contact sites have been studied to play an important role 

in the transfer of lipids and ions [141]. We asked if MiST disrupted ER-

mitochondrial contact sites. Firstly, intact ER network and ER-mitochondrial 

Figure 30: Ca2+ Induced MiST Disrupts Miro1/KIF5B/Tubulin Complex. A) Cell 

lysates from control and ionomycin (2.5 M for 30 min) treated MEFs stably 
expressing Flag-tagged M1WT and M1EF1 mutants were subjected to FPLC 
analysis. FPLC fractions were probed with Flag antibody. Right panel depicts the 
M1WT and M1EF1 complex elution profiles. **Indicates the super-shift of M1WT 
under both conditions (n=2). B) Lysates were prepared from MEFs stably 
expressing Flag-tagged KIF5B and HA-tagged Miro1-WT, Miro1EF1, Miro1EF2, 
Miro2WT, Miro2EF1 and Miro2EF2 mutants. Flag immunoprecipitation was 
performed in the presence or absence of Ca2+ (1mM). Immunoprecipitated 
samples were probed with HA, Flag and Tubulin antibodies (n=3). C) 
Quantification of Miro1, Miro2, and tubulin binding to KIF5B. 
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contact sites were observed with rounded mitochondria in M1WT and filamentous 

mitochondria in M1EF1 COS7 cells transfected with cox8-mRFP and sec61b-GFP 

(ER marker) and stimulated with ionomycin (Fig. 31A-31D). Secondly, ultra-

structural imaging data further validated the above results. ER- We asked if MiST 

disrupted ER-mitochondrial contact sites remained unchanged in M1WT and 

M1EF1 COS7 cells treated with ionomycin (Fig. 31E). 
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Miro1EF1 Does Not Alter Cellular Bioenergetics 

Physiologically, MCU-mediated mCa2+ uptake is necessary for mitochondrial 

dehydrogenases that participate in production of reducing equivalents that drive 

ATP synthesis [142-144]. Either elevated cCa2+, reduced mCa2+
 uptake, or 

disrupting mitochondrial morphology have resulted in decreased ATP production 

Figure 31: ER-mito contact sites remain intact in MiST. A) High-resolution 

confocal images of M1WT and M1EF1 expressing COS7 cells transfected with 

GFP-Sec61 and Mito-Red to visualize ER-mito contact sites and challenged with 

ionomycin. n=3 (cells 15-20). B) Western blot analysis of COS7 cells stably 

expressing Flag-tagged M1WT and M1EF1 mutant probed with anti-Flag antibody 

and -actin served as protein loading control. (C) Mean traces of change in 

mitochondrial length over time after ionomycin challenge. Mean ± SEM; n=3. D) 

Line plot for the ER-mito contact sites before and after ionomycin challenge. E) 

Representative high resolution EM images showing ER-Mitochondrial contact and 

the change in mitochondrial morphology in M1WT but not M1EF1 MEFs after 

treatment with ionomycin (5M. n=3. 
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and thus a bioenergetic crisis of the cell [145, 146]. We first examined if maintaining 

spaghetti-like mitochondria under conditions of elevated cCa2+ has any effect on 

cellular bioenergetics. MEFs stably expressing M1WT, M1EF1, and M1EF2, 

mutants were utilized to measure mitochondrial oxygen consumption rate (OCR). 

The OCR measurement revealed that EF-hand mutation did not alter the 

bioenergetic parameter suggesting the mitochondrial function is maintained under 

resting conditions (Fig. 32A-C). It is important to note that the reconstitution of 

Miro1 WT exhibited modestly higher OCR under maximal stimulation of electron 

transport chain (ETC) activity by uncoupler (Fig. 32C). Next, we examined the 

cellular bioenergetics when cCa2+-induced MiST is evoked from receptor mediated 

pathways. InsP3R-mediated Ca2+ release is transmitted to the mitochondria to 

activate mitochondrial ETC [142]. Accordingly, MEFs stably expressing M1WT, 

M1EF1, and M1EF2, mutants stimulated with thrombin to trigger MiST revealed an 

increase in OCR and ATP measurements (when compared to untreated 

conditions) but no significant difference in the bioenergetics parameters between 

the groups were observed (Fig. 32D-G). Complementary to OCR, MEFs stably 

expressing M1WT, M1EF1, and M1EF2, mutants also did not show a difference in 

the total cellular ATP (Fig. 32G). Consequently, the rate of NADH production also 

remained the same in M1WT and M1EF1 mutant cell (Fig. 32H). Because increase 

in ETC activity is coupled to mROS production, M1WT and M1EF1mutant cells 

were loaded with mitoSOX, a mitochondrially targeted superoxide indicator (Fig. 

32I).  Under resting state, no difference in mitoSOX fluorescence was observed 

between M1WT and M1EF1 mutant cells (Fig. 32I). To further investigate if cCa2+-
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induced MIST had an effect on mROS generation, M1WT andM1EF1mutant cells 

were treated with thrombin and mitoSOX measured. Although an increase in 

mitoSOX fluorescence was observed in thrombin stimulated M1WT cells 

compared to untreated, no difference in mROS was observed in the M1EF1 mutant 

cells (Fig. 32I). Together, these results suggest that mutating the EF hand of Miro1 

does not alter cellular bioenergetics.   
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Figure 32: EF Mutation does not alter mitochondrial bioenergetics. A) Measurement 

of oxygen consumption rate (OCR) in M1WT, M1EF1 mutant, M1EF2 mutant and M1EF12 

mutant MEFs. After basal OCR, oligomycin (1 M) (A) FCCP (1 M) (B), and rotenone (5 

M) + Antimycin A (5 M) (C) were added as indicated. (B and C) Bar represents mean 

basal OCR, and maximal OCR. Data indicate Mean ± SEM; ns = non-significant; n=8 and 

D) Measurement of oxygen consumption rate (OCR) in M1WT, M1EF1 mutant, and 

M1EF12 mutant MEFs with and without addition of thrombin. After basal OCR, thrombin 

(5mU/ml) (A), oligomycin (1 M) (B) FCCP (1 M) (C), and rotenone (5 M) + Antimycin 

A (5 M) (D) were added as indicated. (E and F) Bar represents mean basal OCR, and 

maximal OCR. Data indicate Mean ± SEM; ns = non-significant; n=8. (G) Bar graph 

represents cellular ATP levels in M1WT, M1EF1 and M1EF2 mutant MEFs before and 

after stimulation with thrombin (5 mU/ml). Data indicate Mean ± SEM. ns= not significant; 

n=4. (H) Mean traces of cellular NADH/NAD+ fluorescence in M1WT and M1EF1 mutant 

MEFs. Inset: Peak NADH/NAD+ fluorescence. Data indicate Mean ± SEM; ns=not 

significant; n=3. (I) Quantification of MitoSOX Red fluorescence in M1WT and M1EF1 

mutant MEFs before and after stimulation with thrombin (5 mU/ml). Data indicate mean ± 

SEM. *p < 0.05, ns= not significant; n=4. 
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MiST is Essential for Autophagosome Formation 

MCU-mediated mCa2+ uptake is known to be essential for maintaining 

cellular bioenergetics and loss of which results in upregulating autophagy, an 

alternative mode of cell survival [6, [147] [28]. Having revealed the abrogation of 

mCa2+ uptake is dispensable for MiST (Figure 13), we next asked if mitochondrial 

shape change had any effect on autophagy. M1WT and M1EF1 mutant MEFs co-

transfected with cox8a-mRFP and LC3-GFP (microtubule-associated protein-1 

light chain-3 (LC3) and stimulated with thrombin. Upon Ca2+ mobilization, a change 

in mitochondrial shape was first observed followed by the localization of LC3-GFP 

to the mitochondria (Fig. 33A and 33B) in M1WT cells. On the other hand, M1EF1 

that do not display MiST phenomenon upon elevated cCa2+ did not show a 

localization of LC3-GFP to the mitochondria (Fig. 33A bottom panels and 33B), 

suggesting that a shape change occurs prior to LC3 tethering to the mitochondria. 

We next assessed if a Ca2+ stress-mediated MiST would invoke autophagy. M1WT 

and M1EF1 mutant MEFs co-transfected with cox8a-mRFP and LC3-GFP were 

challenged with Ionomycin. Elevated cCa2+ caused a change in mitochondrial 

shape rapidly followed by an increase in LC3 GFP fluorescence and localization 

to the mitochondria in M1WT MEFs (Fig. 33C and 33D). Similar to the thrombin 

effect, ionomycin stimulation in M1EF1 MEFs did not cause MiST and no 

localization and tethering of LC3-GFP to the mitochondria was observed. Analysis 

of the data revealed a stark difference in the kinetics of LC3-GFP localization to 
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the mitochondria. While a physiological rise in cCa2+ took longer for triggering 

mitochondrial autophagy, a pathological rise in cCa2+ exhibited much faster 

kinetics. Correspondingly, thrombin mediated-cCa2+ rise and ionomycin treatment 

revealed 20% and ~95% of the mitochondria to be targeted to autophagosome 

formation (Fig. 33E), respectively. Nevertheless, under both conditions of 

physiological and pathological cCa2+ elevation, M1EF1 mutant MEFs prevented 

the degradation of mitochondria.  
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 Figure 33: MiST is essential for autophagosome formation. A)  Representative 
confocal images of M1WT and M1EF1 mutant MEFs transfected with GFP-LC3 
and cox8a-mRFP. After a baseline recording of 60s, cells were challenged with 
thrombin (2.5 mM) for a total of 90 minutes. B) Top panel represents increase in 
GFP-LC3 over lapped with cox8a-mRFP fluorescence over time in M1WT and 
M1EF1 mutant MEFs. Bottom panel shows change in mitochondrial length over 
time in M1WT and M1EF1 mutant MEFs after stimulation with thrombin. Mean + 
s.e.m. (n=4). C) Representative confocal images of M1WT and M1EF1 mutant 
MEFs transfected with GFP-LC3 and cox8a-mRFP. After a baseline recording of 
60s, cells were challenged with ionomycin (2.5 mM) for a total of 90 minutes. 
MFF/Fis DKO MEFs were used as control. D) Top panel represents increase in 
GFP-LC3 over lapped with cox8a-mRFP fluorescence over time in M1WT and 
M1EF1 mutant MEFs. Bottom panel shows change in mitochondrial length over 
time in M1WT and M1EF1 mutant MEFs after stimulation with ionomycin. Mean + 
s.e.m. (n=4). E) Bar graph represents the ratio of mitochondrial cox8a-mRFP 
overlay with GFP-LC3.  Mean ± SEM; n=3. *p < 0.05; *** p < 0.001    
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MiST Does Not Follow Parkin-Pink1 Pathway of Mitophagy 

One major pathway for the induction of mitophagy is the recruitment of 

cytosolic Parkin, an E3 ubiquitin ligase by PINK1 onto a bioenergetically impaired 

mitochondria [148]. Since MiST is essential for mitochondrial quality control, we 

next monitored the Parkin-mediated mitophagy in Ca2+-dependent process. MEFs 

stably expressing Flag-tagged M1WT and M1EF1 were co-transfected with Parkin-

mCherry and Mito-EGFP. The mitochondria appeared filamentous in both the 

M1WT and M1EF1 mutant MEFs with cytosolic localization of Parkin (Fig. 34A). 

Upon stimulation with ionomycin, M1WT but not M1EF1 mutant MEFs exhibited 

MiST (Fig. 34A) with no localization of Parkin to the mitochondria (Fig. 34A and 

34B). Since mitochondrial uncoupler is known to cause m depolarization and 

hence mitophagy, as a positive control, M1WT and M1EF1 mutant MEFs co-

transfected with Parkin-mCherry and Mito-EGFP were treated with 10 M FCCP  

4 hours and imaged. Although FCCP causes a rapid depolarization of m in both 

M1WT and M1EF1 mutant (Fig. 34C), localization of Parkin-mCherry to the 

mitochondria was greatly observed in both M1WT and M1EF1 mutant (Fig. 34D). 

Analysis of the data revealed no change in Parkin localization to the mitochondria 

in M1WT and M1EF1 mutant MEFs (Fig. 34E). Furthermore, the amount of mCa2+ 

released upon FCCP challenge in M1WT and  

M1EF1 mutant was about ~ 600nM, a concentration not sufficient to elicit 

MiST (Fig. 34F). This experimental data indicates that ionomycin unlike FCCP  
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does not cause a loss of m and thus does not induce Parkin-mediated 

mitophagy. 

 

Figure 34: MiST does not follow Parkin-Pink1 pathway. A) M1WT and M1EF1 

mutant MEFs co-transfected with Parkin-mcherry and Mito-EGFP were challenged 

with ionomycin and imaged every 3s for a total of 60 minutes. B) Mean traces of 

Parkin-mCherry overlap with Mito-EGFP fluorescence from M1WT and M1EF1 

mutant MEFs (top panel) and normalized mitochondria length in M1WT and 

M1EF1 mutant > 5 m over time (bottom panel). Mean ± s.e.m; n=4. C) Mean 

traces of mitochondrial depolarization induced by FCCP (10 M) in M1WT and 

M1EF1 mutant MEFs. Mean ± s.e.m; n=3. D) Representative confocal images of 

MEFs stably expressing M1WT and M1EF1 mutant transfected with Parkin-

mCherry and mito-EGFP and treated with 10M FCCP for 4h to visualize Parkin 

translocation into the mitochondria. n=3 (20-30 cells). E) Quantification of Parkin-

mCherry/mito-EGFP puncta. n=3 (20-30 cells). Mean ± SEM; ns=not significant. 

F) Concentration of matrix Ca2+ in MEF WT, M1WT and M1EF1 mutant MEFs upon 

challenge with FCCP. Ns= not significant. 
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Miro1-Mediated MiST Promotes Lipid Transfer to Autophagosome 

To provide a mechanistic link between MiST and autophagosome 

formation, we asked if MiST facilitates lipid transfer from mitochondria for 

autophagosome formation. Phosphatidylserine derived from the ER via 

ER/mitochondrial contact site is recycled in the mitochondria as 

phosphatidylethanolamine (PE) [83]. Since mitochondria serve as the source of 

PE for the autophagosome formation, we examined whether MiST enhances lipid 

transfer. M1WT and M1EF1 mutant MEFs were co-transfected with Mito-BFP and 

mCherry-LC3 and then loaded with NBD-PS, a fluorescent analog of PS for 

monitoring the lipid transfer and autophagosome formation (Fig. 35A). Basally, 

NBD-PS co-localized with Mito-BFP suggesting that PS is indeed in the 

mitochondria in M1WT and EF1 mutant MEFs. Starvation has been shown to 

cause elevation of cCa2+. Hence, we utilized starvation as a model system. Under 

starvation, mCherry-LC3/NBD- PS/Mito-BFP overlaying signal was observed in 

M1WT but not in M1EF1 (Fig. 35A- 35C). Together, these data suggest that a 

change in mitochondrial shape is required for supplying lipids for the formation of 

autophagosomes. 
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Miro1-Mediated MiST Is Required for Lysosmal Degradation 

Figure 35: MiST is required for transferring lipid to the autophagosome. A) 

MEFs stably expressing Flag-tagged M1WT and M1EF1 mutant transfected with 

Mito-BFP, mCherry-LC3 and loaded with NBD-PS to visualize NBD-PS transfer 

upon 4 h starvation. B)  Bar graph represents the quantification of NBD-PS 

translocation to autophagosome. Mean ± s.e.m.; n=6, **p< 0.01. C) Bar represents 

the quantification of autophagosome (LC3 puncta) number per cell. Mean ± s.e.m; 

n=6, ns = non-significant, **p< 0.01. 
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The measure of delivery of autophagic substrates to the lysosomes is 

defined as autophagic flux. We then examined if MiST that was essential for 

autophagosome formation was also required for degradation by the lysosome. 

First, we tested autophagic flux in MEFs stable expressing M1WT, M1EF1, 

M1EF2, M2WT, M2EF1 and M2EF2 mutants by transducing with AdGFP-RFP- 

LC3. Under resting state, no GFP-LC3 puncta or autophagosomes and no RFP-

LC3 i.e. lysosomes and no autophago-lysosomes (RFP + GFP + puncta) were 

observed in all conditions. Starvation resulted in increased autophagic flux as seen 

in increased GFP+ puncta and RFP + /GFP + puncta in control and EF mutants 

but not in M1EF1 (Fig. 36A). Ca2+ -induced autophagy also revealed an increase 

in autophagic flux in all MEF mutants except M1EF1 mutant (Fig 36A), suggesting 

that a change in mitochondrial morphology is required for autophagic flux. To 

further strengthen MiST-dependent autophagy, MEFs stably expressing M1WT, 

M1EF1-, M1EF2-, M2WT, M2EF1- and M2EF2-mutant plasmids were subjected 

to starvation (24 h) or challenged with ionomycin (4 hr) (Fig. 36B). The cell lysates 

were then blotted for markers of autophagy. Consistent with confocal imaging data, 

M1WT, M2WT and other mutants but not M1EF1 mutant expressing MEFs 

processed LC3 and p62 degradation (Fig. 36B)  

To confirm that MiST was required for autophagic clearance, M1WT and 

M1EF1 mutant MEFs were subjected to starvation (nutrient stress mediated 

autophagy), ionomycin (5M) (Ca2+-induced autophagy) or FCCP (10 M) (Parkin-

dependent mitophagy) overnight and blotted for mitochondrial proteins (Fig. 36C). 

Western blot analysis revealed a decrease in Tom20 (OMM protein), cytochrome 
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c (IMS protein), and MCU (IMM protein) in M1WT and M1EF1 mutant MEFs with 
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FCCP suggesting that M1EF1 mutant MEFs undergo parkin-mediated mitophagy 

Figure 36: MiST promotes mitochondrial degradation by the lysosome. A) 

MEFs stably expressing Flag-tagged M1WT, M1EF mutants, M2WT and M2EF 

mutants were transduced with tandem Ad-GFP-RFP-LC3 to observe autophagic 

flux upon ionomycin treatment (5mM) or starvation. Right panel: Bar represents 

quantification of autophagosomes as normalized LC3 puncta per cell. Mean ± 

s.e.m; ***p < 0.001; n=4. B) cell lysates were prepared from MEFs stably 

expressing M1WT, M1EF1-, M1EF2-, M2WT, M2EF1- and M2EF2 mutants either 

treated with ionomycin (5 M) for 4h or starved for 24h. The cell lysates were 

probed for LC3 and p62 antibodies. -actin served as loading control n=3. Right 

panel. Bar represents quantification of LC3-I/LC3-I+LC3-II and p62. Mean ± s.e.m; 

**p<0.01; *p <0.05; ns= non-significant; n=3. C) Cell lysates prepared from M1WT 

and M1EF1 mutant MEFs treated with FCCP (10 M), ionomycin (5 M) or 

starvation for 16 hours. Lysates were probed for Tom20, cytochrome c and MCU. 

-actin was used as a loading control. Right panel. Bar represents densitometric 

analysis. Mean± s.e.m; n=2. *p< 0.05, ***p< 0.001  
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but not Ca2+-mediated autophagy. 

 

DISCUSSION 

During cellular activation and stress conditions, the occurrence of cCa2+ 

elevation robustly activates several signaling cascades that are necessary for cell 

proliferation and energy production [6]. A physiological rise in cCa2+ is required to 

halt the movement of mitochondria along the microtubules in order to generate 

ATP at the site of energy demand [126, 149]. Contrary to the known concept that 

pathological elevation of cCa2+ results in mCa2+ overload and thus mitochondrial 

swelling, we show here for the first time that prior to swelling, mitochondria undergo 

a change in shape. To differentiate the two events of MiST and mCa2+ overload-

induced mitochondrial swelling, we developed an assay where mitochondrial 

swelling was observed as a release in calcein fluorescence and MiST was 

monitored as the change in the length of the mitochondria (Fig. 16). Upon robust 

cCa2+ elevation, MiST phenomenon followed by PTP opening was observed 

spatio-temporally, suggesting that MiST is upstream of mitochondrial swelling. 

PTP opening can be prevented by either genetically ablating the PTP or mCa2+ 

uptake components [77, 78, 150]. Although the prediction was that inhibiting either 

these pathways halt mitochondrial remodeling, our data illustrate that preventing 

PTP opening (CypD KD, SPG7 KO, VDAC1/3 DKO) or OMM permeabilization 

(Bax/Bak DKO) by genetic and pharmacologic approaches did not prevent cCa2+-

induced MIST (Fig.16 and 17). Importantly, inhibiting mCa2+ overload in primary 

hepatocytes knocked-out of MCU still displayed MiST further strengthens our 
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argument of mitochondrial remodeling that is cCa2+ but not mCa2+ uptake 

dependent (Fig. 13).  

Because PTP opening and subsequent cell death by necrosis is due to large 

influx of Ca2+ into mitochondria, MCU KO were thought to be protective from cell 

death mediated by IR injury. Studies on MEFs from MCU KO animals did not show 

any protection from cell death even though no mCa2+ overload was observed [62]. 

Similarly, MCU KO animals when subjected to I/R injury showed no decrease in 

infarct size suggesting no protection from I/R injury-mediated cell death. We 

predict that this lack of protection from cell death observed in MCU KO animals 

could be due to elevated cCa2+ that binds the EF-hand domain of Miro1 and 

exhibits MiST. Aberrant [Ca2+]i is known to cause cell death by necrosis. Since 

MCU KO cells did not offer protection from necrotic death, we speculate that 

preventing MiST and PTP opening simultaneously may have synergistic effects. 

Interestingly, results from our investigations revealed that MiST occurs in response 

to sustained elevation of cCa2+ and this phenomenon can be reversed by Ca2+ 

sequestrants (Fig. 14). Although studies have eluded that elevation of reactive 

oxygen species trigger the mitochondrial remodeling, the mitochondrial swollen-

like phenotype appears several hours after the treatment [58, 61]. Our results show 

that cCa2+-induced MiST appears to be ROS independent as  pretreating cells with 

anti-oxidant molecules of N-acetyl cysteine or GSH did not prevent MiST (Fig. 20).   

Although mitochondrial morphology has been reported to be due to the 

transition between fission and fusion events [55, 151], it is observed that 

mitochondria can undergo fragmentation without fission mechanisms [152]. 
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Ablating either the fission ligand, Drp1 or the phosphorylation of Drp1 promote 

mitochondrial elongation and reprograms mitochondrial metabolism and cell 

viability [108-111]. Along this line, the receptor on the OMM for Drp1, MFF and 

Fis1 resulted in similar mitochondrial phenotype [114, 115]. It should also be 

emphasized that the mitochondrial fragmentation can also be controlled by the 

ubiquitously expressed dynamin-2, and adaptor proteins Mid51and Mid49 [153] 

[117]. Such mechanisms could appear to operate for controlling mitochondrial 

morphology during physiology. However, cCa2+-induced MiST does not appear to 

utilize these strategies as Drp1 KO and MFF/Fis1 DKO still undergo MiST (Fig. 22 

and 23).  

Canonically, metazoan Miro1 has been linked to mitochondrial transport in 

neurons. The GTPase domain of Miro1 is required to recruit Milton/TRACK1 which 

binds KHC to form the transport machinery [120, 121, 127, 154]. While the N-

terminal GTPase is indispensable for mitochondrial transport, the C-terminal 

GTPase domain is shown to be redundant [120]. Though several lines of evidence 

suggest Miro1 might be involved in mitochondrial motility, the role of Miro GTPases 

in modulating mitochondrial shape has been largely unknown. First, yeast Miro1 

homologue Gem1p was described to be associated with mitochondrial 

morphology. Gem1pcells exhibited aberrant mitochondrial morphology ranging 

from circular grape-like to tubular [155]. Secondly, mutations in either the GTPase 

domain (N18, V13, N432 and V427) or EF hand domain (K208, K328) of Miro1 

also resulted in increased aggregated or clustered mitochondria [139]. Of note, 

mutating Miro1 EF1 but not EF2 prevents the formation of ER-mitochondria 
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encounter structure (ERMES) complementing our findings that the Miro1 EF1 

contributes a predominant role for MiST besides ERMES formation [141]. 

Additionally, our results suggest that mutation in EF hand of Miro1 desensitizes 

Miro1 of the elevated cCa2+ and hence blocks cCa2+-induced MiST and prevents 

the release of mitochondria from microtubules (Fig. 25 and 30). Our rigorous 

protein interaction data demonstrated that Ca2+ binding to M1EF1 would relieve 

mitochondria bound to kinesin from the microtubules. However, a difference in the 

elution pattern was not observed by FPLC in the presence and absence of Ca2+. 

This does not mean inconsistency in the data but may be due to the limitation in 

molecular weight resolution of the superdex column used.   Importantly, MEFs 

expressing the Miro1 EF1 mutant subjected to mitochondrial respiratory blockers 

trigger mitochondrial fragmentation after several hours suggesting that this cell 

type does not lack the conventional mitochondrial fragmentation machinery (Fig. 

29).  

In conclusion, we have identified a new phenomenon that occurs as an 

essential step for regulating mitochondrial shape during cCa2+ elevation. The 

formation of MiST is induced by mitochondrial localized Miro1 GTPase upon Ca2+ 

binding and this mechanism is rapid and independent of mCa2+ uptake. The 

cytosolic Ca2+ sensing domain containing Miro1 is the determinant of MiST which 

is required for alternate cell fate mechanism.   
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CONCLUSIONS 

MPC In Development 

The mitochondrial pyruvate complex is a hetero-oligomeric complex made 

up of two proteins MPC1 and MPC2 that are conserved from yeast to mammals. 

The complex resides on the IMM and transports pyruvate from the cytosol into the 

mitochondrial matrix for conversion to acetyl CoA that would then initiate the TCA 

cycle [31, 32]. It has been shown that mutations in the carrier result in 

hyperpyruvetemia and lactic acidosis eventually leading to pre-mature death [33]. 

Results from our findings and previous studies show altered mitochondrial 

bioenergetics under loss of pyruvate flux into the mitochondria. Genetic deletion of 

either MPC1 or MPC2 results in embryonic lethality between E11 – E 13, a point 

where robust mitochondrial biogenesis occurs [37, 38]. Timed mating studies 

revealed E10 and E11 embryos at Mendelian ratio but no viable homozygote was 

obtained past E13. H and E staining of E13.5 embryos revealed lesions in the pons 

region of the embryonic brain stem. Loss of tissue integrity with various cell bodies 

detached from the rest of the tissue was observed. Although a disorganization of 

the periventricular region was observed, the underlying cause of the morphological 

abnormality remains unclear [37]. One possible explanation is the severe decrease 

in neurotransmitters glutamine, glutamate and gamma-aminobutyric acid (GABA) 

and an increase in N-acetylaspartylglutamate (NAAG) from brain samples of 

MPC1-/- animals due to severe defects in pyruvate driven oxidation. Targeted 

tandem mass spectrometry of MEFs isolated from MPC1-/- animals reveal cytosolic 

accumulation of pyruvate, lactate and glycolytic precursors with near complete 
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absence of citrate and increase in glutamine dependent oxidation compared to 

MEFs from WT animals [37]. In contrast with this finding, we did not observe any 

differences in cell viability in RNAi mediated silencing of MPC1 and MPC2 in 

cultured HeLa, HEK293T, HepG2 cells, primary hepatocytes and cardiomyocytes. 

This is possibly due to the presence of glutamine in culture media. Deamination of 

glutamine to glutamate and then to -ketoglutarate by glutamate dehydrogenase 

provides a TCA cycle substrate. Though the cells survived in loss of MPC, the 

bioenergetic parameters were severely impaired indicating metabolic rewiring that 

takes place to compensate for the loss of MPC. Alternatively, alanine 

aminotransferase converts cytosolic pyruvate to alanine that is cycled to matrix 

through an alanine carrier and is transaminated back to pyruvate in the matrix of 

the mitochondria. Hence, the existence of alternate pathways shows the metabolic 

versatility of the cells, in case one fails alternate pathways take over.   

 

MPC In Disease 

Hepatic gluconeogenesis from pyruvate is a critical metabolic function to 

prevent hypoglycemia under starvation. Gluconeogenesis begins in the liver by the 

irreversible conversion of pyruvate to phosphoenol pyruvate by the enzyme 

purvate carboxylase in the matrix of mitochondria. Hence import of pyruvate 

through MPC is required for gluconeogenesis. To study the role of MPC in 

gluconeogenesis liver specific KO of MPC1 and MPC2 were generated. Isolated 

hepatocytes from MPC2HEP produced significantly lower glucose than the floxed 
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hepatocytes. Blood glucose levels measured after 24 hours of fasting were 

significantly lower in MPC KO animals compared to control animals, suggesting 

that loss of pyruvate import into the mitochondria impaired gluconeogenesis [156]. 

Furthermore, loss of pyruvate carrier imparted protection from hyperglycemia 

under high-fat diet or drug induced insulin deficiency, suggesting that targeting 

MPC may offer protection in type 2 diabetes. The other pathways by which private 

import effects glucose homeostasis is by glucose stimulated insulin secretion 

(GSIS). When blood glucose levels rise, cellular ATP production increases in the 

pancreatic b cells. The increased ATP/ADP ratio results in closure of the KATP 

channel, depolarization of the plasma membrane, influx of calcium and release of 

insulin into the blood stream. The rise in cellular ATP levels in response to blood 

glucose levels depends on import of pyruvate into the mitochondrial matrix [157]. 

Hence, loss of MPC inhibits GSIS, rendering the animals glucose intolerant and 

hypoinsulemic. These studies illustrate the significance of mitochondrial pyruvate 

oxidation in insulin secretion.  

Pyruvate is at the branch point of various metabolic pathways. Differentiated 

mammalian cells utilize pyruvate for ATP production in the mitochondria. On the 

other hand, cancer cells convert pyruvate into lactate. This metabolic adaptation 

first observed by Otto Warburg is called the Warburg effect where cells oxidize 

carbohydrates at a low rate even in the presence of oxygen [158, 159]. Studies on 

the mitochondrial pyruvate carrier have shown that loss of pyruvate import 

promotes Warburg effect. The genomic locus of MPC1 was found to be deleted in 

cancers including ovarian, prostate and colon cancers. The decreased MPC 
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expression co-related with increased cell proliferation and migration. Re-

expression of MPC1 and MPC2 in HCT15 and HT29 cells suppressed colony 

formation in soft agar and decreased the number and the size of the spheroids. 

Measurement of tumor size and growth in xenograft models of HCT15 and HT29 

cells showed reduced tumor size upon MPC expression [160, 161]. Thus, 

understanding MPC in the metabolic network of cancer cells will enable targeting 

the complex for personalized medicine.  

Miro1 In Development 

Miro GTPases have long been known to regulate mitochondrial motility by 

tethering mitochondria to the motor proteins. It has been shown that elevation in 

cCa2+ binds EFs hands of Miro1 and halts the moving mitochondria to supply 

energy at that region [126, 127, 130, 154]. However, in contrast with this model, 

MEFs and cortical neurons from Miro1-/- animal exhibit mitochondrial motility under 

resting cCa2+ of 100 nM. Halting of Miro1-/- mitochondria was observed in response 

to a dose dependent cCa2+ elevation similar to that of the mitochondria from control 

animals, arguing against the established role of Miro1 in Ca2+- dependent 

mitochondrial motility. Examination of mitochondrial distribution in Miro1-/- MEFs 

reveal perinuclear aggregation of the mitochondria as opposed to the uniform 

distribution of the mitochondria throughout the cell in MEFs from control animals, 

suggesting Miro1 does indeed mediate mitochondrial motility but does not halt in 

response to elevated cCa2+ and may instead undergo MiST as seen by the sensory 

neurons and rat hippocampal mitochondria that change shape upon elevation of 
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cCa2+ [130]. Loss of Miro1 resulted in abnormal mitochondrial phenotype hence 

precluding the use of Miro1 KO cells for our experiments.  

To understand the role of Miro1 in mitochondrial trafficking mouse models 

of Miro1 knock out were generated. Genetic deletion of Miro1 results in death of 

the embryos 15-30 minutes post birth [130, 132]. Postmortem autopsy revealed 

death due to unexpanded lungs, suggesting that Miro1 may be involved either in 

lung development or neural inputs that regulate respiration. Surprisingly, H and E 

staining on the lung tissues from WT and Miro1-/- mice revealed no abnormalities 

other than lack of alveoli expansion. There are two networks of the neural 

respiratory pathway that controls involuntary respiration.  The first being the central 

respiratory pathway that is located in the brainstem and includes cranial motor 

neurons of the nucleus ambiguus (NA). Nssi1 staining revealed absence of NA in 

the brainstem of E15.5 and E 18.5 Miro1-/- animals. Neuronal cell bodies that from 

the NA were absent but not dead suggesting that Miro1 is somehow required for 

either specification, maturation or migration of the precursors that form the motor 

neurons that populate NA. Cranial neurons that innervate facial muscles were 

disorganized but those of viscera and tongue remain intact. The second network 

that regulates respiration is the phrenic nerve that originates from the spinal cord 

and innervates the diaphragm muscle. Neurofilament labeling revealed decreased 

axonal branching of the phrenic nerve in Miro1-/- compared to WT animal. Thus, 

the germline Miro1-/- animal completes embryogenesis but dies at birth due to 

unexpanded lungs. Miro1 is required for motor neuron organization that regulates 



123 
 

the respiratory pathway [130]. However, how Miro1 regulates motor neuron 

organization and if it affects other neuronal populations still remains a question.  

A second report on germline deletion of Miro1 also reported that Miro1-/- 

pups were born but were cyanotic [132]. Hippocampal neurons cultured from E16 

WT and Miro1-/- animals exhibited a decrease in anterograde and retrograde 

transport of mitochondria in both the axons and dendrites. Neurons cultured for 14 

days in vitro from Miro1-/- animals had smaller neurons with decreased dendritic 

mitochondria and vast regions of the dendrites devoid of mitochondria compared 

to the WT mitochondria. Because Miro1-/- animals were postnatally lethal, 

conditional Miro1 KO were generated to test if Miro1 alters mitochondrial 

distribution in vivo. Mice expressing Cre recombinase under Ca2+/calmodulin-

dependent protein kinase-alpha specific promoter (CaMKIIa-Cre) (Miro1CKO) were 

generated. Miro1 was specifically deleted from adult neurons of the cortex and 

hippocampus. Postnatal loss of Miro1 resulted in a significant decrease in 

mitochondrial mass in the dendrites in particular the distal dendrites but not axons 

as seen by immunostaining with OMM protein, Tom20. In contrast to the dendrites, 

mitochondrial distribution was uniform in the axons from CA3 neurons of the 

Stratum Radiatum (SR) from the contralateral hippocampus of 8-month Miro-/- 

animals. Re-organization of the dendritic architecture resulting in a decrease in 

hippocampal and cortex size and eventual loss of CA1 pyramidal neurons in 

Miro1CKO animals was observed compared to WT animals. Hence, conditional 

mouse Miro1-/- model demonstrated that Miro1 maintains mitochondrial distribution 

and transport in dendrites [132]. Although Miro1 regulates mitochondrial 
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anterograde and retrograde movement in axons and dendrites as well, loss of 

Miro1 in mature neurons exhibited phenotypes specific to the dendrites. This may 

be due to different mechanisms involved in the localization of mitochondria within 

axons and dendrites. Miro1 independent transport pathways may still exist possibly 

through Miro2 or direct interaction of the adaptor proteins TRAK with mitochondria.  

Though several lines of evidence suggest Miro1 might be involved in 

mitochondrial motility, the role of Miro GTPases in modulating mitochondrial shape 

has been largely unknown [155]. First, yeast Miro1 homologue Gem1p was 

described to be associated with mitochondrial morphology. Gem1pcells 

exhibited aberrant mitochondrial morphology ranging from circular grape-like to 

tubular. Secondly, mutations in either the GTPase domain (N18, V13, N432 and 

V427) or EF hand domain (K208, K328) of Miro1 also resulted in increased 

aggregated or clustered mitochondria [155, 162]. Yeast as an experimental model 

lacks where GPCR mediated cytosolic and mitochondrial Ca2+ dynamics, making 

the role of EF hand domains difficult to study. In metazoans, Miro1 was identified 

to transport mitochondria for local energy distribution through GTPase activity, 

while EF hand mutants were revealed to have a role in tethering to the 

cytoskeleton, mitochondrial distribution and fulfilling intracellular bioenergetics 

demands. This study reveals the functional role of the conserved Ca2+ binding 

motifs (EF-hands) rather GTPase domains for the previously undescribed MiST 

phenomenon, which is dynamic. 

Miro1 In Pathology 
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Our data concretely suggest that the physiological relevance of MiST is to 

maintain mitochondrial quality control. Mitochondrial turnover is a balance of 

mitochondrial biogenesis that occurs by the process of fission and mitochondrial 

degradation that occurs by macro-autophagy.  For mitochondria to be degraded 

by autophagy (mitophagy), the filamentous mitochondria of > 5 m in length poses 

a steric hindrance to be engulfed by the 1 m diameter globular autophagosome 

[163]. It has been suggested that mitochondria undergo fragmentation prior to 

mitophagy. We demonstrate that under conditions of elevated cCa2+, mitochondria 

may adopt MiST rather fission to undergo a change in shape to globular organelles 

to be engulfed by the autophagosome. Indeed, mutation in EF hand of Miro1 that 

limits MiST does not exhibit autophagosome formation or degradation by the 

lysosomes. It may be that mutating EF hand of Miro1 may lead to accumulation of 

mitochondria due to the absence of MiST-mediated autophagy. Accumulation of 

dysfunctional mitochondria is a hallmark of Parkinson’s disease (PD). PD is a 

common neurological disease characterized by the loss of dopaminergic neurons. 

Mutations in PINK1, a Ser/Thr kinase, and Parkin, an E3 ubiquitin ligase gives rise 

to hereditary forms of PD [164-166]. These two genes participate in mitophagy. 

PINK1 stabilizes on the OMM of impaired mitochondria and recruits Parkin that 

ubiquitinates various substrates on the OMM [VDAC1, Drp1, MFN1 and 2, TOM20 

and TOM40], allowing for initiation of mitophagy. Recently, Miro1 was identified as 

a substrate for PINK1. Phosphorylation of Miro1 at S156 by PINK1 promotes 

ubiquitination by Parkin and degradation of Miro1 by the proteasome. This 

degradation of Miro1 halts the mitochondrion and promotes its clearance [167]. 
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Miro1 degradation by PINK1 and Parkin may be to clear impaired mitochondria in 

isolation without effecting the mitochondrial network. Our results suggest that both 

M1WT and M1EF1 mutant cells undergo depolarization-induced mitophagy. 

Experimentally, Parkin was recruited on to bioenergetically impaired mitochondria 

(using an uncoupler (FCCP)) in Miro1 WT and Miro1EF mutant cells and 

consequently FCCP induced Parkin-mediated mitophagy was also observed as 

seen by the decrease in OMM, IMS and IMM proteins. The occurrence of 

mitophagy in the absence of MiST may be attributed to the presence of 

mitochondrial fragmentation in Miro1EF1 mutant MEFs which may take place prior 

to mitophagy to enable the mitochondria to be engulfed by the lysosome. However, 

cCa2+ elevation does not cause loss of m and hence Parkin does not get 

recruited to the mitochondria and MiST does not follow PINK1 Parkin-mediated 

mitophagy. Further studies should be undertaken to understand MiST-mediated 

autophagic pathway. Because dysfunctional mitochondria cannot get cleared in 

PD, it would be interesting to observe promoting MiST-mediated autophagy as a 

means to clear dysfunctional mitochondria.   

Because dysregulated [Ca2+]i is known to cause cell death by necrosis and 

since MCU KO cells did not show protection to necrotic death, I speculate that 

preventing MiST and PTP opening simultaneously may have synergistic effects. 

Targeting Miro1 in combination with blockers of PTP such as CsA may be used to 

help prevent cCa2+ overload mediated death. 

In conclusion, ions and metabolites work in concert to drive mitochondrial 

functions. There exist mechanisms in place in the mitochondria to fine tune the 
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ionic and metabolite equilibrium to maintain a pool of healthy mitochondria and 

thus promote cell survival.   
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