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Abstract

Cardiac ATP production primarily depends on oxidative phosphorylation in mitochondria and is
dynamically regulated by Ca2* levels in the mitochondrial matrix as well as cytosolic ADP. Here
we discuss mitochondrial Ca2* signaling and its dysfunction which has recently been linked to
cardiac pathology including arrhythmia, and heart failure. Similar dysfunction in other excitable
and long-lived cells like neurons is associated with neurodegenerative diseases such as
Alzheimer’s disease, ALS and Parkinson’s disease. Central to this new understanding is the
critical regulation by Ca2* of both mitochondrial quality control and ATP production.
Mitochondrial associated membrane (MAM) signaling from sarcoplasmic and endoplasmic
reticulum to mitochondria is discussed. We propose future research directions that emphasize a
need to define quantitatively the physiological roles of MAMs, and both mitochondrial quality
control and ATP production.
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Mitochondrial Ca2* signaling and quality control

Mitochondria are central to the generation of ATP from diverse carbon-based sources of
energy ranging from carbohydrates to amino acids and lipids. Ca?* plays critical signaling
roles in regulating ATP production by mitochondria in heart and has been put forward as a
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primary signal of energy consumption in other tissues as well [1, 2]. Ca2* can do this
because intracellular Ca2* ([Ca2*];) elevation ties together cardiac electrical activity with
cardiac contraction and is responsible for promoting Ca2* flux into the mitochondria. The
cardiac [Ca2*]; transient is triggered by the cardiac action potential (AP) and underlies the
activation of contraction. This same [Ca2*]; transient also controls the levels of
mitochondrial matrix Ca2* ([Ca2*],,) to stimulate mitochondrial ATP production. Here we
review the dependence of ATP production on Ca2* which has been recently updated with
respect to the mitochondrial processes that are Ca2* -dependent and those that are not under
physiological conditions [2]. In addition, cytosolic and matrix [Ca2*] also play other critical
roles in mitochondrial biology, including regulation of mitochondrial quality control (see
Glossary), the term used here to describe processes by which proper mitochondrial function
is regulated. It is also used to identify the processes by which mitophagy is controlled and
specific quality control proteins are produced and removed during normal physiologic
functioning and when mitochondrial and endoplasmic reticulum stress occurs. Our current
understanding of Ca?* -dependent mitochondrial quality control will be assessed. The
relevance of regulated mitochondrial ATP production and quality control cannot be
overstated. These processes may contribute not only to healthy excitation-contraction
coupling in heart and normal neuronal and brain function but, when defective, contribute to
many diseases including heart failure [3-6] and neurodegenerative diseases such as
Alzheimer’s Disease [7], Parkinson’s Disease [8], Amyotrophic Lateral Sclerosis [9],
Charcot-Marie-Tooth peripheral neuropathy [10] and many others.

Physiological regulation of mitochondrial ATP production

In high energy-consuming tissues such as the liver, kidney, heart, and brain, the
mitochondria are the major source of cellular ATP. It is thus not surprising that mitochondria
encompass roughly 22 percent of the cellular volume in the kidney and liver [11-13], and
over 30 percent of the cellular volume in heart muscle cells [14]. In these tissues, the rate of
mitochondrial ATP production is also dynamic, leading to rapid and significant increase in
oxygen consumption when the rate of mitochondrial ATP synthesis ramps up (Figure. 1).
This increase in oxygen consumption in the liver and the kidneys is rather modest, rising
from the basal O,-consumption levels of the tissue to levels that are about 25 percent higher
[15-22]. On the other hand, in heart, with increased adrenergic tone and increased
circulatory demand, the cardiac workload becomes much higher and oxygen consumption
can rise by 2.5-fold or upward of 4.5-fold [23-32]. Even larger increases in oxygen
consumption occurs in the skeletal muscle ranging from 6-fold to 17-fold [33-36]. Increased
mitochondrial ATP production depends in part on the vascular supply of oxygen and carbon-
based sources of energy. Thus, the capacity of the circulatory system to provide the blood
flow determines how well the tissue can function. The regulatory mechanisms intrinsic to
the mitochondria also contribute to the management of ATP production. Such components
within the energy-producing pathways have long been suggested to be Ca%*-sensitive with
the evidence in support of this view dating back to the 1980’s. In these early studies, the
partially-purified pyruvate dehydrogenase activity and the activity of other matrix-localized
dehydrogenases of the Krebs cycle were found to be Ca?* sensitive [37, 38]. Together with
subsequent studies [39-41] these results suggest that [Ca?*],,, may act as a signal that tunes
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mitochondrial metabolism. Recent important advances [2] complement active work on the
molecular and quantitative aspects of [Ca2*],,, signaling and its importance in ATP
production among other matrix signaling pathways [42—45].. Here, the recent molecular and
quantitative advances are discussed within the physiological context of the heart muscle cell.

Mitochondrial Ca2* signaling in heart

Cardiac ventricular myocytes are ideal to study Ca2* flux across the inner mitochondrial
membrane (IMM) leading to the regulation of mitochondrial functions. In the mammalian
heart, mitochondria are the predominant source of ATP, and more abundant per unit volume
than in any other tissue. They account for approximately one-third of the cell volume. The
mitochondria in myocytes experience regular, repetitive elevations in extra mitochondrial
Ca?* (i.e., local elevations of cytosolic [Ca?*];). The abundant intermyofibrillar
mitochondria (IFM) are in close proximity to the sarcoplasmic reticulum (SR), the primary
intracellular CaZ* storage organelle, which releases CaZ* with every heartbeat (Fig. 2).
Although the cell-wide (global) [Ca2*]; increases from 100 nM to ~500 nM with each
heartbeat, the microdomain [CaZ*]; near the ends of the IFM may transiently rise to 5-10
UM during the release phase [46, 47]. This high local [Ca2*]; occurs in the close proximity
of the mitochondrial ends to the SR Ca2™* release units (CRUs). [Ca2*]; can traverse the IMM
thought the mitochondrial calcium uniporter (MCU), the only known route for Ca2* entry
into the mitochondrial matrix. This Ca2* entry is driven by the large negative voltage within
the matrix that establishes the voltage gradient across the IMM (-150 to —160 mV) known
as A¥ . The entry of Ca2* into the matrix is increased further when cytosolic [Ca%*]; is
elevated as it is during the peak of the [Ca2*]; transient. Ca?* is pumped out of the matrix by
the mitochondrial Na*/Ca2* exchanger NCLX [5, 48, 49]. The amounts of Ca2* that move
in and out of the mitochondria are rather modest when compared to the large Ca2* fluxes
across the sarcolemmal (SL) membrane or the SR [46]. Thus, normal physiological
mitochondrial Ca2* movement does not have a significant effect on cytosolic [CaZ*]; signals
and the mitochondria in heart do not act as a significant dynamic buffer for [Ca2*]; [46, 50—
52]. This mitochondrial Ca2* movement however, is important for the physiological
regulation of cardiac mitochondrial ATP production [2], and if [Ca2*],, is pathologically
high, it can contribute to the development of heart disease [3-5]. It is also clear that the
findings are complex [4, 40, 53-58] and quantitative and specific experiments are needed to
resolve the contradictions and complexities [3].

The physiological and pathophysiological roles of the mitochondrial

calcium uniporter

[CaZ*]; enters the mitochondrial matrix through the set of highly-selective MCU Ca2*
channels in the IMM [59], termed the mitochondrial calcium uniporters (MCUs). Only a few
MCUs are open, and are of very low conductance (~0.1 fS) at physiological [Ca2*]; (~100—
500 nM) [46, 59, 60]. Cytosolic Ca2* can enter the mitochondrial matrix through the open
MCU channels to stimulate ATP production under physiological conditions [2]. In contrast,
under experimental conditions abnormally high entry of Ca2* through the MCU can be
detrimental to mitochondrial function. The mitochondrial dysfunction occurs due to the very
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high levels of [Ca?*],,, and the possible opening of one or more non-selective large-
conductance “pores” that effectively permeabilize the IMM [61]. These huge pores or
“mega-channels” are in stark contrast to the miniscule conductance (fS) of the MCUs. Even
a single mega-channel can disrupt mitochondrial osmotic regulation and A¥; and has been
labeled the “mitochondrial permeability transition pore” (mPTP) [62-64]. The mechanistic
details of how the mPTPs contribute to heart cell function remain unclear [65]. Additionally,
mPTP investigations should include calibrated quantitative experiments that seek
information on how reactive oxygen species [ROS],, and [Ca2*],, and other factors interact
to open mPTPs. There is an additional uncertainty due to the contentious identification of
the channel components that comprise mPTP [64, 66—68].

The MCU was identified by two groups in 2011 as a 40-kD protein of the IMM [69, 70]. In
MCU knockout (KO) mice, cardiac mitochondria are incapable of rapidly taking up Ca?*.
Surprisingly, conditional MCU knockout in the adult heart and complete MCU KO mice
display no apparent phenotype [51, 71-74]. Thus, in all of these mouse models,
mitochondrial ATP was produced at sufficiently high rates so that the basic energetic needs
of the contracting heart were met. However, when fight-or-flight responses were demanded
by acute p-adrenergic stimulation, some of the models performed poorly. Notably, these
findings included sinoatrial nodal pacemaker cells that failed to increase their AP frequency,
a heart-rate that only modestly would rise in response to large systemic boluses of -
adrenergic agonists, and impaired p-adrenergic hemodynamic responses [51, 73-75]. A
closer examination of MCU deficient mice also revealed broad transcriptional
reprogramming [74], profound changes of cytosolic Ca2* signaling [73, 74], and other
effects which in some models were partially explained as secondary compensatory responses
to cytosolic ATP insufficiencies [74].

While transgenic studies provided evidence linking MCU Ca?* flux to peak cardiac
performances, the pathophysiological role of MCU was not as clear. In some genetic studies
the lack of MCU appears to have reduced the extent of cardiac ischemia-reperfusion (IR)
injury [51, 73], but in other models it did not [71, 72, 74]. The reduction in IR injury was
taken to suggest that in these models possibly less Ca2* entered the mitochondria via the
MCU to underlie the opening of the mPTP but this hypothesis was not tested quantitatively.
The absence of this effect in other MCU KO mouse models was thought to be related to the
specific array of compensatory mechanisms that are currently under investigation [76].

regulation of the MCU channel

The MCU is thought to be composed of 2 types of pore-forming subunits, regulated by
several auxiliary proteins including MICUL [77-79] (see Fig 3). MCU and MICUL1 strongly
interact and are co-expressed in many eukaryotes [69, 80] as well as in every tissue tested
[81]. Knockouts of MICUL or its homologue MICU2 cause severe disease with cardiac
implications and premature death [82-84], indicating the importance of these proteins. On
the other hand, MCU KO itself is not lethal and mitochondrial ATP continues to be
produced. Thus, it is important to study MICU1 and its paralogues to determine how they
affect mitochondrial functions via MCUs and MCU-independent pathways [85].
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Measuring how auxiliary subunits of the MCU regulate its function quantitatively under
physiological conditions is particularly challenging. The MCU channel is expressed in the
IMM, a contiguous membrane that in each mitochondrion has a surface area of about 70—
100 pm? [59, 60], which is relatively small compared to the vast sarcolemma membrane in
heart cells that is 2 to 3 orders of magnitude larger. In addition, the density of MCU channels
in this membrane is rather low and under physiological conditions the MCU has low unitary
conductance (~fS) [46, 59, 60], making it difficult to study with electrophysiological
approaches, compared to other ion channels. Nevertheless, several studies explored the role
of MICUL1 in the regulation of MCU in a qualitative manner but with no broad agreement
reached to date. The subcellular localization of MICU1 remains debated, with studies
concluding that MICUL1 localizes in the intermembrane space, and thus interacts with
cytosolic CaZ*, while other studies conclude that it is a soluble protein of the mitochondrial
matrix that interacts with matrix Ca2* [77—79]. Furthermore, regulatory functions with
stringent quantitative definition in electrophysiological studies such as gating functions and
ion-conduction threshold have been particularly difficult to clearly define in the context of
the MCU. Quantitative investigations are needed to better understand the molecular
regulation of MCU under physiological and pathophysiological conditions. Apart from
better understanding the intrinsic biophysical features of the MCU channel, it is also critical
to better understand the signaling micro environment that surrounds each mitochondrion in
the cell, and therefore the localized levels of [Ca2*]; that each MCU channel is exposed to.
These localized signaling [Ca%*]; levels depends on the proximity of each mitochondrion to
the Ca?* release units on the “junctional” SR (jSR) in heart, or sites of ER Ca?* release via
IP3R in other cell types. Potentially important aspects of cellular physiology may arise from
this signaling organization which has been hypothesized to arise from interactions between
the outer mitochondrial membrane (OMM) and nearby SR or ER membranes (Mitochondrial
Associated Membranes, MAMS).

Mitochondrial associated membranes (MAMSs)

Mitochondria within cardiac ventricular myocytes occupy approximately a third of the cell
volume [3, 46, 50, 86]. The remaining cellular volume is filled with membrane networks
(e.g. SR, ER, Golgi, etc.), contractile filaments, a dense cytoskeleton with diverse motors
and cargos, transverse and axial tubules (TATSs), multiple nuclei, other invaginations (e.g.
caveolae) and much more. Virtually all of these elements are dynamic and are able to move,
grow, retreat, and undergo other activities including quality control [87]. It is thus not
surprising that with such density and activity, diverse membranes come close to each other
and the OMM. To identify a subset of those membranes that are associated with
mitochondria with a unique and deliberate purpose that demands a specific long-lasting
organization and specific engaged signaling provoked the need for a clearly defined
physiological role. Currently, the presentation of spatial proximity and temporal coincidence
is the primary argument in support of existence of the molecularly defined mitochondria:ER
domains. Current efforts in mammalian cells examine the spatial proximity with emphasis
on identifying certain proteins with potential inter-organelle tethering functions, such as
mitofusin 2 (Mfn2) [88], PDZD8 [89] and others. However, the importance of quantitative
approaches is exemplified by the fact that using similar cell models, some groups proposed
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that Mfn2 (Tables 1 and 2) serves as a mitochondrion:ER tethering protein [88, 90], while
others concluded that Mfn2 drives the ER membranes away from the mitochondria [91-93].
Given the molecular uncertainties and unclear physiological role of such domains, there is a
crucial need for quantitative evidence that will constitute a clear framework for future
research.

Gold standard.

One of the best examples of intimate membrane interactions is “excitation-contraction
coupling” (ECC) in heart (Fig. 4A). This process starts when a local Ca?* signal is generated
in a narrow space (15 nm) when an L-type Ca2* channels in the sarcolemmal membrane
(SL) is opened by the SL depolarization due to an action potential (AP). A cluster of
Ryanodine Receptor type 2 (RyR2) Ca?* channels in the cardiac jSR protrude into that
narrow space and are activated by the local elevation of [Ca2*];. When the RyR2 channels
are activated, a Ca?* spark is produced. There are a huge number of these structures within
each cardiac ventricular myocyte. They are found along the SL and along SL invaginations
called the transverse-axial tubular (TAT) system.

In heart, when only a single jSR cluster of RyR2 Ca%* channels is activated, an isolated Ca2*
spark (Fig. 2 and Fig. 4A) is produced. There are proteins in heart that facilitate the ECC
signaling by linking the SL or TT membranes to the SR membranes [94, 95] and are thus
responsible for spatially organizing signals [96-99]. At the membrane junctions that produce
Ca?* sparks, the TT and SR membranes are separated by about 15 nm narrow gap called the
“subspace” or diadic space. At those locations the SR contains many identical proteins that
form a para-crystalline array of RyR2 Ca2* channels [100]. The details of this behavior have
been extensively studied enabling us to develop mathematical models [101, 102] that permit
us to test quantitatively how the system works [47, 103]. These models test how excitation-
linked Ca2* entry through L-type Ca2* channels increases subspace [Ca2*] within the small
volume of the 15 nm wide gap (the [Ca@*]subSIDaCe is around 10 uM [104, 105] ). The models
help us to know if this signal is sufficient to activate the RyR2 Ca2* channels. This modeling
further tests many other features of the system. When Ca2* spark activation is synchronized
within the cell, a cell-wide [Ca2*]; transient is produced which in turn underlies contraction.
Many aspects of this process can be investigated with the model. An important discovery is
that each huge RyR2 channel also serves as an protein signaling scaffold [106] which is a
local home for kinases and phosphatases and other relevant proteins. In this manner the
RyR2-dependent Ca?* signals may be modulated by local PKA, CaMKII [107], X-ROS
signaling [108-111], and other signaling pathways. These investigations, while rich and
productive, all involve significant quantitative investigations in the same kind of space
within the ventricular myocyte as exhibited between MAMSs and mitochondria. These are
indeed technically challenging investigations, but conceivably feasible, and when carried out
rigorously and quantitatively could profoundly advance our understanding of MAMs
signaling pathways if properly applied.

Skepticism with hope.

The preponderance of links between mitochondrial function and MAMs are primarily the
associations of proximity and do not generally involve a specific quantitative experiment that
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address a sharply stated physiological hypothesis [112, 113]. However, a recent report
examining PDZ domain containing protein 8 (PDZD8) involved in ER-mitochondrial Ca2*
signaling in neurons [5, 89] and Mfn2 in cardiomyocytes are steps in the right direction
[114, 115]. For example, PDZD8 is presented as an orthologue of the yeast ER-
mitochondria encounter structure (ERMES) complex and is suggested to play an important
role in ER-mitochondrial signaling. However, quantitative (i.e., calibrated) measurements of
[Ca?*],, or spatially resolved [Ca2*]; to clarify the function have yet to be reported.
Furthermore, it is also important to note that currently available genetic /n-vivo studies do
not provide evidence to support the proposed physiological role of augmented Ca2*
movement into the mitochondria in tissues and cells where the ER releases Ca2* through IP3
receptors, such as in neurons and epithelial cells. Genetic deletion of MCU in such tissues
and cells has not been reported to cause an apparent change of tissue function [72, 116]. On
the other hand, the available evidence is in support of an important physiological role for
augmented entry of Ca2* through the MCU into the mitochondria in heart and skeletal
muscle [51, 52, 71-74], two tissues in which intracellular Ca%* release occurs via RyR2 and
RyR1 channels, respectively.

The Ca2* signaling between SR and ER and nuclear envelope membranes and the
mitochondria is a broadly proposed MAMs function. In ventricular myocytes, for example,
the SR, ER and nuclear envelope all contain Ca2* at a high level (mM) compared to cytosol
and mitochondrial matrix (100 nM under quiescent condition to uM levels with significant
activity). The three high Ca?* stores (SR, ER, and nuclear membranes) constitute a
contiguous network that shares Ca2* content across all elements [117]. To date, there are
generally three types of simple interactions between the MAMSs and mitochondria that
involve Ca2* signaling (Fig. 4B). (1) Cluster of CaZ* channels that are organized at distances
50 to 100 nm away from a mitochondrion (e.g. the RyR2 cluster at the SR-TT junction; left
panel of Fig. 4B and also in Fig. 2). The other two types of MAM arrangements have one or
a very few RyR2 channels or IP3R channels within 10-20 nm of a mitochondrion (middle
panel in Fig. 4B) or one or a very few CaZ* channels hundreds of nm away (Fig. 4B right
panel). Mathematical modeling and a few direct measurements [50, 95] in ventricular
myocytes suggests that very little Ca2* enters the mitochondria via MCUs by any of these
sources, given the brief openings of the Ca2* release channels, the dilution with distance of
the para-mitochondrial [Ca2*], the very small conductance of the MCU’s (fS) [118], and the
low number of MCU’s in the IMM [2, 118]. Thus, there is uncertainty about the rigor of
MAM-linked functional conclusions, especially in cells that lack RyR channels. Signaling
between the MAMs and the mitochondria need to be measured quantitatively and not simply
inferred by the proximity of the two structures. Importantly, the absence of rigorous
measurements does not itself disprove a linkage between MAMs and the mitochondria.
Many associations link MAMs to disease and critical mitochondrial features including heart
failure [119-123], mitochondrial quality control[124], diabetic cardiomyopathy [125, 126],
and various neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease,
and ALS [127]. At the present time, however, quantitative and functional links between
MAMs and mitochondrial signaling needs much work.

Another role of MAMSs has been proposed in which a tight association of the ER and OMM
occurs and an ER tubule “garrote” facilitates mitochondrial fission. It is proposed that an ER
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MAM encircles the mitochondrion and, working with dynamin-related proteinl (Drpl)
proteins on the OMM somehow triggers mitochondrial fission [128]. This mechanism [90,
128, 129] implies that the “standard mechanism” that involves Drpl without assistance of
the ER tubule garrote (Fig. 4C [128]) does not function. Like the other MAM hypotheses,
quantitative methods are needed to validate and extend the role of ER MAMSs in
mitochondrial fission, if indeed there is physiological requirement for this feature.

Ca?* signaling in mitochondrial quality control

In addition to the above-discussed direct role of Ca2* in mitochondrial ATP generation,
several lines of evidence suggest that Ca2* could also control this process indirectly, through
regulation of various mitochondrial quality control pathways. Distinct quality control
mechanisms ensure mitochondrial function, including ROS detoxification and a network of
proteolytic systems that degrade mitochondrial proteins that are damaged, misfolded or
mislocalized and control the activities of stress-responsive mitochondrial factors. The
ubiquitin (Ub)/proteasome system (UPS), through degradation/control of OMM-associated
proteins, is also vital for the maintenance of mitochondrial function. Upon irreversible
mitochondrial damage, mitochondria-specific autophagy (mitophagy) is activated to remove
dysfunctional mitochondria. While these mechanisms were extensively reviewed elsewhere
[87, 130-133], here we focus on recent evidence linking these processes with Ca2*
signaling.

Mitochondrial fission and the ubiquitin (Ub)-proteasome system (UPS)-

mediated processes

Mitochondrial fission is a mechanism by which cells remove dysfunctional mitochondria
from the system. Fission separates damaged mitochondria from functional mitochondrial
networks [134, 135], and thereby facilitates their subsequent removal by E3 Ub ligase
Parkin-, and PTEN-induced kinase 1 (PINK1)-regulated mitochondria-specific autophagy
(mitophagy) (see BOX1 for mitochondrial quality control overview). The role of Ca2* in
mitochondrial fission was originally revealed by data showing that mitochondrial
fragmentation in cells subjected to apoptosis inducer C2-ceramide was inhibited by
extracellular Ca2* or chelating intracellular [Ca2*]; [136]. Subsequent studies proposed that
the role of [Ca%*]; in mitochondrial fission was to control the localization Drp1 [137].
Specifically, calcineurin-mediated Drp1 dephosphorylation induced accumulation of Drpl
on the OMM and thereby increased mitochondrial fission rates [138]. It appears therefore
that changes in [Ca2*]; control mitochondrial association of Drp1 and thereby mitochondrial
fission rates. Complexity of Ca2*-dependent control of mitochondrial fission was added,
however, by data that suggest that “inverted formin 2” (INF2) can mediate actin
polymerization at the mitochondria:ER contact sites. It is thought that ER Ca2* release can
stimulate a rise in [Ca%*]y, through MCU [129] that will recruit the IMM in the fission
process. Earlier works by Higgs and colleagues showed that INF2-dependent local actin
polymerization control mitochondrial assembly of Drpl [139]. The new data indicate that
OMM-associated actin controls MCU-mediated uptake of Ca?* and thereby facilitate fission
of the IMM [129]. A similar function for MCU in mitochondrial fission has been proposed
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by Cho et al. [134]. The authors found that Drp1 can transiently interact with the OMM-
associated Zn2* transporter Zip1 that in turn may facilitate Zip1:MCU interactions and
results in loss of mitochondrial membrane potential in a subset of mitochondria within each
cell. It has been concluded that this mechanism facilitates mitochondrial translocation of E3
Ub ligase Parkin and mitophagy-mediated removal of dysfunctional mitochondria (see
BOX1 and Tables 1 & 2) and therefore restores a population of “healthy” mitochondria. The
role of MAMs in this model has not been investigated. Interestingly, Parkin may also
regulate MCU activity through control of the Ub-mediated degradation of MICU1 [140]
(See also discussion above on MCU and MICU1). MICUL is a relatively short-lived protein
(~4 hr half-life) and its fast turnover could be applied by the cell to tune the mitochondrial
Ca?* handling. As an extension, MICU1 degradation could also serve as a feedback
mechanism regulating MCU-dependent mitochondrial fission and Parkin-mediated
elimination of dysfunctional mitochondria. While the role of mitochondrial Ca* and MCU
complex in mitochondrial quality control has just begun to be understood, the work
discussed above already point to the high significance of this signaling axis.

Mitochondrial quality control in heart

Most of the data on mitochondrial quality control mechanisms was generated using model
cells (e.g. HeLa cells) or studies focusing on understanding mitochondrial degeneration
linked to various neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s
disease, and peripheral neuropathies. Relatively little is known about mechanisms protecting
heart mitochondria from functional decline.

Mouse knockouts of the critical mitophagy regulator PINK1 (See BOX1 and Tables 1 and 2)
showed strong alterations in heart, including left ventricular dysfunction and pathological
cardiac hypertrophy as early as 2 months of age [141]. This study and experiments
performed in other model systems [142, 143] revealed reduced bioenergetic competence of
the mitochondria and increased oxidative stress. However, since the heart shows the
strongest phenotype in PINK1 knockout animals, one can assume that this mitochondria-rich
organ may especially rely on PINKZ1. Indeed, significantly reduced levels of PINK1 were
found in tissue samples obtained from patients with end-stage heart failure [141]. Through
phosphorylation of putative IMM-localized Ca2*/H* antiporter leucine zipper-EF-hand
containing transmembrane protein 1 (LETM1) [144], PINK1 regulates mitochondrial Ca%*
[145]. Furthermore, a strong reduction of the mitochondrial Ca2* efflux observed in PINK1
knockdown cells suggests that this protein could also regulate NCLX [146]. Whether, like in
other tissues, PINK1 is implicated in Parkin-mediated degradation of mitochondria in the
heart remains to be tested. Further studies will be necessary to determine the degree to which
PINK1 controls mitochondrial quality through its role in Ca2* signaling.

The role of Drpl-mediated mitochondrial fission in the elimination of dysfunctional
mitochondria in heart is not well understood. In contrast to earlier findings showing slow
mitochondrial fusion rates [147], recent whole heart and freshly dissociated cardiomyocyte
imaging experiments showed that mitochondrial fusion in rat heart happens more frequently
than reported before [148]. Given these new findings, and since mitochondrial size is
maintained by opposing activities of fusion and fission, one can assume that mitochondrial
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fission in cardiac cells must also be more robust then thought before. Connecting
mitochondrial fusion to Ca2* signaling, the increase in mitochondrial fusion rates were
noted after spontaneous contraction or short-term field stimulation [148]. Further supporting
the critical role of mitochondrial fission in heart function, and perhaps in mitochondrial
quality control in cardiac myocytes, knock out of mitochondrial fission factor (Mff), a
mitochondrial receptor of Drpl, result in early, at 13-week, lethality attributed to dilated
cardiomyopathy leading to heart failure [149]. Mff-deficient hearts showed reduced
oxidative phosphorylation activity and ATP levels and increased mitochondrial
ubiquitination and mitophagy (see Table 2). These data support the physiological role of Mff
in cardiac mitochondria function, and in general, these data also support the physiological
role of mitochondrial fission in cardiac function. However, another possibility is that Mff
directly controls mitochondrial ubiquitination, and subsequent mitophagy, which has been
shown in non-cardiac cells [150], but has not yet been demonstrated in the heart. The
downregulation of Drpl in cardiac myocytes resulted in suppressed autophagosome
formation and autophagic flux in response to glucose deprivation [151]. This suggests that,
like model cells, Drpl and perhaps Drpl-mediated mitochondrial fission, is a vital quality
control mechanism in the heart. Similar to Mff knockout mice [149], cardiac-specific Drpl
knockout mice develop left ventricular dysfunction, preceded by mitochondrial enlargement
with reduction in cellular ATP levels and followed by death within 13 weeks [151]. To our
knowledge, however, no specific data on Ca2* regulation of mitochondrial fission in the
heart has been reported. In addition to mitochondrial fission, Drpl-independent
mitochondrial shape changes, including mitochondrial shape transition (MiST) [152] or
formation of mitochondrial nanotubes [153] also contribute to Ca?*-regulated mitochondrial
quality control. These processes, regulated by Ca2*-binding EF hand proteins Mirol and
Miro2 (mitochondrial Rho GTPases), facilitate mitophagy and in consequence provide
protection of cardiac cells from mitochondrial decline.

The growing molecular understanding of mitochondrial quality control suggest that apart
from its important roles in cardiac health and disease, these processes are also critical for
normal neuronal function, and when altered, play a major role in neurodegenerative diseases.

The roles of mitochondrial dysfunction in neurodegenerative disease

Many neurodegenerative diseases, such as Alzheimer’s Disease (AD), Parkinson’s Disease
(PD), and Amyotrophic Lateral Sclerosis (ALS) display functional deficiencies that are often
associated with abnormal mitochondrial structure (Table 2). However, specific genetic
causes leading to neuronal degeneration in AD, PD, and ALS are not as well understood as
they are in other neurodegenerative disease such as peripheral neuropathy Charcot- Marie-
Tooth disease (CMT) or dominant optic atrophy (DOA), which were linked to mutations in
genes encoding mitochondrial fusion factors, Mfn2 [154] and Opal [155, 156], respectively
(Table 2). Nevertheless, in all cases it is still uncertain how the mitochondrial alterations
contribute to the course of the disease progression and how they influence the stages of
neuronal dysfunction and death. The findings that PARK7, PARK6/PINKI and PARKZ/
PARKIN genes are mutated in early onset PD [157] along with the fact that these genes
encode proteins that directly control mitochondrial function [157-160] suggest that
mitochondrial dysfunction may underlie PD (Table 1 and 2). At this time however, the
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specific role of mitochondrial matrix/IMS-localized deglycase DJ-1 (PARK?) [161] in
mitochondrial function has not been fully established. As discussed, above (see BOX1), the
E3 ubiquitin ligase Parkin and kinase Pink1 work together to remove accumulation of
abnormal mitochondria and this is likely important in their contribution to PD “prevention”.
These observations support the hypothesis that they do this by maintaining the fidelity of
oxidative phosphorylation and mitochondrial ATP generation. Furthermore, among other
functions, the familial ALS-, and CMT 2-linked AAA ATPase, p97/VCP [162-164],
controls mitochondrial ubiquitination [165] and Parkin/PINK1 mediated mitophagy [166].
Taken together, there is a body of evidence implicating mitochondria in the origins and
progression of diverse neurodegenerative diseases.

Concluding Remarks

Here we provide a brief overview of Ca2* dependent ATP production by mitochondria and
issues related to mitochondrial protein quality control. This area is moving very quickly with
many recent reports on MCU, MICUZ1, NCLX and control of ATP production. The quality
control research field is also very dynamic, resulting in almost daily reports of important
discoveries and insights. We have provided physiological and pathophysiological context for
this understanding. We also discuss a topic of considerable interest to many of us working in
the field: mitochondrial associated membranes or “MAMSs”. As exciting as MAMSs may be,
we hold the position that each of us working on mitochondrial biology and mitochondrial
signaling have an obligation to make our work more rigorous and more quantitative and
more testable.

There are four “take-home” messages from this brief review:

1. Ca?* signaling plays an important role in regulating ATP production in heart and
in other tissues.

2. Ca?* signaling contributes to the regulation of mitochondrial quality control.

3. Mitochondrial dysfunction contributes importantly to the molecular causes and
progression of both heart failure and neurodegenerative diseases (“brain or
neuron failure™).

4. Focused quantitative investigations are needed to improve our understanding of
mitochondrial contributions to health maintenance and disease origin and
progression.
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Diadic space
the cytosolic region between the T tubule membrane and the junctional SR membrane, also
known as the subspace
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Excitation contraction (EC) coupling
the process by which the electrical signal in the heart, the action potential, triggers the
cellular [Ca2*]; transient that underlies contraction

Mitochondria associated membranes (MAMS)
the membranes, usually from the SR or ER, that are close to the OMM - usually within 15 to
100 nm

Mitochondrial calcium uniporter (MCU) complex

the MCU is a transmembrane channel protein of the IMM that conducts Ca2* from the
intermembrane space (IMS) to the matrix with high selectivity and low conductance. Since
Ca?* freely moves from the cytosol into the IMS through VDAC in the OMM, the MCU
permits Ca2* to move from the cytosol into the mitochondrial matrix. The MCU complex is
thought to composed of the MCU channel along with accessory proteins (EMRE, MCUB,
MICUR1) as well as a special additional component, the “mitochondrial calcium uptake 1
and 2” proteins (MICU1 and 2)

Mitochondrial quality control

a number of processes, including the regulation of mitochondrial protein turnover, the
management of mitochondrial fusion and mitochondrial fission and the control of
mitophagy. Taken together, these processes protect the mitochondria from damage and
protect the cell from accumulation of defective mitochondria

Mitochondrial permeability transition pore (MPTP)

a large conductance pathway in the IMM that is known to be activated by various
pathological conditions, including Ca%* overload and reactive oxygen species (ROS) or other
kinds of oxidative damage. The increased permeability of the IMM during mPTP opening or
“activation” often leads to a large-scale mitochondrial swelling and mitochondrial death

Mitochondrial sodium-calcium exchanger (NCLX)

NCLX is a protein that works as the mitochondrial matrix Ca2* extrusion “pump”. This
mechanism of transport is powered by the influx of Na* ions across the IMM on the NCLX
in exchange for Ca2* extruded from the matrix into the IMS

Oxidative phosphorylation

the mechanism by which mitochondria phosphorylate ADP to make ATP. NADH (or
FADH), made by the Krebs cycle proteins within the matrix, donates an electron to the
ETC (electron transport chain). The ETC is a series of specialized proteins in the IMM and
linked functionally together to extract an electron from NADH to power the pumping of
protons out of the matrix. The extrusion of protons establishes a negative matrix potential
and a relatively proton-poor environment in the matrix. The electron is used to reduce
oxygen. The ETC thus creates a proton motive force across the IMM that powers the ATP
synthase to make the ATP

X-ROS signaling
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NADPH oxidase is activated by mechanotransduction to produce ROS that can oxidize local
protein targets to enhance Ca2* signaling. This signaling mechanism is activated during
physiologic stretch of cardiomyocytes
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BOX1:
The basics of mitochondrial quality control
Ubiquitin (Parkin/PINK1)-mediated mitophagy

Mitochondria-specific autophagy (mitophagy) is instigated by irreversible damage of
mitochondria [131, 167, 168]. Early steps in mitophagy rely on the accumulation of
PTEN-induced putative kinase 1 (PINK1) on the OMM of mitochondria with low
(depolarized) membrane potential (AY ). The E3 Ub ligase Parkin translocates to
damaged mitochondria and, through massive ubiquitination of the OMM proteins,
facilitates mitophagy activation [168, 169]. Specifically, Ub chains added by Parkin to
various OMM-localized proteins are phosphorylated by PINK1, which serves as
autophagy adaptor proteins, such as Optineurin, NBR2 or p62, recruitment signal, that
subsequently facilitate selective degradation of damaged mitochondria. Consistent with
this model, mitochondria-acting deubiquitinases (DUBS), including Usp30 and Usp15
slow down mitophagy by removing Ub chains from the OMM proteins [170-173], while
the mitochondrial E3 Ub ligase MUL1 partially rescue mitophagy in mutant Parkin-
expressing cells [174]. This model has been established in cultured cell lines and primary
neurons. One report suggested that PINK1 phosphorylated mitochondrial fusion protein
Mfn2, which serves as a signal recruiting Parkin to dysfunctional mitochondria in cardiac
myocytes [175]. This unique mechanism in the heart has not been broadly supported yet
by additional studies.

Mitochondrial membrane dynamics (fusion and fission)

Mitochondrial fission requires a large GTPase of the dynamin family, dynamin-related
protein 1 (Drpl). Drpl is recruited to the mitochondria through interaction with the
OMM localized Drpl receptors, mitochondrial fission factor (Mff) and/or mitochondrial
division (MiD49 and MiD51) complex. Upon recruitment, Drpl oligomerizes on the
OMM and initiates GTP hydrolysis-dependent mitochondrial scission. Mitochondrial
fission is highly regulated and was proposed to require ER tubules, and transient
assembly of actin to occur. These processes are regulated by Ca2*. Drp1 is a prerequisite
for mitophagy [135, 176-178]. Mitochondrial fusion is also regulated by the large
GTPases, the OMM localized mitofusins 1 and 2 (Mfnl and Mfn2) and the IMM/IMS
Opal. These proteins coordinate the fusion of the IMM and the OMM. Selective
inhibition of mitochondrial fusion by low (depolarized) AY ,,, a characteristic of
dysfunctional mitochondria, was proposed to facilitate their removal from the system
[177].
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Box 2:

Mitochondrial Matrix Ca2* excess: Neurodegeneration versus Death - role
of NCLX

Under quiescent conditions in heart, matrix Ca2* concentration, [Ca*],, is moderate
(about 150 nM) and rises with activity (up to about 1 pM). This [Ca?*], links EC
coupling activity to ATP production and is central to the mitochondrial response to
physiologic activity [2]. Diverse examples, however, of cardiac dysfunction arise when
the RyR2 SR Ca?* release channels become “leaky” and it is thought this leakiness of
Ca®* out of the SR in close proximity to intermyofibrillar mitochondria that increases
matrix Ca2* and contributes to heart failure [4]. While careful quantitative experiments to
understand the nature of the hypothesized Ca2* overload are required [3], a clear
experimental test of the critical role of matrix Ca?* was done in genetically engineered
mice. Here tamoxifen-induced deletion of NCLX in adult mouse hearts caused sudden
death to develop in the mice that correlated with severe myocardial dysfunction and rapid
onset heart failure [5]. This finding is consistent with the suggestion that mitochondrial-
linked diseases and pathology may benefit from increased extrusion of Ca2* from the
mitochondrial matrix. An experimental example from Parkinson disease “model neurons”
showed the benefit of increasing NCLX extrusion of Ca2* from the mitochondrial matrix
[146]. A recent compelling example of how triple-transgenic mouse model (3X) of
Alzheimer’s Disease was associated with the down regulation of NCLX in cortical
neurons and that was associated with matrix Ca2* overload [179]. Additional experiments
suggested that these same 3X mice had gained improved cognitive function and
performance in a Y-Maze test when neuronally targeted NCLX overexpression was
imposed. These data suggest that when mitochondrial matrix Ca2* is excessive in cortical
neurons, there is increased likelihood of neurodegeneration and when this occurs in heart
it leads to death.

Clinician’s Corner

. In heart failure (HF), cardiac myocytes are unable to contract with enough
force to pump blood at an appropriate pressure. There are three basic
categories of HF: stunning (quickly reversible), hibernation (slowly
reversible) and irreversible failure. One possible cause of HF is inadequate
ATP production by damaged mitochondria and the differences in degree of
HF may reflect the extent of the damage.

. Analogous to heart failure, neuronal mitochondrial damage may lead to
inadequate ATP production. A major job of the neuronal ATP is to enable
pumping ions out of or into the neuron. With ATP insufficiency neurons may
be damaged by inadequate transport of ions or other intracellular cargos.
Recent work suggests that mitochondrial Ca2* overload is associated with
damage and neurodegenerative diseases.

. Ca?* is a signal that can dynamically regulate ATP production. Within the
physiological range of Ca?*, increases in matrix Ca2* stimulates ATP
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production. In contrast, Ca2* overload in the mitochondrial matrix can lead to
mitochondria dysfunction or failure.
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Highlights

ATP production in the heart is primarily dependent on oxidative
phosphorylation in mitochondria and is dynamically regulated by the level of
Ca?* in the mitochondrial matrix ([Ca%*],,) and the concentration of ADP in
the cytosol.

Mitochondrial CaZ* signaling dysfunction in heart has been linked to
arrhythmia, heart failure and death while in neurons it is associated with
neurodegenerative diseases such as Alzheimer’s disease, ALS and
Parkinson’s disease.

Tight mitochondrial “quality control” in heart and brain mitochondria is
regulated in part by Ca?*.

Although mitochondrial associated membranes (MAMs) from SR and ER are
hypothesized to have distinct signaling modalities, often involving Ca?*,
guantitatively physiologic investigations are needed to characterize them.
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Outstanding Questions

How does high matrix Ca2* degrade mitochondrial function? As noted in the
text, this is an important but unanswered question for heart muscle and
neuronal biology.

What are the possible molecular causes of irreversible heart failure? Are they
due to excessive mitochondrial ROS damage leading to mutations of
mitochondrial DNA? The 13 key proteins coded by the mitochondrial DNA
are crucial for ATP generation. The mitochondrial DNA is “naked” and
exposed to ROS and thus can be readily damaged. The approximate ten
copies of mitochondrial DNA in each mitochondrion and modest repair
capabilities can be “used up” and thus lead to reduced function of the
mitochondria.

What are the MCU-independent mitochondrial pathways regulated by MICU1
and MICU2? Do they directly contribute to mitochondrial Ca?* signaling?

While Parkin is a key component of machinery that removes dysfunctional
mitochondria in model cell systems such as HelLa cells, Parkin deficiency
does not affect mitochondrial activity in mice hearts. Why not?

How tightly coordinated is the linkage between mitochondrial DNA
mutations and the reduced ability of mitochondria to produce ATP?
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Figure 1. Energy consumption and its dynamic range in different tissues.
A. Daily metabolic rates of major organs and tissues. Shown values are from human

subjects. Data is from Wang et a/., 2010 [215]. B. Fold changes in oxygen consumption rates
of different tissues in different species. Each data point shows the fold change in oxygen
consumption determined by distinct studies performed in liver [15-20], kidney [21, 22],
heart [23-32], and skeletal muscle [33-36]. All shown measurements were carried out with
healthy tissues of wild-type animals under similar, physiologically relevant basal and
strenuous activities. The indicated weight (in Kg) is the total body weight.
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Figure 2. spatial distribution of cardiac mitochondrial ca?* signaling components.
A spatial representation of a Ca2* spark (red gradient) initiated at the Ca2* release unit

(CRU), which is located between the transverse-tubule (TT) and the junctional SR (JSR)
membranes. At the peak of a Ca2* spark, [CaZ*]; briefly (10 ms) bathes the end of a
mitochondrion with high [Ca2*]; (5-10 pM). During a [Ca2*]; transient, multiple CRUs
release Ca?*, bathing both ends of the mitochondrion with high [Ca2*];. LCCs, L-type Ca2*
channels; RyR2s (ryanodine receptor type 2); SERCA: sarcoplasmic reticulum and
endoplasmic reticulum Ca2* ATPase; NCX: Na*-Ca2* exchanger; MCU: mitochondrial
CaZ* uniporter; NCLX: mitochondrial NCX. Adapted from [46].
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Figure 3. ATP production, Ca2* movement, and mitochondrial dynamics in the inner (IMM) and
outer mitochondrial membranes (OMM) in ventricular myocytes.

A. Top, confocal image of a ventricular cardiomyocyte showing the fluorescence of TMRM
in mitochondria. Bottom, zoomed-in view showing a small region of the cell with 4-6
mitochondria. B. Schematic diagram of one of the intermyofibrillar mitochondria. The
electron transport chain (ECT) is composed of five complexes: ClI Cll, ClIl, CIV and CV.
CI-CIV extrude protons to hyperpolarize IMM to approximately =160 mV. CV (the ATP
synthase), uses the energy in AY, to phosphorylate ADP to produce ATP. The adenine
nucleotide translocase (ANT) exchanges ADP for ATP across the IMM. The voltage
dependent anion channel is permeant to ATP, ADP, Ca2*, etc. The uncoupling proteins
(UCPs) on the IMM regulates proton movement from the intermembrane space to the matrix
in the production of heat. C. Mitochondrial Ca?* entry and exit. MCU responsible for Ca2*
entry across the IMM is composed of the MCU, EMRE and MICURL1 subunits and is
probably associated with one or more MICU1 (or MICU2 or MICU3) proteins. Ca2* is
extruded from the matrix by the Na* dependent CaZ* transporter, NCLX (also called the
mitochondrial NCX, Na*-Ca2* exchanger). D. Proteins involved with mitochondrial
dynamics and quality control: OMM: Drp1 which associates with Fis1, Miff, MiD49/51;
Parkin and PINKZ; translocase of the OMM (Tom) complex, Mfn1, Mfn2. IMM: Opal,
translocase of the IMM (Tim) complex. Note: Tom and Tim proteins form a mitochondrial
protein import path.
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Figure 4. Mitochondrial Associated Membranes (MAMs) and ca?* signals.

e Drp1
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A. Excitation-contraction coupling (ECC) and MAMs. The sarcoplasmic reticulum (SR) is
contiguous with the endoplasmic reticulum (ER) and contribute membranes to MAMs. In
cardiac myocytes, [Ca?™]; transient is triggered electrically by action potentials (AP). In
ventricular myocytes, there are a very large number of Ca2* spark sites (~20,000 per cell).
Each site includes an array of ~50 SR Ca?*-release channels (ryanodine receptors type 2;
RyR2) in the junctional SR that faces a transverse tubule (TT) or the sarcolemma (SL) that
become activated upon Ca2* elevation in the narrow ~15 nm subspace. During cardiac AP,
the L-type CaZ* channels in the TT and SL membranes are depolarization and conduct Ca?*
into the subspace. This high subspace Ca?* activates the RyR2s enabling Ca?* release from
the SR to produce a Ca2* spark. B. Three common arrangements of RyR2s in MAMs. Lefft.
A cluster of RyR2s facing away from the mitochondrion, 20 to 100 nm away, similar to
those of a Ca2* spark site. Middle: Isolated RyR2 channel in a MAM facing an OMM at ~15
to 50 nm. These channels are not normally triggered to open. Under quiescent conditions,
the opening rate is ~1074 s=1. Right 1solated RyR2 in a MAM more than 100 nm away from
the mitochondrion. C. Garrote-assisted fission. It has been suggested that mitochondrial
fission, normally attributed to the action of Drpl1, may be assisted by the encircling action of

ER or SR.
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Figure 5. Signaling elements linking ATP production, mitochondrial quality control and Brain/
Neuronal/Heart failure.

Cellular activity controls ATP production and mitochondrial quality control (green boxes)
through Ca2* signaling. Excessive [Ca2*], and stress-dependent reactive oxygen species
(ROS) production (red arrows) appear to damage mitochondria which can lead to
manifestations of functional failure of heart and neuronal tissues with positive feedback
amplification. Mitochondrial permeability transition pore (mPTP).
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Some of the proteins that are involved in mitochondrial quality control and mitophagy.

Protein

Drp1l

Mff

MiD49/
MiD51

Fisl

Opal

Mfn1/Mfn2

Parkin

Pink1

MARCH5

VCP/p97

Function

Dynamin family GTPase; essential
for mitochondrial fission [137].

Mitochondrial receptor of Drpl
[183].

Mitochondrial receptor of
Drpl[184].

Controls stress-induced
mitochondrial fission [186]

Dynamin family GTPase; essential
for mitochondrial fusion [187].

Dynamin family GTPases;
mitochondrial fusion [189].

E3 Ub ligase; ubiquitination of the
OMM proteins of dysfunctional
mitochondria, [159] and
mitochondrial structure [158].

Kinase; phosphorylation of ubiquitin

in dysfunctional mitochondria [192,
193].

The integral OMM E3 Ub ligase;
regulates mitochondrial fission [185,
194], also proposed to control
mitochondrial fusion [195] and ER
MAMs [90].

AAA-ATPase; many cellular

functions. In mitochondria facilitates

extraction of ubiquitinated proteins
from the OMM [165].

Calcium
sensitivity

Yes

NA

NA

NA

Yes

Yes

NA

NA

NA

Yes

Bioenergetics/ ATP
generation

Reduced ATP generation in
deficient cells [180]. Normal
intracellular ATP levels in
Drpl-deficient MEFs [181].

NA
NA

NA

Reduced ATP generation in
deficient cells [156, 188].

Reduced ATP generation in
deficient cells [190].
Deficiency in axonal transport
of mitochondria in DRG
neurons from Mfn2~/~ embryos
[191].

NA

Reduced bioenergetic activity
of the mitochondria and
increased oxidative stress [142,
143].

Normal OXPHOS activity in
knockout cells [185].

Reduced ATP generation and
OXPHOS in deficient/ mutant
cells [199].

Role in mitochondrial quality
control

Controls Parkin-dependent and -
independent mitophagy [151, 177,
182].

NA

Degraded via the UPS upon
mitochondrial stress [185].

Facilitates Parkin-mediated
degradation of dysfunctional
mitochondria [186].

No direct role. Proteolytic
processing suppresses
mitochondrial fusion and facilitate
removal of dysfunctional
mitochondria.

Major targets of Parkin-mediated
ubiquitination; degradation
facilitates removal of
dysfunctional mitochondria [166].

Regulates mitophagy of
dysfunctional mitochondria [159].

Essential for Parkin-mediated
degradation of dysfunctional
mitochondria [168, 192, 193].

Removes misfolded proteins from
the OMM [196], implicated in
Parkin- [197] and FUNDC1-[198]
dependent mitophagy.

Controls Parkin-dependent
mitophagy [166].
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Neuronal and cardiac phenotypes in transgenic murine models of mitochondrial quality control proteins and
their genetic association with human disease.

Protein

Drpl

Mff

MiD49/51
Fisl

Opal

Mfn1/Mfn2

Parkin

Pink1

MARCHS5

pa7/VCP

Neuronal phenotype in murine KO models

Brain-specific Drpl knockout: developmental
defects of the cerebellum in which Purkinje
cells contained few giant mitochondria instead
of the many tubular mitochondria observed in
control cells [181].

Whole body Mff knockout aggravates
neurological phenotypes in a Huntington’s
disease mouse model [203].

NA
NA

NA

Ablation of Mfn1 or Mfn2 causes embryonic
lethality in mice [189].

Whole body Parkin knockout: no evidence for
nigrostriatal, cognitive, or noradrenergic
dysfunction [208]. Parkin knockout in -mito-
Psil background (double-strand breaks of
mtDNA only in dopaminergic neurons)
exacerbated the neurodegenerative process
[209].

Whole body PINK1 knockout enhances
neurodegeneration in dOTC overexpression
model of Parkinson’s disease [211].
Impairment in limb motor skills in the absence
of nigrostriatal dopamine loss [212].

Homozygous knockout mouse displays
embryonic lethality http://
www.informatics.jax.org/marker/
MGI:1915207. Oxidative stress in MARCH5™
brain slices [213].

Targeted deletion of p97 in mouse results in
early embryonic lethality [214].

Cardiac phenotype in murine KO
models

Cardiac-specific conditional Drpl
knockout: fibrosis, left ventricular
dysfunction, preceded by mitochondrial
dysfunction and inhibition of
autophagy. Lethal within 13 wk. [151].
Drpl overexpression does not affect
heart function in mouse [200].

Whole body Mff knockout mice die at
13 wk. as a result of severe dilated
cardiomyopathy and heart failure.
Reduced mitochondrial density and
respiratory chain activity and increased
mitophagy [149].

NA
NA

Late onset cardiomyopathy in OPA1*/~
mouse hearts. Decreased fractional
shortening, cardiac output and myocyte
contraction [206].

Cardiac-specific conditional Mfn1/
Mfn2 knockout model; protection
against acute myocardial infraction
[120]. Mfn2~/~ mice display modest
cardiac hypertrophy, accompanied by
slight functional deterioration, delay in
mitochondrial permeability transition
downstream of CaZ* stimulation or due
to local generation of ROS [121].

No apparent defects in Parkin knockout
mouse [210].

Whole body PINK1 knockout mice
develop fibrosis, left ventricular
dysfunction and cardiac hypertrophy.
Oxidative stress and impaired
mitochondrial function in cardiac
myocytes are also observed [141].

NA

NA

Human disease

Mutations linked to several
developmental deficiencies; early
lethality[201]. Reduced
expression in AD patients [202].

Mutations linked to Leigh-like
encephalopathy, optic atrophy
and peripheral neuropathy [204].

NA

Increased expression in
Alzheimer’s disease patient-
derived fibroblasts [202, 205].

Mutations linked to a dominant
optic atrophy (DOA) [155, 156].
Low expression levels in HF
[207]. Reduced expression in AD
patients [202].

Mutations linked to a Charcot-
Marie-Tooth type 2A peripheral
neuropathy [154]. Reduced
expression in AD patients [202].

Mutations linked to an early
onset Parkinson’s disease [157].

Mutations linked to an early
onset Parkinson’s disease [157].

NA

Mutations linked to many
diseases, including ALS [164],
CMT2 [163] and Inclusion
bodies myopathy with Paget’s
disease of bone and
frontotemporal dementia
(IBMPFD) [162].
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