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Abstract

Recent advancement in mitochondrial research has significantly extended our knowledge on the
role and regulation of mitochondria in health and disease. One important breakthrough is the
delineation of how mitochondrial morphological changes, termed mitochondrial dynamics, are
coupled to the bioenergetics and signaling functions of mitochondria. In general, it is believed that
fusion leads to an increased mitochondrial respiration efficiency and resistance to stress-induced
dysfunction while fission does the contrary. This concept seems not applicable to adult
cardiomyocytes. The mitochondria in adult cardiomyocytes exhibit fragmented morphology (tilted
towards fission) and show less networking and movement as compared to other cell types.
However, being the most energy-demanding cells, cardiomyocytes in the adult heart possess vast
number of mitochondria, high level of energy flow, and abundant mitochondrial dynamics
proteins. This apparent discrepancy could be explained by recently identified new functions of the
mitochondrial dynamics proteins. These “non-canonical” roles of mitochondrial dynamics proteins
range from controlling inter-organelle communication to regulating cell viability and survival
under metabolic stresses. Here, we summarize the newly identified non-canonical roles of
mitochondrial dynamics proteins. We focus on how these fission and fusion independent roles of
dynamics proteins regulate mitochondrial bioenergetics. We also discuss potential molecular
mechanisms, unique intracellular location, and the cardiovascular disease relevance of these non-
canonical roles of the dynamics proteins. We propose that future studies are warranted to
differentiate the canonical and non-canonical roles of dynamics proteins and to identify new
approaches for the treatment of heart diseases.
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1. Introduction

In recent years, we have witnessed the renaissance of mitochondrial research featured by
exciting developments on the identity, structure and organization of mitochondrial related
proteins such as ion channels [1]. Conceptually, a key advancement is the integration of
mitochondria into the cellular signaling mechanisms through ATP, reactive oxygen species
(ROS) and Ca?*, which makes mitochondria the major player for cell regulation, in addition
to their traditional role as a cell powerhouse, in eukaryotes [2]. Moreover, we now know that
mitochondria are dynamic organelles, which means their size, shape and location are
constantly changing [3]. Mitochondrial dynamics are controlled by a group of dynamin-
related GTPase, such as mitofusin 1 and 2 (Mfn1/2) and optic atrophy 1 (Opal) for fusion
and dynamin-related protein 1 (Drpl) for fission [4]. Mitochondrial dynamics are essential
for normal mitochondrial function, transportation and communication as well as their
biogenesis and quality control via mitophagy [5]. There are known human diseases such as
the Charcot-Marie-Tooth neuropathy type 2A and dominant optic atrophy that are caused by
mutations in the fission and fusion proteins (Table 1) [5-8].

Mitochondria in the heart are particularly important since they provide 95% of the total of
~250 grams of ATP generated and utilized hourly in the beating human heart. The
established paradigm to explain how the heart can cope with the huge energy demand
centers on Ca2* transportation between sarcoplasmic/endoplasmic reticulum (SR/ER) and
mitochondria. In this paradigm, a small amount of Ca2* enters mitochondria through the
channels such as the mitochondrial Ca2* uniporter (MCU) during excitation-contraction
(EC) coupling to activate enzymes in TCA cycle and electron transport chain (ETC)
complexes [9]. During mitochondrial respiration and ATP production, ROS can be generated
through electron leakage along the ETC. The concept that ATP, ROS and Ca?* signals are
integrated in cardiac mitochondria is now well recognized [2]. Recent discoveries have
added another dimension for the integration of mitochondrial function: the canonical and
non-canonical roles of mitochondrial dynamics proteins. On one hand, the canonical roles of
these proteins allow them to control the division/fusion of mitochondria in the developing
and adult heart, and through which impact mitochondrial biogenesis, repair and quality
control [10, 11]. On the other hand, the abundant amount of fission and fusion proteins in
the adult heart are strategically located at mitochondrial micro-domains and bear non-
canonical roles such as tethering SR/ER with mitochondria, facilitating mitochondrial Ca?*
handling and modulating energy production [12-15]. In this review, we will briefly
summarize the newly identified non-canonical roles of fission and fusion proteins and
discuss how they regulate bioenergetics in the healthy heart and participate in the
development of stress-induced heart diseases.
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2. Mitochondrial dynamics and bioenergetics are reciprocally coupled

The first evidence suggesting that mitochondrial shape and bioenergetics are intimately
associated comes from the observation made almost 50 years ago that mitochondria shrink at
state 3 respiration [16]. More recently, electron tomography studies indicate that the
swelling and shrinking of the mitochondrial matrix is accompanied, not by passive unfolding
and folding, but by fission and fusion of the inner membrane [17]. It is well known that
mitochondrial toxins, metabolic perturbations and oxidative stress impair the function of
mitochondria (decreased ATP production, increased ROS generation and loss of membrane
potential) and, at the same time, alter mitochondrial morphology (mostly towards fission or
fragmentation) [5]. In many cell types, elongated mitochondria are linked to more efficient
ATP production and distribution and better sustaining stress-induced cell damage while
fragmented (through fission) mitochondria are associated with declined ATP production and
increased susceptibility for injury [18, 19]. Accumulating evidence supports that
mitochondrial dynamics and bioenergetics may reciprocally influence each other depending
on the experimental condition or initial stimulation. However, it is a convolute picture as to
whether mitochondrial dynamics and bioenergetics are causally linked and, if so, in which
direction and through which molecular mechanism.

Mitophagy is one of the well-established mechanisms that link compromised mitochondrial
bioenergetics to altered mitochondrial morphology. Mitophagy is a physiological process in
the cell to remove damaged mitochondria and/or use them as additional fuels during the
hardship of lacking exogenous substrates [10, 20, 21]. Damaged mitochondria exhibit
compromised metabolism and energy production and dissipated membrane potential, which
is a hallmark for mitochondrial dysfunction and the initial trigger for mitophagy. Both
fission and fusion proteins have been reported to play a key role in mitophagy regulation
[22]. The major fission protein, Drp1l is recruited to mitochondria by AMPK pathway in
response to mitochondrial toxins to promote fission [23]. Fission is thought to specifically
split a mitochondrion into a healthy portion and a damaged portion and facilitate the
damaged portion to be degraded via mitophagy [20]. However, the exact roles of Drpl in
mitophagy regulation in the heart is still elusive [24] with reports showing knockout of Drpl
can lead to either decreased [25], partially blocked [26] or progressively increased [27]
mitophagy in the heart. The decreased membrane potential also leads to phosphorylation of
the fusion protein Mfn2 at T111 and S442 via increased stability of the outer membrane
located serine threonine protein kinase, PTEN-induced putative kinase-1 (PINK1) [28].
Mfn2 phosphorylation promotes recruitment of the E3 ubiquitin ligase Parkin to
mitochondria, which is also phosphorylated and activated by PINK1 and initiates mitophagy
[28]. Thus, Mfn2 is a central mediator for PINK/Parkin-dependent mitophagy [29, 30].
Here, the role of Mfn2 in mitophagy is serving as the receptor of Parkin on the outer
membrane and likely independent to its canonical role in promoting fusion. A support for
this notion is that knockout Mfn2 ameliorates Parkin recruitment and mitophagy but at the
same time causes enlarged rather than smaller mitochondria in the heart [31, 32].
Interestingly, Parkin not only tags the mitochondria for mitophagy elimination but also
ubiquitinates Mfn1/2 [33], which can enhance their activity [34] suggesting a positive
feedback mechanism. It should be noted that the above reports show that mitophagy plays a
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role in connecting the compromised mitochondrial bioenergetics to altered mitochondrial
dynamics proteins and/or morphological changes. Since the fission and fusion proteins are
mostly GTP hydrolyzing enzymes, it is likely that normal mitochondrial energy production
could also impact the activity of the dynamics proteins. However, whether and how
mitochondrial bioenergetics under normal conditions can determine or impact mitochondrial
morphology and dynamics is largely unknown.

On the other hand, altered mitochondrial morphology and dynamics can influence
bioenergetics. This notion is supported by genetic models, in which one or more of the key
fission and fusion proteins are knocked out or knocked down. For instance, knocking out the
fission protein Drpl is embryonic lethal, which is accompanied by drastically altered
mitochondrial morphology and compromised respiration [35]. In the heart specific Drpl
knockout (KO) mice, increased mitochondrial size, decreased mitochondrial respiration and
energy production, and severe cardiomyopathy are reported [25-27]. Similarly, genetic
models of Mfn1/2 or Opal inhibition also exhibit compromised mitochondrial respiration
along with significant morphological changes [27, 31, 32, 36-38]. For instance, cardiac
specific knockout of Mfn2 in mice leads to decreased respiration, lower mitochondrial
membrane potential and cardiomyopathy despite increased mitochondrial size [13]. The in-
depth analyses and comparisons of the metabolic and cardiac phenotypes of the genetic
models of dynamics proteins are summarized in Table 1 and have been extensively reviewed
before [13, 24]. Besides the genetic models, studies using small chemicals or peptides that
manipulate the activity of mitochondrial dynamics proteins have also suggested that
mitochondrial dynamics can impact mitochondrial respiration [34, 39, 40]. Collectively,
these studies support that shifting the balance of mitochondrial dynamics toward either
fission or fusion will compromise mitochondrial bioenergetics in cardiomyocytes. This
implies that a balanced mitochondrial dynamics could be critical for normal mitochondrial
bioenergetics. It should be noted that these studies manipulated dynamics proteins, which
cannot provide absolute evidence on whether morphological changes per se play a causal
role in regulating mitochondrial respiration. Indeed, the above manipulations could modulate
respiration independent to morphological changes and through the non-canonical roles of
dynamics proteins (see next Section).

3. Non-canonical roles of mitochondrial dynamics proteins regulate cardiac

bioenergetics

The mitochondria in adult cardiomyocytes are static and have low levels of mobility and
networking [41], which raises the possibility that the highly expressed dynamics proteins in
the heart may bear non-canonical functions besides mitochondrial morphology regulation. In
mammalian tissues, Northern blot analyses show that Drpl and Mfn1/2 mRNA are detected
ubiquitously with the highest levels found in energy demanding tissues like the heart,
skeletal muscles, and brain [42, 43]. The high level of Drpl and Mfn1/2 in the heart seems
to be at odds with numerous studies showing that mitochondrial dynamics in adult
ventricular myocytes occur rather infrequently compared to many other cell types, such as
neurons, murine embryonic fibroblasts (MEF) and the widely used H9C?2 cardiac myoblast
cells [44]. In fact, the mitochondria in many cell types and cell lines are constantly moving
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and their shape changes within seconds (Supplementary movie 1). However, mitochondria in
adult cardiomyocytes, which occupy ~30-40% of the cell volume and are tightly packed
between bundles of myofilaments (inter-myofibril mitochondria), under the sarcolemma
(sub-sarcolemmal mitochondria), and around the nucleus (perinuclear mitochondria), exhibit
undetectable morphological changes within the same time frame (Supplementary movie 2).
It is estimated that the mitochondrial fusion and fission cycle may take up to 2 weeks in
adult mouse heart [12, 45]. Beside the lack of constant morphological changes, the inter-
myofibrillar mitochondria in adult ventricular myocytes appear to be “fragmented” and with
limited networking [46, 47], in contrast to neurons, cell lines and even skeletal muscles [48].
One piece of evidence showing the lack of networking among cardiac mitochondria comes
from the monitoring of mitochondrial flash, which is an integrated single mitochondrial
event in live cells. We often observe flashes from a network of mitochondria in neurons, cell
lines and skeletal muscles [49-51]. However, the flash events are almost exclusively
restricted in individual mitochondrion in adult murine cardiomyocytes [49, 50, 52]
suggesting lack of functional networking. Finally, genetic ablation of Mfn1/2 or Drpl
provokes only a modest, less than 2-fold changes in mitochondrial size in adult ventricular
myocytes compared to complete mitochondrial fragmentation or hyper-fusion in MEF cells
undergoing the same manipulations [27, 39, 53]. Taken together, the dichotomy between the
abundance of Drpl and Mfn1/2 and the scarcity of morphological dynamics and networking
in adult cardiac mitochondria — in cells that have both the greatest mitochondrial density and
the highest respiratory capacity of any mammalian cells — has led to the discovery of non-
canonical roles of the fission and fusion proteins in cardiac muscles (Fig. 1 and Table 1) [12,
14].

Drp1 regulates mitochondrial energetics through mitophagy, mitochondrial permeability
transition pore (mPTP) opening and respiration stimulation. First, recent reports show that
Drpl-mediated mitophagy is not strictly related to morphometric remodeling in adult
cardiomyocytes [25, 27]. Moreover, genetic (over expression of dominant negative Drpl
K38A mutation or Drpl shRNA) or pharmacologic (mitochondrial division inhibitor,
Mdivi-1[54]) inhibition of endogenous Drpl significantly decreases mitochondrial
respiration and ATP levels with a modest increase in mitochondrial enlargement in adult
cardiomyocytes [39]. Drpl inhibition also leads to a decrease in the frequency of transient
and stochastic opening of mPTP which triggers mitochondrial flash — a biomarker for
cellular energetic state [39, 52, 55, 56]. Moreover, the effect of Mdivi-1 (a Drp1 inhibitor) on
respiration is absent in adult cardiomyocytes from cyclophilin D (a mPTP regulator) null
mice [39]. These findings lead to an intriguing hypothesis that Drp1, through its induction of
transient or subconductance flickering of mPTP openings, may cause physiological
oscillations of mitochondrial membrane potential (AY ). This, in turn, can trigger the
oscillatory bursts of mitochondrial respiration [57-59]. It is however, yet to be determined
how Drpl, which locates on the outer membrane, can interact with mPTP, which
encompasses the inner and outer mitochondrial membranes. Nevertheless, physiological
relevance of the role of Drpl in regulating mPTP and respiration is further exemplified by
the finding that Drp1 inhibition also suppresses mitochondrial ROS production and Ca2*
handling [39]. Since we previously reported that increased cytosolic Ca2* transients promote
translocation of Drpl to mitochondria [60], it is likely that Drp1 could regulate physiological
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heart function through orchestrating cytosolic CaZ* signaling and mitochondrial energy
metabolism (Fig. 1). Pathologically, excessive activation of Drpl may participate in heart
dysfunction and cardiomyocyte death via prolonged mPTP opening. For instance, during
cardiac ischemia reperfusion (I/R), inhibiting Drp1 by its dominant negative mutation
(K38A), Drpl shRNA knockdown, or Mdivi-1 significantly ameliorates cardiomyocyte
death and myocardial infarction and these effects are dependent on mPTP [25, 61]. In
addition, chronic p-adrenergic receptor (B-AR) stimulation also induces heart hypertrophy
via activation of Drp1, which persistently increases mPTP opening [56].

Mfn2 may regulate mitochondrial metabolism in the heart through its non-canonical role in
regulating mitophagy, which is independent of mitochondrial fusion (Fig. 1) [10, 12]. A
strong support for this notion comes from the phenotypes of cardiac specific Mfn2 KO mice.
Mfn2 KO mice develop cardiac hypertrophy, mitochondrial dysfunction and increased
sensitivity to stress at an older age (e.g., > 4 month old) (Table 1). However, these
pathological changes are unlikely stem from decreased mitochondrial fusion. This is because
increased rather than decreased mitochondrial size is found in the Mfn2 KO hearts [13, 31,
32], which is counterintuitive to its primary role in mitochondrial fusion and contrary to the
fragmented phenotype in Mfn2 KO cell lines [62, 63]. In addition, while Mfn1/2 double KO
leads to fragmented mitochondria and embryonic lethality [64], embryonic knockout of
Mfn1 in the heart decreases mitochondrial size but has no impact on cardiac function or
pressure overload-induced heart dysfunction [37], which suggests that Mfn1 and Mfn2 have
overlapping roles in mitochondrial fusion through the binding of their heptad repeat domains
[53]. Finally, Mfn2 but not Mfn1 KO alters mitophagy and oxidative stress-related
cardiomyocyte death [28, 65]. Taken together, Mfn2 may play a more prominent role in
regulating mitophagy rather than mitochondrial morphology in the heart. In addition to
Parkin recruitment, Mfn2 may also facilitate the fusion between autophagosome and
lysosome and through which regulate general autophagy in cardiomyocytes, a mechanism
also controls mitochondrial quality [66]. Through regulating mitophagy, Mfn2 participates in
mitochondrial maturation in the developing heart [67] and the maintenance of a healthy
mitochondrial population [10], both of which are critical for normal cardiac bioenergetics.

Another non-canonical role of Mfn2 is the tethering of mitochondria to ER or SR forming
the ER/SR-mitochondria contact sites, which are unique structures critical for mitochondrial
bioenergetics (Fig. 1) [68, 69]. The ER/SR-mitochondria contact sites, defined as
mitochondria associated membranes (MAM) contain many mitochondrial and ER/SR
proteins. One of the major functions of MAM is to create microdomains with high Ca2*
concentration during Ca2* release from ER/SR to facilitate mitochondrial Ca2* uptake [70].
Mfn2 is found on both ER/SR and mitochondrial membranes and Mfn1 only on
mitochondrial membrane. The homologous binding between two Mfn2 proteins on either
membrane or heterologous binding between Mfn2 on ER/SR and Mfn1 on mitochondrial
membranes can set the appropriate distance between the two organelles [62, 71], which is
around 10-30 nm [72]. The function of Mfn2 in tethering ER/SR with mitochondria and
promoting mitochondrial Ca2* uptake is important for mitochondrial bioenergetics, since
mitochondrial Ca2* is a known factor for the activity of enzymes in TCA cycle and ETC.
The role of Mfn2 in ER-mitochondrial tethering has been well defined in cell lines or other
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cell types [69], but there are discrepancies regarding whether this mechanism exists in adult
cardiomyocytes [13].

The inner membrane fusion protein Opal bears non-canonical roles in regulating the cristae
structure of mitochondrial inner membrane (Fig. 1) [73, 74], which is essential for the
assembly and function of ETC complexes [75]. Consistent with this role, Opal transgenic
mice exhibit non-pathological cardiac hypertrophy and are resistant to stress-induced
dysfunction in multiple organs [76]. Increased Opal levels also partially rescue the
phenotypes of mitochondrial diseases caused by defects in ETC components [77].
Conversely, inhibiting Opal leads to mitochondrial damage, increased sensitivity to stress
and heart failure [36, 38]. Opal knockdown also more significantly inhibits respiration
compared to Mfn1/2 double knockdown [78]. Opal is expressed in eight different splice
variants, which are grouped into long or short forms [79, 80]. Both the long and short forms
of Opal can regulate the cristae structure and through which maintain mitochondrial
metabolism [81]. However, only the long form is capable of regulating inner membrane
fusion [38, 81, 82].

There are reports suggesting other mechanisms for the dynamics proteins to regulate cardiac
bioenergetics. First, the Mfn2 has been reported to maintain mitochondrial coenzyme Q pool
and through which regulate bioenergetics. Mfn2 KO exhibits impaired mitochondrial
respiration and reduced ATP production in adult cardiomyocytes and MEF cells. These
outcomes are originated from depleted mitochondrial coenzyme Q pool [63]. Although
morphological change is ruled out as a potential mechanism, whether mitophagy and/or ER-
mitochondria tethering mediates the effects of Mfn2 in maintaining the coenzyme Q pool is
not known [63]. In addition, Mfn1/2 or Opal can regulate gene expression profile and
intracellular signaling pathways and through which modulate cardiomyocyte differentiation
and heart development [64]. Ablation of Mfn1 and Mfn2 in the embryonic mouse heart
arrested mouse heart development and gene-trapping of Opal in mouse embryonic stem
cells impaired their differentiation into cardiomyocytes [64]. These effects are linked to
increased cytosolic Ca2* release that activates calcineurin, which upregulates Notch1
signaling leading to changes of a whole profile of genes regulating cardiac development
[64]. However, how the lack of Mfn1/2 or Opal leads to increased cytosolic Ca2* is not
clear. It is possible that the non-canonical roles of Mfn1/2 (on mitochondria-ER tethering) or
Opal (on respiration via maintaining cristae structure) maybe involved.

4. The MAM location of mitochondrial dynamics proteins underlies their

non-canonical roles

The mitochondrial dynamics proteins, including Drp1, Mfn1/2 and Opal, are resided or
enriched in or near MAM, which suggests that they may be deliberately positioned to this
microdomain through cross interactions with localized Ca2* and ROS to carry out non-
canonical roles (Fig. 2B). As mentioned above, the MAM is a specific inter organelle
structure formed by the ER/SR and mitochondrial membranes and plays a critical role in
mitochondrial respiration and energetics [70, 83]. The proximity (e.g., 10-30 nm) of the
ER/SR membrane and the mitochondrial outer membrane sets the stage for fast and precise
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communication between the two organelles. One of the well-established functions of MAM
is to facilitate Ca2* transportation from its storage, the ER/SR, to its workplace, the
mitochondria [69, 70]. Although it has been known for decades that mitochondria take up
Ca?* for their bioenergetics and for buffering cytosolic Ca*, it remains a mystery how Ca%*
is transported via the MCUs that have low Ca2* affinity (e.g., Kd = 20-30 uM) [84]. The
negative A¥,, (~180 mV) could facilitate the import of cations across mitochondrial inner
membrane, but this mechanism is not specific for CaZ*. In this regard, the demonstration of
MAM has juxtaposed mitochondria with ER/SR to create the microdomains that retain a
high Ca2* concentration (e.g., more than 10 uM). Besides providing the local CaZ* hotspots,
MAM also processes multiple ER/SR proteins, chaperones and mitochondrial proteins that
are associated with ER/SR Ca?" release and mitochondrial Ca2* uptake [69, 83]. In most cell
types, the major ER Ca2* release channel, IP3 receptor is located at MAM and tethered with
mitochondrial outer membrane channel, voltage dependent anion channel (VDAC) via
chaperones such as GRP75 [69]. MCU is also enriched at the MAM [69] and, together with
its key gatekeeper, EMRE, colocalized with ryanodine receptor 2 (RyR2), the major SR
Ca?* release channel in cardiac muscles [85]. Taken together, by creating a “highway” for
Ca?* transportation into mitochondria, the MAM plays a central role in regulating Ca%*-
induced mitochondrial metabolism and energy production [86].

Mfn2 is enriched at MAM and plays a key role in tethering mitochondrial outer membrane
with ER/SR membrane (Fig. 2B) [71]. This function may be important to keep the
appropriate distance between the two membranes to ensure efficient ER-mitochondria Ca2*
transfer. Supporting this, Mfn2 KO increases the distance between ER and mitochondrial
membranes, decreases SR-mitochondrial contact length, and decreases mitochondrial Ca2*
uptake without affecting ER Ca?* release and mitochondrial Ca2* uptake machineries [32,
71, 87]. A mitochondrial ubiquitin ligase, MITOL is shown to regulate ER-mitochondria
interaction via ubiquitination of Mfn2 [88]. There are reports showing Mfn2 KO increases
rather than decreases mitochondrial surface juxtaposed to ER and CaZ* transfer between the
two organelles, which challenge Mfn2 as a MAM tether [62, 89]. Similar discrepancies also
exist regarding the role of Mfn2 in SR-mitochondria tethering in the heart. In adult
cardiomyocytes, SR and mitochondria are in close contact with each other [90] and Mfn2
KO has been shown to decrease their contact by 30% [32]. However, another group, using a
similar Mfn2 KO model, does not report any changes [31]. It should be noted that, since
both studies show increased mitochondrial size and heart dysfunction after Mfn2 KO, it is
possible that deranged mitophagy, another non-canonical role of Mfn2 could be responsible
for the outcome. Future studies are needed to clarify the exact role of Mfn2 in tethering
MAM in cell lines and adult cardiomyocytes. It is also important to differentiate the relative
contribution of the multiple roles of Mfn2 (e.g., ER-mitochondria tether and mitophagy) in
different cell types/tissues and under different circumstances. Whether the preferential
location of Mfn2 at MAM mediates its role in PINK/Parkin-dependent mitophagy needs to
be explored as well.

There is evidence that Drpl may be enriched at or closely associated with MAM. First, the
ER-mitochondria contact sites are critical for mitochondrial fission [3]. The two Drpl
receptors, MiD49/MiD51 are found enriched at the MAM in a Drpl-dependent manner to
regulate fission and cristae remodeling during apoptosis independent of Opal in Hela cells
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[91]. It has been shown that ER can wrap the mitochondrion at the fission site and facilitate
Drp1 recruitment by actin [92] to physically split the mitochondrion [93, 94]. These
sequential steps may occur transiently during fission and the recruited Drpl may stay at
MAM for its non-canonical roles. In cardiomyocytes, whether these sequential steps of SR
and Drpl working in concert mediate mitochondrial fission has not been demonstrated.
Second, Ca?* can activate Drp1 and promote its mitochondrial translocation and fission. We
have shown that mitochondrial translocation of Drpl in cardiomyocytes is triggered by
increased cytosolic Ca?* when SR Ca2* pump, SERCA is inhibited by thapsigargin or when
Ca?* influx through L-type Ca2* channels (LCC) is increased by high KCI depolarization of
cell membrane potential [60]. Since the cytosolic Ca2* release machinery (e.g., LCCon T
tubules and RyR2 on SR membrane at the dyad [95]) are adjacent to MAM in adult
cardiomyocytes (Fig. 2B), it is conceivable that the activation of Drpl and its recruitment to
mitochondria would happen within or near the small space that contains the dyad and MAM.
Additional evidence that implies Drpl’s association with MAM comes from the role of Drpl
in regulating mPTP [39, 61]. Drpl promotes the oligomerization of Bax/Bak [54, 96], which
mediate outer membrane permeabilization, cytochrome C release and apoptosis [97, 98].
The outer membrane permeabilization is thought to be the first step of mPTP opening [99].
Although the molecular identity of mPTP is still unknown, recent studies have identified
several potential components of mPTP such as VDAC, CypD, Bax/Bak and FyF1-ATP
synthase [99-103], many of which are enriched at MAM. For instance, VDAC regulates
mPTP and apoptosis [103] and is enriched at MAM [69]. CypD is an essential regulator of
mPTP [100], it mediates the effect of Drpl on mPTP and respiration [39], and it is found
residing at MAM [69]. Since the physiological function of mPTP is to regulate
mitochondrial ROS and Ca?*, it is likely that mPTP and Drp1 may be clustered at MAM
(Fig. 2B). Finally, our unpublished results using purified subcellular fractions of murine
heart tissues indicate that majority of mitochondria-associated Drpl is in the MAM fraction
but not the purified mitochondria fraction that has minimal SR membrane “contamination”
(unpublished). Thus, just like Mfn1/2, Drp1 could be strategically located at MAM to
regulate bioenergetics during heartbeats. It should be further determined how Drpl is
recruited to MAM and how it interacts with mPTP and other MAM proteins to conduct its
non-canonical roles in mPTP and respiration regulation.

There is evidence that the inner membrane protein Opal could be located adjacent to MAM.
Opal is associated with the mitochondrial contact site and cristae organizing system
(MICOS) [104, 105] located at the sites where mitochondrial outer and inner membranes are
in contact (mitochondrial contact sites) [106, 107]. These are unique structures that facilitate
the interaction between outer and inner membrane proteins and shape the cristae structure
[106, 108]. Intriguingly, these sites are often close to the SR-mitochondria junctions (Fig. 2).
Furthermore, the mPTP multi-protein complexes also exist most abundantly in the
mitochondrial contact sites [109-111]. In addition, Opal-mediated cristae opening is
Bax/Bak dependent suggesting close functional coupling between cristae structure and
mPTP [112]. Whether and how MAM and mitochondrial contact sites are spatially arranged
and functionally integrated are not clear and need to be investigated.

Taken together, the fission and fusion proteins are enriched at or near MAM. This location is
associated with their canonical and non-canonical roles in regulating mitochondrial
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dynamics, ER/SR-mitochondrial tethering, mPTP, and cristae structure. Furthermore, the
non-canonical roles of Drpl, Mfn1/2 and Opal may synergistically regulate energy
production in mitochondria (Fig. 2B). Drp1 is activated by cytosolic Ca2* and clustered at
MAM to regulate transient mPTP opening, which stimulates respiration. Mfn1/2 tether
mitochondria with SR at MAM to facilitate mitochondrial Ca%* uptake, which activates
metabolism. Opal maintains cristae structure at the mitochondrial contact site adjacent to
MAM to allow the appropriate assembly and function of ETC complexes. The MAM
location of these dynamics proteins is particularly important for the heart. This is because
MAM is positioned within 10-30 nm in between the dyad (for Ca?* handling which
consumes energy) and mitochondrial contact site (for respiration which generates energy) in
adult cardiomyocytes (Fig. 2). Thus, the dynamics proteins could be strategically located at
this microdomain in order to bridge energy demand with its production in cardiomyocytes.
In another word, MAM, together with dyad and mitochondrial contact site, serves as the
platform for energy homeostasis regulation in the adult heart. The advantage for this
synergistic regulation at MAM could be two folds for the beating heart: to effectively
integrate the various signals and to promptly and precisely respond to workload fluctuations
and stresses.

5. Non-canonical roles of mitochondrial dynamics proteins in heart

diseases

Cardiac bioenergetics is often compromised under stresses that eventually lead to heart
dysfunction. In fact, a major common defect in the failing heart is imbalanced energy
demand and supply, which renders the heart unable to sustain its pumping function. Thus,
understanding how cardiac bioenergetics is adversely impacted under stress conditions will
gain insights into effective interventions for heart disease [113]. Many factors, such as fuel
supply, Ca2* signaling, redox, bioactive lipids and exercise can regulate the metabolic and
energetic homeostasis in the heart. The non-canonical roles of dynamics proteins may
represent a new mechanism for cardiac metabolism regulation, and as such could participate
in stress-induced heart dysfunction. Indeed, there is evidence that Drpl, Mfn1/2 and Opal
are involved in stress-induced heart diseases, because their expression, modification and
activity are altered under pathological conditions of the heart [114]. Here, we summarize
how the non-canonical roles of dynamics proteins participate in the major types of heart
diseases induced by adrenergic, ischemic and metabolic stresses.

Chronic p-adrenergic receptor (B-AR) stimulation can lead to heart failure (HF) and B-
blockers have been frequently prescribed to treat this disease [115, 116]. Although the key
mechanisms of HF center on Ca2* mediated contractile dysfunction, arrhythmias, excessive
oxygen consumption, and energy failure, little is known about the role of dynamics proteins
in the pathogenesis of -AR mediated HF. We recently reported that, in mice chronically
infused with isoproterenol (1SO), Drp1 phosphorylation is increased at serine 616 (S616),
but not the PKA-dependent S637 site. 1SO infusion also promotes Drpl translocation to
mitochondria. Both effects are dependent on Ca2*/calmodulin-dependent kinase I
(CaMKII), the downstream signaling of B-AR [56]. These effects are recapitulated in
cultured adult cardiomyocytes and are responsible for chronic 1SO-stimulation induced
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mitochondrial flashes, MPTP opening and cell death [56]. /n7 vivo, blocking Drpl activity
ameliorated I1SO-induced heart hypertrophy. Drpl can be modified by phosphorylation, S-
nitrosylation, SUMOylation, O-GIcNAcylation, and ubiquitination [4, 117]. Its
phosphorylation/de-phosphorylation at the inhibitory S637 site [118, 119] has been shown to
participate in muscle energy metabolism [120] and I/R induced neonatal cardiomyocyte
apoptosis [121]. The phosphorylation at S616 site has been shown to promote fission and
participate in mitosis in Hela and vascular smooth muscle cells [122, 123]. However, in adult
cardiomyocytes, no obvious morphological change is observed when S616 phosphorylation
is altered. Rather, the major changes are related to the non-canonical roles of Drpl in mPTP
and respiration regulation. Finally, in human failing heart samples, Drp1 phosphorylation at
S616 site is significantly increased [56] suggesting the clinical relevance of altered Drpl
activity and/or its non-canonical roles in human heart failure. Besides Drp1, Opal level is
found to decrease in rat heart failure model and human failing hearts, while Mfn1/2 levels
only increased in human failing hearts despite the fragmented mitochondrial morphology
[124]. Whether and how the non-canonical roles of Opal and Mfn1/2 contribute to
adrenergic stress-induced heart failure has not been explored.

Myocardial infarction followed by reperfusion is the major stress leading to heart failure.
Mitochondria play a central role in I/R injury-induced cardiomyocyte death via Ca?*
overload, excessive ROS production, and mPTP opening [125]. It has been first observed in
HL-1 cardiac cell lines that hypoxia can induce mitochondrial fission [126]. More recently,
the regulation and roles of Drpl in cardiac I/R injury have been extensively studied [14].
Simulated ischemia induces mitochondrial translocation of Drpl in neonatal cardiomyocytes
[121, 127] and perfused adult hearts [128]. I/R also decreases Drpl phosphorylation at S637
(inhibitory) site in HL-1 cells [129] and perfused hearts [128], and increases its
phosphorylation at S616 (activating) site [129]. Importantly, chemical (Mdivi-1), small
peptide (P110) or genetic inhibition (K38A mutation or shRNA) of Drpl protects against
I/R-induced cardiomyocyte death [61, 128, 130], decreases infarct size [61, 127, 130, 131],
improves cardiac diastolic and systolic function acutely [128, 130], and prevents long-term
heart decompensation [132]. Since inhibiting Drp1 by Mdivi-1, dominant negative K38A or
Drpl shRNA decreases mitochondrial respiration (OCR) and ATP production as well as
preventing prolonged mPTP opening in MEF cells, neonatal and adult cardiomyocytes [25,
26, 39, 130], the non-canonical roles of Drpl are responsible for I/R-induced cardiomyocyte
death and heart dysfunction. Interestingly, while acute inhibition of Drp1 by small molecules
or shRNA ameliorates I/R injury in the heart [61, 128, 132], chronic inhibition of Drpl in
the heterozygous knockout hearts increases infarct size after I/R [25]. It is proposed that
chronic inhibition of Drpl impairs mitophagy and renders cardiomyocytes prone to I/R
injury. Besides increased Drpl and fission in the heart or cardiomyocytes after I/R, there are
reports showing unchanged Mfn2 level [133], decreased Mfn1 [134], and decreased Opal
level after I/R [133]. Although overexpression of Opal protects against cardiac ischemic
injury [76], hearts deficient in both Mfn1 and Mfn2 are protected against acute myocardial
infarction due to lesser degree of mitochondrial Ca2* overload as a result of impaired SR-
mitochondria tethering [135]. Thus, the exact regulation and roles of fusion proteins in heart
I/R injury are multifactorial and require quantitative and integrative assessments on the
relative contributions of individual proteins.
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The regulation and roles of mitochondrial dynamics proteins in metabolic syndrome such as
diabetes and obesity have been extensively studied in tissues other than the heart, including
pancreatic islets, liver, blood vessels, adipose tissues and skeletal muscles [136, 137].
Nutritional stress can influence mitophagy, ER-mitochondria tethering and cristae
remodeling, which are regulated by the non-canonical roles of Mfn1/2 and Opal. For
instance, food intake can enhance ER-mitochondrial contact through activation of Mfn2,
which in turn promotes the cleavage of Opal and changes cristae morphology in the liver
[138]. Excessive nutrition during obesity can also enhance ER-mitochondria tethering and
leads to mitochondrial Ca2* overload and dysfunction in the liver [139]. In skeletal muscles,
palmitate induces fission and upregulates Drpl. Inhibiting Drp1 rescues palmitate-induced
mitochondrial fission, dysfunction and insulin resistance [140]. The same study also shows
that high-fat diet-fed increases Drpl and Fisl levels but not Mfn2 and Opal levels in skeletal
muscles [140]. Fewer reports, however, investigated the impact of metabolic stresses, such as
hyperglycemia, obesity and insulin resistance, on mitochondrial morphology and dynamics
proteins in the heart or cardiomyocyte. It is also elusive as to whether altered dynamics
proteins or mitochondrial morphology contribute to the development of heart dysfunction in
metabolic syndrome [141-143]. In the heart of diabetic patients, only Mfn1 protein level is
significantly decreased together with a smaller mitochondrial size [144]. In high glucose
incubated H9C2 cells, Drpl protein level is increased [145]. High glucose also stimulates
fission, respiration, ROS production and mPTP opening in H9C2 cells in a Drpl dependent
manner [146, 147]. Our unpublished results suggest that high palmitate treatment or feeding
the mice with a high fat diet can increase Drpl protein level in adult cardiomyocyte and in
mouse heart, respectively, which leads to decreased mitochondrial size, mPTP opening and
cell death (Unpublished). Hyperglycemia also increases O-GIcNAcylation of Drpl and
fission in cardiomyocytes [148]. Transgenic mice overexpressing the dominant negative
Drpl mutation, Drpl K38A, ameliorated diabetic oxidative stress and excessive fission in
hepatocytes [149]. Another report shows, however, that Mfn1, Opal and Drpl protein levels
are all decreased after high glucose incubation in neonatal cardiomyocytes and preventing
O-GIcNAcylation of Opal ameliorates mitochondrial fission and dysfunction [150].
Consistent with these findings, Opal has been shown as a target downstream of insulin
receptor in neonatal cardiomyocytes to mediate insulin’s effects on mitochondrial
metabolism [151]. Although almost all the studies on metabolic stress-induced diabetic
cardiomyopathy show compromised mitochondrial respiration, mitochondrial fission is
observe only in some studies [142] suggesting morphological changes and bioenergetics are
not always coupled and the functional outcomes may be more associated with the non-
canonical roles of dynamics proteins.

6. Therapeutic potential of targeting mitochondrial dynamics proteins in the

heart

As shown above, increased Drpl expression and activity participate in several types of heart
diseases. Thus, there is tremendous interest in developing Drpl inhibitors. One of the most
widely used Drp1 inhibitors is Mdivi-1, which is a derivative of quinazolinone. Mdivi-1 is
the short term for mitochondrial division inhibitor 1 and is identified by a yeast-based
screening of 23,000 compounds [54]. It inhibits the GTPase activity of purified Drpl and
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acutely and effectively promotes mitochondrial network formation in yeast [54] and HL-1
cells [61]. Several groups have applied Mdivi-1 in HL-1 cells, neonatal cardiomyocytes and
rodent hearts and reported its protective effects on I/R-induced cardiomyocyte death,
myocardial infarction and contractile dysfunction [61, 128, 131]. However, the specificity of
Mdivi-1 as a Drp1 inhibitor has been challenged recently. The short term administration of
Mdivi-1 exerts cell protective effects in neonatal cardiomyocytes that do not mimic the
effects of Drpl shRNA. However, long term Mdivi-1 application mimics the effects of Drpl
knockdown [25]. Another recent report shows that Mdivi-1 inhibits Complex | activity and
reverse electron flow-induced ROS production in COS-7 and MEF cells [152]. These effects
are not Drpl dependent, since they are not coupled with mitochondrial elongation and are
found in Drpl-deficient fibroblasts. This study further shows that Mdivi-1 does not inhibit
the GTPase activity of human Drpl [152]. Thus, it remains to be fully tested whether
Mdivi-1’s effect is Drpl dependent, partially dependent or independent in cardiomyocyte
and the heart. This will also call for new compound screening experiments to preferably use
mammalian systems for identifying new Drpl inhibitors. Based on Drpl’s binding with one
of its receptors, Fisl, a small peptide named P110 has been developed and initially used to
ameliorate neuronal dysfunction [40]. When used in the heart I/R model, P110 effectively
decreases infarction, acute heart dysfunction and long-term remodeling [132]. There are
several other Drpl receptors and they may play various and independent roles in Drpl
recruitment to mitochondria [153, 154]. Thus, they could be new targets for developing
receptor specific inhibitors/modulators for Drpl. However, whether and how these receptors
mediate Drpl’s effects on fission and non-canonical roles in mPTP and respiration
regulation are unknown.

Efforts for manipulating Mfn1/2 focus on enhancing their fusion activity. A diterpenoid
derivative 15-oxospiramilactone, named S3 has been shown to inhibit the deubiquitinase,
USP30 and through which increase the non-degradative ubiquitination of Mfn1/2. S3
enhances Mfn1/2 activity, promotes mitochondrial fusion, and restores the morphology and
function of mitochondria in fusion-deficient human and mouse cells /n vitro [34]. Based on
the intramolecular binding interactions of Mfn2, a small cell permeant peptide has been
engineered to destabilize fusion-constrained conformation of Mfn2 to promote fusion. This
peptide reverses mitochondrial abnormalities in cultured fibroblasts and neurons expressing
mutated Mfn2 [155]. Given the important role of Mfn2 in ER-mitochondria tethering, this
approach could be tested to modulate the communication between the two organelles. Drug-
inducible inter-organelle linkers have been tested to maintain the distance between ER and
mitochondria and the local Ca2* transferring between them [156]. Such an approach to
enhance mitochondrial Ca2* uptake via Mfn1/2 could promote mitochondrial energy
production, buffer cytosolic Ca* overload, and benefit the failing heart, where the T-tubule
and SR systems are deranged [157].

Small molecules for Opal function are yet to be developed. Two factors should be
considered when developing effective Opal modulators. One is the inner membrane location
of Opal that could adversely influence the efficiency of the compound. Another is the
multiple splicing variants and their different roles in fusion and cristae organization, which
may complicate the specificity of Opal modulators.
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In summary, a key consideration when developing or testing the new compounds targeting
fission and fusion proteins is the original defects or the initial direction of disturbances in
mitochondrial dynamics. Because the vitality of cells hinges on a well-balanced
mitochondrial dynamics, the ultimate goal is to identify candidate molecules that can
maintain or restore this balance through preventing or suppressing the adverse activity (e.g.,
excessive mPTP opening) or enhancing the beneficial effects (e.g., cristae organization and
ER-mitochondria tethering).

7. Conclusion and future perspectives

Increasing evidence indicates that mitochondrial dynamics proteins are abundant in the adult
heart and carry out roles other than mitochondrial morphology regulation. These new or
“non-canonical” roles of mitochondrial dynamics proteins include tethering mitochondria
with ER/SR, modulating respiration chain organization, regulating mitophagy, and
controlling mPTP opening and bursting mitochondrial respiration events (Fig. 1 and Table
1). Moreover, these dynamics proteins are preferentially located or enriched at the
microdomain in between SR and mitochondria, named MAM, which could be a strategic
design of nature to ensure the seamless integration of multiple mitochondrial functions
including Ca2* transportation, redox, mPTP and respiration (Fig. 2). Recent studies have
shown that the non-canonical roles of mitochondrial dynamics proteins and their location at
or near the MAM play crucial roles in maintaining energy homeostasis and sustaining
contractile function of the working heart. Under pathological conditions, the recruitment of
mitochondrial dynamics proteins to MAM and/or their non-canonical roles are impacted,
which contribute to the deteriorated heart performance. Therefore, targeting the non-
canonical roles and/or the MAM location of dynamics proteins could be a promising new
strategy for heart disease therapy. In this regard, small molecule inhibitors of Drp1, such as
Mdivi-1 and P110, have been tested in /n7 vitro and animal models of myocardial infarction
and I/R injury. Small molecules manipulating Mfn1/2 or Opal functions are scarce. The S3
compound, which indirectly enhances the function of Mfn1/2, has not been tested in heart
disease models. Future studies are warranted to develop and test new agents that regulate the
non-canonical roles of dynamics proteins and/or their MAM locations for treating heart
disease.

To facilitate translational application of the non-canonical roles of mitochondrial dynamics
proteins, many fundamental questions still need to be answered. One of them is how to
differentiate the canonical (e.g., fission and fusion) and non-canonical roles. The MAM
location could be a determining factor. For example, in cell lines, Drpl is recruited to the
ER-mitochondria contact sites to perform fission. In the heart, Drpl is highly clustered at the
MAM under resting conditions but without clear signs of inducing mitochondrial division.
Thus, the MAM location of Drpl could be important for mPTP regulation rather than fission
in cardiomyocytes. The other question is how the dynamics proteins are recruited to MAM
and activated. For instance, how the MAM-enriched Drp1l interacts with mPTP components
needs to be determined. One interesting finding is that Drpl can bind with different
phospholipids, which restrain the activity of Drp1 [158]. Also for Drpl, its polymerization is
needed for GTPase activity and fission, but whether polymers or monomers of Drp1l regulate
mPTP opening and respiration needs to be determined. It is still unknown what other partner
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proteins are associated with this Drpl oligomer and what are their functional implications.
For Mfn, recent studies reveal that conformational changes induced by GTP binding to Mfnl
controls its membrane tethering function and conformational plasticity within the domains
of Mfn2 determines its fusion activity [155, 159]. Since many of the non-canonical roles of
dynamics proteins are identified in non-cardiac mitochondria, whether they also apply to
cardiac mitochondria is another question needs to be answered. Controversies exist
regarding the role of Mfn2 in tethering SR and mitochondria in the cells [160, 161]. Finally,
cardiac mitochondria can be divided into different sub-populations based on their location in
the cell. 1t would be interesting to know whether the non-canonical roles of dynamics
proteins differ among the sub-populations of mitochondria that exhibit vastly different
morphology, proximity to high Ca2* domain during EC coupling, and location in relation to
other cellular constituencies (e.g. nucleus, plasma membrane and ER/SR). Future studies are
needed to fully uncover the unique regulatory mechanisms underlying each of the non-
canonical roles of fission and fusion proteins to aid the development of more specific and
effective treatments for related heart diseases.
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Highlights
. Mitochondrial dynamics proteins have non-canonical roles in the heart
. The non-canonical roles of dynamics proteins regulates cardiac bioenergetics
. Drp1, Mfn1/2 and Opal are localized at or near mitochondria-ER contact
sites (MAM)
. The non-canonical roles and MAM location of dynamics proteins participate

in heart disease
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Fig. 1.
Mitochondrial dynamics proteins orchestrate bioenergetics, redox and Ca2* signaling in
cardiac mitochondria.
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30 nm

contact sites

Fig. 2.

Location of the dynamics proteins at or near the MAM in adult cardiomyocyte. A, Left:
electron microscopic (EM) image of a portion of an adult cardiomyocyte. Right: enlarged
area showing the juxtaposition of mitochondria (red), SR (green) and T Tubule (blue). B,
Diagram based on the structural proximity of the organelles shown in A to highlight the
enrichment of mitochondrial dynamics proteins at or near MAM. The MAM is within 10-30
nm from the dyad (for EC coupling) and mitochondrial contact site (for mPTP and
respiration). The major pathways involving MAM located dynamics proteins are: (1) Drpl
interaction with mPTP components to regulate transient mPTP opening, which stimulates
respiration; (2) Mfn1/2 tether mitochondria with SR at MAM to facilitate mitochondrial
Ca?* uptake via VDAC and MCU to activate metabolism; and (3) Opal maintains the cristae
structure at mitochondrial contact site adjacent to MAM, which allows the appropriate
assembly and function of ETC complexes. The EM image in A is adopted from a previous
report (Ref #68) with permission. Ca2*: calcium, Drp1: dynamin related protein 1, ETC:
electron transport chain, LCC: L-type Ca2* channel, MAM: mitochondrial associated
membrane, MCU: mitochondrial Ca2* uniporter, Mfn1/2: mitofusion 1/2, mPTP:
mitochondrial permeability transition pore, Opal: optic atrophy 1, RyR2: ryanodine receptor
2, VDAC: voltage dependent anion channel.
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Table 1

The canonical and non-canonical roles, metabolic and cardiac phenotypes, and related human diseases of the
major fission and fusion proteins.

Drpl Mfn1/2 Opal
Canonical roles Mitochondrial fission Outer membrane fusion Inner membrane fusion
Non-canonical roles . mPTP opening . Tether . Cristae structure
o mitochondria and
. Respiration ER/SR . ETC
o supercomplex
. Apoptosis/mitophagy . Mitophagy formation
. Gene expression . Respiration
. Gene expression
Mitochondrial and . T mitochondrial size . Mitochondrial . Mitochondrial
metabolic phenotypes after . . size: fragmentation
inhibiting the dynamics . 1 biogenesis o
proteins (e.g., non- . | respiration 4 (Mfn2 KO) . Disruption of
functional mutations, KD or p ¥ (MfnL or Cristae structure
KO models) * . L ATP level Mfn1/2 KO) . | mDNA
. | mitochondrial flashes . { mitochondria- . | respiration
. l transient mPTP ER association . | ETC
opening (shRNA, K38A) . | respiration complexes
. ¥ ROS production . | mitochondrial assembly
(K38A) Ca?* uptake . | membrane
. T oxidative stress (KO) . | membrane potential
. * mPTP opening (KO) potential
. ; . | mitochondrial
1 or I mitophagy (KO) coenzyme Q
. T mitophagy
(Mfn2 KO)
Cardiac phenotypes in KO in adult heart: Cardiac Mfn2 KO: Heterogeneous Opal KD:
#
KO/KD models . Lethality within 6-8 . Heart . Normal function
weeks development at baseline
. . arrest )
. Dilated or hypertrophic . 1 apoptotic
cardiomyopathy . Cardiac sensitivity
hypertroph
. | ejection fraction YPertropy . T hypertrophy &
. . | ejection fraction | ejection
. 1 cardiomyocyte death fraction after
. | relaxation
.1 fibrosis pressure
. T myocyte
apoptosis
Mfn1/2 KO in adult heart:
. | cardiac output
. L I/R injury
Human diseases related to . Neonatal lethality: . Charcot-Marie- . Autosomal
mutations of the dynamics microcephaly, abnormal Tooth neuropathy dominant optic
proteins brain development, optic type 2A atrophy

atrophy and hypoplasia .

(A395D) . Hereditary motor . Autosomal
and sensory dominant optic
neuropathy atrophy and

cataract
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Drpl Mfn1/2 Opal
. Autosomal
dominant optic
atrophy
Small molecule Regulators Mdivi-1, P110 S3 N/A

*
The model in which a specific phenotype is found is shown in the parentheses. The inhibition of Mfn1 has no metabolic phenotype and the listed
phenotypes are from Mfn2 KO or Mfn1/2 double KO.

#The phenotypes are from the specific mouse models indicated. Germline Drpl KO, Mfn1/2 double KO or Opal KO is embryonically lethal. Mfnl
KO has normal cardiac phenotype.

KO: knockout; DK: knockdown; N/A: not available
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