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Mechanisms Orchestrating Mitochondrial Dynamics for Energy
Homeostasis

Seungyoon B. Yu and Gulcin Pekkurnaz
Neurobiology Section, Division of Biological Sciences, University of California San Diego, La
Jolla, California, United States

Abstract

To maintain homeostasis, every cell must constantly monitor its energy level and appropriately
adjust energy, in the form of ATP, production rates based on metabolic demand. Continuous
fulfillment of this energy demand depends on the ability of cells to sense, metabolize, and convert
nutrients into chemical energy. Mitochondria are the main energy conversion sites for many cell
types. Cellular metabolic states dictate the mitochondrial size, shape, function and positioning.
Mitochondrial shape varies from singular discrete organelles to interconnected reticular networks
within cells. The morphological adaptations of mitochondria to metabolic cues are facilitated by
the dynamic events categorized as transport, fusion, fission, and quality control. By changing their
dynamics and strategic positioning within the cytoplasm, mitochondria carry out critical functions
and also participate actively in inter-organelle cross-talk, assisting metabolite transfer, degradation,
and biogenesis. Mitochondrial dynamics has become an active area of research because of its
particular importance in cancer, metabolic diseases, and neurological disorders. In this review, we
will highlight the molecular pathways involved in the regulation of mitochondrial dynamics and
their roles in maintaining energy homeostasis.

Introduction

“The most successful creature on Earth is the mitochondria. A billion years ago,
they swam into the first cells and they’ve been there ever since...Who’s to say our
actions might not be motivated by trillions of mitochondria in our cells, for their
own devious mitochondrial schemes? What we perceive as consciousness and free
will, might merely be by-products of what our mitochondria are doing.”

(from Dance of the Ivory Madonna by Don Sakers)

Around one and a half billion years ago, mitochondria evolved from a free-living
prokaryotic organism via symbiosis. Although this symbiotic merger occurred a long time
ago, mitochondria remained as discrete organelles within the cytoplasm and played a critical
role in eukaryatic cell evolution. Mitochondria, like bacteria, have a double membrane,
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contain ribosomes and DNA, proliferate by division, and constantly move and fuse to form a
dynamic network. Almost all eukaryotic cells contain hundreds of mitochondria that work
together to generate ATP, maintain calcium homeostasis, synthesize heme, phospholipids
and extracellular signaling molecules including neurotransmitters, and also initiate the cell
death process. Mitochondrial morphology and content vary highly across cells and tissues
(Figure 1). The recent discovery that mitochondria interact with one another, combined with
molecular insights into mitochondrial motility, have challenged the traditional view of
mitochondria as singular organelles in the cytoplasm. The function of mitochondria is hard-
wired to cellular metabolism, which is critical for energy homeostasis. However, our current
understanding of the relationship between mitochondrial dynamics, positioning, function
and metabolism is cursory at best.

The aim of this review is to provide an overview of the molecular pathways that give rise to
mitochondrial shape and the reticular network in mammalian cells to maintain energy
homeostasis. First, we will describe the key molecular machineries regulating mitochondrial
dynamics, positioning, and quality. While there are many studies describing alterations of
mitochondrial shape and dynamics in response to different stimuli or pathologies [1-5], our
main focus will be on cellular metabolism-dependent regulations. Second, we will analyze
mitochondrial dynamics within the context of a whole cell and interactions between
mitochondria and other organelles. Lastly, we will discuss how dysregulation of
mitochondrial dynamics contributes to different pathologies, including cancer, metabolic
diseases and neurodegenerative disorders. Mitochondrial biology is still full of mysteries.
However, given the central role of mitochondria in cellular metabolism, understanding how
cellular cues tailor mitochondrial form, positioning and function in depth will reveal the
molecular principles of energy homeostasis.

Regulation of Mitochondrial Dynamics

Mitochondria are governed by the molecular mechanisms regulating mitochondrial
transport, fusion, fission and quality control. These mechanisms are highly conserved from
yeast to mammalian cells. Here, we attempt to describe the key players that regulate
mitochondrial dynamics (summarized in Figure 2) and the known upstream pathways
coupling cellular metabolism to mitochondrial dynamics in cells.

Mitochondrial transport

In cells, mitochondria move, switch directions, temporarily pause, and remain stationary at
designated areas. These regulated motions strategically position mitochondria in the
cytoplasm to meet local energy and calcium buffering needs and regulate various signaling
pathways. The requirement for mitochondrial transport in polarized large cells like neurons,
which can be over a meter long in humans, and its impact on cellular functions are well-
appreciated [1,6,7]. In contrast, the role of mitochondrial transport in typical cells ranging
from 25-100 um in length, has been presumed to be insignificant, although recent
discoveries are beginning to change this view[8].

In all metazoan cells, long-distance mitochondrial transport is microtubule-based and
mediated via motor/adaptor complex proteins (Figure 2a). The kinesin-1 family (also called
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KIF5 and kinesin heavy chain, or KHC) contains motor domains that drive mitochondrial
movement towards the (+)-end of microtubules, whereas dynein/dynactin is responsible for
(-)-end-directed movement. The mitochondrial adaptor proteins GTPase Miro (also called
RhoT1/2) and Milton (also called TRAK1/2, OIP106/98) couple KHC or dynein/dynactin to
mitochondria [9-12]. The mitochondrial motor/adaptor complex play a central role in
regulating mitochondrial trafficking. While less well understood, other proteins like Kinesin
3 family members, Syntabulin, FEZ1 and Ran binding protein 2 can also affect
mitochondrial transport [7]. Mitochondrial transport serves essential cellular functions, and
therefore must be tightly regulated.

To achieve the requisite mitochondrial distribution, extracellular and intracellular signals
regulate mitochondrial transport and docking. Although the cues may vary, including Ca?*,
oxidative stress, damage and nutrients, they converge by targeting the mitochondrial motor/
adaptor complex [13-16]. Miro participates in Ca2*-mediated mitochondrial arrest as it
binds to cytosolic Ca2* at EF-hand motifs, facilitating detachment of KHC from
microtubules [13] and altering KHC-Miro-Milton interactions [16]. By sensing intracellular
Ca?* levels, Miro couples synaptic activity to mitochondrial transport and stops
mitochondria at the regions with high Ca2* in neurons [13,16]. Recently, Miro was also
demonstrated to link mitochondria to the actin cytoskeleton through recruiting mitochondrial
myosin Myo19, thereby mediating actin-dependent mitochondrial trafficking [17].
Syntaphilin (SNPH) protein is a neuron-specific docking protein, which anchors
mitochondria to microtubules. According to the “Engine-Switch and Brake” model,
elevation of local Ca2* concentration causes KHC to bind SNPH instead of the Miro/Milton
complex, leading to mitochondrial motility arrest on microtubules [18,19]. PTEN-induced
putative kinase 1 (PINK1) is also known to interact with the Miro and Milton complex and
phosphorylate Miro to assist E3 ligase Parkin-dependent degradation, which leads to
mitochondrial motility arrest [20,21]. In addition, oxidative stress and cellular damage are
other factors that control mitochondrial trafficking by affecting the Miro and Milton motor
adaptor complex [22]. Intracellular Ca?* and the JNK pathway play critical roles in this
reactive oxygen species (ROS)-regulated mitochondrial transport.

Mitochondrial positioning in cells can also be modulated based on the information received
from the extracellular environment, such as nutrient and oxygen availability. Miro’s
interaction with Hypoxia up-regulated mitochondrial movement regulator (HUMMR)
protein regulates mitochondrial positioning based on oxygen levels [23]. When HUMMR
function is compromised during hypoxia, mitochondrial transport rate is biased towards the
soma in neurons, which reduces mitochondrial content in neuronal axons. Nutrient
availability can affect mitochondrial transport rate and positioning via the cytoplasmic
metabolic sensor enzyme O-GIcNAc Transferase (OGT). OGT catalyzes a reversible
posttranslational modification of proteins by adding a GIcNAc sugar moiety to serine and
threonine residues. The catalytic activity of OGT is regulated by intracellular UDP-GIcNAc
concentrations, which fluctuate proportionally in response to nutrient flux through the
hexosamine biosynthetic pathway [15,24]. OGT directly binds and O-GlcNAc-modifies
Milton, which then results in mitochondrial motility arrest [25]. This mechanism allows
mitochondria to be concentrated in glucose-enriched areas in neurons. So far, it is the only
evidence of direct modulation of mitochondrial transport by nutrient availability through the
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motor-adaptor complex although, the exact molecular mechanisms of the arrest and its
implications for cellular bioenergetics are yet to be elucidated.

Mitochondrial shape dynamics

Mitochondrial shape dynamics, facilitated by the coordinated actions of proteins and lipids,
allows mitochondria to respond to external stimuli and contribute to cellular homeostasis for
survival. In cells, mitochondrial shape ranges from discrete puncta to tubular networks. The
balance of mitochondrial fusion and fission events determine the final spectrum of
mitochondrial shapes. As mitochondria go through fusion and fission processes,
mitochondrial size, function, distribution, quality, as well as their interaction with other
subcellular organelles all change. Mitochondrial shape dynamics play critical roles in energy
homeostasis as they can respond rapidly and directly to acute metabolic perturbations. For
instance, upon nutrient starvation, mitochondria undergo a series of fusion events and their
elongation significantly enhances bioenergetics efficiencies [26]. Also, changes in
mitochondrial morphology, either elongation or fragmentation, are restored easily if the cells
are rescued from metabolic insult [26-31].

Outer mitochondrial membrane (OMM) fusion and fission are regulated by several key
evolutionary conserved proteins (Figure 2b and c). During mitochondrial outer membrane
fusion, Mitofusin 1 and Mitofusin 2 (Mfn1 and Mfn2) are anchored to OMM at their C-
termini, which then mediate the merging of separate OMMs by hydrolyzing GTP in homo-
or heterotypic manners. Deletion of Mfnl and Mfn2 in mice leads to developmental
abnormalities and embryonic lethality due to mitochondrial fusion defects [32,33]. In
addition to mitofusins, overexpression of MitoPLD promotes mitochondrial fusion whereas
its ablation leads to mitochondrial fragmentation [34]. MitoPLD mediates the conversion of
mitochondrial lipid cardiolipin (CL) to phosphatidic acid (PA), which will be discussed in
detail in “Mitochondria and Endoplasmic Reticulum” section. The fission of mitochondrial
OMM is regulated by the GTPase protein Dynamin related protein 1 (Drpl) and its receptor
proteins Fisl, Mff, MiD49 and MiD51 [35]. Intracellular signaling pathways regulate the
positioning of Drpl on the OMM. Once recruited, Drpl oligomerizes into a ring-like
structure that wraps around the mitochondria, which is also marked by the presence of
endoplasmic reticulum (ER) and actin cytoskeleton [36], constricts the mitochondrial
membrane and triggers fission. Drpl activity is modulated by post-translational
modifications, such as phosphorylation, SUMQylation, and O-GlcNAcylation [37,38].

Dynamin-like GTPase Optic atrophy 1 (Opal) plays a dual role in regulating inner
mitochondrial membrane (IMM) fusion and fission [39,40]. Opal is encoded by a single
gene and its proteolytic cleavage regulates the formation of long Opal (L-Opal) and short
Opal (SOpal) isoforms. Cellular stress dependent Opal cleavage to S-Opal is catalyzed by
OMAL1 and YMELLA proteases [41]. While accumulation of S-Opal mediates
mitochondrial fragmentation, L-Opal drives inner membrane fusion [40,41]. By responding
to different cellular stimuli, Opal alters fusion-fission balance, mitochondrial cristae
organization and the ATP synthesis rate [42].

In contrast to the mitofusin topology mentioned above, it has been recently revealed that the
C-terminus of Mfn2 faces mitochondrial intermembrane spaces instead of the cytoplasm
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[43]. This paradigm-shifting topology study suggests that the redox-sensitive Cys residue of
Mfn2 resides within intermembrane spaces, specifically responds to ROS signals and
triggers Mfn2 dimerization. Future work is now required to understand how this structure
and ROS-induced dimerization of Mfn2 will impact mitochondrial network regulation in
cells to sustain energy homeostasis.

The metabolic state of a cell greatly impacts mitochondrial shape dynamics by coordinating
transport, outer and inner mitochondrial fusion, and fission. Molecular mechanisms evolved
for mitochondria to assess energy level and fine-tune ATP synthesis rates to resist nutrient
stresses like fasting and a high fat diet. Starvation, or nutrient deprivation, induces transient
elongation of mitochondria and tubular network formation to compensate for the shortage of
nutrient availability by increasing ATP production efficiency [28,44]. To facilitate
hyperfusion under stress, the mitochondrial fusion machinery protein Mfns are stabilized
through deacetylation by sirtuin deacetylases SIRT1 and SIRT3 [26,45,46]. Moreover, the
fission protein Drpl is phosphorylated and inactivated by cAMP-protein kinase A (PKA) or
AMP-activated protein kinase (AMPK) activity based on the AMP-to-ATP ratio [26,47,48].
Conversely, during nutrient oversupply, mitochondria are fragmented by the excess fission
machinery activity, which also mediates the decline in bioenergetics [49]. AMPK also
contributes to mitochondrial fission processes by activating Mff, the receptor of Drpl on
OMM, which is considered to be one of several stress-induced quality control mechanisms
[31,49].

Because mitochondrial respiratory chain complexes are located in the inner mitochondrial
membrane directly, cristae remodeling by Opal has a direct impact on oxidative
phosphorylation (OXPHOS). Mice overexpressing Opal survive acute stress-induced
ischemic muscle damage, due to Opal functioning as tightening rope for mitochondrial
cristae structure, preventing the release of cytochrome C and apoptotic cell death [50]. While
most studies evaluate Opal function within the context of apoptosis, Opal also plays a
critical role in acute nutrient responses to sustain energy demand. The moderate
overexpression of Opal ameliorates the phenotype of two mitochondrial disease (Complex |
and IV deficiencies) mouse models [51]. When neonatal cardiac myocytes are exposed to
high glucose, Opal gets OGIcNAcylated and inactivated, which leads to extensive
mitochondrial elongation and dysfunction [52]. In addition, when mTORCL1 activity is
restricted in mouse liver cells, Opal is processed in a Mfn2-dependent manner, which
mediates fragmentation of mitochondria, decreases cristae density, and most intriguingly,
changes the structure of the mitochondria-ER contact site [53]. These results indicate that
mitochondria adapt to postprandial transitions by orchestrating cristae remodeling together
with mitochondria-ER assembly.

Mitochondrial quality control

Cells maintain their homeostasis by degrading detrimental or excessive cellular components
that can be toxic to cellular health. The entire catabolic procedure is called autophagy, in
which proteins or organelles are sequestered into the double-membrane and targeted to
lysosomes for degradation upon membrane fusion [54,55]. The removal of damaged
mitochondria by the autophagy process is referred as mitophagy (Figure 2d).

J Mol Biol. Author manuscript; available in PMC 2019 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yu and Pekkurnaz

Page 6

Mitochondrial quality control processes are essential for cellular health and are
evolutionarily conserved from yeast to mammalian cells. In yeast, where the molecular
mechanism of mitophagy was identified, binding of autophagy-related 32 (Atg32) to the
OMM mediates recruitment of Atg8 which introduces mitochondria into autophagosomes
[56,57]. In mammalian cells, it is well established that loss of the mitochondrial membrane
potential triggers mitophagy as well as mitochondrial dysfunction. NIX and PINK1/Parkin
pathways play critical role in targeted removal of damaged or dysfunctional mitochondria
[54].

NIX is the mammalian orthologue of Atg32 in yeast, which works as a selective autophagy
receptor. However, mitophagy can still happen even without NIX, implying that another
pathway is responsible for selective degradation of mitochondria. It was found that the E3
ubiquitin ligase Parkin is translocated to dysfunctional mitochondria when phosphorylated
by the mitochondrial kinase PINK1 [58-60]. Parkin accumulation on OMM mediates poly-
ubiquitination-induced selective mitophagy. It is still a matter of debate whether NIX and
Parkin orchestrate mitophagy in the same pathway. NIX was found to stimulate Parkin
recruitment to depolarized mitochondria in MEF cells, indicating cooperative roles among
mitophagy regulators, while basal mitophagy level was normal even in highly metabolic
tissues in PINK1 knock-out mice [61,62]. Loss of Pink1 and Parkin in Drosophila minimally
affected basal mitophagy across the organism [63]. The studies demonstrating the
replaceable role of Pinkl1/Parkin in basal mitophagy indicates the existence of other
molecular mechanisms by which damaged mitochondria can be selectively degraded.
Further work is therefore needed to determine the conditions that trigger selective
degradation of damaged mitochondria and physiological stimuli that activate Pink1/Parkin
dependent mitophagy /n vivo.

Synchronized regulation of mitochondrial transport, fission and mitophagy pathways ensures
mitochondrial quality control. Mitochondrial damage activates PINK1/Parkin pathways
which cause Miro-degradation-dependent mitochondrial motility arrest to quarantine
damaged mitochondria [21]. The selective mitophagy of damaged mitochondria may occur
locally in distal neuronal axons, primed by PINK1/Parkin pathways in cultured rat neurons
[64]. While mitochondrial fragmentation itself is not sufficient to trigger mitophagy, it
allows impaired mitochondria to be isolated from the network and promotes mitophagy. In
pancreatic beta cells, a reduction in Opal activity ensures less fusion and the selective
removal of damaged mitochondria with lower mitochondrial membrane potential [65]. The
restriction in mitochondrial fusion prior to mitophagy, facilitated by Parkin-dependent
ubiquitination and elimination of mitofusins, further supports the role of PINK1/Parkin in
mitochondrial fission regulation [31,66].

Recent investigations into inner mitochondrial membrane protein Prohibitin 2 (PHB2)
indicated that the protein works as a selective receptor for both Parkin-dependent and -
independent mitophagy [67]. Due to its location on the IMM, PHB2 has only been
considered a regulator of Opa-1-mediated cristae remodeling, but now it has been shown to
carry out a plethora of roles as a mitochondrial functional regulator and mitophagy receptor
simultaneously. In order for PHB2 to mediate mitophagy, proteasomal degradation of OMM
is required to expose the LIR domain of PHB2, which then facilitates interaction between
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PHB2 and LC3, an autophagosomal cargo receptor protein. Also, deletion of phb-2 in male
C. elegans leads to impaired sperm-derived mitochondrial degradation, resembling the
phenotype observed in autophagy deficient embryos [68]. Paternal mitochondrial
elimination was also affected by the disruption of mitochondrial dynamics in C. elegans
embryos. Loss of the fzo-1 gene, which encodes Mfn2/Fzol in C. elegans and mediates
mitochondrial fusion, results in fragmented and abnormal cristae formation in maternal
mitochondria. This makes them indistinguishable to paternal mitochondria, causing a delay
in selective removal of paternal mitochondria [69]. Furthermore, double-knockdown of fzo-1
and drp-1 genes greatly delays the paternal mitochondrial elimination by autophagosomes.
These results highlight mechanisms of target selection in mitophagy.

The causes of mitophagy may vary, such as mitochondrial damage, exercise, and starvation,
but cellular stress triggered by nutrient imbalance mainly activates mitophagy in order to
maintain energy homeostasis. The key cellular energy sensor AMPK is involved in
autophagic procedures; as a substrate of AMPK, unc-51 like activating kinase 1 (ULK1) is
directly phosphorylated to induce autophagy [70]. Loss of function studies in mammals
further validated that AMPK and ULK1 are indispensable for functional mitophagy during
starvation [71]. In contrast to pathways that trigger mitophagy, macroautophagy induced by
starvation or mTOR silencing mediates cCAMP accumulation which leads to PKA activation,
phosphorylation of Drpl, and finally prevention of mitochondrial fission [72]. The elongated
mitochondria spared from mitophagy show denser cristae and more effective ATP
production rates, which indicates cellular fine-tuning of mitochondrial shape and network
organization to maintain energy homeostasis.

Mitochondrial dynamics regulating organelle interactions

Cytoplasmic organelles display distinct morphologies and dynamics, which allow them to
execute different biochemical tasks within the whole cell. Mitochondria are one of the
largest organelles, occupy a significant portion of the cytoplasmic volume (Figure 1) and
dynamically interact with other organelles including endoplasmic reticulum, lysosomes and
peroxisomes (Figure 3). Here we summarize the rules governing these unique interactions.

Mitochondria and Endoplasmic Reticulum

The endoplasmic reticulum (ER) forms a highly dynamic membranous network that is
responsible for assorted cellular functions, such as lipid synthesis, protein folding, and Ca?*
storage and release. The dynamics between ER and mitochondria are tightly coupled as the
two organelles share extensive contact sites and roles in cellular metabolism and Ca2*
homeostasis [73,74]. The contact sites for both organelles, called mitochondria-associated
endoplasmic reticulum membranes (MAMS), not only mediate nutrient, ion, lipid and
metabolite transport to mitochondria, but also participate in mitochondrial size control and
downstream signals for cellular homeostasis.

Among mitochondrial dynamics proteins, Mfn2 is greatly involved in the formation of ER-
mitochondria contact sites by directly tethering the two organelles. Indeed, silencing of
Mfn2 leads to a reduction in Ca2* uptake from ER as the distance between the organelles
expands [75,76]. Controversially, acute down-regulation of Mfn2 increases ER-mitochondria
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contact and sensitizes cells to apoptotic stimuli by acting as a negative regulator of organelle
apposition [77-79]. In addition, Mfn2 facilitates mitochondrial fusion to deliver metabolic
cues to ER, functionally coupling the two dynamic organelles. Mitochondrial fragmentation
by ablation of Mfn2 also plays a significant role in glucose homeostasis through pathways
involving ER stress. Liver-specific deletion of Mfn2 in mice induces ER stress by generating
ROS, leading to loss of insulin sensitivity and glucose intolerance [80]. The mitochondrial
fission sites are marked by tubular ER and actin cytoskeleton, which play critical roles in
self-assembly of the Drp1-Mff complex and membrane constriction. Mitochondrial fission
organized at the MAM results in mitochondrial division, which is critical for mitochondrial
inheritance and cellular adaptations to external stress [36]. ER-derived mitochondrial fission
facilitates phospholipid transfer between the two organelles. ER provides phospholipids to
mitochondria that are responsible for mitochondrial membrane structure, form and
dynamics. As mentioned above, PA synthesized in the ER is transported to mitochondria at
MAMs and converted to mitochondrial-specific phospholipid CL by multiple enzymatic
reactions [81,82]. Initially CL is located in the IMM but it can be placed in the OMM and
transformed back to PA by mitoPLD [34]. Interactions between dynamin-related GTPases
like Drpl and Opal, and phospholipids imported from ER actively remodel mitochondrial
membrane. ER and mitochondrial crosstalk is therefore necessary for both mitochondrial
infrastructure and function.

As Ca?* level affects numerous enzymatic activities within a cell, its regulation through ER
and mitochondrial function contributes to metabolic homeostasis. For instance, Ca2*
concentration in mitochondria plays a critical role in promoting oxidative metabolism and
activating ATPase, which leads to an overall increase in ATP synthesis rate by stimulating
the TCA cycle [83,84]. To fine-tune cellular metabolism by preserving intracellular and
mitochondrial Ca2* levels, Ca2* transfer between ER and mitochondria has to be tightly
regulated. In addition to Drpl recruitment at the site of ER-mediated mitochondrial fission
as mentioned above, actin polymerization through ER-bound inverted formin 2 (INF2)
mediates a rise in mitochondrial matrix Ca2* level by increasing MAM surface area and
mitochondrial Ca2* uptake from the ER [85]. The mitochondrial Rho-GTPase Miro,
separately from its commonly known role as part of the motor adaptor complex, is
phosphorylated by Polo kinase and contacts the Ca2* transporter at MAM, thus maintaining
mitochondrial Ca2* homeostasis [86]. The yeast homolog of Mirol, Gem1, facilitates
mitochondria-ER connections and regulates ER-associated mitochondrial division [87].
Lastly, Drp1 stimulates mitochondrial fission by signaling from the anti-apoptotic protein
Mcl-1 to protect mitochondria from hyperpolarization and Ca2*-mediated apoptosis [88,89].
These emerging data support the idea that mitochondrial dynamics at MAMs and Ca2*
signaling in both mitochondria and cytoplasm are key players in cellular metabolic
homeostasis.

Mitochondrial-ER communication allows mitochondrial dynamics to adapt to nutrient
availability and the metabolic state of a cell. Upon fasting and the postprandial glucose rise,
MAM number is significantly reduced in mouse liver due to glucose-induced mitochondrial
fission and the pentose phosphate-protein phosphatase 2A (PP-PP2A) pathway, which leads
to mitochondrial respiration defects [90]. The insulin signaling pathway is also regulated by
MAM integrity as well as signaling proteins present in MAMs; disrupting MAMs in

J Mol Biol. Author manuscript; available in PMC 2019 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yu and Pekkurnaz

Page 9

hepatocytes impairs insulin signaling while Akt and mTORC?2 share significant roles in
retaining MAM and mitochondrial physiology [91,92]. Mitochondria-ER crosstalk
ultimately works to restore balance after nutrient disruptions: during nutrient deprivation,
elongated mitochondria prefer fatty acid-derived OXPHOS with more intimate crosstalk
between ER and mitochondria followed by enhanced Ca2* exchange, whereas high glucose
supplies reduce MAM surfaces and fragmented mitochondria prefer to utilize glucose. In
conclusion, MAMs facilitate ER-mitochondria Ca2* exchange and provide a means to
regulate signaling pathways based on nutrient availability, even though the underlying
mechanisms of insulin sensing need to be elucidated.

Mitochondria and Lysosomes

Lysosomes have mainly been introduced as acidic organelles that degrade macromolecules
from endocytotic and autophagic pathways. Recently however, studies indicate lysosomes as
a metabolic hub facilitating metabolite storage and nutrient sensing, resembling
mitochondrial functions [93]. Evidence of new forms of lysosome-mitochondrial crosstalk is
also emerging as they share interconnected sites to shuttle amino acids, lipids, and Ca2* in
addition to communicating via mitophagy.

Lysosomes play a critical role in maintaining mitochondrial quality control by mitophagy.
However, one interesting observation from many research groups is that malfunctions in
mitochondria also cause lysosomal defects [94]. In mutant mice that lack essential
mitochondrial proteins such as Opal and PINK1, large lysosomal vacuoles form,
accumulating substrates inside the cells. In TFAM-deleted cells, biogenesis of lysosomes
was increased, but newly synthesized lysosomes were less acidic and accumulated
sphingomyelin and autophagy intermediates [95].These features - dysfunctional
mitochondria and lysosomes with accumulated substrate and protein aggregates - are
commonly observed in neurodegenerative diseases. Conversely, in a Gaucher-disease (GD)
mice model, which recapitulates the well-known lysosomal storage disease, lysosomal
defects impair autophagy and lead to the accumulation of dysfunctional and fragmented
mitochondria, leading to Parkinson’s disease [96]. Recently, RAB7 GTPase, which was
thought to specifically regulate lysosomal dynamics upon GTP hydrolysis, was found to
mediate the interaction between mitochondria and lysosomes at the organelle contact sites
[97]. Not only do the results suggest that these contact sites provide a means of binding the
two organelles, but they also mark mitochondrial fission sites by recruiting RAB7 GTPase
activating protein TBC1D15 via Fis1 on OMM, enabling bidirectional regulation of
mitochondrial and lysosomal dynamics. Given the evidence, lysosomal and mitochondrial
functions seem to be tightly associated for a multitude of cellular functions.

Active metabolite transfer takes place at lysosome-mitochondria contact sites, including
lipids, amino acids, and ions [93,98]. Given that lysosomes function as amino acid-sensing
organelles, these contact sites may also regulate mitochondrial metabolism, as amino acids
are used as an indispensable carbon source for the TCA cycle. In fact, during amino acid
starvation, lysosomal storage of essential amino acids is stimulated as well as lysosomal
biogenesis by inactivated mTOR [99]. In addition, inactivated mTOR causes decreased
translation of mitochondrial fission process protein 1 (MTFP1), which promotes
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mitochondrial fragmentation, resulting in elongated mitochondria [100]. More mitochondrial
elongation and branching occurs with Drpl inhibition by PKA in starved cells, as well as
cristae reorganization with Opal [101]. All these mitochondrial dynamics help biogenesis of
electron transport chain factors, such as ATP synthase, to promote cell survival [44,72]. This
suggests a potential collaborative role of lysosomes and mitochondria on cell survival, which
depends on mTOR signaling.

Mitochondrial-derived vesicles (MDVSs) have recently been recognized as the product of
localized mitochondrial dynamics that couple mitochondria quality control pathways to
lysosomes (Figure 2e). McBride and colleagues elegantly demonstrated budding MDVs
from mitochondria, destined to lysosomes for degradation purposes [102]. Unlike MDVs
targeted to peroxisomes, MDVs headed to lysosomes contain oxidized mitochondrial
proteins, including VDAC from OMM and the complex 11 core subunit from IMM. Instead
of destruction of intact mitochondria by mitophagy, MDVs allow selective removal of old
proteins to prevent further mitochondrial damage [103].

Mitochondria and Peroxisomes

Peroxisomes are now identified as indispensable organelles that harbor key metabolic
pathways including p-oxidation of fatty acids, amino acid degradation, and ROS regulation.
Both peroxisomes and mitochondria are dynamic organelles found ubiquitously in cells,
where they collaborate to sustain metabolic homeostasis. Among the metabolic pathways,
fatty acid B-oxidation is critically required for both mitochondria and peroxisome function.
While mitochondria can degrade full-size fatty acids, peroxisomes are only capable of
breaking down chain-shortened ones. Then, medium-sized fatty acid chains and acetyl-CoA
from peroxisomes shuttle back to mitochondria through the contact sites. The molecular
mechanisms regulating the physical interconnection of these two organelles still need to be
elucidated [104,105].

Several examples of physical interactions between mitochondria and peroxisomes are
emerging, although the existing studies are confined to few cell types. When extracted from
rat liver cells, mitochondria and peroxisomes are co-purified [106]. In yeast, peroxisomes
localize within mitochondria-ER junctions alongside Pex11, a peroxisome biogenesis factor
participating in peroxisomal division and proliferation [107]. Interestingly, mitochondrial
fission factor Drpl is associated with both organelles as Drp1l is found juxtaposed in
elongated peroxisomes [108]. Fis1, Mff, and Pex11 are the receptors that bind Drp1 to the
mitochondrial OMM and peroxisomal membranes respectively, leading to the organellar
fission [107,109,110]. In addition, the PINK1/Parkin pathway takes part in this process by
recruiting Drpl machinery to the organelles in Drosophila, thereby changing their
morphologies [31].

In addition to physical contact sites, the two organelles are also thought to be functionally
connected. Since both organelles are sensitive to cellular redox homeostasis, they
communicate redox stress signal to each other. For instance, disruption of peroxisomal lipid
and ROS metabolism leads to mitochondrial redox stress by disturbing the redox balance. In
Zellweger syndrome, which is characterized by reduced functional peroxisomes, loss of
peroxisomal biogenesis and function mediates mitochondrial dysfunction. The direct impact
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of peroxisomal dysfunction was studied in mouse Pex5 —/- hepatocytes, resulting in
impaired respiration, depleted mtDNA, and upregulation of mitochondrial biogenesis by
PGC-la [111].

Moreover, MDVs, which have recently been fully investigated as another contributor to
mitochondrial dynamics, are another way of bonding mitochondrial and peroxisomal
functions. Among various types of cargos, some of the MDVs are targeted to peroxisomes
[112]. The generation of MDVs is independent of Drpl, and a small fraction of MDVs
specifically targeted to peroxisomes contain mitochondria-anchored protein ligase (MAPL).
This shows that the specificity of MDVs participating in interorganellar crosstalk as
components of MDVs targeted to ER and lysosome are totally different [113]. Furthermore,
recent studies indicate that some MDVs bud off as pre-peroxisomal structures with essential
peroxisomal membrane proteins like Pex3 and Pex14, then mature as they fuse to the ER
and complete peroxisome biogenesis [114].

Abnormalities of Mitochondrial Dynamics in Diseases

Cancer

Defects in mitochondrial functions can have deleterious effects on cellular health and
survival. Most mitochondrial proteins are encoded by the nuclear genome, including those
that facilitate mitochondrial dynamics. Mutations in these nuclear and mitochondrial
encoded genes cause monogenic disorders with distinct mitochondrial pathologies.
Mutations in some of the mitochondrial dynamics-associated genes have been described for
monogenic disorders such as Charcot-Marie-Tooth Disease (Mfn2 mutations), Dominant
Optic Atrophy (Opal mutations) and Parkinson’s disease (Pink1 and PARKIN mutations).
However, there is growing evidence that abnormal mitochondrial dynamics contribute to
other diseases that are not classically considered as either mitochondrial or monogenic, such
as cancer, metabolic and neurodegenerative disorders.

According to observations of Otto Warburg from almost a century ago, cancer cells
primarily utilize glucose fermentation as a main energy source, even in the presence of
oxygen, which is now known as aerobic glycolysis [115]. In his seminal work, he showed
that mitochondria are dysfunctional in cancer cells and postulated that mitochondrial defects
are the leading cause of tumorigenesis. In fact, however, mitochondria are fully functional in
parallel to aerobic glycolysis, and the abnormal metabolic character of tumors is now
collectively referred as the “Warburg effect” [116,117]. There is growing evidence indicating
the mitochondrial role in cancer cell formation and tumorigenesis [118,119].

Not only are intact mitochondria indispensable for tumorigenesis, but also ATP produced by
regional mitochondria at the leading edge is necessary for cancer cells to sustain their high
energy demand for invasion and metastasis. Recently, Caino et a/. showed that an
alternatively spliced version of SNPH is localized to cancer cell mitochondria and gradually
downregulated as tumorigenesis progresses, since its loss promotes repositioning of active
mitochondria to the cell periphery required for cellular motility [120]. The role of
mitochondrial dynamics in adjusting the balance between cell proliferation and migration in
cancer cells has been established by many studies, including disruption in Opal, Drp1, and
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Miro 1; all of which resulted in reduction of the migration abilities of cancer cells [121,122].
Specifically, in breast cancer cells, mitochondria were found to be more fragmented due to
an upregulation of Drpl1 and downregulation of Mfn1 expression. The role of Drpl in tumor
growth was also highlighted in brain tumor initiating cells, with its activity stimulated by
CDKS5 phosphorylation and further regulating downstream AMPK pathway [123].
Mitochondria are also involved in preventing cancer development by inducing cellular
apoptosis. In addition to the regulation of mitochondrial bioenergetics by a non-canonical
Whnt5a pathway, a canonical Wnt/p-catenin pathway controls melanoma oncogenesis by
changing cellular metabolism and remodeling mitochondrial shape to promote apoptosis
[124]. These findings reveal that mitochondrial shape actively responds to alterations in
cellular metabolism and contribute to tumorigenesis. Therefore, the proteins regulating
mitochondrial dynamics could be potential targets for anti-cancer therapies.

Metabolic disorders

Metabolic diseases are caused by alterations in normal metabolic processes, leading to
inability to adapt to a new energy status, simply stated as “metabolic inflexibility” [125].
Tissues from individuals with metabolic diseases, like obesity and type 2 diabetes mellitus
(T2DM), have defects in tailoring cellular bioenergetics to changes in nutrient availability;
including impaired fatty acid oxidation patterns during starvation and following exercise, as
well as an inability to switch from lipid oxidation to glucose oxidation after feeding. Insulin
resistance hampers the substrate shift in metabolism, and prevent tissues, including skeletal
muscle, liver, and adipose, from storing energy efficiently [126]. There are many molecular
mechanisms implicated in insulin resistance and fuel selections, but most of them indicate
inflexibility in mitochondria to efficiently utilize nutrient sources as the primary reason
[127]. Considering the role of mitochondria as a metabolic hub, disruptions in mitochondrial
function and dynamics may directly contribute to metabolic diseases.

Mitochondrial dysfunction is a common feature of skeletal muscle tissue in obesity and
diabetes. Reduced expression of genes encoding mitochondrial proteins, due to altered
activity of the mitochondrial transcription factors PGCla and PGC1p, is suggested as the
molecular mechanism underlying this pathology [128,129]. Mfn2-deleted animal models
further support the role of mitochondrial dynamics in metabolic homeostasis /n vivo. Liver-
specific ablation of Mfn2 causes mitochondrial dysfunction, ER stress, and enhanced
generation of reactive oxygen species, which then leads to impaired insulin signaling and
glucose intolerance [80]. Also, pancreatic beta cell-specific Opal deficiency induces
abnormal insulin secretion in response to glucose and leads to subsequent hyperglycemia in
mice [130]. Both in animal disease models and in humans, insulin resistance coincides with
mitochondrial shape anomalies. However, this phenotype does not necessarily mean that
impaired mitochondrial dynamics are the only factor that induces insulin resistance;
specifically, mitochondrial defects in lipid metabolism and oxidative stress response directly
mediate insulin resistance as observed in beta cell hyperplasia and obesity.

Chronic high blood glucose levels, or hyperglycemia, is a distinctive feature of diabetes.
Chronically high glucose levels often cause increased activity of the major metabolic sensor
enzyme OGT. Elevated O-GIcNAcylation of mitochondrial proteins is now emerging as a
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main contributor to mitochondrial dysfunction in diabetic tissues [38,118,131,132]. Using
T2DM mouse cardiomyocytes as a model, Gawlowski et a/. identified that Drpl is O
GlcNAcylated and that its function is modulated by the change in phosphorylation state.
This then leads to an increase in the active form of Drpl as well as fragmented mitochondria
with decreased membrane potential. Opal also gets deactivated by O-GlcNAcylation [38].
Interestingly, the Hart group recently described diabetes-associated dysregulation of
mitochondrial O-GlcNAcylation cycling, OGT mislocalization to the mitochondrial matrix,
and mitochondrial dysfunction in diabetic rat cardiomyocytes [133]. Taken together, O
GlcNAcylation and other nutrientdependent regulatory pathways control overall
mitochondrial shape, function, and positioning, and their disruption is associated with
metabolic disorders.

Development

Cellular adaptations to ever changing environment also occurs as cells progress through
different developmental stages in tissue. Cells undergo massive transformation in their
structures and functions during development, including mitochondrial dynamics, biogenesis
and mitophagy [134-136]. During cell division, mitochondria disassociate from
microtubules by “shedding” kinesin and dynein motor proteins, and this process is regulated
by the phosphorylation of the motor adaptor protein Milton. Mitochondrial enrichment at the
cell periphery facilitates accurate chromosome segregation during mitosis [137]. Selective
removal of mitochondria from developing erythrocytes and destruction of paternal mtDNA
utilize pathways required for mitochondrial quality control (Figure 1d) [138].

Somatic cells in early developmental stages, or even progenitor and stem cells, are highly
engaged in glycolytic energy metabolism. In fact, pluripotent stem cells, like iPSCs or
embryonic stem cells, are known to favor hypoxic conditions, restricting oxygen
consumption and ROS production by subduing mitochondrial OXPHOS [139,140]. The
glycolytic nature of stem cells makes them highly sensitive to glucose level. Therefore they
express more glucose transporters than older cell types to sustain excessive glucose demand
and compensate for reduced mitochondrial function [139]. Once differentiation begins,
however, the self-renewing properties are lost due to drastic changes in ROS-mediated
processes and the cellular metabolism shifts towards mitochondrial OXPHOS. Recent
findings highlight that mitochondrial dynamics mediate this transition during neural stem
cell fate (NSC) decision [141]. Deletion of Opal or MfnZ1,2 disrupts the self-renewal
capacity of the stem cells followed by a limitation in adult neurogenesis and cognitive
defects. In addition to mitochondrial structure, mitochondrial function is also involved in
stem cell lineage regulation, as well as in inhibiting adult neurogenesis deficits [136].
Interestingly, the Ca2*-dependent GTPase Miro was also identified as a regulator of NSC
lineage development and a critical player in Ca?* homeostasis maintenance [86]. The
molecular pathways directly regulating mitochondrial dynamics are now accepted as the key
players in mitochondrial inheritance during cell division, metabolic transitions from
glycolytic to oxidative, and the removal of unwanted mitochondria during differentiation.
The distribution of newly generated mitochondria upon mitochondrial biogenesis also
requires fusion, fission, and transport.
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Mitochondrial dynamics are essential in maintaining a healthy pool of mitochondria in cells,
particularly in highly polarized cells like neurons. With aging, both mitochondrial dynamics
and cellular metabolism decline [142]. The mitochondrial dysfunction in aging is mainly
caused by the accumulation of mtDNA mutations, a decrease in mitochondrial enzyme
activities and respiratory capacity, restricted dynamics, an increase in ROS, and a reduction
in mitochondrial biogenesis [143-147]. Age-dependent decline in mitochondrial functions
may also serve as an adaptive response to prevent accelerated tissue decay. Aging-associated
changes in mitochondrial dynamics perturb energy homeostasis. Mice with a triple knockout
of the mitochondrial dynamic proteins Mfn1, Mfn2, and Drp1l in cardiomyocytes develop
aging symptoms including heart failure, mitochondrial senescence, and impaired mitophagy
faster than other single knockout mouse models [145]. Conversely, in the case of healthy
aging, AMPK and dietary restriction help to maintain metabolic homeostasis by
mitochondrial fusion with coordination of peroxisomes, which lead to a longer life span in
C. elegans [146]. Overall, further studies are needed to distinguish mitochondria’s emerging
role in aging and aging-related pathologies, either as a cause or a consequence.

Neurodegenerative disease

Dysfunctional mitochondria have been observed as early features of several
neurodegenerative diseases. Clinical studies on neuropathologies provide further evidence
that defects in mitochondrial quality control and shape regulation directly lead to common
neurodegenerative diseases. Mfn2 was observed as the primary gene mutated in Charcot-
Marie-Tooth (CMT) type 2A patients with visual impairment. Similarly, Opal mutations are
commonly detected in Dominant optic atrophy type 1 [148,149]. These mutations disrupt the
mitochondrial network and mtDNA maintenance [150,151]. Mutations in Drpl induce
impaired mitochondrial and peroxisomal fission, leading to abnormal brain development
[152]. The motor adaptor protein Milton mutations are also associated with
neurodevelopmental defects in humans [153].

In addition to patient mutations, studies utilizing the neurodegenerative disease models also
suggest that defects in synaptic mitochondria function, caused by accumulation of damaged
mitochondria and dysregulation of mitochondrial dynamics, are the underlying cause of
neurodegeneration (also recently reviewed by Misgeld and Schwarz) [1,6,151].
Mitochondrial dynamics are essential for synapse formation, synaptic activity regulation and
overall neuronal survival. Enhancing mitochondrial fission by Drpl overexpression
promotes synaptogenesis in embryonic hippocampal neurons [154]. The role of Drpl in
synaptic transmission is further supported by studies in Drosophila neuromuscular junctions
showing that mutants with impaired Drp1 have less mitochondria present at synapses as well
as defects in neurotransmitter release in response to intense stimuli [155]. Neuron-specific
deletion of mitochondrial motor adaptor complex proteins Miro and Milton in mice leads to
neuronal dysfunction and cell death, which demonstrate that defects in mitochondrial
transport are sufficient to trigger neurodegeneration [153,156].

Proteins involved in mitochondrial quality control, Pink1 and Parkin, are also mutated in
familial forms of Parkinson’s Diseases (PD). The reduction of mitophagy efficiency by
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Parkin mutations causes an accumulation of dysfunctional mitochondrial and mitochondrial
network fragmentation, which is also observed in vulnerable dopamine neurons in PD [157].
These all may lead to reduced energy supply at the distant axonal terminals due to
mitochondrial deficiency. As important as it is to distribute mitochondria down the axons,
retrograde movement of stressed mitochondria back to the somatodendritic region is also a
mechanism that neurons use to cope with neurodegenerative stress. Damaged neuronal
mitochondria can be removed by local degradation or shipping of intact or small vesicles
containing mitochondrial proteins retrogradely to somatodendritic regions for destruction
[64,158,159]. While dividing cells have a chance to eliminate older malfunctioning
mitochondria entirely, terminally differentiated cells, like neurons, have to sustain the
mitochondria that they have for their lifetime. Thus, pathways regulating mitochondrial
dynamics (Figure 2) are a key protection mechanism.

Studies with Alzheimer’s disease (AD) mouse models, in both drosophila and mice, note
abnormal elongation of mitochondria due to excess stabilization of F-actin, preventing Drpl
localization on OMM [160,161]. Amyloid-beta overproduction, another representative
feature of AD, also perturbs expression of mitochondrial dynamics-related proteins,
including Drp1, Fisl, and Opal [162]. The molecular mechanisms enhancing the
mitochondrial transport rate may also facilitate neuronal regeneration [163-166]. While the
exact molecular mechanisms of age-dependent neurodegenerative diseases are mostly
unknown, abnormal distribution, function and morphology of mitochondria may exaggerate
neuronal degeneration, leading to earlier onset of the diseases.

Concluding Remarks

Trillions of mitochondria throughout the human body work together to sustain life. Since the
discovery of mitochondria in the 19th century, the field of mitochondrial biology has
evolved drastically. Application of live-cell imaging techniques together with mitochondria-
tagged fluorescent proteins allows us to observe mitochondria as a complex and highly
dynamic reticular network instead of simply a kidney shaped singular unit. While their
complex coordinated dynamics as a network fascinates us, as they move and go through
fusion and fission cycles, we are just beginning to understand the complex molecular
pathways regulating these behaviors. Although much remains unknown about how cells
customize mitochondrial network properties, with respect to other organelles, and based on
their unique needs, the centrality of mitochondrial dynamics to metabolic homeostasis is
well-defined. Regarding the meaning of mitochondrial dynamics for a cell, we still have
much to learn, particularly for the following topics:

Regulation of the mitochondrial life cycle:

Mitochondrial content and morphology are tightly regulated in cells to adapt the ATP
production capacity depending on the incoming nutrient sources and energy demand.
Mitochondrial shape and form changes are important regulators of the mitochondrial life
cycle [2]. Like everything, mitochondrial proteins have a finite life-span. To maintain a
healthy mitochondrial network, damaged mitochondria and proteins have to be removed and
replaced with new ones. While segregation of damaged mitochondria requires fission,

J Mol Biol. Author manuscript; available in PMC 2019 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yu and Pekkurnaz

Page 16

recruitment of newly generated proteins or mitochondria utilizes fusion machineries. For the
number of mitochondria to remain constant, their turnover rate has to be coupled with
mitochondrial biogenesis. Despite ongoing progress regarding this topic, many open
questions remain: How are mitochondrial dynamics orchestrated throughout the whole cell?
How do cells keep track of how many mitochondria to generate? How do nuclei identify
mitochondrial content, especially in highly polarized cells such as neurons? What are the
molecular players that regulate cell type-specific mitochondrial shape and content?

Plotting intracellular energy landscape:

Cell polarity is a fundamental feature of many cell types with respect to both tissues and
organs. Regulation of mitochondrial dynamics allows coupling of mitochondrial
bioenergetics to cellular metabolism. However, not only the amount of ATP produced, but
the positioning of mitochondria in polarized cells also define intracellular energy landscapes.
It has long been accepted that in a typical cell (ranging from 25-75 pm) the intracellular
ATP level is homogenous. However, it has recently been shown that the positioning of
mitochondria defines local energy gradients even in small cells such as fibroblasts [8]. Local
energy levels are critical for a plethora of cellular functions such as neuronal activity, cell
migration, tumor cell invasion, wound healing, and immunity [121,167-169]. Intracellular
transport and the positioning of mitochondria shape spatiotemporal heterogeneities in ATP
distribution, and understanding how mitochondria in cells know where to go, where to stop
and which function to carry out based on the metabolic state of the cell to sustain energy
homeostasis will be the next challenge.

Facilitating intercellular communications:

Intriguingly, transcellular transport of mitochondria has recently been reported, indicating
that mitochondria can be relocated to facilitate intercellular communication. In cardiac
muscle, mitochondria are transported between cardiomyocytes and myofibroblasts to
support myocyte survival [170]. Similarly, in the central nervous system, extracellular
mitochondrial transport is prevalent between neurons and glia [171,172]. Conversely,
neurons can release damaged axonal mitochondria to be taken up and degraded by nearby
astrocytes [171]. These findings demonstrate a collaboration between neighboring cells to
preserve a healthy mitochondrial pool at the tissue level. Therefore, mitochondria dynamics
are not only restricted to single cell activity but have the potential to play a more expansive
role in governing intracellular networks, tissues, organs, and even wholebody metabolism.

New discoveries about the interactions between mitochondria and other organelles, between
different cell types, and their shape and function under different metabolic states leaves us
with even more questions on how cells tailor mitochondrial dynamics to sustain energy
homeostasis. Considering the essential role of mitochondrial dynamics in health and disease,
a full understanding of the underlying molecular pathways may ultimately inspire novel
metabolic therapies.
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KHC

SNPH
PINK1
ROS
HUMMR
OGT
OMM
Mfn

CL

PA

Drpl

ER

Opal
IMM
PKA
AMPK
OXPHOS
Atg
PHB2
ULK1
MAM
INF2
PP-PP2A
GD
MTFP1

MDV

kinesin heavy chain

Syntaphilin

PTEN-induced putative kinase 1
reactive oxygen species

hypoxia up-regulated mitochondrial movement regulator
OGIcNACc transferase

outer mitochondrial membrane
mitofusin

cardiolipin

phosphatidic acid

Dynamin related protein 1
endoplasmic reticulum

Optic atrophy 1

inner mitochondrial membrane
CcAMP-protein kinase A
AMP-activated protein kinase
oxidative phosphorylation
autophagyrelated

prohibin 2

unc-51 like activating kinase

mitochondria-associated endoplasmic reticulum membrane

inverted formin

pentose phosphate-protein phosphatase 2A
Gaucher disease

mitochondrial fission process protein

mitochondrial derived vesicle
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MtDNA mitochondrial DNA

PGC-1 Peroxisome proliferatoractivated receptor gamma coactivator 1
MAPL mitochondria-anchored protein ligase

T2DM type 2 diabetes mellitus

iPSC induced pluripotent stem cell

CMT2A Charcot-Marie-Tooth (CMT) type 2A

PD Parkinson diseases

AD Alzheimer’s disease
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Research Highlights

Mitochondrial functions are hard-wired to cellular metabolism, which is
critical for energy homeostasis.

The morphological adaptations of mitochondria to cellular metabolism are
facilitated by dynamic events categorized as transport, fusion, fission and
quality control.

Mitochondrial dynamics support energy homeostasis by regulating strategic
positioning of mitochondria within the cytoplasm and inter-organelle cross-
talk, metabolite transfer, mitochondrial degradation and biogenesis.

Dysregulation of mitochondrial dynamics leads to diseases including cancer,
metabolic and neurological disorders.
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Fibroblasts

Up to 25 % of cytoplasm volume

Normal conditions: Aerobic

Induced pluripotency (iPSCs):
Glycolytic

Diseases related Cancer
to mitochondrial
dysfunction

Figure 1.

Cardiomyocytes

> 30 % of cytoplasm volume

Aerobic

Cardiac pathologies
(Heart failure, Ischemia)
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Neurons

Variable by neuron type
> 50 % of cytoplasm volume

Aerobic

Neurodegenerative diseases

Mitochondrial shape, number, function and distribution are tailored to match cell type-
specific bioenergetic demands. Figures depicting the mitochondrial network (shown in red)
in a (a) fibroblast, (b) cardiomyocyte, and (c) neuron. (a) In fibroblasts, mitochondria are
evenly distributed throughout the cytoplasm, with a highly connected network around the
nucleus and smaller sizes at the leading edges. In the healthy state, mitochondria are mostly
elongated and fully branched. In normal fibroblasts, the bioenergetic profile is relatively
aerobic, while pluripotent stem cells have a glycolytic profile [173]. (b) Cardiomyocytes
have a dense and unusual distribution of mitochondria, aligned in parallel to the plasma
membrane and nucleus. Mitochondria occupy at least 30% of the total cell volume,
indicating the cellular energy dependency on OXPHQOS [174]. (c) Neurons are highly
polarized large cells with a vast cytoplasmic volume, highly branched dendrites and
extraordinarily long axons. Mitochondria in the somatodendritic area are extensively
connected and highly motile, while in axons most mitochondria are in a singular and
stationary state (70%) [1]. The mitochondrial composition varies by the neurons subclasses,
but occupancy of mitochondria is generally much higher than in other types of cells (~%50).
Table summarizes the cell type-specific mitochondrial profiles.
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Regulation of mitochondrial
transport on cytoskeleton
(Microtubules, actin
filaments)

Local ATP/ADP ratio
Hypoxia
Local glucose level

Intracellular redistribution of
mitochondria

Figure 2.

Fusion

Mfn1, Mfn2,
MitoPLD, L-Opa1

Fusion of two or more
mitochondria fused
together to become a
mitochondrion

Nutrient deprivation

Elongation
OXPHOS 1

Fission

Drp1, S-Opa1
Mff, Fis1

Division of a
mitochondrion into
several mitochondria

Excess nutrients
Severe stress

Fragmentation
Mediates mitophagy
Glycolysis 1
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(d) Autophagosome (e)

Phospho-
ubiquitin
chain

Mitophagy

NIX,
PINK1, Parkin

Removal of damaged
mitochondria for quality
control

Excess oxidative stress

Less number of
mitochondria

Mitochondria Derived
Vesicles (MDVs)

Vps35, PINK1, Parkin

Generation of small
vesicle carrying
mitochondrial proteins and
lipids to other intracellular
organelles

Oxidization of
mitochondrial proteins
Peroximal biogenesis

Mediates partial removal
of mitochondrial proteins
Lipid transport

Summary of mitochondrial dynamics: (a) Mitochondrial transport on microtubules is
mediated by the mitochondrial motor adaptor complex. The Mitochondrial protein, Miro,
and the motor adaptor protein, Milton, links (+)- end directed motor protein, Kinesin-1
(KIF5), and dynein complex and facilitates the transport in anterograde and retrograde
directions. Syntaphilin (SNPH) anchors mitochondria to microtubules and Myosin V to actin
filaments (not shown in the figure). (b) Mitochondrial fusion is carried out by Mitofusinl, 2
(Mfnl1, Mfn2), and MitoPLD, for the outer membrane, and long Opal (L-Opal), for the
inner membrane. The fusion events lead to elongated, or even extensively branched
mitochondria, with a higher OXPHOS rate. (c) Drpl gets recruited onto the mitochondrial
outer membrane by Drpl receptors, Mff and Fisl. Higherorder Drpl assembly around the

mitochondrion mediates the fission event. Excessive mitochondrial fission generates
fragmented mitochondria, which is pivotal in mitochondrial inheritance, mitophagy and cell
death. (d) Damaged or fragmented mitochondria are subjected to degradation by mitophagy.
PTEN-induced putative kinase 1 (PINK1) accumulation on the damaged mitochondrial outer
membrane, where it can bind to the E3 ligase Parkin, and induction of
phosphoubiquitination, are the critical steps for the initiation of mitophagy.
Autophagosomes can then selectively recognize damaged mitochondria to be degraded.
NIX, the mammalian orthologue of Atg32, is another receptor on the mitochondrial outer
membrane that introduces mitochondria to the autophagosome (not shown in figure). (e)
Mitochondriaderived vesicles (MDVs) are vesicle cargoes that are transferred from
mitochondria to other organelles. Cargoes containing oxidized mitochondrial proteins are
usually shipped to lysosomes for degradation, whereas other cargoes that are targeted to the
ER and peroxisomes mediate protein or lipid exchange for biogenesis purposes. Key
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molecular players and the functional significance of mitochondrial dynamics are
summarized in the table.
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ER - Mitochondria (MAM)
- Ca* transport

- Lipid transfer

- Mediates mitochondrial fission

ER

Mitochondria

Lysosome- Mitochondria
- Mitophagy (Quality control)

- Lipid / amino acid transfer q L "~ Peroxisome- Mitochondria
- MDVs " 4 " | - Fatty acid transfer

<= _MDvs .

Lysosome

Figure 3.
Scheme summarizing mitochondrial inter-organellar crosstalk. Mitochondria actively

interact with other subcellular organelles. While communicating with other organelles,
mitochondria continuously change their morphology, positioning and function based on the
cellular metabolic need.
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