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Abstract

Mitochondria are an essential component of multicellular life – from primitive

organisms, to highly complex entities like mammals. The importance of

mitochondria is underlined by their plethora of well-characterized essential functions

such as energy production through oxidative phosphorylation (OX-PHOS), calcium

and reactive oxygen species (ROS) signaling, and regulation of apoptosis. In addi-

tion, novel roles and attributes of mitochondria are coming into focus through the

recent years of mitochondrial research. In particular, over the past decade the study

of mitochondrial shape and dynamics has achieved special significance, as they are

found to impact mitochondrial function. Recent advances indicate that mitochondrial

function and dynamics are inter-connected, and maintain the balance between health

and disease at a cellular and an organismal level. For example, excessive mitochon-

drial division (fission) is associated with functional defects, and is implicated

in multiple human diseases from neurodegenerative diseases to cancer. In this

chapter we examine the recent literature on the mitochondrial dynamics–function
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relationship, and explore how it impacts on the development and progression of

human diseases. We will also highlight the implications of therapeutic manipu-

lation of mitochondrial dynamics in treating various human pathologies.
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1 Introduction

Since their first inclusion into cells through endosymbiosis millions of years ago,

mitochondria are an essential component of multicellular life – from primitive

organisms to highly complex entities like mammals. The importance of mito-

chondria is underlined by their plethora of well-characterized essential functions

such as energy production through oxidative phosphorylation (OX-PHOS), calcium

and reactive oxygen species (ROS) signaling, and apoptosis. In addition, novel

roles and attributes of mitochondria are coming into focus through the recent years

of mitochondrial research. In particular, over the past decade the study of mito-

chondrial shape and dynamics has achieved special significance, as they are found

to impact mitochondrial function. Recent advances indicate that mitochondrial

function and dynamics are inter-connected, and maintain the balance between

health and disease at a cellular and an organismal level. For example, excessive

mitochondrial division (fission) is associated with functional defects, and is impli-

cated in multiple human diseases from neurodegenerative diseases to cancer. The

purpose of this chapter is to examine the recent literature on the mitochondrial

dynamics–function relationship, and explore how it impacts on the development

and progression of human diseases. We will also highlight how therapeutic manipu-

lation of mitochondrial dynamics may be utilized to modulate mitochondrial health

with potential in treating various human pathologies.

1.1 Mitochondrial Biology: Functions

Mitochondria are highly versatile organelles with a multitude of vital functions

within the cell. Primarily, mitochondria act as the main source of cellular energy

production, by hosting the TCA cycle and the OX-PHOS pathway machinery to

utilize fuels (e.g., pyruvate and NADH produced via glycolysis, acetyl co-a pro-

duced by lipid β-oxidation, and glutamine) to generate energy in the form of ATP

(Ward and Thompson 2012b). The OX-PHOS pathway is also known as aerobic

respiration as it requires the presence of oxygen. The mitochondrial respiratory

function is particularly essential in organs and tissues with high energy demand,

such as the heart and tissues of the central nervous system (Ikeda et al. 2014).
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Mitochondria also play an important role in the biosynthesis of cellular building

blocks such as nucleotides, amino acids, and lipids required for cellular growth and

proliferation (Ward and Thompson 2012b). Another important function of mito-

chondria is calcium buffering and modulating calcium signaling through controlled

uptake and release of calcium from cellular stores (Walsh et al. 2009). Ca2+ buffering is

achieved in part via a close contact betweenmitochondria and the endoplasmic reticulum

(ER) network, creating calcium micro-domains that facilitate Ca2+ uptake by mito-

chondria to maintain cellular calcium homeostasis (de Brito and Scorrano 2008; Walsh

et al. 2009). Mitochondrial ATP, NADH, pyruvate, and ROS also modulate Ca2+

signaling machinery, while the uptake and release of Ca2+ by mitochondria directly

influence cytosolic calcium concentrations and Ca2+ signaling (Walsh et al. 2009). As the

primary site for ROS generation in the cell, mitochondria are also responsible for cellular

redox signaling, as well as maintaining oxidative homeostasis through a series of anti-

oxidants (Collins et al. 2012; Hamanaka and Chandel 2010). Signaling pathways that

utilize ROS include cellular response to hypoxia, growth factor stimulation for cell proli-

feration and survival, and generation of inflammatory responses (Hamanaka and Chandel

2010; Schieber and Chandel 2014). Last, but not least, mitochondria play a central role in

the apoptotic pathway of cell death. Multiple upstream signaling pathways converge on

mitochondria in a complex network of pro- and anti-apoptotic proteins to signal for

mitochondrial outer membrane permeabilization (MOMP) and the release of cytochrome

c (Chipuk et al. 2010). Mitochondria play a pivotal role in apoptosis, by compartmental-

izing the cell death inducing cytochrome c under normal healthy conditions, and orches-

trating its release upon stress conditions to undergo apoptosis (Elkholi et al. 2014).

1.2 Mitochondrial Biology: Dynamics

Over the past few decades, an important characteristic feature of mitochondria

emerged in the field of mitochondrial research. In place of the original “text book”

idea of a static bean-shaped mitochondrion, it is now appreciated that mitochondria

exist as a network of highly dynamic organelles and may be present in multiple

shapes and sizes within the cell, ranging from small puncta to short and long tubules

(Fig. 2). These different shapes are the result of the ability of mitochondria to

divide, fuse together, and move through the cell. These processes are collectively

termed mitochondrial dynamics, and involve two specific, highly regulated oppos-

ing processes known as fission (division) and fusion (Fig. 1). In healthy cells in

most tissues, mitochondria continuously undergo these fission and fusion events,

changing their shape and size and moving within short distances to do so.

Mitochondrial dynamics are considered important for maintaining healthy func-

tional mitochondria in the cell. Through fusion and fission events, mitochondria are

able to mix and exchange their DNA and protein content, or allow for the segre-

gation and elimination of unhealthy components through an autophagic process

termed mitophagy. Mitochondrial fission is also required for distribution of
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Fig. 1 Dynamic mitochondria. Mitochondrial morphology is maintained through a balance of

fission and fusion events and involve the activity of several large GTPases and adapter proteins.

Mitochondrial fission is mediated by DRP1 and the OMM anchored adapter proteins Fis1, Mff and

MID49/51. Fusion is regulated by the mitofusins Mfn1 and 2 on the outer membrane, and OPA1 in

the inner membrane. If increased fission is favored, mitochondria form short punctate structures

(fragmented mitochondria). If fusion is favored mitochondria form tubular networks (fused

mitochondria)
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mitochondria to daughter cells during cell division, as well as distribution of the

organelle to distal, energy demanding regions of the cell such as neuronal axons,

and lamellipodia during cell motility. More recent developments in mitochondrial

research indicate that mitochondrial dynamics are also intricately involved with the

functions of mitochondria, and there is emerging evidence that connects mitochon-

drial dynamics directly to the manifestation of certain pathologies, such as neuro-

degenerative diseases, cancer, cardiomyopathies, and metabolic disorders. In this

section of the chapter we will introduce the major players in mitochondrial dyna-

mics and how cellular signaling controls these processes. We will also discuss how

aberrant fission and fusion of mitochondria arise, and how these aberrations result

in mitochondrial dysfunction and human diseases.

1.2.1 Mitochondrial Fission: Executors and Regulators
Mitochondrial fission is the process by which a mitochondrion divides into two

smaller units. The major executor of fission is the dynamin related protein

1 (DRP1). DRP1 is mainly cytosolic, but translocates to the mitochondrial surface

in order to mediate fission of the organelle. DRP1 assembles on the surface of

mitochondria, forms helical oligomers, and undergoes self-interaction mediated

GTP hydrolysis and subsequent membrane constriction resulting in the scission

of both the inner and outer mitochondrial membranes (OMM). In a series of elegant

in vitro experiments, both DRP1 and its yeast homolog Dnm1 were shown to self-

assemble into helices and tubulate liposomes (Ingerman et al. 2005). These DRP1

helices have a diameter of ~120 nm (Ingerman et al. 2005; Mears et al. 2011), and

since the diameter of an average mitochondrion is approximately fivefold to

sevenfold larger, it is speculated that already existing membrane constrictions

may provide the sites for the self-assembly of DRP1 oligomers. Accordingly, it

has been shown that ER–mitochondria contact sites constrict mitochondria to a

diameter that is permissive for DRP1 oligomer formation, and therefore may mark

future fission sites (Friedman et al. 2011).

As DRP1 is mostly cytosolic, there may be a requirement for a mitochondrial

membrane anchored receptor to recruit DRP1 to the mitochondria for fission.

Several such receptor proteins have been described, including mitochondrial fission

1 (Fis1), mitochondrial fission factor (Mff), Mid 49/51 (MIEF1/2), and ganglioside-

induced differentiation-associated protein 1 (GDAP) (Gandre-Babbe and van der

Bliek 2008; Niemann et al. 2005; Palmer et al. 2011; Serasinghe and Yoon 2008;

Yoon et al. 2003). Fis1 is the first receptor identified to recruit DRP1, and is thought

to interact with DRP1 via its two tetra-tricopeptide repeat (TPR)-like motifs. Fis1

forms oligomers on the OMM which may provide the scaffold for DRP1 recruit-

ment (Serasinghe and Yoon 2008; Yoon et al. 2003). More recently Mff was identi-

fied as an adaptor for DRP1 (Gandre-Babbe and van der Bliek 2008). Mff is

also an OMM anchored protein which recruits DRP1 via its cytosolic domain.

Mid49 and Mid50 were also recently identified as mitochondrial outer membrane

anchored adapters of DRP1; however, their exact role in mitochondrial fission

remains to be clarified (Liu et al. 2013; Palmer et al. 2011; Zhao et al. 2011).
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GDAP1 is an OMM anchored protein that regulates mitochondrial fission in

neuronal cells by cooperating with DRP1 and Fis1 (Niemann et al. 2005, 2009).

The presence of multiple adaptor proteins for DRP1 suggests that there may be

several pathways regulating mitochondrial fission. It also indicates that these

proteins may be functionally redundant and have cell type specific or context

dependent activity (Loson et al. 2013; Niemann et al. 2005, 2009), further suggest-

ing additional points of control in the fission process.

Transcriptional Regulation of DRP1
Both transcriptional and post-translational modifications of DRP1 regulate mito-

chondrial fission. Several reports indicate that DRP1 is transcriptionally

upregulated in cancer (Choudhary et al. 2011; Serasinghe et al. 2015). While the

precise transcriptional regulators of Drp1 are currently not known, several putative

transcriptional activators have been reported in the recent literature. For example,

the androgen receptor was shown to directly activate Drp1 transcription by binding

to the promoter region of the DRP1 gene in prostate cancer, suggesting hormone

responsive regulation of Drp1 (Choudhary et al. 2011). Drp1 has also been pro-

posed as a p53 transcriptional target indicating a potential intersection between

cellular stress pathways and mitochondrial fission (Li et al. 2010). More recently it

was shown that oncogenic RAS-MAPK signaling upregulates Drp1 mRNA levels

via ERK, and that blocking RAS-MAPK signaling with targeted inhibitors drasti-

cally reduces Drp1 mRNA levels (Serasinghe et al. 2015). It is likely that a

transcription factor downstream of ERK is responsible for this upregulation. It is

intriguing that certain disease conditions, cancer in particular, are associated with

transcriptional upregulation of Drp1, which suggests an important role/function of

the protein in disease pathology. Identification of Drp1 specific transcription factors

and upstream signaling networks will yield important insights into the function of

Drp1 and mitochondrial fission in these diseases.

Post-Translational Regulation of DRP1
Mechanisms of post-translational regulation of DRP1 include phosphorylation,

SUMOylation, nitrosylation, and ubiquitinylation. One of the best characterized

post-translational modifications of DRP1 leading to the modulation of its function

is phosphorylation. Two main phosphorylation sites in DRP1 have been identified,

both on serine residues residing on the GTPase effector domain (GED) of DRP1

(Fig. 2). DRP1 serine 616 phosphorylation is an activating event resulting in the

OMM localization of DRP1 and subsequent mitochondrial fragmentation. It has

been reported that DRP1S616 phosphorylation by calcium/calmodulin-dependent

protein kinase-1 (CAMK-1) facilitates DRP1 interaction with Fis1 on the OMM

(Han et al. 2008). DRP1S616 is phosphorylated by protein kinase C (PKC) under

oxidative stress conditions (Qi et al. 2011), by CDK1/cyclin B during cell cycle

progression (Taguchi et al. 2007), and by ERK 1/2 under pathological conditions

leading to the activation of fission (Kashatus et al. 2015; Serasinghe et al. 2015; Yu

et al. 2011). The specific phosphatases responsible for dephosphorylation on this
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site are currently not known. However, it has been reported that dephosphorylation

at S616 leads to mitochondrial fusion and protects from autophagy in nutrient star-

vation conditions (Rambold et al. 2011). Indeed it is interesting to speculate that

there may exist a series of thus far unidentified phosphatases having equal signifi-

cance to kinases, regulating DRP1 with potential implications on mitochondrial

shape and function.

While the putative DRP1S616 phosphatases are not known, it has been demon-

strated that DRP1 S637 phosphorylation acts as a countermeasure to inactivate

DRP1 mediated fission, thereby establishing a balance between active and inactive

forms of DRP1. DRP1 S637 when phosphorylated by the protein kinase A (PKA)

acts to prevent mitochondrial fission by translocating DRP1 away from mito-

chondria (Chang and Blackstone 2007). This site is dephosphorylated by calci-

neurin. On the other hand, DRP1 phosphorylation at the same site by CAMK-1 and

rho-associated coiled-coil containing protein kinase 1 (ROCK 1) has been shown

to induce mitochondrial fission by activating DRP1 function in cultured hippo-

campal neurons and induction of fission, leading to diabetic neuropathies, respec-

tively (Han et al. 2008; Wang et al. 2012). These contrasting observations may be

reconciled with the argument that the regulatory phosphorylation events of

DRP1 may be highly tissue specific (e.g., nervous system), and may depend on

the availability and function of DRP1 receptors in these cells (e.g., hippocampal

neurons), and dependent on the mitochondrial requirement of the tissue. It also

may depend on the cellular context such as specific stress conditions and asso-

ciated signaling pathways (e.g., calcium signaling). We will discuss these

tissue and disease specific regulation of mitochondrial dynamics further in the

context of human pathologies in a subsequent section of this chapter. It is important

Fig. 2 Regulators of mitochondrial dynamics. Several large GTPases govern mitochondrial

dynamics. DRP1 is a cytosolic protein that is recruited to the OMM by membrane anchored

adaptor proteins such as Fis1, Mff and Mid49/50. Post translational modifications of DRP1 include

phosphorylation, SUMOylation, ubiquitinylation and s-nitrosylation. The outer membrane fusion

proteins Mfn1 and Mfn2 are anchored on the OMM via two transmembrane domains. Mfn1 is

regulated by phosphorylation as well as ubiquitinylation. The inner membrane fusion GTPase

OPA1 is found in the IM space attached to the IMM, and is regulated through proteolytic cleavage

to produce fusion competent shorter isoforms. Abbreviations: GED GTPase effector domain, HR
heptad repeat, TPR tetra-tricopeptide repeat, R conserved repeats,MLS mitochondrial localization

signal, TM trans-membrane
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however to stress that further investigations into these unknowns would enable a

better dissection of the function of DRP1 in mitochondrial fission.

A third phosphorylation site with functional consequence has been recently

identified at DRP1 serine 693 residue, which resides in the GED (Fig. 2). This

site is phosphorylated by glycogen synthase kinase 3 beta (GSK3β), and inhibits

DRP1 oligomerization dependent GTP hydrolysis to block mitochondrial fission

(Chou et al. 2012). This phosphorylation event, in particular, has been observed in

association with apoptosis (Chou et al. 2012).

Another type of post-translational modification that impacts DRP1 function is

ubiquitinylation. Membrane associated ring finger 5 (MARCH 5, also known as

MITOL) is a mitochondrial outer membrane localized E3 ligase that ubiquitinates

DRP1 on the OMM. MARCH 5 mediated ubiquitinylation of DRP1 was originally

reported to mark DRP1 for proteolytic degradation leading to reduced fission and

elongated mitochondrial networks (Nakamura et al. 2006; Yonashiro et al. 2006). In

more recent reports however, MARCH 5 mediated DRP1 ubiquitinylation was

shown to increase DRP1 mitochondrial localization and fission (Karbowski et al.

2007; Park et al. 2010) suggesting that this protein modification may be required for

mitochondrial fission. These contradictory reports warrant further study to clarify

the role of MARCH 5 mediated ubiquitinylation of DRP1. Parkin is another E3

ubiquitin ligase that was shown to ubiquitinylate DRP1 and Fis1 leading to the

proteasomal degradation of these proteins (Cui et al. 2010; Wang et al. 2011). These

reports indicate that ubiquitinylation by Parkin acts as an inhibitory event for DRP1

mediated mitochondrial fission. The relevance of this DRP1 regulatory pathway in

Parkinson’s disease will be discussed later in this chapter.

The SUMO-conjugating enzyme Ubc9 and the mitochondrial SUMO E3 ligase

MAPL SUMOylate DRP1, resulting in increased DRP1 protein stability on the

OMM, leading to increased fission (Braschi et al. 2009; Harder et al. 2004; Prudent

et al. 2015; Wasiak et al. 2007) (Fig. 3). Furthermore, it was shown that during

apoptosis, the BCL2 associated X (BAX) protein and Bcl2 homologous antagonist

killer (BAK) protein oligomerization stabilizes DRP1 on the OMM in a SUMOy-

lation dependent manner, suggesting that this may be a mechanism of apoptotic

fragmentation of mitochondria (Wasiak et al. 2007). Conversely, Sentrin/SUMO

specific protease 5 (SENP5) was identified as a SUMO-protease that removes the

SUMO groups from DRP1 resulting in decreased mitochondrial fragmentation, and

knock down of SENP5 was found to fragment mitochondria by stabilizing DRP1

SUMOylation (Zunino et al. 2007). Similar activity was reported recently from

SENP3, another member of the SEN protease family, in an in vitro model of

ischemia (Guo et al. 2013). Under ischemic conditions, SENP3 is downregulated

leading to extended SUMOylation and resulting fragmentation of mitochondria,

which is reversed upon re-oxygenation (Guo et al. 2013). However, the depletion of

SENP3 in this case, which led to DRP1-sumo stabilization, was shown to

suppress cytochrome c release and caspase mediated cell death, thereby acting in

a cell protective manner.
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It is interesting that the same DRP1 modification can give opposing results under

different stimuli, as seen with DRP1 phosphorylation at S637 and ubiquitinylation

by MARCH 5 discussed earlier. These differences however could be addressed by

taking into consideration the tissue specific context; for example, neuronal cells

may have specific requirement for mitochondrial dynamics compared to other tis-

sues, normal vs stress conditions – such as de-SUMOylation under normoxic and

ischemic conditions, and involvement of complex signaling networks in regulating

multiple fission/fusion factors – e.g., MARCH mediated ubiquitination of DRP1,

Fis1 as well as the mitochondrial fusion protein, mitofusin 1 (Mfn1 – to be dis-

cussed in the next section). The final phenotypic outcome may be the cumulative

effect of several factors, including multiple protein modifications on DRP1 at a

given time. It is worth noting that some of these modifications are under normal

physiological conditions and others are under disease or stress conditions. This

alludes to a highly sophisticated regulatory framework that maintains the fine bal-

ance of mitochondrial dynamics in a cell, and can be offset in pathologies. We will

discuss this in more detail in Sect. 1.4 of the chapter.

In addition to the modifications occurring in normal cellular conditions, specific

disease related post-translational modifications of DRP1 have also been identified.

These are S-nitrosylation and O-glucNAcylation, and both were shown to activate

DRP1 and increase mitochondrial fragmentation (Bossy et al. 2010; Cho et al.

2009; Gawlowski et al. 2012). Amyloid beta mediated Nitric oxide (NO) produc-

tion leading to DRP1 S-nitrosylation was shown to fragment mitochondria and

Fig. 3 DRP1 modifications and mutations associated with human diseases. DRP1 activity is

regulated by post-translational modifications such as (a) Ubiquitinylation: MARCH 5, Parkin (b)
SUMOylation: MAPL, SENP4 (deubiquitinase) (c) Phosphorylation; S616: CAMK-1,CDK1/

Cyclin B, ERK; S637: PKA1, CAMK-1, ROCK1, Calcinuerin (phosphatase); S693: GSK3b.

De-regulation of these processes affects DRP1 function and manifests in several human

pathologies. Additionally, de novo mutations in the DRP1 middle domain which resulted DRP1

loss of function resulting in neuropathological and birth defects are indicated here
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induce neurotoxicity in Alzheimer’s disease and Parkinson’s disease (Bossy et al.

2010; Cho et al. 2009). O-glucNAcylation was shown to induce mitochondrial

fragmentation in rat neonatal cardiomyocytes, with implications in diabetes

induced mitochondrial dysfunction and cardiovascular complications (Gawlowski

et al. 2012).

1.2.2 Opposing Fission: Mitochondrial Fusion
Unlike fission, mitochondrial fusion has two distinct systems in place for the fusion

of inner and outer membranes. Even though these processes are separate, the inner

and outer membrane fusion is highly coordinated. OMM fusion is achieved by

Mfn1 and 2, which are anchored on the OMM via two transmembrane domains

which span the membrane twice (Hoppins et al. 2007) (Fig. 2). Mfn1 and 2 form

homo- and heterotypic interactions when two apposing mitochondria come together

at a permissive proximity. This initial tethering of mitochondria is followed by the

outer membrane fusion through mixing of the lipid bilayers (Koshiba et al. 2004).

Mfn1 and 2 perform overlapping functions; however, they are not functionally

redundant (Chen and Chan 2004; Chen et al. 2003). Both proteins are generally

expressed in cells, and the abundance of each may be cell type dependent.

Regulation of Mitochondrial Fusion Proteins
Both Mfn1 and 2 show regulation at both transcriptional and post-transcriptional

levels (Santel et al. 2003). Mfn1 is regulated by peroxisome proliferator-activated

receptor gamma co-activator 1α (PGC-1α) during postnatal cardiac growth (Martin

et al. 2014). Other reports indicate tissue specific Mfn1 transcriptional repression by

the corticosteroid dexamethasone in liver and in hepatoma cells (Hernandez-

Alvarez et al. 2013) and by microRNA 140 in cardiomyocytes (Li et al. 2014).

Mfn2 transcription is driven by the PGC-1α and PGC-1β, key factors in mitochon-

drial biogenesis, as well as the transcription factor Sp1 in skeletal and smooth

muscle cells (Sorianello et al. 2012). Mfn2 has also shown to have hormone respon-

sive transcriptional regulation as Estrogen-Related Receptor-alpha (ERRα) binds to
the human Mfn2 promoter and stimulates transcription (Scarpulla et al. 2012;

Soriano et al. 2006). Mfn1 and 2 are also regulated at a post-translational level.

One of the best characterized post-translational modifications of these proteins is

ubiquitinylation. Mfn1 and 2 are both ubiquitinylated by MARCH-5 and Parkin

(Gegg et al. 2010; Park and Cho 2012; Park et al. 2010; Tanaka et al. 2010). Mfn1 is

also activated by deacetylation mediated by HDAC6 (Lee et al. 2014). Mfn2, on the

other hand, is ubiquitinylated by Parkin and marked for proteasomal degradation

(Gegg et al. 2010; Poole et al. 2010; Tanaka et al. 2010; Ziviani and Whitworth

2010). Additional Mfn2 E3 ligases include HUWE1 (regulated by phosphorylation

of JNK), and by the ubiquitin ligase Mul1 (Leboucher et al. 2012; Lokireddy et al.

2012) leading to proteasomal degradation. However, MARCH 5 mediated ubi-

quitinylation of Mfn1 and 2 did not drive proteasomal degradation of these proteins

(Sugiura et al. 2013). Mfn2 levels are also regulated by activation of the deubi-

quitinase USP30 (Yue et al. 2014).

Inner mitochondrial membrane fusion is mediated by OPA1, a GTPase anchored

on the inner mitochondrial membrane (Fig. 2). Apart from its function in inner
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membrane fusion OPA1 has a distinct function in cristae remodeling and cyto-

chrome c release during apoptosis (Frezza et al. 2006). Eight splice variants of

OPA1 have been identified, and categorized as long (L) and short (S) isoforms.

Both isoforms localize to the intermembrane space of mitochondria. The L-isoform

is membrane anchored and the S-isoform is found peripherally attached to the inner

membrane lipids (Olichon et al. 2002; Satoh et al. 2003). The OPA1-L isoform is

considered the fusion competent form of OPA1, and further cleavage of the protein

at protease sites S1 and S2 generates short forms of the protein that regulate inner

membrane fusion (Griparic et al. 2007; Ishihara et al. 2006). Therefore, proteolytic

cleavage is the major regulatory mechanism for OPA1 function in membrane fusion

(Ishihara et al. 2006).

The intermembrane space rhomboid protease, PARL (presenilin-associated

rhomboid-like), cleaves OPA1 at the S1 site to short soluble isoforms, and PRRL

knockout resulted in mitochondrial fragmentation and sensitization to apoptosis,

suggesting that proteolytic cleavage of OPA1 by PARL is a regulatory mechanism

during cell death (Cipolat et al. 2006). However, PARL mediated cleavage of

OPA1 does not affect mitochondrial fusion (Cipolat et al. 2006). YME1L another

intermembrane space AAA protease was found to cleave OPA1 at the S2 site,

resulting in inner membrane fusion. Yme1l is regulated by the OX-PHOS activity

of the inner membrane (Anand et al. 2014; Ishihara et al. 2006; Mishra et al. 2014;

Song et al. 2007). Under high OX-PHOS conditions, Yme1L cleaves Opa1 with

higher efficiency to induce inner mitochondrial membrane fusion, suggesting that

mitochondrial inner membrane fusion supports increased OX-PHOS activity, and is

required for maintaining this function of mitochondria. Paraplegin is another IMM

AAA metalloprotease that participates in OPA1 cleavage to produce a short fusion

incompetent form (Duvezin-Caubet et al. 2006; Ishihara et al. 2006). These oppos-

ing cleavage events indicate that OPA1 processing is a coordinated event that

determines fusion and fission under different physiological conditions.

The requirement of mitochondrial dynamics for cellular function is highlighted

by studies from genetic models of fission and fusion including yeast, Drosophila,
and mouse models. Since the focus of this chapter is on human disease, we will

discuss findings from mouse models of genetic knockdown and disease, and

correlate these findings with human pathologies presenting aberrant mitochondrial

dynamics and resulting functional defects.

1.3 Insights from Genetic Models of Fission and Fusion

1.3.1 DRP1, Mff, Mfn1, and Mfn2 Genetic Knockout Mice
Over the past decade knockout mouse models for the fission protein DRP1 and the

fusion proteins Mfn1 and 2 were developed and characterized (Chen et al. 2003;

Ishihara et al. 2009; Kageyama et al. 2012; Wakabayashi et al. 2009). The most

interesting parallel between all three mouse models is the embryonic lethality that is

observed during early mid gestation in the null homozygotes, indicating an essential

role of mitochondrial dynamics in embryonic development. In the DRP1 knockout

mouse the embryonic lethality was observed at approximately day 11.5, and Mfn1
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and Mfn2 knockout mice display a high level of lethality by day 11.5 and 12.5,

respectively (Chen et al. 2003; Wakabayashi et al. 2009). Mfn1/2 double knockout

mice die sooner, indicating that these two proteins have non-redundant function in

the early stages of embryo development (Chen et al. 2003). As expected, all three

knockout phenotypes show changes in mitochondrial morphology, dynamics, and

function. All three knockouts produced embryos that are smaller than wild type,

indicating a requirement of mitochondrial dynamics in cell proliferation, growth,

and differentiation (Wakabayashi et al. 2009), while the Mfn1 and 2 knockout

embryos showed developmental delays and deformations (Chen et al. 2003). It is

noteworthy however that the defects of Mfn1 and 2 knockout phenotypes can be

corrected by expressing the dominant negative form of DRP1 (K38A), indicating a

possible therapeutic implication for blocking DRP1 function in these conditions

where mitochondrial fusion is dysregulated (Chen et al. 2003). More recently an

Mff homozygous knockout mouse model was generated and studied (Chen et al.

2015). While the mice were viable at birth, they succumbed prematurely at post-

natal 13 weeks to dilated cardiomyopathy leading to heart failure. This phenotype was

reversed by deletion of the Mfn1 which restored the fission–fusion balance,

demonstrating that re-fusing mitochondria may be a viable therapeutic strategy in

diseases with excessive mitochondrial fission (Chen et al. 2015).

1.3.2 Conditional Knockout Mouse Models
DRP1 knockout has the most deleterious effects on the brain, CNS, and heart

development. The neonatal brain and heart in particular are organs that express

high levels of DRP1, and possibly depend on the protein for their development and

function. Accordingly, the most striking phenotypes of DRP1 loss manifest in these

organs, suggesting tissue specific requirement of DRP1. In particular, the DRP1 KO

embryonic cardiomyocytes show reduced beating rates, and this may be responsible

for the death of the embryo (Wakabayashi et al. 2009). To further understand the

requirement of DRP1 in the function of these organs in the embryonic and postnatal

development, conditional knockout mice have been established (Ishihara et al.

2009; Kageyama et al. 2012; Wakabayashi et al. 2009). The heart-specific knockout

of DRP1 in particular showed neonatal lethality as a result of dilated heart, and thin

heart walls, displaying clear features of cardiac dysfunction at the time of death at

p7–10 after birth (Ishihara et al. 2009) suggesting that Drp1 is essential for neonatal

heart development. The brain-specific knockout of DRP1 generated using brain-

specific En1-Cre resulted in severe decrease in cerebellum development and neo-

natal death within 24 h of birth (Wakabayashi et al. 2009). Proliferation of the

cerebellar cells, and in particular the number of Purkinje cells, showed dramatic

reduction in this conditional knockout model (Wakabayashi et al. 2009). DRP1

deletion in a larger region of the brain using Nes-Cre recombinase resulted in

apoptotic cell death in the premature superficial layer neurons and deep cortical

layers (Ishihara et al. 2009). These phenotypes are characterized by increased size

and reduced number of mitochondria, loss of mitochondria from the synapse, and

defective synapse formation in culture (Ishihara et al. 2009). The requirement of

DRP1 in synapse formation may be due at least in part to the loss of mitochondrial
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fission, but also due to the direct role of DRP1 in the clathrin coated endocytic

vesicle formation in response to synaptic stimulation (Li et al. 2013). DRP1

mediated apoptosis in neuronal cells depends on the cell type and physiological

context. Cerebellar Purkinje cells and neurons of the forebrain are among specific

cell types that are affected severely by the loss of DRP1. In both cases cells undergo

initial mitochondrial elongation followed by oxidative damage, resulting in

fragmented and swollen mitochondria (Kageyama et al. 2012). In neural tube

closure, developmentally regulated apoptosis is decreased by the loss of DRP1

(Wakabayashi et al. 2009), while increased in the neuroepithelium of the brain

(Ishihara et al. 2009). Finally, DRP1 was shown to ensure survival of post-mitotic

neurons in mice (Kageyama et al. 2012; Zhang et al. 2012). DRP1 null post-mitotic

Purkinje cells became elongated and accumulated oxidative damage, became

defective in respiration, and gradually degenerated over a period of 6 months.

These aberrations manifested in defective motor and coordination behavior in

these mice (Kageyama et al. 2012), suggesting that oxidative damage downstream

of blocking mitochondrial fission is responsible for the neurodegeneration.

Similarly, Mfn1/2 conditional knockout mice have been developed to study the

role of these proteins in the heart and brain function. Cardiomyocyte specific

deletion of Mfn2 resulted in enlarged cardiomyocytes, and displayed mild mito-

chondrial dysfunction and modest cardiac hypertrophy and functional deterioration

(Papanicolaou et al. 2011). The absence of Mfn2 prevented ROS mediated mito-

chondrial permeability transition (MPT), and protected adult cardiomyocytes from

a number of cell death inducing stimuli, and better recovery from reperfusion

injury. However, an Mfn1/2 double knockout in cardiomyocytes resulted in a

much more severe phenotype (Chen et al. 2011; Papanicolaou et al. 2012). The

cells displayed abnormally expanded or fragmented mitochondria, cardiomyocyte

and respiratory dysfunction and rapidly progressive cardiomyopathies at postnatal

day 7. These conditions led to heart failure, resulting in rapid decline in survival and

death by 16 days post-birth (Chen et al. 2011; Papanicolaou et al. 2012). These

studies established that Mfn1 and 2 are essential for the mitochondrial remodeling

and metabolic reprogramming of the heart during neonatal heart development

(Papanicolaou et al. 2011, 2012).

Tissue specific knockout mice have also been generated to study the role of

Mfn1 and 2 in the nervous system. In particular, Mfn2 knockout and mutant studies

were conducted focusing on modeling the Charcot–Marie–Tooth type 2A

(CMT2A) disease. Mfn1 and 2 deficiency in the placental giant cell layer is

responsible for the embryonic lethality of the Mfn1 and Mfn2 knockout mice

(Chen et al. 2003), therefore mice were developed to specifically knockdown

these proteins avoiding cells of placental lineage (Chen et al. 2007). These mice

were viable for both Mfn1 and 2 knockdown; however, the Mfn2 deficiency showed

more dramatic abnormalities. A percentage of Mfn2 knockout pups died post-birth,

and the surviving mice showed severe defects in movement and balance, and

succumbed at day 17 (Chen et al. 2007). Mfn1 knockout in the same system showed

much less severity in phenotype, and the mice survived to adulthood with no

obvious defects, indicating lesser significance of this mitofusin in the nervous
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system. Cerebellum specific knockout of Mfn2 showed severe defects in postnatal

cerebellar growth. With the Mfn2 knockout, the cerebellar Purkinje cells, in

particular, showed aberrant mitochondrial distribution, ultrastructure, and ETC

activity, and the study showed that Mfn2, but not Mfn1 is required for dendritic

outgrowth, spine formation, and cell survival (Chen et al. 2007). Mitochondrial

transport also seems to be affected in Mfn2 specific knockout neurons, suggesting a

novel function for Mfn2 distinct from its function in OMM fusion (Misko et al.

2010; Pham et al. 2012). A study using the expression of Mfn2 mutant forms in

cultured dorsal ganglion neurons to recapitulate the neuronal pathology of the

CMT2A disease reported abnormal clustering of small fragmented mitochondria

in the cell body as well as axons, along with impaired transport of mitochondria

(Baloh et al. 2007). Similar results were observed from a dopaminergic neuron

specific Mfn2 knockout mouse model (Pham et al. 2012). Mitochondrial fragmen-

tation in the cell body and neuronal processes as well as markedly reduced

mitochondrial mass and transport were observed, and these presumably led to the

loss of neurons and movement defects characteristic of the CMT2A disease in these

mice (Pham et al. 2012).

Similar to DRP1, Mfn1, and Mfn2 knockout mice, OPA1 knockout mice were

also found to be embryonic lethal; death occurring in this case around day 13.5 is

indicative of the requirement of this protein in embryonic development. OPA1+/�
heterozygotes are viable, and several models were developed to characterize the

requirement of OPA1 (Davies et al. 2007; Williams et al. 2010). Many of these

studies were developed to model the DOA disease in mice and focus on the effect of

OPA1 loss on optic neuronal function. While these studies do not recapitulate effect

of the complete loss of OPA1, they represent moderate effects of OPA1 reduction

and recapitulate DOA phenotypes. These studies reported that the reduction of

OPA1 levels led to Retinal ganglion cell dendritic pruning, increased autophagy,

and may contribute to RGC loss and atrophy, a marked reduction in retinal ganglion

cell synaptic connectivity (White et al. 2009; Williams et al. 2011, 2012). Study of

the heart in this heterozygous mouse model showed alterations in mitochondrial

morphology, but not changes to the electron transport chain activity. Delay in Ca2+

dependent PTP opening, and associated myocardial hypertrophy induced by pres-

sure overload were also observed (Piquereau et al. 2012). OPA1 loss was examined

in the context of embryonic development, and these studies indicate that OPA1 is

crucial for the survival of RGCs and essential for early embryonic survival.

1.4 From Mouse Models to Human Diseases

As we discussed in the previous section, genetic disruption of mitochondrial dyna-

mics impacts most severely the tissues and processes that are most energy demand-

ing and dependent on mitochondrial function. For example, the brain and heart are

among the organs that are most severely impacted by the loss of mitochondrial

dynamics proteins. Of similar importance is embryonic development. It is therefore

not surprising that most of the mitochondrial dynamics associated diseases are

related to developmental, neurodegenerative, and metabolic disorders, and
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cardiomyopathies. These diseases manifest in aberrant mitochondrial function, cell

growth, proliferation, and apoptosis. Considering the role of mitochondrial dyna-

mics in cell proliferation in particular, recent advances illuminating these processes

in cancer are particularly insightful. It is interesting to note that most of the human

diseases are related to increased mitochondrial fragmentation, and in this section

we will discuss the role of mitochondrial fission in human diseases.

1.4.1 Cancer: A Novel Role for Mitochondrial Fission
One of the more recent developments on the disease relevance of mitochondrial

fission comes from the study of cancer. Increased mitochondrial fission was

reported as a pathogenicity factor in several distinct cancer models. It is interesting

to note that these reports come from different cancers, originating in distinct organs,

and may have entirely different oncogenic signaling circuitry yet result in the

upregulation of DRP1 activity leading to mitochondrial fission. Also while some

reports indicate a crucial role for DRP1 in cancer initiation and transformation,

others show an important role for DRP1 in the later metastatic stages suggesting a

role for DRP1 in different stages of the disease progression (Zhao et al. 2013).

These observations indicate a fundamental role of DRP1 in cancer.

Mitochondrial fragmentationmediated by the upregulation ofDRP1 is implicated

in cellular transformation by oncogenic RAS in amouse embryonic fibroblast (MEF)

model (Serasinghe et al. 2015). Excessive mitochondrial fragmentation by onco-

genic RAS is crucial for the development of cancer metabolism, and transformation

of MEFs. Genetic ablation and pharmacological inhibition of DRP1 was shown to

abolish the transformation, suggesting a specific role for this protein in cancer

development. The fission reported here is mainly mediated by DRP1S616 phos-

phorylation by ERK. DRP1S616 is a mitotic phosphorylation site and is responsible

for fragmenting mitochondria during mitosis. Extrapolating from this observation, it

is possible to envision that RAS mediated phosphorylation of DRP1S616 mimics

this mitotic phosphorylation event andmay facilitate or drive excessive cell prolifer-

ation in these RAS-MAPK driven cancers. Additionally, mitochondrial fission

results in cancer metabolism, by preferentially utilizing the glycolytic pathway for

energy production and increased biosynthesis of macromolecules. This metabolic

switch could also support the development of cancer by supporting growth and

proliferation of cancer cells. ERK was found to directly phosphorylate DRP1S616

in BRAFV600E positive melanoma as well as pancreatic cancer (Kashatus et al.

2015; Serasinghe et al. 2015). In melanoma patient samples, DRP1S616 phosphory-

lation shows a clear correlation with the presence of BRAFV600E, and a strong

correlation with increasing DRP1S616 phosphorylation levels with cancer progres-

sion (Serasinghe et al. 2015; Wieder et al. 2015).

DRP1 is dysregulated in breast, lung, pancreatic, and thyroid carcinomas

(Kashatus et al. 2015; Serasinghe et al. 2015). Recently DRP was found to play a

crucial role in the development of glioblastoma (Xie et al. 2015). Brain tumor

initiating cells (BTIC) and non-BTIC cells were found to harbor differential post-

translational modification patterns of DRP1 enhancing or blocking the development

of tumors. BTIC cells had a predominant phosphorylation-activated form of
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DRP1S616, while non-BTIC cells showed a predominantly inactive 637 phosphory-

lation of DRP1. While total DRP1 levels remained unchanged, the presence of

DRP1S616 phosphorylation was elevated selectively in a panel of glioblastoma

tissue samples compared to non-tumor tissues. The activation of DRP1S616 was

found to be regulated by the kinase CDK5. This study was further supported by

patient data which indicated an inverse correlation between patient survival and the

presence of DRP1S616. This comprehensive study points to the differential regu-

lation of DRP1 post-translational modification as the switch between tumor growth

and differentiation of cells, suggesting that DRP1 phosphorylation may be an

important point of control in tumorigenesis.

A similar report from the study of lung cancer (Rehman et al. 2012) showed that

DRP1 expression is upregulated and present in its activated form (S616p) in cancer

cell lines, as well as tissue microarrays. This is associated with a parallel down-

regulation of the fusion protein Mfn2. Blocking fission using Mdivi-1, a small

molecule inhibitor to DRP1, or overexpressing Mfn2 in lung cancer cells blocked

cell cycle progression at G2/M stage. This study showed increased expression of

DRP1, along with increased serine 616 phosphorylation, and decreased serine

637 phosphorylation in lung cancer cell lines, again drawing attention to the differ-

ential regulation of DRP1 post-translational modifications in cancer.

The underlying observation from these cases is that DRP1 expression or activa-

tion seems to be the predominant cause for the fragmentation (deferential expres-

sion of MFN2 has been noted less frequently) (Ferreira-da-Silva et al. 2015;

Rehman et al. 2012), even though the genetic and etiologic factors for these cancers

are distinct. Also, the signaling pathways responsible for the activation of DRP1 are

distinct between the cancers. Some are directly under the regulation of cell cycle,

while others are activated by oncogenic signaling pathways such as the

RAS-MAPK pathway. The genotypes of these cancers are not reported except for

in a few cases including BRAFV600E in melanoma, so it will be worthwhile to

genotype these cancers and cancer cell lines to interrogate whether there exist

common components between the signaling circuitry among different cancers.

This would enable us to determine if there is indeed a shared component in the

upstream DRP1 regulation in cancer or if it is the result of many different factors. In

either case it will be interesting to see how this novel, and thus far under explored

aspect of mitochondrial dynamics is implicated in cancer.

The fact that different signaling pathways lead to DRP1 activation and mito-

chondrial fragmentation suggests a fundamental role for mitochondrial fission

mediated by DRP1 in cancer. It is possible that excessive mitochondrial fission

augments the uncontrolled cell division phenotype seen in cancer. Indeed mito-

chondrial fission leads to cancer-like metabolism which may be a factor that

triggers transformation (Serasinghe et al. 2015), or mitochondrial fragmentation

may promote cell cycle progression (Qian et al. 2012; Rehman et al. 2012). Indeed,

the end result may be a combination of both these processes which facilitates cells

to synthesize the cellular building blocks via a predominant glycolytic metabolic

pathway (Ward and Thompson 2012a) and subsequently utilize those components

for cellular growth and divide and multiply rapidly as characteristic of cancer.
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Another intriguing possibility with mitochondrial dynamics in cancer is the abil-

ity of mitochondrial shape to determine the susceptibility to apoptosis. It has been

shown that DRP1 depletion sensitizes cancer cells to apoptosis (Inoue-Yamauchi

and Oda 2012; Rehman et al. 2012). This suggests that not only does the increased

fission lead to enhanced proliferation, but it also enable the cells to evade apoptosis.

A key piece of evidence for the ability of mitochondrial shape to determine apo-

ptosis susceptibility come from a recent report, that showed with mechanistic

evidence that small mitochondria are more resistant to MOMP compared to inter-

mediate and long mitochondria (Renault et al. 2015). This suggests that the

excessive mitochondrial fission may also be a cellular adaptation to avoid apo-

ptosis, and this characteristic maybe selected for in cancer cell survival. This obser-

vation, along with the earlier discussed DRP1 involvement in cancer development,

reiterates a potential therapeutic intervention point in modulating mitochondrial

fission in cancer.

1.4.2 Familial Disorders Arising from Defects in Mitochondrial
Dynamics Proteins

It is interesting to note that familial defects of the fusion proteins Mfn1 and OPA1

both lead to disease conditions arising from neuropathies, highlighting the impor-

tance of mitochondrial dynamics on the correct functioning of the nervous system.

Mutations of OPA1 leading to its loss of function cause Autosomal Dominant Optic

Atrophy (ADOA). Mutations in its GTPase domain and C-terminal end result in

autosomal dominancy and haplo-insufficiency leading to the loss of function of

OPA1 (Olichon et al. 2007). The disease is characterized by progressive loss of

vision leading to blindness in the second decade of life (Olichon et al. 2006). Loss

of OPA1 and unopposed fission leads to apoptosis of retinal ganglion cells and

degradation of the optic nerve. Interestingly rare Mfn2 mutations leading to similar

phenotypes and ADOA have been identified, suggesting that aberrant OMM mito-

chondrial fusion may also contribute to the disease phenotype (Zuchner et al. 2006).
On the other hand, autosomal dominant missense mutations in Mfn2 GTPase and

coiled-coil domains lead to the development of the CMT2A. This leads to meta-

bolic defects, reduced energy production, and limited mitochondrial transport to

synapses, and usually manifests as muscle atrophy of the legs and feet (Klein et al.

2011; Zuchner et al. 2006). While mutations in DRP1 are not affiliated with any

familial disease conditions, a DRP1 mutation in the Alanine 395 residue to Aspartic

acid was reported to cause death in a new born infant as a result of multiple devel-

opmental disorders (Waterham et al. 2007). The infant manifested microcephaly,

abnormal brain development, optic atrophy and hypoplasia, persistent lactic aci-

demia, and a mildly elevated plasma concentration of very-long-chain fatty acids

(Waterham et al. 2007). Fibroblasts from this patient showed hyperfused mito-

chondria due to defective DRP1 function; however, the OX-PHOS and the respi-

ratory complex activity were normal in these cells. This isolated case was due to a

random point mutation of the Drp1 gene, but provides insight into the importance of

proper functioning of the mitochondrial fission machinery in human health.
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1.4.3 Neurodegenerative Disorders

Parkinson’s Disease
Parkinson’s disease (PD) is characterized by resting tremor, rigidity, and brady-

kinesia resulting from death of dopaminergic neurons in the substantia nigra.
While most cases of PD are sporadic, there is a minority of rare heritable

juvenile cases resulting from autosomal recessive mutations in PINK1 and Parkin

genes (Pickrell and Youle 2015; Valente et al. 2004). Mitochondrial dysfunction is

strongly implicated in PD. As we discussed at the beginning of this review PINK1

and Parkin regulate mitochondrial quality control through mitophagy. Knockdown

of PINK1 leads to mitochondrial fragmentation and autophagy in neurons through

oxidative stress, and PINK1 expression restored tubular mitochondria and

suppressed toxin induced autophagy/mitophagy (Dagda et al. 2009). Expression

of the dominant negative DRP1 mutant K38A inhibited both fission and mitophagy

in PINK1-deficient cells, prevented stress induced mitochondrial depolarization,

and apoptosis by reducing oxidative stress and mitochondrial fission (Dagda et al.

2009). Additionally, Pink1 phosphorylates and targets Parkin to depolarize mito-

chondria and enhances mitophagy (Kim et al. 2008). PINK1/Parkin dysfunction

leading to increased DRP1 mediated mitochondrial fission is an important factor

contributing to neuronal death in PD (Deng et al. 2008; Wang et al. 2011). For

example, loss of PINK1 increases DRP1 levels and results in increased mitochon-

drial fission, increased oxidative stress, and reduced ATP generation (Dagda et al.

2009; Lutz et al. 2009). These phenotypes were rescued by expression of Mfn1 and

2 and OPA1 and treatment with the DRP1 inhibitor Mdivi-1 (Cui et al. 2010).

Mitochondrial fission due to the loss of PINK1 was observed in skin fibroblasts of

PD patients (Exner et al. 2007). It has been shown that pesticides such as rotenone

and paraquat (inhibitors of mitochondrial respiratory complex I) that promote PD

induce mitochondrial fission (Barsoum et al. 2006; Gomez-Lazaro et al. 2008).

Reduced complex I activity in the substantia nigra of the brain is characteristic of

PD, suggesting a mitochondrial fission-function axis on the disease onset and

progression of Parkinson’s disease (Schapira 2006).

Alzheimer’s Disease
Alzheimer’s disease is characterized by progressive senile or pre-senile dementia

with associated biochemical features such as selective neuronal loss, synaptic alter-

ations leading to loss of connectivity between neurons, neurofibrillary degenera-

tion, and extracellular deposits of αβ plaques (Baloyannis 2006). Alzheimer’s

disease (AD) displays signs of overall mitochondrial dysfunction such as altered

lipid metabolism, calcium homeostasis, decreased energy metabolism, and

increased oxidative damage and is considered an early event in disease pathology

(Ferreira et al. 2010; Hirai 2000; Supnet and Bezprozvanny 2010). Intriguingly,

abnormal mitochondrial shape and dynamics have also been reported from AD

studies, and the majority of these studies show a clear association between the form

and function of mitochondria in this disease. For example, abnormal small mito-

chondria with defective cristae structure were observed in an electron microscopy

(EM) study of human AD neurons (Baloyannis 2006). Abnormal expression levels
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of mitochondrial dynamics proteins, including increased expression of DRP1 and

Fis 1, were reported from postmortem brains of Alzheimer patients, along with

reduced expression of Mfn1, 2, and OPA1 (Reddy et al. 2012; Wang et al. 2009b).

This and other studies in mouse models and APP cell lines indicate that aberrantly

fragmented mitochondria in AD are at least in part due to the increased expression

of fission factors and decreased expression of fusion proteins, resulting an imbal-

ance in mitochondrial dynamics favoring mitochondrial fission (Barsoum et al.

2006; Reddy et al. 2011; Rui et al. 2006; Wang et al. 2008b). Additionally, many

reports implicate post-translational modifications of DRP1 as causative of mito-

chondrial fragmentation in AD. Accumulation of β amyloid protein leads to the

production of nitric oxide (NO), which activates DRP1 function by s-nitrosylating

DRP1, resulting in mitochondrial fission, synaptic loss, and neuronal damage (Cho

et al. 2009). Mutation of DRP1 to prevent nitrosylation protected neurons from

these effects, suggesting a direct role of DRP1 (Cho et al. 2009). This is supported
by the observation that exposure to NO rapidly fragments mitochondria in primary

cortical neuronal cells, with an associated decline in ATP generation and increase in

free radicals (Barsoum et al. 2006). This fission event is thought to precede the

neuronal injury and cell death, and is modulated by the regular mitochondrial

dynamics machinery (Barsoum et al. 2006). However, in the same system mito-

chondrial fission was shown to support BAX mediated apoptosis when challenged

with nitrosative stress, indicating a direct role of fission in the subsequent neuronal

cell death. DRP1 interaction with amyloid precursor protein was reported from AD

patient samples and studies done using ABPP (amyloid beta precursor protein)

transgenic mice with increased interactions correlating with increased disease

pathology (Manczak et al. 2011). Similarly, a study using an AD cybrid cell system

showed increased mitochondrial fission mediated by DRP1 and associated mito-

chondrial dysfunction. ERK signaling facilitated the DRP1 mitochondrial local-

ization and fission, and blocking ERK signaling or DRP1 with Mdivi-1 rescued the

morphology and function (Gan et al. 2014). This observation in particular draws a

parallel with the ERK-mediated phosphorylation and activation of DRP1 at S616

resulting in increased mitochondrial fission in cancer, described in the previous

section, suggesting a similar mode of activation in this system. This also implies an

underlying common signaling network governing mitochondrial fission, between

these unrelated pathologies. The early onset of mitochondrial dysfunction in AD

may be a consequence of altered mitochondrial shape and dynamics, suggesting

that interrogation of the mitochondrial dynamics machinery in Alzheimer’s disease

may be useful in understanding and treating the disease.

Huntington’s Disease
Huntington’s disease (HD) is an autosomal dominant disease characterized by

choreoathetosis, dementia, and premature death. The disease arises due to a muta-

tion in the huntingtin gene (Htt) that results in amplification of a stretch of “CAG”

trinucleotide sequences encoding a tract of polyglutamine in the protein (Wang

et al. 2009a). This polyglutamine results in mis-folding of the Htt protein and

aberrant protein interactions. Mitochondrial dysfunction is one of the prominent
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features of the pathophysiology of this neurodegenerative disease (Brouillet et al.

1995; Panov et al. 2002; Schapira and Patel 2014; Tabrizi et al. 1999). Interestingly,

increased mitochondrial fission is a characteristic of the disease. Overexpression of

mutant Htt was shown to cause mitochondrial fragmentation, and the severity of the

fragmentation depended on the length of the polyglutamine repeat (Wang et al.

2008a, 2009a). Upregulation of DRP1 and Fis1 and downregulation of Mfn1, Mfn2,

and OPA1 was reported from the frontal cortex of HD patients (Costa et al. 2010;

Shirendeb et al. 2011) suggesting that the aberrant phenotype is due to shifting the

mitochondrial dynamics to favor fission. In addition, mutant Htt was shown to

interact with DRP1, increase its GTPase activity, and promote mitochondrial fission

in BAC-HD transgenic mouse neurons (Shirendeb et al. 2012). This resulted in

defective anterograde movement of mitochondria on the axons and synaptic defects

(Shirendeb et al. 2012). The Htt–DRP1 interaction and mitochondrial fission was

associated with increased sensitivity of cells to apoptosis, in both rat neurons and

Htt patient derived fibroblasts (Song et al. 2011). Inhibition of DRP1, and increas-

ing Mfn1 and 2 expression restored mitochondrial fusion and prevented cell death.

S-Nitrosylation, and activation of DRP1, was reported as a consequence of NO

production by the mutant Htt protein in Htt transgenic mice and postmortem brains

of HD patients. This draws an interesting parallel with the disease pathology of AD

where NO plays an important role in DRP1 activation mediated mitochondrial fis-

sion and mitochondrial dysfunction (Cho et al. 2009), suggesting that common dis-

ease pathways are shared between these neurodegenerative disorders.

1.4.4 Cardiovascular Diseases
As the major energy demanding organ in the body, the heart relies on mitochondrial

function to maintain ATP production to fuel cardiomyocyte metabolism and con-

tractile function. Therefore it is logical to anticipate a role for mitochondrial

dynamics in cardiomyocyte function. In support of this notion, increased mitochon-

drial fission associated with the loss of OPA1 has been reported in failing rat and

human hearts (Chen et al. 2009). More recently it was shown that stress induced

processing of OPA1 by the protease OMA1 leads to mitochondrial fragmentation,

dilated cardiomyopathy, and heart failure in mice (Wai et al. 2015). While defects

in mitochondrial fission and fusion factors have not been identified thus far as direct

causative factors in cardiac diseases in humans, studies done in mouse models

indicate that excessive mitochondrial fission is associated with programmed

cardiomyocyte death during heart failure and ischemia–reperfusion injury (Disatnik

et al. 2013; Sharp et al. 2014). This provides a therapeutic opportunity for manipu-

lation of mitochondrial dynamics in cardiac diseases to delay or even reverse the

cell death occurring during cardiac hypertrophy or heart failure, providing a

window of opportunity for the management of the disease. Accordingly, pharma-

cological inhibition of DRP1 using the small molecule inhibitor Mdivi-1 or siRNA

mediated knockdown of DRP1 was shown to rescue mouse hearts from ischemia

and reperfusion injury (Ong et al. 2010, 2015; Sharp et al. 2014). DRP1 is activated

by dephosphorylation at serine 637 by calcineurin in a cardiac arrest mouse model
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(Sharp et al. 2014), and blocking calcineurin function reversed the mitochondrial

fission and maintained mitochondrial network connectivity. Similarly, acute inhi-

bition of DRP1–Fis1 interaction by the peptide P110 at the onset of reperfusion

blocked mitochondrial fission and resulted in improved bioenergetics leading to

long-term benefits postmyocardial infarction (Disatnik et al. 2013). Taken together

these observations suggest a therapeutic utility for pharmacologically modulating

mitochondrial dynamics in cardiovascular diseases.

1.4.5 Metabolic Disorders and Obesity
Recent evidence suggest that aberrant mitochondria dynamics contribute to meta-

bolic disorders either directly or indirectly. For example, diabetic cardiomyopathy

and non-alcoholic liver disease both show gross alterations in mitochondrial mor-

phology with functional consequences such as swollen or misshapen mitochondria

in patients (Galloway and Yoon 2013). In DCM patients these defects are asso-

ciated with reduced Mfn1 levels and correspondingly shorter mitochondria. The

mitochondrial network remodeling and associated dysfunction seen in these defects

is hyperglycemia driven (Croston et al. 2014).

While a link between obesity and mitochondrial dynamics has not been reported

in humans, studies show that this may be the case in mouse models. For example, in

the hypothalamic axis of feeding and satiety, neuropeptide Y and agouti-related

protein (NPY-AgRP) neurons showed increased mitochondrial fusion via Mfn1 and

Mfn2 with feeding and overfeeding, in turn leading to elevated levels of leptin and

glucose (Dietrich et al. 2013). Mitochondrial fusion was also shown to regulate

neuronal activity via modulation of cellular ATP levels in this mouse model of diet-

induced obesity. In proopiomelanocortin (POMC) neurons diet-induced obesity

reduced Mfn2 levels impacting on ER–mitochondrial tethering and increased ER

stress leading to leptin resistance in these mice (Schneeberger et al. 2013). In mouse

and rat models of type I and type II diabetes excessive mitochondrial fragmentation

has been reported, with associated detrimental effects such as increased ROS

production, reduced mitochondrial function, and increased susceptibility to apo-

ptosis (Makino et al. 2010; Trudeau et al. 2010; Yu et al. 2006). ROS generation in

this context was found to be a consequence of mitochondrial fragmentation,

providing a direct link to this pathology (Yu et al. 2006).

1.5 Perspectives: Targeting Mitochondrial Fission in Disease
Management and Therapy

Considering the role of excessive mitochondrial fission in the development and

progression of multiple pathologies as we described in this chapter, it is possible to

envision the utility of mitochondrial fission and fusion factors in predicting disease

etiology, progression, and maintenance. For example, increased expression of

DRP1 is reported in melanoma, lung, breast, and thyroid cancers and linked to

the pathology (Ferreira-da-Silva et al. 2015; Serasinghe et al. 2015; Zhao et al.

2013). In addition, DRP1S616 phosphorylation status has been clearly linked to
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disease progression in melanoma as well as glioblastoma (Serasinghe et al. 2015;

Wieder et al. 2015; Xie et al. 2015). In melanoma, nevus to melanoma progression

was correlated with increased DRP1S616 phosphorylation; while in glioblastoma,

the differential phosphorylation at S616 vs S637 sites determined the ability of a

cell to initiate brain tumors. ERK-mediated DRP1S616 phosphorylation was also

reported from human pancreatic cancer (Kashatus et al. 2015). These novel findings

foreshadow potential clinical utility of DRP1 as well as DRP1S616/S637 phosphory-

lation as potential biomarkers for cancer initiation and progression, and may allow

novel opportunities for early detection and prevention of the these cancers.

As we discussed throughout this chapter, there is also a large body of evidence to

date that show how disease phenotypes resulting from excessive fission can be

reversed by blocking fission through pharmacological inhibition of DRP1. There-

fore, it is reasonable to predict that future therapies targeting mitochondrial fission

may enter into the clinic. Close to a decade ago Mdivi-1, a small molecule inhibitor

to Dnm1 – the yeast isoform of DRP1, was identified through a chemical screen

(Cassidy-Stone et al. 2008). Mdivi-1 was also found to inhibit mammalian DRP1

function by blocking its GTPase activity and inhibit mitochondrial fission, and has

since become a valuable research tool in interrogating mitochondrial dynamics

under various contexts. Of note, pharmacological inhibition of DRP1 mediated

mitochondrial fission using Mdivi-1 as well as short peptide inhibitors such as p110

has highlighted the potential of blocking mitochondrial fission in multiple disease

models, ranging from cancer and neurodegenerative diseases to cardiovascular and

metabolic diseases, as discussed earlier in the chapter. While compounds like

Mdivi-1 has pioneered the proof-of-principle that DRP1 mediated mitochondrial

fission is indeed a viable therapeutic target, it is necessary to develop drugs with

higher affinity, specificity, and selectivity in order to achieve clinical benefit.

Additionally, depending on the cellular context other fission proteins may serve

as viable candidates for blocking mitochondrial fission (Serasinghe et al. 2010).

While multiple avenues remain to be explored in terms of effectively blocking

excessive mitochondrial fission in the treatment of human diseases, it is evident that

mitochondrial fission is a promising target that may reveal exciting clinical out-

comes in the near future.
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