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Mitochondria are dynamic organelles that constantly undergo fission and fusion
events (referred to as mitochondrial dynamics) to form highly interconnected networks
within cells. These networks allow mitochondria to share resources such as mitochondrial
DNA and antioxidant molecules to maintain the health of the network. Because
mitochondria are the main source of production of ATP through oxidative
phosphorylation, and also regulate cell death through apoptosis, it is critically important
to maintain homeostasis in these organelles. Indeed, dysfunction in mitochondrial
dynamics has been linked to numerous diseases, including cancer, neurodegenerative,
endocrine, and cardiovascular diseases. Therefore, understanding the mechanisms by
which mitochondrial dynamics contributes to the overall health of this organelle is of
great interest.
The primary proteins involved in the regulation of mitochondrial fusion and
fission, and the mechanisms by which they act, are generally understood. It is also well
accepted that mitochondrial fusion and fission is balanced; however, how these two
separate processes communicate and signal to each other is currently unknown. To better
understand the crosstalk between mitochondrial fission and fusion, we studied a function
of the outer mitochondrial membrane associated E3 ubiquitin ligase, MARCH5. We

found that MARCH5 acts as a negative regulator of mitochondrial fission through the
ubiquitin-dependent degradation of the fission factor, MiD49. Shedding light on a
possible mechanism by which the activities of fission factors are coordinated, we found
that the Drp1 receptor, Mff, promotes MiD49 stability by negatively regulating
MARCH5 activity, thereby enhancing mitochondrial fission rates. Finally, supporting
molecular crosstalk between fission and fusion, we found that Mff also regulates the
stability of the outer mitochondrial membrane fusion factors, Mfn1 and Mfn2, and that
loss of Mff expression/activity results in reduced mitochondrial fusion rates in those cells.
Thus, the studies presented here display novel crosstalk and signaling mechanisms by
which fission factors are able to fine-tune mitochondrial fission and fusion rates through
modification of the ubiquitin-proteasome system.
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Chapter 1. Introduction
1.1 Structure and Function of Mitochondria
Mitochondria are double-membrane bound organelles that are primarily
responsible for the production of energy in the form of adenosine triphosphate (ATP)
through a process known as oxidative phosphorylation (OXPHOS). In addition to their
role in OXPHOS, mitochondria are also important for the regulation of apoptosis,
calcium ion buffering, reactive oxygen species (ROS) signaling, immune response,
steroid synthesis and many other critical pathways [1-3].
The mitochondria consist of four separate compartments. An (1) outer
mitochondrial membrane (OMM), which surrounds the (2) intermembrane space (IMS),
and an (3) inner mitochondrial membrane (IMM) that encapsulates the (4) mitochondrial
matrix [4]. Proteins such as multiple components of translocase of the outer membrane
(Tom) complexes (which mediate protein import into the mitochondria) [5], voltagedependent anion selective channels (VDAC) 1-3 (which mediate ion transfer across the
OMM) [6], and many other vital proteins, reside at the OMM to control various aspects
of mitochondrial and cellular function.
Proteins responsible for the regulation of apoptosis, such as the many members of
the Bcl-2 family, also localize to the OMM [7, 8]. Permeabilization of the OMM is an
event that occurs during the stress-induced intrinsic pathway of apoptosis. Release of
cytochrome c from the IMM initiates an apoptotic cascade, which results in the formation
of the apoptosome and activation of various caspases. To regulate cytochrome c release, a
battle of sorts occurs at the OMM between pro- (i.e. Bax, Bak) and anti-apoptotic (i.e.
Mcl-1, Bcl-2, Bcl-xL) members of the Bcl-2 protein family. Under pro-survival
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conditions, anti-apoptotic proteins sequester pro-apoptotic proteins, preventing
permeabilization of the OMM and release of cytochrome c [9]. In response to stress, such
as DNA damage, the anti-apoptotic proteins lose control and pro-apoptotic proteins are
activated and are free to open pores in the OMM, allowing release of cytochrome c.
Notably, other OMM-localized proteins, including VDAC and mitochondrial fission and
fusion factors were implicated in the control of mitochondrial steps in apoptosis (Fig. 1.1).
At the IMM, which consist of two sub-compartments (1) inner boundary
membrane (aligned along the OMM), and (2) mitochondrial cristae (IMM invaginations),
reside four complexes known as the electron transport chain (ETC), that are involved in
the process of OXPHOS. Flow of electrons through the ETC, by passing from electron
donors (e.g., NADH), to electron acceptors (oxygen), pumps protons (H+) into the IMS,
producing an electrochemical gradient [10]. This gradient allows protons (H+) to flow
through Complex V, also known as F0/F1 ATP synthase, to produce ATP. The citric acid
cycle (Kreb’s Cycle) occurs in the mitochondrial matrix and provides the electron donors
(e.g., NADH) necessary for formation of the electrochemical gradient at the IMM. This
process oxidizes acetyl-CoA and other substrates derived from carbon sources, such as
carbohydrates and proteins, into chemical energy to be used in the formation of ATP [11].
The mitochondrial matrix also contains the mitochondrial DNA (mtDNA), which
contains 37 genes, 13 of which code for components of the electron transport chain
complexes [12]. As mitochondria generate most of the cellular energy, it is critically
important to maintain the integrity of this vital organelle (Fig. 1.2).
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Figure 1.1 Proteins and the processes occurring at the outer mitochondrial membrane (OMM) (Left)
Proteins involved with protein and ion import, such as the Tom complexes and VDAC channels,
respectively, form in the OMM. (Middle) Members of the Bcl-2 gene family, such as Bax and Mcl1,
regulate cytochrome c (localized in the IMS) release and apoptosis. (Right) Proteins regulating
mitochondrial dynamics, such as the Drp1 receptors MiD49 and Mff, and the fusion factors, Mfn1 and
Mfn2, are integral to the OMM. Additionally, E3 Ub ligases, such as MARCH5, are also embedded in the
OMM by several transmembrane domain repeats.
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Figure 1.2 Proteins and the processes occurring at the inner mitochondrial membrane (IMM) (Left) The
five components electron transport chain (ETC) are integral to the IMM where the flow of electrons
produces an electrochemical gradient in the IMS to generate ATP that flows into the mitochondrial matrix.
The citric acid (TCA) cycle, occurring in the mitochondrial matrix, provides the electrons necessary for
oxidative phosphorylation. (Right) The mitochondrial fusion factor, Opa1, resides in the IMM and is
responsible for fusion of the inner membranes.
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Reactive oxygen species (ROS) are byproducts of OXPHOS and are also
generated as a response to exogenous toxins, which can cause damage to mtDNA,
mitochondrial lipids and proteins residing in the matrix and IMM [13, 14]. Eukaryotic
cells have a multi-layered system dedicated to mitochondrial quality control. In addition
to extensively studied ROS detoxification mechanisms [15-18], the initial defense
consists of a network of proteolytic systems that either degrade proteins that are damaged,
misfolded or mislocalized or control the activities of stress-responsive mitochondrial
factors [19-21]. Recent findings demonstrated that the ubiquitin (Ub)/proteasome system
(UPS), through Ub-dependent degradation/control of OMM-associated proteins, is
critical for mitochondrial quality control [22-27]. In addition, regulation of mitochondrial
fusion and fission (mitochondrial dynamics) is also an important mitochondrial quality
control mechanism [2, 3, 28-32]. Stringent coordination of mitochondrial fusion and
fission rates was shown to be essential for mitochondrial and cellular function, including
removal of damaged mitochondria, mitochondrial steps in apoptosis, functional
complementation within mitochondrial networks, and innate immunity [2, 3, 33]. In the
next sections, we will focus on the mechanisms of mitochondrial fusion and fission and
the proteins involved.
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1.2 Mitochondrial Dynamics
Mitochondria are dynamic organelles that constantly undergo fusion and fission
of their outer and inner membranes to form highly interconnected networks within cells
[2, 34]. The advantage of forming mitochondrial networks allows signaling and
communication to occur between individual mitochondria. For example, a process known
as mitochondrial complementation is possible due to mitochondrial fusion [35]. It allows
sharing of resources such as ETC complexes, mtDNA, and ROS scavengers between
“healthy” and moderately compromised mitochondria and thereby restores mitochondrial
homeostasis in the cell. In addition, not only do these networks allow mitochondria to
share resources, but also to remove damaged components or mutated mtDNA. Inhibition
of mitochondrial fusion within terminally dysfunctional mitochondria facilitates removal
of these organelles from the mitochondrial network through a process known as
mitochondria-specific autophagy (mitophagy) [36].
Importantly, aberrant mitochondrial fusion and/or fission has been proposed to
affect various aspects of cell function. For instance, enhanced fusion results in elongated
mitochondria that are unable to undergo mitophagy, allowing damaged and dysfunctional
mitochondria to remain in the network. On the other hand, shifting the balance toward
fission (e.g. by inhibition of fusion or acceleration of fission) results in fragmented
mitochondria that are typically more sensitive to apoptosis, as mitochondrial
fragmentation is vital for progression of the mitochondrial steps in apoptosis [37]. Given
the important role of stringent coordination of mitochondrial dynamics in mitochondrial
and cellular function, it is not surprising that dysfunction in mitochondrial fusion and/or
fission is a fundamental problem associated with a growing number of diseases. Below,
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we will discuss the current knowledge on mitochondrial fusion, followed by a discussion
on mitochondrial fission and the consequences of dysregulation of these processes.
1.2.1 Mitochondrial Fusion: Introduction
Mitochondrial fusion requires the activity of three large GTPases that are
members of the dynamin superfamily: Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2) at the
OMM and optic atrophy 1 (Opa1) at the IMM [38, 39]. Mfn1 and Mfn2 are integral to the
OMM while Opa1 is loosely tethered to the IMM. All three of the fusion proteins use
their GTPase activity to hydrolyze GTP to perform the mechanical action required for
fusion [40]. In general, Mfn1 and Mfn2 can form homotypic oligomers (i.e. Mfn1:Mfn1
or Mfn2:Mfn2) or heterotypic oligomers (i.e. Mfn1:Mfn2) to first promote mitochondrial
tethering through interactions of cytosol-exposed C-terminal coiled-coil motifs in trans,
followed by GTP hydrolysis dependent fusion of the OMMs, by a currently unknown
mechanism [41]. Opa1, either concurrently or soon after, also homodimerizes, resulting
in the fusion of the IMM by a not fully understood mechanism. Fusion of the OMM and
IMM is likely coordinated by molecular interactions of Opa1 and the IMS-exposed
domains of Mfn1/Mfn2. However, in vitro assays showed that fusion of the OMM and
IMM could also occur independently [42].
1.2.2 Mitofusins (Mfn1 and Mfn2)
In yeast and flies, the Fuzzy onions (Fzo) gene codes for a mitochondrial
transmembrane GTPase responsible for mitochondrial fusion in these organisms [43].
Two homologues of Fzo are found in humans and are referred to as Mfn1 and Mfn2 [41].
Since genetic depletion of either Mfn1 or Mfn2 in Mfn1-/- and Mfn2-/- cells result in
mitochondrial fragmentation and reduced fusion rates, both of these proteins appear to be
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essential for mitochondrial fusion. Knockout of either Mfn1 or Mfn2 in mice results in
embryonic lethality, suggesting essential roles for mitochondrial fusion in development.
In addition, single Mfn1 and Mfn2 KO mouse embryonic fibroblasts (MEFs) display
dramatically fragmented mitochondria, reduced mitochondria mobility, and slower fusion
rates. [41]. Mfn1 and Mfn2 both contain a cytosol-exposed N-terminal GTPase domain,
two hydrophobic heptad repeat (HR) domains, and two transmembrane domains that
anchor these proteins in the OMM. It has been proposed that interactions at these HR
domains are where Mfn1 and Mfn2 form homotypic and heterotypic complexes [44].
However, more recent structural data challenge this model and imply that other parts of
Mfn1 and Mfn2 could be also important [45].
Although loss of expression of these two fusion mediators leads to similar
mitochondria morphologies, several studies have suggested that Mfn1 and Mfn2 may
have distinct functions. Indeed, Mfn1 was found to exhibit ~8-fold higher GTPase
activity than Mfn2, suggesting that perhaps the main role of Mfn1 is, in addition to
mitochondrial tethering, GTP-dependent membrane remodeling. [46]. The physiological
differences in Mfns is also supported by data showing that loss of Mfn2 in the cerebellum
of mice resulted in severe Purkinje cell degeneration, whereas loss of Mfn1 had no
immediate effect [47]. While there is much to learn regarding the mechanisms and
physiological roles of Mfn1 and Mfn2, the importance of these two proteins in promoting
mitochondrial fusion is well established.
1.2.3 Optic Atrophy 1 (Opa1)
Opa1, the homogloue to Mdmp1 in yeast, is localized to the IMM and functions
as the single known mediator of IMM fusion [48]. As its name suggests, Opa1 was first
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discovered in humans after investigation into mutated genes linked to the autosomal
dominantly inherited optic neuropathy [48]. Humans with mutations in the Opa1 gene
display serve neurological impairments, including predominantly age-dependent
progressive degeneration of retinal ganglion cells, as well as cases of ataxia [49].
As mentioned earlier, Opa1 is a dynamin-related protein containing a GTPase
domain that is required for its activity. This gene is unique in the sense that its mRNA
expression is maintained by alternative splicing, resulting in up to eight different splice
variants [48]. In addition, through the activities of the IMM-localized proteases, including
Yme1 and OMA1, Opa1 activity is subjected to proteolytic processing at the IMM to
produce long and short forms of the protein, both of which are necessary for
mitochondrial fusion [50]. It has been proposed that Opa1 is constitutively processed to
produce both long and short isoforms, which together promote and maintain
mitochondria fusion. Only under certain circumstances will the ratio of long to short
Opa1 isoforms be altered, greatly affecting mitochondria morphology. For instance,
stress-induced processing of Opa1 by the protease OMA1 produces short isoforms of
Opa1, which results in the inhibition of fusion and enhanced mitochondrial fragmentation
[51]. Notably, degradation of long and accumulation of short Opa1 forms is associated
with mitochondrial bioenergetic dysfunction, either disease-linked, or experimentally
induced. Thus, as Opa1 is the primary regulator of mitochondria fusion at the IMM,
alterations in Opa1 expression can have very strong effects on mitochondria and cell
viability. For instance, silencing of Opa1 by siRNA in many cell types induces
disorganization of cristae, mitochondrial fragmentation, and apoptosis [52, 53].
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1.3 Mitochondrial Fission: Introduction
The counterbalance to mitochondrial fusion is mitochondrial fission. The process
of mitochondrial fission is predominantly mediated by the dynamin-related protein, Drp1.
Unlike the fusion mediators (i.e. Mfn1, Mfn2, Opa1), Drp1 predominantly localizes to
the cytosol and must be recruited to mitochondria for fission to occur [2, 39].
Recruitment of Drp1 to the mitochondria is made possible by modifications occurring on
Drp1 (i.e. phosphorylation, ubiquitination and SUMOylation) and availability of Drp1receptors, such as Mff, MiD49/MiD51, and Fis1.
Signifying the essential role of Drp1 in mitochondrial fission, depletion of Drp1
in mice is embryonic lethal [54]. Interestingly, the timing of embryonic lethality (11.5
days) in Drp1-null mice was similar to the timing seen in Mfn1, Mfn2, and Opa1-null
mice [41, 49, 54, 55], supporting the importance of coordination of fission and fusion in
embryonic development. In the next section, we will present the current understanding of
mitochondrial fission and the mechanisms of Drp1 activity and the associated receptors.
1.3.1 Dynamin-Related Protein 1 (Drp1)
The yeast homologue of Drp1 (dynamin-related protein 1) was found through
genetic screens [56] and later found in C. elegans [57] and mammals [58]. Drp1 contains
four domains: a GTPase domain, a middle domain, a variable domain and a GTPase
effector domain (GED) [59]. The GTPase and effector domains are necessary for GTP
hydrolysis and mitochondrial fission. While the variable domain, also known as insert b,
was thought to mediate Drp1 interaction with its receptors on the OMM, it has now been
confirmed that this domain is dispensable for mitochondrial fission, and may actually
negatively regulate interactions with receptors, specifically Mff. [60-62].
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For Drp1 to induce mitochondrial fission, oligomerization of small oligomers
(dimers/tetramers) of Drp1 molecules to form multimeric spirals must occur at the OMM
after recruitment from the cytosol. Briefly, the middle domain and GED interact to form a
stalk, forcing the GTPase domain away from the mitochondrial membrane and allowing
access to free GTP [63]. It is the interaction between the stalks that allows individual
Drp1 molecules to assemble into spirals [64]. Upon complete formation of the spiral, the
GTPase domain becomes active, thereby hydrolyzing GTP and causing a conformational
change in the spiral that facilitates constriction and fission of both the IMM and OMM
[65, 66].
Drp1

is

subject

to

various

posttranslational

modifications,

including

phosphorylation, SUMOylation and ubiquitination. For example, during mitosis,
mitochondria undergo Drp1-dependent fission likely to facilitate mitochondrial transfer
into the daughter cells. It was found that phosphorylation of Drp1 on Ser616 by the cell
cycle-linked kinase Cdk1/cyclin B promotes Drp1-dependent fission. Ser616
phosphorylation is thought to promote interaction of Drp1 with OMM receptors, resulting
in enhanced recruitment with no change in GTPase activity [67]. In addition, Ser637
(also reported as Ser656, depending on the Drp1 isoform) was found to contribute to
Drp1-dependent fission in response to calcium signaling. Phosphorylation of this residue
by protein kinase A (PKA) inhibits Drp1 translocation, resulting in elongated
mitochondria and resistance to stress. Conversely, calcium-stimulated dephosphorylation
by the phosphatase calcineurin (CN) results in Drp1 hyperactivity, leading to fragmented
mitochondria and an enhanced sensitivity to stress [68].
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Another posttranslation modification, SUMOylation, has also been reported to
control Drp1-dependent mitochondrial fission. Recruitment of Drp1 to the mitochondria
to promote mitochondrial fission is an early step in apoptosis, along with colocalization
of Drp1 with a pro-apoptotic protein in the Bcl-2 family, Bax at mitochondrial
constriction/fission sites [69]. It was found that during apoptosis, when Bax was activated,
Drp1 was simultaneously SUMOylated and stabilized on the OMM [70]. Additional
studies showed the OMM-bound E3 ligase, MAPL, to be capable of SUMOylating Drp1,
and the SUMO protease, SENP5, to be responsible for removing SUMO molecules from
Drp1 in order to maintain mitochondrial homeostasis [71, 72].
Drp1 activity is also controlled by ubiquitination. MARCH5 (also known as
MITOL) is an E3 Ub ligase integral to the OMM that has been shown to strongly affect
mitochondria morphology. It was reported that MARCH5 regulates subcellular
trafficking of Drp1, as cells expressing the MARCH5 mutants deficient in E3 Ub ligase
activity (RING domain mutants) displayed elongated mitochondria and reduced
subcellular mobility of Drp1. Indicating a functional interaction, it was found that
MARCH5 RING domain mutants and Drp1 assemble in abnormally enlarged clusters at
the OMM, which was dependent on Drp1 GTPase activity [23]. This data suggests that
ubiquitination of Drp1 by MARCH5 may be a critical step for Drp1 oligomerization and
thus, mitochondrial fission.
While the requirement of Drp1 for mitochondrial fission is obvious, the functional
roles of each individual Drp1-receptor is not clear. In the next section, we will discuss the
four known Drp1-receptors and their relevance in regulating mitochondrial fission.
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1.3.2 Drp1-receptors: Mff, MiD49, MiD51, and Fis1
Fis1: While the requirement of Drp1 for mitochondrial fission is obvious, the
roles and mechanisms by which the OMM-localized Drp1-receptors affect Drp1 activity
and mitochondrial fission are not known. Genetic screens in yeast identified Fis1
(mitochondrial fission 1 protein) as the first known protein required for the proper
assembly, membrane distribution, and function of Drp1 during fission [73]. Fis1 is
anchored to the OMM though a C-terminal transmembrane domain and has two
tetratricopeptide repeat (TPR) domains exposed to the cytosol [73, 74]. In yeast, Fis1,
through two adaptor proteins, Mdv1 or Caf4, interacts with Drp1 to promote Drp1
assembly and mitochondrial fission [75, 76]. However, no homologs of Mdv1 or Caf4
exist in mammalian cells, raising concerns over whether Fis1 plays as a significant role in
mammalian fission as it does in yeast. Indeed, several early studies in mammalian cells
reported that overexpression of Fis1 resulted in fragmentation of mitochondria, while
knockdown of Fis1 expression led to mitochondrial elongation [77, 78]; phenotypes
associating Fis1 as a mediator of mitochondrial fission. However, a more recent study
showed that conditional knockout of Fis1 in HCT116 cells had no effect on
mitochondrial morphology or recruitment of Drp1 to the mitochondria, suggesting that
Fis1 could be dispensable for mitochondrial fission in mammalian cells [79].
Mff: Mitochondrial fission factor (Mff) was first identified in drosophila
(originally named Tango1) through a small interfering RNA (siRNA) screen for genes
that alter mitochondria morphology. Subsequently, the role of Mff in control of
mitochondrial fission in mammalian cells was reported by Gandre-Babbe et al. [80]. Mff
is anchored to the OMM through a C-terminal transmembrane domain. The majority of
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Mff is exposed to the cytosolic side of the OMM and contains N-terminal Drp1-binding
motifs, in addition to several domains of currently unknown function [80]. Confirming
the role of Mff as an important receptor for Drp1 in mammalian cells, Otera et al. found
that overexpression of Mff promoted Drp1 recruitment to the OMM and mitochondrial
fission, while knockout of Mff led to reduced Drp1 levels at the OMM and elongated
mitochondria. Furthermore, Mff and Drp1 were found to physically interact, which was
dependent on the cytosol-exposed amino terminus of Mff [79]. This work also reported
that knockout of Mff expression, but not Fis1, was found to be protective against stressinduced mitochondrial fragmentation and apoptosis.
While the consensus is that Mff functions primarily as a fission-promoting
receptor for Drp1, the exact function of Fis1 is still disputed and unclear. Loson et al,
using Mff-null and Fis1-null mouse embryonic fibroblasts (MEF), found that Mff-null
MEFs had severely interconnected and elongated mitochondria, consistent with previous
reports [81]. However, in contrast to Otera [79], Fis1-null MEFs displayed moderately
interconnected and elongated mitochondria, but to a much lesser extent than Mff-null
MEFs. These results show that both Mff and Fis1 are able to regulate fission, but more
importantly, function independently. Confirming a synergistic effect, Fis1/Mff-null
MEFs had the greatest reduction in Drp1 foci at the OMM [81]. Thus, it appears that Mff
and Fis1 are able to regulate fission but to varying degrees and possibly under different
cellular states and circumstances. Interestingly, 9 different variants of Mff were identified
in mammalian cells [80]. The exact functions of each variant, however, are not known. It
is possible that these different variants contribute to different phases of the fission
process, further supporting the complexity of this mechanism.
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MiD49 and MiD51: Two addition Drp1 receptors, MiD49 and MiD51
(mitochondrial division 49 and 51) have recently been identified. Although originally
identified as SMCR7 and SMCR7L, which are genes located in the Smith-Magenis
Syndrome-linked region of chromosome 17, the roles of MiD49 and MiD51 in
mitochondrial membrane dynamics were subsequently discovered by a cellular
localization screen of uncharacterized human proteins affecting mitochondria
morphology. Both MiD49 and MiD51 are anchored to the OMM by N-terminal
transmembrane domains, and reports have shown that the cytosol-exposed C-terminal
domain is required for their activity in regulating mitochondria morphology [82].
It has been shown that knockdown of MiD49/51 reduced Drp1 recruitment to the
OMM, resulting in elongated mitochondria. Interestingly, the same work showed that
overexpression of MiD49 or MiD51 also promoted mitochondrial elongation, by
sequestering Drp1 and preventing its oligomerization [82, 83]. So the question is: what is
the role of MiD49 and MiD51 in regulating Drp1-dependent fission? It has been
proposed that MiD49 and MiD51 function downstream of Drp1 recruitment where they
function as scaffolds to assist Drp1 in forming higher-order complexes and organizing
into active scission complexes [82, 83]. Further studies are necessary to determine the
mechanism by which these proteins regulate Drp1-dependent mitochondrial fission.
However, examination into the functions of MiD49/51 in relation to other known Drp1
receptors found that both MiD49 and MiD51, independently, control Drp1-dependent
fission in the absence of Mff or Fis1 expression [81]. Additionally, constitutive
overexpression of MiD49/51 resulted in an enhanced localization of an inactive
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phosphorylated form of Drp1 on the OMM, explaining the elongated mitochondrial
phenotype observed in previous studies [81].
Work by Loson et al (2014) shed light on some of the confounding results
mentioned above. Through X-ray crystallography, it was found that the C-terminal
cytosolic domain of MiD51 contains a variant nucleotidyl transferase fold that has a high
affinity for adenosine diphosphate (ADP). Interestingly, while this nucleotidyl transferae
fold is not required for Drp1 recruitment, it is required for activation of Drp1 [84]. The
binding of ADP to MiD51, however, does not cause a conformational change of MiD51.
Instead, the ADP:MiD51 complex displays enhanced stability, allowing proper Drp1
assembly at the OMM [84]. Therefore, ADP is an important cofactor for MiD51 function.
While MiD49 was expected to show structural similarity to MiD51, MiD49 was found to
be unable to bind ADP and to lack the key residues that are necessary for MiD51 to bind
ADP. Thus, further investigations into MiD49 structure and regulation is necessary.
The functional hierarchy of Drp1 receptors: The functional hierarchy of Drp1
receptors is complex and not fully understood. While depletion of Mff expression appears
to have the most dramatic effect on mitochondria morphology, individual knockout of all
Drp1 receptors (e.g., MiD49 or MiD51) also display elongated mitochondria, to varying
degrees. Perhaps these receptors each play a different role in the Drp1 binding and
activation, or their expression may vary depending on the cell type. Indeed, several
studies have shown individual roles of receptors for mitochondrial fission or related
processes. For instance, Drp1-dependent fission through MiD49/MiD51, but not Mff, was
found to control cristae remodeling that was required for mitochondrial steps in intrinsic
apoptosis [85]. These studies suggest that MiD49/51 function in an independent manner
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from other receptors. The work discussed in the next chapters will provide some novel
insights into the mechanisms by which distinct Drp1 receptors influence each other, and
their role in regulating mitochondrial homeostasis.
1.4 Human diseases arising from dysfunctional mitochondrial fusion and fission
Due to the number of vital cellular processes influenced by mitochondria, it is not
surprising that dysfunction of these organelles is associated with, or even causes,
numerous diseases. Here, we will discuss dysfunctions in the processes of mitochondrial
fusion and fission and their role in the development of the human diseases.
1.4.1 Cancer
Hallmarks of cancer include increased rates of proliferation and resistance to
apoptosis, thus promoting and prolonging unregulated cell propagation and survival [86].
As previously mentioned, Drp1-dependent fission is an important process during cell
division and has some influence on cell cycle progression. Indeed, mitochondrial
fragmentation due to enhanced expression/activity of Drp1, and in some cases reduced
Mfn1/2 expression/activity, was often reported in various cancer models. For instance,
samples obtained from lung cancer patients showed both enhanced Drp1 and reduced
Mfn2 expression. Interestingly, Drp1 inhibition or knockout, along with Mfn2
overexpression, restored mitochondrial morphology and reduced cell cycle progression,
increasing spontaneous cell death [87]. In line with these findings, aberrant
overexpression of Drp1 and reduced expression of Mfn1 was associated with the
metastatic activity of breast cancer cells. Again, knockdown of Drp1 with the
concomitant overexpression of Mfn1 reduced metastasis [88]. Additionally, in colon
cancer cell lines, depletion of Drp1 resulted in mitochondria elongation, reduced
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mitochondrial membrane potential, enhanced cytochrome c release, and apoptosis [89].
Thus, dysregulation of mitochondrial dynamics, evidently through abnormal Drp1 and
Mfn1/Mfn2 expression, can be linked to numerous cancers [90-92]
1.4.2 Diabetes Mellitus
Down regulated Mfn2 expression and reduced mitochondrial size and activity in
skeletal muscle has been reported in obese subjects and patients suffering from type 2
diabetes [93]. Furthermore, gene-editing studies have linked Mfn2 activity to glucose
homeostasis in mouse models. Depletion of Mfn2 from the liver of mice resulted in
glucose intolerance, abnormal gluconeogenesis, and impaired insulin signaling [94].
Mfn2-depleted cells displayed enhanced ROS generation, dysfunctional antioxidant
mechanisms, and significant endoplasmic reticulum (ER)-associated stress [94].
Keeping with the notion that mitochondrial fusion is important for maintaining
metabolic flux and glucose homeostasis, one group examined the role of the
mitochondrial fusion factor, Opa1, in the insulin producing pancreatic beta cells.
Depletion of Opa1 from these cells resulted in reduced electron transport chain (ETC)
activity, ATP production, and insulin secretion. In addition, mice with Opa1-deficient
beta cells eventually developed hyperglycemia due to impaired cell proliferation and
apoptosis [95]. Thus, maintaining the ability of mitochondria to perform OXPHOS, likely
through mitochondrial dynamics regulation, could be important in preventing metabolic
diseases such as diabetes.
1.4.3 Neurodegenerative Diseases
As neurons are strictly aerobic and rely on mitochondrial OXPHOS for energy
generation [96, 97], maintaining mitochondrial homeostasis in these cells appears to be
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critically important. Therefore, it is not surprising that recent years of intensive research
demonstrated that dysregulation of mitochondrial fusion and fission is responsible for, or
involved with, the initiation and progression of numerous neurodegenerative diseases
[98]. Supporting the importance of mitochondrial dynamics in the brain, neuron-specific
depletion of Drp1 was found to be embryonic lethal, and occurred due to brain
hypoplasia. The reason for this lethality was thought to be the inability of cells to
properly distribute mitochondria into the neuronal processes and synapses [99]. In line
with this, inhibition of mitochondrial fission reduced neuronal synapse formation, while
enhancing fission promoted this process [100]. A clinical case concerning a newborn girl
with microcephaly and abnormal brain development was reported several years ago. It
was discovered that this patient carried a lethal mutation (37 days) in the DRP1 gene,
which resulted in dysfunctional mitochondrial metabolism and morphology associated
with impaired fission [101].
The most common neurodegenerative disease, Alzheimer’s disease (AD), is
characterized by a decline in memory and cognition, mood swings, and reduced muscle
movement or jumbled speech. AD patients typically display very prominent
mitochondrial dysfunction that occurs early in the disease [102]. This mitochondrial
dysfunction mainly includes oxidative stress, and consequent damage of mitochondria,
including mtDNA [103]. In addition, disorganization of the mitochondrial networking
interferes with calcium signaling and ion buffering [104]. Investigation into the
morphology of mitochondria in the neurons of AD patients found these organelles to be
significantly shorter, wider, and larger, indicating dysfunctional mitochondrial dynamics
[105]. The expression profiles of fusion and fission proteins in AD patients are somewhat
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controversial, as various groups have reported different findings. While some reports
showed a marked reduction in the expression of the fusion factors Mfn1, Mfn2, and Opa1,
the expression changes of the fission regulator Drp1 were not apparent [106, 107].
However, several modifications of Drp1, including S-nitrosylation [108] and
phosphorylation [109], have been linked to mitochondrial dysfunction in AD models.
Regardless, an important take-away from these studies is that mitochondria fusion and
fission become more dysregulated (i.e. fusion factor expression is suppressed) as the
disease progresses and mitochondrial damage becomes more severe.
The second most common neurodegenerative disease, Parkinson’s disease (PD),
is characterized by resting muscle tremors, bradkinesia, rigidity, and postural instability.
These symptoms arise due to undesired death of dopaminergic neurons of the substantia
nigra, which has obvious links to defects in mitochondria function [110]. Mutations in
two particular genes, PINK1 and Parkin, are associated with familial autosomal recessive
juvenile parkinsonism, an early-onset form of PD. PINK1 (PTen-induced putative kinase
1), a serine-threonine kinase, and Parkin, an E3 Ub ligase, are responsible for removing
damaged and depolarized mitochondria from the mitochondrial network through a
process known as mitophagy [2]. Disease-linked loss-of-function mutations in PINK1
and/or Parkin inhibit mitophagy, allowing damaged mitochondria to remain in the cell,
causing further damage to other mitochondria via oxidative stress, and thereby a decrease
in ATP generation [111]. The mitochondrial damage accumulates, resulting in the
activation of intrinsic apoptosis and subsequent cell death [112].
To illustrate the significance of mitochondrial dynamics in PD, several studies
have shown an association between cell death and mitochondrial fragmentation in
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cultured neurons. Use of various neurotoxins that mimic PD, (e.g., 6-hydroxydopamine,
nitric oxide, rotenone) resulted in increased mitochondrial fragmentation prior to
neurodegeneration [113]. Furthermore, preventing mitochondrial fragmentation, either
through Drp1 inhibition or Mfn1 activation, protected these neurons from cell death [114].
Linking Parkin/PINK1 functions to mitochondrial fission, it was reported that alterations
in mitochondria morphology and ATP production resulting from loss of Parkin and/or
PINK1 expression/activity could be rescued either by overexpressing fusion proteins or
by inhibiting Drp1 [115]. Thus, the role of Parkin/PINK1 in maintaining mitochondrial
homeostasis appears to be intricately linked to mitochondrial fission regulation.
1.4.4 Peripheral neuropathies
Mutations in the MFN2 gene have been found to be the primary cause underlying
the peripheral neuropathy, Charcot-Marie-Tooth neuropathy, type 2A (CMT2A) [116].
Most of the disease-causing mutations localize within the GTPase domain of MFN2
(though mutations appear throughout the gene), resulting in altered function of this fusion
regulator. Supporting mitochondrial fusion defects in CM2TA, mitochondria from patient
samples were small and swollen, and displayed abnormal accumulation within the axons
of neurons. In addition, roughly a third of patients who had a familial history of CMT2
were found to have a mutation in the MFN2 gene [117].
The most common form of inherited optic neuropathy, called autosomal dominant
optic atrophy (ADOA), is caused by mutations in the OPA1 gene. Roughly 96 mutations
in the OPA1 gene have been linked to ADOA. The disease is caused by acute loss of
axons in optical nerves, and results in visual impairment in early childhood [118]. It has
been estimated that about 40% of ADOA-linked mutations in OPA1 localize within the
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GTPase domain, likely producing a loss-of-function Opa1 protein product. As in the case
of CMT2A, it has been shown that dysfunctions in mitochondrial fusion are the
underlying cause of ADOA [53].
1.5 The Ubiquitin and Proteasome System
The ubiquitin (Ub) gene codes for an ~8.5 kD, 76-amino acid protein product that
can be covalently bound to lysine residues of substrate proteins in a mono- or poly-Ub
linkage. Ub contain 7 lysine (Lys) residues that can form isopeptide-bonds between Ub
molecules: Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63 [119]. Recent work has
found that ubiquitination can also occur on the Met1 residue of Ub [120]. Continuous
enzymatic linkage (discussed below) of Ub molecules results in the formation of Ub
chains that have profoundly different effects on protein stability, interactions, and
function. For instance, the most well studied Ub modification, Lys48-ubiquitination,
targets proteins for degradation by the 26S proteasome [121, 122]. Other examples
include the role of Lys63-ubiquitination in protein scaffolding, and Lys11-ubiquitination
in endocytosis. As the name implies, ubiquitination is involved in many biological
processes, such as protein trafficking, epigenetic regulation, DNA repair, and mitophagy
[123].
The conjugation of Ub molecules to a substrate protein occurs through an
enzymatic cascade involving E1 Ub-activating enzymes, E2 Ub-conjugating enzymes and
E3 Ub-ligating enzymes. In this cascade, the Ub molecule is first activated by the E1
enzyme using ATP to form an adenylated-Ub intermediate, and is then transferred to the
E2 enzyme. E2s, with help from E3s, either directly (i.e., HECT domain E3) or indirectly
(i.e. RING domain E3), transfer the Ub molecule to the substrate protein [124]. To
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enhance the specificity of the ubiquitination cascade, hundreds of E3 ubiquitin ligases
exist to interact specifically with the intended substrates. On the other hand, only, two
E2s and fewer than one hundred E1s are expressed in mammalian cells [125], suggesting
the promiscuity of these enzymes.
Two major families of E3 Ub ligases exist in mammals: the HECT (Homologous
to the E6-AP Carboxyl Terminus) domain (~30 identified members) and RING (Really
Interesting New Gene) domain (>600 identified members). The major difference between
HECT and RING domain E3 Ub ligases deals with the transfer of Ub from the E2
conjugating enzymes. With HECT domain E3 Ub ligases, the Ub molecule is first
transferred to the cysteine residue in the catalytic HECT domain to form a thioester
Ub/E2 intermediate, following by conjugation of the Ub molecule to the bound substrate
[126]. Alternatively, ubiquitination with RING domain E3 Ub ligases is mediated by E2
conjugating enzymes directly ubiquitinating the substrate, with the RING E3 Ub ligases
acting as protein scaffolds [127]. These two families differ structurally, which has a great
impact on their activity. HECT domain E3 ligases contain two lobes: a N-terminal lobe
that interacts with the E2 conjugating enzyme and a C-terminal lobe which contains a
cysteine residue that acts as an active site for thioester formation with Ub [126, 128].
RING domain E3s lack these lobes, and instead contain a Zn2+-coordinating domain to
promote E2-dependent ubiquitination [129]. Importantly, members of both E3 Ub ligase
families have strong impacts on mitochondrial function, including control of fusion and
fission.
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1.5.1 E3 Ub Ligases at the Mitochondria
Several E3 Ub ligases, including Rnf185, MULAN (also known as MAPL),
MULE (also known as ARF-BP1/HUWE/Lasu1), MARCH5 (also known as Mitol),
Parkin, and IBRDC2, have been reported to regulate processes occurring at the
mitochondria in mammalian cells. This regulation by the E3 Ub ligases affects various
aspects of mitochondrial homeostasis, including mitochondrial fusion and/or fission,
mitophagy, apoptosis, and removal of disease-associated misfolded proteins from the
mitochondria. Below, we will discuss some examples of E3 Ub ligases that act on
mitochondria and the mechanisms by which they regulate mitochondrial homeostasis
Rnf185: Tang et al. first described Rnf185 as a 21-kDa OMM-associated RINGdomain E3 Ub ligase that contains two transmembrane domains essential for its
localization to the OMM [130]. Expression levels of Rnf185 were found to correlate
positively with the expression of the autophagy marker, LC3II, in HeLa cells. In addition,
overexpression of Rnf185 resulted in the formation of autophagosomes, implicating
Rnf185 as a regulator of mitophagy. To examine the mechanism by which Rnf185
promotes mitochondrial autophagy, co-immunoprecipation experiments revealed that two
autophagy-related proteins, ATG5 and BNIP1, interacted with Rnf185. Through
knockdown and mutational studies, it was found that Rnf185 ubiquitinates BNIP1 at the
OMM through Lys63 linkage, which recruits the autophagy receptor, p62. p62 is then
able to interact with LC3II to induce the formation of the autophagosome around the
mitochondria, resulting in the engulfment and degradation of mitochondria [130].
However, our unpublished data, as well as work published by others showing ER
localization of this protein, indicate that mitochondrial localization of Rnf185 could be an
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overexpression artifact. Rnf185 contains an N-terminal ER-import sequence that has been
likely obscured by N-terminal tags used in the study by Tang et al.
MULAN: While there is strong evidence in support for MULAN (also known as
MAPL) as a regulator of mitochondrial dynamics through SUMOylation, MULAN has
also been reported to act as an E3 Ub ligase. MULAN is a 40-kDa RING domain E3
ligase that localizes to the OMM through its two transmembrane domains [131]. Ectopic
expression of MULAN in HeLa cells resulted in fragmented mitochondria clustering in
the perinuclear area, implying a possible defect in either mitochondrial fusion and/or
trafficking of mitochondria along the cytoskeleton. Interestingly, knockdown of MULAN
by siRNA also produced a similar perinuclear clustering phenotype, but with very little
mitochondrial fragmentation. Since mitochondrial fusion and fission were not disrupted
upon loss of MULAN the authors proposed that MULAN might affect mitochondrial
dynamics at the trafficking level [131].
More recently, several groups have begun to examine the role of MULAN in the
regulation of mitophagy. It has been proposed that loss of mitochondria via mitophagy
may promote skeletal muscle wasting. The authors found MULAN to be a potent inducer
of mitophagy in muscle cells, as MULAN expression was significantly enhanced in
response to stress stimuli. Furthermore, MULAN was found to promote the proteasomal
degradation of the OMM-fusion protein, Mfn2, resulting in the fragmented mitochondrial
phenotype. In addition, over-expression of MULAN induced mitophagy, which could be
suppressed when MULAN expression was reduced [132]. Since ubiquitination and
proteasomal degradation of Mfn2 has been proposed to be a signal for the induction of
mitophagy, MULAN appears to play a significant role in this process.
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Further evidence supporting a role for MULAN in mitophagy came from a study
examining the interaction of MULAN with the Parkin/PINK1 mitophagy cascade [133].
It was found that MULAN acts in a distinct pathway from the PINK1/Parkin pathway to
induce the ubiquitination and degradation of Mfn1 and Mfn2. Notably, expression of
MULAN could compensate for the loss of Parkin/PINK1 function, and the loss of
MULAN expression in Parkin KO mouse cortical neurons greatly exacerbated
mitochondrial dysfunction and enhanced the stability of Mfn2. MULAN was also found
to interact with a known member of the Atg8 autophagy family, GABARAP [134], to
promote mitophagy.
MULE: MULE (also known as ARF-BP1/HUWE/Lasu1) is a 428-kDa HECTdomain containing E3 Ub ligase initially identified to regulate the stability of the tumor
suppressor, p53 [135]. In the same year, Zhong et al. unveiled another novel function of
MULE: a negative regulator of stability of anti-apoptotic protein in Bcl2 family, Mcl-1.
By this action, MULE appears to control cell sensitivity to mitochondria-dependent
apoptosis [136]. Although Mcl-1 is considered a prominent target of MULE activity
(indeed MULE stands for: Mcl-1 Ubiquitin E3 Ligase), recent reports have discovered
other

mitochondrial

proteins

as

substrates

for

MULE-dependent

regulation.

Fragmentation of the mitochondrial network, through induction of fission and/or
inhibition of fusion, typically precedes apoptosis. Leboucher et al. found that the stressactivated MAPK (mitogen-activated protein kinase) family protein, JNK 2 (c-Jun
Terminal Kinase), phosphorylated Mfn2 in response to stress [137]. Phosphorylation of
Mfn2 on S27 promoted the proteasomal degradation of Mfn2, resulting in enhanced
mitochondrial fragmentation and cell death. Interestingly, phosphorylation at this residue
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induced the binding of MULE, through its BH3 domain, to Mfn2. Furthermore, a
phosphomimetic-Mfn2 mutant (S27D) displayed enhanced degradation rates and
increased association with MULE. Loss of MULE activity or expression profoundly
inhibited the stress-induced ubiquitination and degradation of Mfn2, validating MULE as
a negative regulator of Mfn2.
MARCH5: Of the OMM-localized E3 Ub ligases, MARCH5 (also known as
MITOL) has been shown to have the strongest effect on mitochondrial dynamics.
MARCH5 is a 32-kDa RING-domain E3 Ub ligase with four transmembrane domains
that was first identified to promote mitochondrial elongation, through the ubiquitination
and degradation of two mitochondrial fission proteins: Fis1 and Drp1 [138]. Loss of
MARCH5 activity/expression resulted in significant fragmentation of the mitochondrial
network [138]. It has also been reported that overexpression of MARCH5 resulted in
elongated, tubular mitochondria, and that this was dependent on the activity of Mfn2
[139]. Specifically, expression of a mutant Mfn2 lacking its transmembrane domain
resulted in mitochondrial fragmentation, even when MARCH5 was overexpressed [139].
It was proposed that MARCH5, through an unknown mechanism, interacts with Mfn2,
which activates Mfn2 GTPase activity, resulting in enhanced mitochondrial fusion.
In contrast to earlier reports, Karbowski et al. reported that expression of a
MARCH5-RING domain mutants (H43W) induced an abnormal interconnection of the
mitochondrial network, with mitochondrial morphology observed to range from thin and
elongated to highly interconnected thickened, tubular structures. In addition, the group
also found that MARCH5 RNAi induces mitochondrial elongation. Interestingly, there
was no change in the stability of Mfn2, Drp1, or Fis1 in MARCH5 RNAi cells, as
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reported in earlier studies [23]. Importantly, MARCH5 RING domain mutant expressing
cells displayed abnormal clustering of Drp1 at the mitochondria, implicating a role for
MARCH5 in the regulation of Drp1 localization and the formation of mitochondrial
fission complexes. Thus, it was concluded that MARCH5 regulates the cellular mobility,
but not the protein stability, of Drp1, and loss of MARCH5 activity/expression resulted in
reduced mitochondrial fission.
The

impact

on

cell

homeostasis

resulting

from

altered

MARCH5

expression/activity has been examined, focusing mainly on senescence and cell survival.
Knockdown of MARCH5 in HeLa cells was found to enhance mitochondrial elongation,
which resulted in the induction of cellular senescence, as indicated by positive βgalactosidase staining [140]. Mfn1 protein expression was increased in the MARCH5depleted cells, and through immunoprecipitation experiments, MARCH5 was found to
interact with Mfn1. Interestingly, ectopic expression of Drp1 in MARCH5 knock-down
cells not only prevented mitochondrial elongation, but also reduced the senescencespecific SA-B-Gal positivity. Therefore, loss of MARCH5 results in abnormal elongation
of mitochondria, either through inhibition of Drp1 localization or enhanced Mfn1
expression, resulting in cellular stress that induces senescence [140]. A follow up study
by the same group found that Mfn1 is degraded by the proteasome during G2/M in a
MARCH5-dependent manner, which links mitochondrial dynamics to cell cycle
progression [141].
Since MARCH5 clearly functions as a regulator of mitochondrial fusion and/or
fission, and has been implicated in the regulation of mitochondrial quality control [142],
several groups have examined the role of MARCH5 in response to stress. In response to
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several mitochondrial stresses, retinal ganglion cells (RGCs) were found to undergo
extensive mitochondrial fission, resulting in a fragmented mitochondrial network and
apoptotic cell death, which could be prevented by expression of a MARCH5 RING
domain mutant [143]. Similar results were reported in a cultured neuroblastoma cell line
[144]. Inactivation of MARCH5 RING domain protected the cells from stress-induced
apoptosis, due to the inability of mitochondria to undergo fission [144]. Importantly, the
protective effect from the inactivation of MARCH5 in these studies was shown to result
from the inhibition of Drp1-dependent mitochondrial fission, in accordance with some
data discussed above.
As mentioned earlier, MARCH5 was found to interact with and promote the
proteasomal degradation of the mitochondrial fusion protein, Mfn1. In line with this, Park
et al. found that upon treatment with the ETC inhibitor, antimycin A (AMA), Mfn1
protein levels accumulated, resulting in enhanced mitochondrial fusion known as stressinduced mitochondrial hyperfusion (SIMH) [145]. While a moderate increase of Mfn1,
and thus hyperfusion, was found to be protective against stress, overexpression of Mfn1
resulted in enhanced cell death. MARCH5 was found to be the master regulator of Mfn1
expression, where it was suggested that under mild stress, Mfn1 accumulates and
maintains cell viability. If Mfn1 levels accumulate too rapidly, MARCH5 then promotes
the proteasomal degradation of Mfn1 to preserve mitochondrial homeostasis. Supporting
a role for MARCH5 in maintaining cell viability, MARCH5-/- mouse embryonic
fibroblasts (MEFs) were found to be more sensitive to stress-induced apoptosis [145].
MARCH5 appears to be unique when compared to other E3 ligases in that it
maintains the capacity to regulate both mitochondrial fusion and fission, likely in a
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context-dependent manner. While previous studies appear to contradict each other,
perhaps MARCH5 is highly regulated and is responsible for initiating diverse
mitochondrial adaptations.
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Chapter 2. Novel regulatory roles of Mff and Drp1 in E3
ubiquitin ligase MARCH5-dependent degradation of MiD49
and Mcl1 and control of mitochondrial dynamics1
2.1 Introduction
Accumulating

evidence

indicates

that

numerous

diseases,

including

neurodegenerative disorders and cardiovascular disease, as well as effects of aging, are
either caused by or associated with dysfunctional mitochondria [1-3, 146, 147]. To
prevent mitochondrial decline, multiple quality control mechanisms are employed,
ranging from scavenging of toxic reactive oxygen species (ROS) to proteolytic removal
of damaged mitochondrial proteins and control of mitochondrial fusion and fission
(mitochondrial membrane dynamics) [17, 18, 20, 146, 148].
It is well established that in most cell types mitochondrial fission is
counterbalanced by fusion leading to formation of highly dynamic mitochondrial
networks [2, 34, 146]. Stringent regulation and coordination of fusion and/or fission rates
are essential for various aspects of mitochondrial and cellular function, such as removal
of damaged organelles [149, 150], execution of the mitochondrial steps in apoptosis [69,
151], functional complementation within mitochondrial networks [152, 153],
mitochondrial DNA (mtDNA) distribution [154], and innate immunity [2, 3, 33, 155].
Numerous proteins and pathways are implicated in mitochondrial membrane dynamics,
including Bcl2 family proteins (Bax, Bak, BclxL and Mcl1) [156-160], mitochondrial
phospholipase D (mito-PLD) [161], SUMO signaling-related MAPL and sentrin-specific

1

Cherok E., Xu S., Li S., Das S., Meltzer, W.A., Zalzman, M., Wang, C., and Karbowski,
M. Novel regulatory roles of Mff and Drp in E3 ubiquitin ligase MARCH5-dependent
degradation of MiD49 and Mcl1 and control of mitochondrial dynamics, as submitted to
Molecular Biology of the Cell, 2017.
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proteases (SENPs) [71, 162], ubiquitin (Ub) signaling [24, 146, 163-166], and actin
polymerization and actin regulatory proteins [167, 168]. However, four large GTPases,
members of the dynamin superfamily, dynamin-related protein 1 (Drp1), optic atrophy 1
(Opa1), and mitofusins 1 and 2 (Mfn1 and Mfn2) [2, 3] are central for fission and fusion
processes. While Opa1, Mfn1, and Mfn2 mediate mitochondrial fusion [41, 169], Drp1 is
essential for fission [58, 170]. Drp1 localizes primarily to the cytosol but upon activation
of mitochondrial fission, Drp1 is recruited to the outer mitochondrial membrane (OMM)
where it forms high molecular weight protein complexes marking active or prospective
fission sites [56-58, 170]. In mammalian cells mitochondrial recruitment of Drp1 is
mediated by OMM-localized receptors, mitochondrial fission factor (Mff) [79-81],
mitochondrial division 49/51 (MiD49/51) [81, 82], and less apparently Fis1 [79, 81, 151].
The mechanisms by which distinct Drp1 receptors are controlled, their physiological
roles, and functional specializations are not well understood. Furthermore, it is not clear
how mitochondrial fission and fusion rates are coordinated.
Published reports have suggested various targets and pathways regulated by the
OMM-associated E3 Ub ligase MARCH5, including mitochondria-ER interaction [171],
removal of disease-causing misfolded proteins from the mitochondria [142], and control
of innate immunity [172]. However, the role of MARCH5 in mitochondrial fission and
fusion appears to be the most established [23, 138, 139, 141, 145, 173]. The work
presented in this chapter identifies MARCH5 as a negative regulator of Drp1-dependent
mitochondrial fission through the Ub- and proteasome-dependent degradation of MiD49.
While several potential OMM-associated MARCH5 substrates have been reported,
including mitochondrial dynamics proteins Drp1, Mfn1, Mfn2, and MiD49 [23, 138, 139,
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145, 166, 173], the mechanisms of MARCH5 action, its physiological role and how it is
regulated are still not clear.
We also show that depletion of Drp1 and Mff in Drp1-/- and Mff-/- HCT116 cells
led to down regulation in the expression of OMM-localized proteins MiD49, Mcl1, Mfn1
and Mfn2, which are central for, or associated with, the control of mitochondrial fission
and/or fusion. Importantly, Drp1/Mff-dependent regulation of MiD49 and Mcl1, but not
Mfn1 and Mfn2, requires MARCH5 activity. Knockouts of another mitochondrial fission
factor, MiD49, or the inner mitochondrial membrane (IMM)-localized mitochondrial
fusion factor, Opa1 (Opa1-/-), did not affect levels of analyzed proteins. Thus, our data
indicate that Drp1 and Mff specifically affect the proteostasis of MiD49, Mcl1, Mfn1 and
Mfn2. Collectively, these and other data presented in this Chapter support the hypothesis
that non-canonical activities of Drp1 and Mff control Ub-dependent proteostasis of the
OMM-associated proteins.
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2.2 Materials and Methods
Cell culture and transfection: HCT116 cells were cultured in McCoy's 5A (modified)
medium supplemented with 10% heat-inactivated fetal bovine serum, 1 mM sodium
pyruvate, MEM non-essential amino acids (GIBCO), 100 U/ml penicillin, and 100 µg/ml
streptomycin in 5% CO2 at 37°C. Cells were transfected with Lipofectamine2000 (Life
Technologies) according to the manufacturer’s instructions. The fine-tuned transfection
conditions resulted in >50% of cells being transfected. Cells were used for analyses at 1220hr after transfection.
Knockout cells: MARCH5-/- HCT116 and MiD49-/- HCT116 cell were obtained using
homologous recombination and CRISPR/Cas9 gene editing methods, respectively, and
were described previously [166]. To generate Mff-/-, Drp1-/- and Opa1-/- HCT116 cells,
transcription activator-like effector nuclease (TALEN) technology was applied. The left
and right Tale sequences were assembled as reported [174] and cloned into
pcDNA3.1/Zeo-Talen(+63) vector to make corresponding TALEN constructs, as
previously described [175]. The TALEN constructs were then transfected into HCT116
cells with Lipofectamine LTX (Life Technologies), FACS sorted, serially diluted into 96well plates, and then screened with PCR and restriction enzyme digests. Knockouts of
respective genes were confirmed by Western blot. For detailed method, see Hasson et al.
[175]. Talen sequence, primer, and restriction digestion details are shown in the Table
below.

34

Table 1. Talen sequences, primers, and restriction enzyme digestion sites for generation of Mff-/-, Drp1-/-,
and Opa1-/- HCT116 cells.

Drp1-/-/MARCH5-/- and Mff-/-/MARCH5-/- double knockout cells were generated using
the CRISPR/Cas9 system with MARCH5-/- HCT 116 cells as the starting material. The
specific targeted sites of CRISP/Cas9 were selected based on the ChopChop web tool
(https://chopchop.rc.fas.harvard.edu) [176], and two pairs of gRNA target sites with the
highest scores were picked out. The first pair of gRNAs for Drp1 was 5’GCTGCCTCAAATCGTCGTAGTGG-3’,and5’-GGGAGGGACCTGCTTCCCAGAGG3’ and for Mff 5’-GGTGGTGTTTTCAGTGCCAGGGG-3’, and 5’ GTCATC
TGACGTTCCTTCAATGG-3’. The second pair of gRNAs for Drp1 was 5’-GGGGTG
GAAGCAGAAGAATGGGG-3’,and 5’-CGTTGTCAATTTGACACTTGTGG-3’, and
for Mff 5’-GCAGTGACACATCACTAGGAAGG-3’, and 5’-TGCAGCTTCACTAA
GACGACAGG-3’. gRNA sequences were cloned by PCR with the following primers:
Drp1

F1

5’-TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCTG

CCTCAAATCGTCGTAG-3’, Drp1 R1 5’-GACTAGCCTTATTTTAACTTGCTATT
TCTAGCTCTAAAACCTACGACGATTTGAGGCAGC-3’, Drp1 F2 5’-TTTCTTGGC
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TTTATATATCTTGTGGAAAGGACGAAACACCGGGAGGGACCTGCTTCCCAG3’, Drp1 R2 5’-GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCT
GGGAAGCAGGTCCCTCCC -3’, Drp1 F3 5’- TTTCTTGGCTTTATATATCTTGTG
GAAAGGACGAAACACCGGGGTGGAAGCAGAAGAATG -3’, Drp1 R3 5’- GACT
AGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCATTCTTCTGCTTCCACC
CC -3’, Drp1 F4 5’- TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG
GTTGTCAATTTGACACTTG -3’, Drp1 R4 5’- GACTAGCCTTATTTTAACTTGCTA
TTTCTAGCTCTAAAACCAAGTGTCAAATTGACAACC -3’. Mff F1 5’- TTTCTTGG
CTTTATATATCTTGTGGAAAGGACGAAACACCGGTGGTGTTTTCAGTGCCAG 3’, Mff R1 5’- GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCTG
GCACTGAAAACACCACC-3’, Mff F2 5’- TTTCTTGGCTTTATATATCTTGTGG
AAAGGACGAAACACCGTCATCTGACGTTCCTTCAA-3’, Mff R2 5’- GACTAGC
CTTATTTTAACTTGCTATTTCTAGCTCTAAAACTTGAAGGAACGTCAGATGAC3’, Mff F3 5’- TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCA
GTGACACATCACTAGGA-3’, Mff R3 5’- GACTAGCCTTATTTTAACTTGCT
ATTTCTAGCTCTAAAACTCCTAGTGATGTGTCACTGC-3’, Mff F4; 5’- TTTC
TTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGCAGCTTCACTAAGA
CGAC-3’, and Mff R4; 5’- GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAA
AACGTCGTCTTAGTGAAGCTGCC-3’. The PCR products were incorporated into
AflII-linearized gRNA cloning vector (http://www.addgene.org/ 41824/) using Gibson
assembly as described [177]. The resulting plasmids were verified by sequence analysis.
Each pair of gRNA plasmids was co-transfected with Cas9 into MARCH5-/- HCT116
cells. Knockout clones were identified with PCR and Western blot.
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Expression constructs and mutagenesis: MYC-MARCH5 and MYC-MARCH5H43W,
were described previously [166]. PCR amplifications were performed using 5’CTGCAGGAATTCGATATGCCGGACCAAGCCCTACAG-3’ as the forward primer
and 5’-ATCGATAAGCTTGATTTACTGTTTGAAGTAAACTTTAAATG-3’ as the
backward primer with MYC-MARCH5 and MYC-MARCH5H43W as templates,
respectively. The resultant products were cloned into EcoRV-linearized pCMV-3Tag-7
mammalian expression vector (Agilent Technologies), using Gibson assembly to generate
MYC-tagged MARCH5 mutants, MARCH5ΔCtail, MARCH5H43W/ΔCtail ,MARCH5A96L,
MARCH5A100L,

MARCH5G103L,

MARCH5G107L,

MARCH5A113L,

MARCH5G117L,

MARCH5A220L,

MARCH5G224L,

MARCH5A247L,

MARCH5A251L,

MARCH5Y261F,

MARCH5Y272F, MARCH5Y261F/Y272F, MARCH5∆272-275, MARCH5∆269-275, MARCH5∆263275

, MARCH5∆1-5, MARCH5∆1-8, MARCH5∆259-266, MARCH5H43W/∆259-266, MARCH5∆1-

208

, MARCH5∆1-98

Immunofluorescence: Immunofluorescence labelling was performed as previously
described [166, 167]. Briefly, cells grown in 2-well chamber slides (model 1 German
borosilicate; Labtec) were fixed with pre-warmed 37°C 4% paraformaldehyde (PFA) in
PBS solution for 20 min at RT, then permeabilized with 0.15% Triton X-100 in PBS for
20 min at room temperature (RT). After blocking with 7.5% BSA in PBS for 45 min,
samples were incubated with primary antibodies in 7.5% BSA in PBS for 90 min at RT,
followed by 3 washes with 7.5% BSA in PBS and incubation with secondary antibodies
diluted in blocking buffer for 45 min at RT. Samples were washed with PBS at RT and
imaged directly in PBS within 2 days after immunofluorescence processing. The primary
antibodies were: anti-Tom20 polyclonal antibody (Santa Cruz), anti-Mcl1 mAb (Santa
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Cruz), anti-Drp1 mAb (BD Biosciences), anti-cytochrome c mAb (BD Biosciences), antiPex14 polyclonal antibody (ProteinTech), anti-conjugated Ub (FK2) mAb (Millipore),
and anti-MYC tag polyclonal antibody (provided by Dr. Mervyn Monteiro; University of
Maryland School of Medicine; and described earlier [166]). Secondary antibodies were
anti-mouse or anti-rabbit Alexa Fluor 488 (Life Technologies), anti-mouse or anti-rabbit
Alexa Fluor 546 (Life Technologies) and anti-rabbit Alexa Fluor 637 (Life Technologies).
Image acquisition and analysis: Images were acquired with either a Zeiss LSM 880
confocal microscope equipped with an Airyscan superresolution imaging module, using
63/1.40 Plan-Apochromat Oil DIC M27 objective lens (Zeiss MicroImaging) as
described [166] or a Zeiss AxioObserver Z1 fluorescence microscope, equipped with a
100/1.45 a-Plan-FLUAR objective lens (Zeiss MicroImaging, Thornwood, NJ), and an
ApoTome unit (enabling high-resolution structured illumination image acquisition) [26,
167]. Z-stacks covering the entire depth of cells with intervals of 0.025µm were acquired,
followed by Airyscan image processing (set at 7) and analyses using ZEN image
acquisition and processing software (Zeiss MicroImaging). Maximum intensity
projections shown in the manuscript were also obtained using ZEN software. Image
cropping and global adjustments to brightness and contrast were performed using Adobe
Photoshop CS6 software (Adobe Systems Inc.).
Western blot and immunoprecipitation: Cells were harvested, and total cell protein
lysates and subcellular fractions were prepared as described [166, 167]. For total cell
lysates, cells were collected by scraping into ice-cold PBS, washed with ice-cold PBS,
suspended in SDS-PAGE sample buffer and incubated at 100°C for 10 min, followed by
centrifugation at 20,000 xg for 5min. Supernatants were used for further analysis.
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Proteins were separated on 4-20% gradient Tris-Glycine polyacrylamide gels (Invitrogen),
transferred onto polyvinylidene difluoride (PVDF) membranes (Immubilon-P; Millipore),
and incubated with primary antibodies, followed by horseradish peroxidase (HRP)conjugated anti-mouse (Roche) or anti-rabbit (Roche) secondary antibodies. Blots were
detected with Super Signal West Pico enhanced chemiluminescence (ECL) reagent
(Thermo Scientific Biosciences). Antibodies used for Western blot were: anti-MARCH5
polyclonal antibody (Millipore), anti-MiD49 polyclonal antibody (Sigma), anti-Mff
polyclonal antibody (ProteinTech), anti-Drp1 mAb (Dlp1; BD Biosciences), anti-p97
polyclonal antibody (Cell Signaling), anti-Npl4 polyclonal antibody (ProteinTech), antiMcl1 mAb (Santa Cruz), anti-Tom20 polyclonal antibody (Santa Cruz), anti-Tom22
polyclonal antibody (ProteinTech), anti-MYC tag polyclonal antibody (provided by Dr.
Mervyn Monteiro; University of Maryland School of Medicine; and described earlier
[166]), anti-Opa1 mAb (BD Biosciences), anti-Mfn1 polyclonal antibody (provided by
Dr. RJ Youle, NIH, Bethesda, MD and verified/described earlier [150, 166]), anti-Mfn2
mAb (Abcam), anti-ubiquitin mAb (Santa Cruz), and anti-Clpp polyclonal antibody
(ProteinTech).
Immunoprecipitation (IP) under denaturing conditions was performed as
described [166]. Briefly, cells were collected and suspended in Denaturing Buffer (1%
SDS; 5mM EDTA; 10mM b-mercaptoethanol). Samples were incubated at 1000C for 10
min, centrifuged to remove insoluble material and diluted 10 times with ice cold IP
Buffer (20mM Tris-HCl pH 7.5; 150mM NaCl; 1mM EDTA; 0.5% NP-40; 5mM Nethylmaleimide, and protease inhibitors). Proteins were immunoprecipitated using antiMYC

mAb-conjugated

agarose

beads
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(Clontech

Takara).

Non-denaturing

immunoprecipitation was performed as described above, except that cells were lysed
directly in ice-cold IP Buffer and incubation in Denaturing Buffer was not included. For
crosslinked immunoprecipitation, cells were washed with ice cold PBS (containing Ca2+
and Mg2+) followed by addition of membrane permeable crosslinker dithiobis(succinimidyl propionate) (DSP; 2mM) to the cell culture dishes. After incubation for 2hr
at 40C, cells were washed with ice cold PBS and processed as described for nondenaturing immunoprecipitation. Iintensities of specific proteins were analyzed and
quantified using ImageJ software (NIH, Bethesda, MD).
BioID proximity assay: MARCH5 wild type and MARCH5H43W coding sequences were
cloned into MCS-BirA(R118G)-HA vector [178, 179] (a gift from Kyle Roux; Addgene
plasmid#36047) by using NheI and BamHI restriction sites. The following constructs
MARCH5-BirA(R118G)-HA, MARCH5H43W-BirA(R118G)-HA and the BirA(R118G)HA (as a control) were transfected into cells using Lipofectamine2000 transfection
reagent (Life Technologies). At the time of transfections cells were treated with 50 mM
biotin for 24 hr, and then lysed in IP buffer (20mM Tris-HCl pH 7.5, 150 mM NaCl, 1
mM EDTA, 0.5% NP-40, 5m M N-ethylmaleimide and protease inhibitor cocktail) for 30
min at 4˚C. Non-solubilized material was removed by centrifugation. Samples were
incubated with streptavidin magnetic beads (New England Biolabs) on a rotator at 4˚C
overnight. Following incubation samples were washed 5 times with IP buffer and then
processed for and analyzed by mass spectrometry to identify eluted proteins.
Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR): Total RNAs
were isolated from cell samples by Trizol (Invitrogen) in triplicate, and 1 µg of total
RNA of each sample was reverse transcribed by Superscript III (Invitrogen) following the
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manufacturer’s protocol. For qRT-PCR, 10 ng cDNA was used per well in triplicates
using LightCycler 480 Sybr Green I Master (Roche), following the manufacturer’s
protocol. Reactions were run on the LightCycler 480 system (Roche). Fold induction was
calculated by the absolute quantification method. A standard curve was made for
reference gene RPLP0 by serial dilutions of genomic DNA from 100ng to 3.125 g. The
following primers were used:
DRP1: Forward:

5’-AGGTTGCCCGTGACAAATGA-3’; Reverse:

5’-ATCAGCAA

AGTCGGGGTG TT-3’. MCL1 Forward: 5’-AAGCCAATGGGCAGGTCT-3’; Reverse:
5’-TGTCCAGTTTCCGAAGCAT-3’. MFF Forward:
TTACGC-3’; Reverse:

5’-CACCACCTCGTGTAC

5’-CCGCTCTCTTTTTAGTCTGCC-3’. MFN1 Forward: 5’-

ATGACCTGGTGTTAGTAGACAGT-3’;

Reverse:

5’-AGACATCAGCATCTAG

GCAAAAC-3’. MFN2 Forward: 5’-CACATGGAGCGTTGTACCAG-3’; Reverse: 5’TTGAGCACCTCCTTAGCAGAC-3’.
CAACAGAAT-3’;

Reverse:

MID49

Forward:

5’-GCAACCAATCCAC

5’-CCGGAAAAGGCGTTAAGTCAC-3’.

TOM20

Forward: 5’-AGGTCTTACAGCAAACTCTTCC-3’; Reverse: 5’ ATTCCACATCAT
CTTCAGCCAA-3’. RPLP0 Forward 5’-CA GCAAGTGGGAAGGTGTAATCC-3’;
Reverse 5’-CCCATTCTATCATCAACGGGTACAA-3’.
Mitochondrial fusion assay: Cells were grown in 2-well chamber slides (model 1
German borosilicate; Labtec) and imaged in Phenol Red-free DMEM, supplemented with
10% heat-inactivated FBS, 2mM Glutamax, 1mM sodium pyruvate, MEM non-essential
amino acids, 100 U/ml penicillin, and 100 µg/ml streptomycin and 25 mM HEPES pH
7.4 at RT. Mito-PAGFP-based mitochondrial fusion assay was performed using a Zeiss
LSM 510 META confocal microscope (Zeiss MicroImaging) equipped with Plan-
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Apochromat 100x/1.4D oil DIC M27 objective lens (Zeiss MicroImaging) as described
[166]. Briefly, after acquisition of a pre-activation image, a ~5µm diameter circular
region of interest (ROI) was photoactivated by brief irradiation with 351/364-nm light
(Coherent Enterprise Ion Laser 80.0 mW), followed by time-lapse imaging using 488-nm
excitation light (488-nm Argon Ion Laser 25.0 mW set at 0.3%). 9 post-activation images
were collected with the interval between images set to ~2min. To avoid z-section shift,
focus was maintained using "Multi-time Macro" and the autofocusing system (which
utilizes linescans to detect the reflection off the coverglass). Images were acquired using
ZEN 2009 image acquisition software (Zeiss MicroImaging). To quantify the dynamics
of mitochondrial fusion the time-lapse images of each cell were analysed using ImageJ
software (NIH, Bethesda, MD). The 17 time-lapse images of each single cell time-lapse
experiment were thresholded and converted to binary images using the brightest pixels
from the first image (preactivated) as an intensity threshold. Pixels in the consecutive 16
images (postactivation images) that exceeded this fluorescence intensity threshold were
taken as containing activated mito-PAGFP signal and were assigned a value of 1; other
pixels were taken as background and assigned a value of 0. The number of pixels with
mito-PAGFP signal where summed as a measure of the cellular area with activated mitoPAGFP. The time-dependent mito-PAGFP-containing area obtained for each cell was
normalized with respect to its maximal and minimal values. The results from multiple
cells where aligned with respect to the time at which each cell reached the maximally
activated area. The time-dependent results were averaged together.
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2.3 Results
2.3.1 MARCH5 is a negative regulator of mitochondrial fission and maintains cell
viability
Our previous work identified the OMM-associated E3 Ub ligase, MARCH5, as a
negative regulator of mitochondrial fission through the Ub- and proteasome-dependent
degradation of the Drp1-receptor, MiD49 [166]. Specifically, we found that genetic
knockout of MARCH5 in HCT116 cells resulted in enhanced expression and stability of
MiD49 (Fig. 2.1 A, B, C). MYC-MiD49 immunoprecipitated under denaturing conditions
from wild type HCT116 cells treated with the proteasome inhibitor, MG132, showed
substantial conjugation of poly-Ub chains, indicating that in wild type cells, MiD49 is
strongly ubiquitinated. However, MYC-MiD49 immunoprecipitated from in MARCH5-/HCT116 cells displayed much lower levels of detectable poly-Ub. Together, these data
confirm that MARCH5 is required for the ubiquitin and likely proteasomal degradation of
the fission receptor, MiD49 (Fig 2.1 D, E).
Immunofluorescence with antibodies for the OMM-localized proteins, Tom20 or
IMM-localized cytochrome c, showed that depletion of MARCH5 resulted in fragmented
mitochondria (Fig. 2.2 A-F and not shown). To confirm that the enhanced levels of
MiD49 in MARCH5-/- HCT116 cells were responsible for this mitochondrial
fragmentation, MiD49-/- and MARCH5-/-/MiD49-/- DKO HCT116 cells were generated
using CRISPR/Cas9 gene editing (Fig. 2.2 G). While MiD49-/- HCT116 cells displayed
elongated mitochondria, depletion of MiD49 expression in MARCH5-/-/MiD49-/- DKO
cells restored mitochondria morphology. Thus, the fragmented mitochondria morphology
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in MARCH5-/- HCT116 cells can be attributed to the abnormal accumulation of MiD49 in
these cells (Fig. 2.2 H).

Figure 2.1 MARCH5 regulates the expression and degradation of MiD49 (A) Western blots of MARCH5,
MiD49, and Tom20 protein levels in total cell lysates of wild type and MARCH5-/- cells. *indicates an xreactive band detectable with anti-MARCH5 antibody. (B) Wild type and MARCH-/- cells were treated
with cycloheximide (CHX) as indicated, followed by Western blot to detect MiD49 (two exposures of the
same MiD49 blot are shown), Drp1 and Mff. Tom20 served as a loading control. (C) Relative MiD49
protein levels in wild type and MARCH-/- cells were quantified and plotted as a function of time of CHX
treatment. Protein levels detected in untreated samples (0 min) were set at 1. (D) Control or MG132-treated
(8hr) wild type and MARCH5-/- cells transfected with MYC-MID49 were subjected to MYC
immunoprecipitation under denatured conditions. Samples were analyzed by Western blot for MYC-tag (to
detect MYC-MiD49; D) and Ub (E) as indicated (top panels in D and E). Inputs (1% of lysates used for
immunoprecipitation) are shown in the bottom panels in D and E.
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Figure 2.2 Mitochondrial network organization (A-F) Typical examples of mitochondrial morphology
(Tom20; green on overlay images) and Drp1 (red on overlay images) in wild type (A), MARCH5-/- (B-D),
MiD49-/- (E), and MARCH5-/-/MiD49-/- (DKO; F) cells are shown. In (C) MARCH5-/- cells were
cotransfected with MYCMARCH5 and nucleus-targeted cyan fluorescent protein (Nuc-CFP; not shown) to
identify transfected cells. In (D) MARCH5-/- cells were cotransfected with MYC-MiD49 and Nuc-CFP, as
above. Non-transfected cells are overlaid with blue lines. Scale bars are 20 µm, and 5 µm (detail images).
(G) MARCH5 and MiD49 protein levels in wild type, MARCH5-/-, MiD49-/-, and MARCH5-/- /MiD49-/(DKO) cells. Tom20 was used as a loading control. (H) Mitochondrial morphology was quantified in cells
indicated in the figure. Data represent the means±SD of three independent counts of 150 cells/condition
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We also investigated the impact that depletion of MARCH5 has on cell viability.
We found MARCH5-/- HCT116 cells to be more sensitive to stress-induced apoptosis
(Fig. 2.3 A, B). In addition, this increased sensitivity was partially due to the MARCH5dependent regulation of MiD49, as MiD49-/-/MARCH5-/- DKO HCT116 cells were more
resistant to stress, when compared to MARCH5-/- HCT116 cells (Fig. 2.3 C). However,
MARCH5-/-/MiD49-/- DKO cells were not as resistant to stress as wild type cells,
indicating additional roles of MARCH5 in maintaining cell viability. Together, our data
show that MARCH5 is a critical E3 Ub ligase for maintaining cell viability and does so
predominantly through the Ub- and proteasome-dependent regulation of the
mitochondrial fission factor, MiD49 (Fig. 2.4). Based on these data, we propose that
under normal growth conditions, MARCH5 controls constitutive turnover of MiD49,
thereby maintaining mitochondrial and cellular homeostasis (Fig. 2.4 A). Since, MiD49
expression is enhanced and stabilized upon loss of MARCH5 expression, resulting in
fragmented mitochondria and an increase in the cells sensitivity to stress-induced
apoptosis (Figure 2.4B), it is also possible that MARCH5 regulates mitochondrial
response to stress.
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Figure 2.3 Depletion of MARCH5 sensitizes cells to apoptosis (A) Wild type and MARCH5-/- cells were
treated for 20 hr with the compounds indicated in the figure (abbreviations: staurosporine (STS),
actinomycin D (ActD), antimycin A (AntA), MIM1 (Mcl1 inhibitor)), followed by cell viability assessment.
Values obtained with untreated cells were set as 100%. Data represent means±SD of 4
measurements/condition from 2-3 experiments. (B) Cells were treated with indicated compounds. In each
group cells retaining mitochondrial cytochrome c (non-apoptotic) and those showing cytosolic cytochrome
c (apoptotic) were counted. Data represent the means±SD of 3 independent counts of 150 cells/condition.
(C) Wild type, MARCH5-/-, MiD49-/- and DKO (MARCH5-/-/MiD49-/-) cells were treated for 20 hr with
the compounds indicated in the figure, followed by cell viability assessment. Values obtained with
untreated cells were set as 100%. Data represent means±SD of 4 measurements/condition.
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Figure 2.4 Proposed mechanism of MARCH5 function at the OMM (A) To maintain mitochondrial and
cellular homeostasis, MARCH5 regulates the proper expression of MiD49 through K48-linked
ubiquitination. (B) Loss of MARCH5 expression or activity results in accumulation of MiD49, potentially
promoting the recruitment of Drp1 to the mitochondria. This results in enhanced mitochondrial fission and
sensitivity to apoptosis.

2.3.2 MARCH5 mutagenesis and rescue of mitochondrial fragmentation in
MARCH5-/- cells
To further understand the MARCH5 and the Ub/proteasome system (UPS)dependent control of mitochondria, we focused on identifying MARCH5 domains and
other factors critical for its function in mitochondrial dynamics. MARCH5 is a 278 amino
acid protein, with a cytosol-facing N-terminal RING finger domain (residues 6-75),
followed by four transmembrane domains (TMs; residues: 99-119, 139-159, 209-229,
and 238-258) and a C-terminal extension (residues 259-278; Fig. 2.5 A, B). We generated
an array of MYC-tagged MARCH5 mutants (Fig. 2.5 B; for the complete list of analyzed
mutants see Materials and Methods).
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Figure 2.5 MARCH5 structure and mutants (A, B) Schematic representation of MARCH5 domains and
membrane topology. MARCH5 is a 278 amino acid protein, with cytosol-exposed: N-terminal RING finger
domain (residues 6-75; orange), the loop between TM2 and TM3 (residues 160-208; grey), and the Cterminal extension (residues 259-278; green) and four transmembrane domains (TMs; residues: 99-119,
139-159, 209-229, and 238-258; blue). MARCH5 mutants used in the studies are shown in B.

Figure 2.6 Generation of MARCH5-/- HCT116 cells Western blot analyses of total cell lysates obtained
from wild type and MARCH5-/- HCT116 cells as indicated. *indicates an x-reactive band detectable with
anti-MARCH5 antibody.

We then analyzed their ability to rescue mitochondrial fragmentation in
MARCH5-depleted (MARCH5-/-) HCT116 cells (Fig. 2.6). MARCH5 mutants (Fig. 2.5
B and data not shown) were expressed in MARCH5-/- cells, followed by immunostaining
to detect Tom20, a mitochondrial marker, and Drp1, a mitochondrial fission factor (Fig.
2.7 A-E). As shown in Fig. 2.2 B, MARCH5 knockout resulted in mitochondrial
fragmentation (also shown in Fig. 2.7 A). Most of the analyzed MYC-MARCH5 mutants
restored mitochondrial networks in MARCH5-/- cells (data not shown) to a similar degree
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as wild type MARCH5. Consistent with published data [23, 140], abnormal elongation of
mitochondria was also detected in MARCH5-/- cells expressing a RING domain
inactivating mutant (H43W; MYC-MARCH5H43W) (Figs. 2.7 D, 2.8). However,
truncation of the cytosol-exposed C-terminal domain (amino acid residues 259-278;
MYC-MARCH5∆tail) also led to abnormal elongation of mitochondria (Figs. 2.7 C, 2.8).
Thus, it is likely that in addition to the RING domain, the C-terminus of MARCH5 is also
critical for the regulation of mitochondrial fission. No obvious effect on mitochondrial
morphology was detected in MARCH5-/- cells expressing only the C-terminal truncated
MARCH5H43W (MYC-MARCH5H43W/∆tail; Figs. 2.7 E, 2.8), suggesting that the RING and
C-terminal domains work together to control of mitochondrial fission. Since cells
expressing MYC-MARCH5∆tail (Figs. 2.7 C, 2.9), and to a lesser degree MYCMARCH5H43W/∆tail (Figs. 2.7 E, 2.9) showed a reduction in mitochondria-associated Drp1,
it is likely that MARCH5’s C-terminus, together with the RING domain, control Drp1dependent mitochondrial fission. As we previously reported [166], MARCH5 knockout
or overexpression did not affect levels of mitochondria-associated Drp1 (Figs. 2.7 A, B,
2.9), supporting the possibility that the C-terminal domain of MARCH5 does not function
as a receptor of Drp1.
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Figure 2.7 RING and C-terminal cytosolic MARCH5 domains control mitochondrial network organization
(A-E) Typical examples of mitochondrial morphology (Tom20; green on overlay images) and Drp1 (red on
overlay images) in wild type (A) and MARCH5-/- HCT116 cells (B-E). MARCH5-/- cells were transfected
with MYC-MARCH5∆tail (C), MYC-MARCH5H43W (D) and MYC-MARCH5H43W/∆tail (E) together with
nucleus-targeted cyan fluorescent protein (Nuc-CFP; not shown) to identify transfected cells. Cells were
processed for immunofluorescence followed by superresolution AiryScan imaging. Non-transfected cells
are overlaid with blue lines. Scale bars are 20 µm, and 5 µm (detail images).
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Figure 2.8 Quantification of mitochondria morphologies in cells expressing MARCH5 RING and cytosolic
C-terminal domain mutants Mitochondrial morphologies in cells listed in (Fig 2.7 A-E) were scored using
blinded cell counting. Cells were divided into three categories based on mitochondrial morphology.
“Fragmented” indicates mitochondrial morphologies typical for MARCH5-/- cells (as in 2.7B); “Normal”
indicates mitochondrial morphologies typical for wild type HCT116 cells (as in Fig 2.7A);
“Elongated/interconnected” indicates mitochondrial morphologies exemplified in Fig 2.7 C and D. Data
represent the mean±SD of three independent counts of 150 cells/condition.
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Figure 2.9 Quantification of Drp1 colocalization to mitochondria in cells expressing MARCH5 RING and
cytosolic C-terminal domain mutants Co-localization of Drp1 with the OMM marker Tom20 was analyzed
as seen in Fig 2.7, A-E. The values represent Pearson’s correlation coefficients. Data represent the
mean±SD of 30-50 cells/condition.

We also determined the role of the cytosolic MARCH5 C-terminal domain in
mitochondrial morphology and stress-induced mitochondrial fission. Given that Drp1mediated mitochondrial fission can be induced by mitochondrial toxins, including the
uncoupling agent carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) [80,
167], we tested the degree to which MYC-tagged C-terminal amino acid residues (261278) of MARCH5 (MYC-MARCH5C-tail) affect FCCP-induced mitochondrial fission.
MYC-tagged C-terminal amino acid residues (261-278) of MARCH5 (MYC-MARCH5Ctail

) was expressed in wild type (Fig. 2.10 A-C) and MARCH5-/- (Fig. 2.10 C) cells. Cells

treated with DMSO (vehicle; Fig. 2.10 A, C) or FCCP (Fig. 2.10 B, C), were taken for
immunofluorescence analysis and structured illumination imaging. Anti-cytochrome c
antibody was used to detect mitochondria and anti-MYC antibody to detect MYC-
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MARCH5C-tail. The data showed no apparent effect of MYC-MARCH5C-tail expression on
mitochondrial morphology in untreated wild type (Fig. 2.10 A, C) and MARCH5-/- (Fig.
2.10 C) cells. However, while FCCP-induced mitochondrial fragmentation in nontransfected HCT116 cells, cells expressing MYC-MARCH5C-tail displayed highly
enlarged, swollen mitochondria (Fig. 2.10 B, C), suggesting that MYC-MARCH5C-tail
disrupted mitochondrial fission.
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Figure 2.10 C-terminal cytosolic MARCH5 domain inhibits FCCP-induced mitochondrial fission (A, B)
HCT116 cells were transfected with MYC-tagged C-terminal domain of MARCH5 (amino acid residues
259-278; MARCH5 C-tail). Cells were either treated with DMSO (vehicle; A) or FCCP (B) for 4 hours
followed by immunofluorescence for MYC tag to detect MARCH5 C-tail (red on overlay images) and
cytochrome c to detect mitochondria (green on overlay images). (C) Mitochondrial morphologies were
scored using blinded cell counting. Data represent the mean±SD of three independent counts of 150
cells/condition.
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2.3.3 BioID proximity screen identified Mff as MARCH5 interacting protein
Data described above (Figs. 2.7, 2.10) suggest that MARCH5’s C-terminal
domain could be important for MARCH5 activity. To identify factors that control
MARCH5 in a C-terminal domain-dependent manner, we applied BioID technology to
screen for proximate (neighboring and interacting) proteins [178, 179]. In this method,
the protein of interest is fused with humanized BirA bacterial biotin protein ligase
(BirA*) that is predicted to tag interacting and neighboring proteins with biotin. We
generated wild type MARCH5- and MARCH5H43W-BirA* fusion mammalian expression
vectors. Since BirA* was fused to the C-terminus of MARCH5, it is likely that proteins
interacting with or in proximity to this domain would be biotinylated preferentially.
Biotinylation was determined by immunofluorescence (Fig. 2.11 A) and Western blot
(Fig. 2.11 B). The data showed that MARCH5-BirA* (Fig. 2.11 A) and MARCH5H43WBirA* (not shown) localized to the mitochondria. Furthermore, Alexa-488 streptavidindetected biotinylation also showed a predominantly mitochondrial pattern (Fig. 2.11 A
and not shown). Biotinylated proteins were purified from control, MARCH5(HA)BirA*and MARCH5H43W (HA)BirA*-expressing cells using streptavidin-agarose beads (Fig.
2.11 B), followed by mass spectrometry. To reduce the frequency of false positives, only
proteins identified in both MARCH5(HA)BirA*- and MARCH5H43W(HA)BirA*expressing cells but absent in (HA)BirA*-expressing cells (control) were considered
relevant. These criteria were met by 32 proteins (Fig. 2.11 C). Supporting the notion that
MARCH5 might be required for coordination of the mitochondrial and cytosolic
components of the UPS system, and consistent with the possibility that MARCH5 could
regulate various aspects of mitochondrial biology, 14 UPS-related proteins were
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identified (Fig. 2.11 C). Importantly, mitochondrial fission factors Drp1 and Mff were
also detected (Fig. 2.11 C), supporting a role for MARCH5 in the control of
mitochondrial fission. Notably, other OMM-associated proteins, including Mfn1 and
Mfn2 shown to interact with MARCH5 [138, 145] were not detected in this screen.
However, the possibility that these reported interactions may occur through the Nterminal RING domain and thus may be difficult to detect using our experimental design,
could not be excluded.
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Figure 2.11 Identification of MARCH5 interacting proteins using BioID (A) Cells were transfected with
MARCH5(HA)BirA* along with biotin treatment (final concentration 50mM). At ~24hr after transfection
cells were fixed and stained for protein biotinylation (with Alexa488-streptavidin; green on overlay image),
MARCH5(HA)BirA* (with anti-HA mAb; blue on overlay image), and mitochondria (with anti-Tom20
polyclonal antibody; red on overlay image). MARCH5(HA)BirA*-expressing cells are overlaid in yellow.
*indicates non-transfected cells. (B) Total cell lysates (INPUT) and streptavidin-purified biotinylated
proteins (Streptavidin pull-down) obtained from cells transfected with the indicated constructs and treated
with biotin as described in (A) are shown. ~10% of inputs and streptavidin beads purified biotinylated
proteins (red rectangle in B) were used for SDS-PAGE. Biotinylated proteins were detected with HRPstreptavidin. (C) MARCH5 interacting proteins (MARCH5 BioID assay summary; for details see text).
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Immunoprecipitation was used to test MARCH5 interactions with Mff and Drp1
in HCT116 cells. Wild type, Drp1-/-, and Mff-/- HCT116 cells were transfected with
MYC-MARCH5 and MYC-MARCH5H43W, followed by MYC-tagged protein pull down
and Western blot analysis (Fig. 2.12 and not shown). Mff co-immunoprecipitated with
MYC-MARCH5 and, to a higher degree, MYC-MARCH5H43W (Fig. 2.12). However,
although others have reported molecular interactions between MARCH5 and Drp1 [138,
139], Drp1 was not detected in the same samples.

Figure 2.12 Immunoprecipitation of MARCH5 detects an interaction with Mff Cell lysates obtained from
control-, MYC-MARCH5- and MYC-MARCH5H43W-transfected wild type and Mff-/- HCT116 cells were
subjected to MYC-immunoprecipitation. Immunoprecipitated samples (left panels) and inputs (right panels)
were analyzed by Western blot as indicated in the figure.
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To further examine MARCH5 interactions with Mff and Drp1, we applied the
membrane-permeant chemical crosslinker dithiobis-(succinimidyl propionate) (DSP).
The use of this chemical crosslinker allows the selective stabilization of labile
interactions, thus bypassing biochemical limitations for purification and enabling
enrichment of interacting proteins. This approach has been used to identify several
transient/weak protein interactions, including between mitochondrial proteins [180, 181].
In these experiments we also analyzed the role of the MARCH5 N-terminal RING and Cterminal domains in the interactions with their potential regulators. Given that MARCH5
forms oligomers [23, 182] and assuming that MARCH5 mutants could interact with
endogenous MARCH5 and therefore make data interpretation difficult (e.g. due to
detection of proteins interacting with endogenous MARCH5 potentially being pulled
down with the MARCH5 mutant), we used MARCH5-/- instead of wild type cells. Cells
transfected with MYC-MARCH5, MYC-MARCH5H43W, MYC-MARCH5∆tail, and MYCMARCH5H43W/∆tail were subjected to DSP crosslinking and MYC-MARCH5 pull down
(Fig.

2.13

A,

B).

Consistent

with

the

BioID

screen

and

non-crosslinked

immunoprecipitation (Figs. 2.11, 2.12), Mff co-precipitated with MYC-MARCH5 and
MYC-MARCH5H43W (Fig. 2.13 A, B). This interaction was also detected in samples
obtained from MYC- MARCH5 ∆tail- and MYC- MARCH5H43W/∆tail-expressing cells (Fig.
2.13 A, B). Consistent with native immunoprecipitation experiments Drp1 did not coprecipitate with any of the analyzed MARCH5 constructs (data not shown). The lack of
detectable Drp1:MARCH5 interaction could be the result of the specific experimental
conditions applied in this study. Indeed, we also did not detect a direct interaction
between Drp1 and its mitochondrial receptor Mff (data not shown). To provide
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confirmation for the specificity of the Mff:MARCH5 binding, highly sensitive antibodies
targeting Tom20, an abundant OMM-associated protein, were used but did not show
detectable Tom20 signal in any of the analyzed samples (data not shown).

Figure 2.13 Regulation of MARCH5 protein complex
(A) Western blot analyses of MYCimmunoprecipitated samples obtained from DSP-crosslinked MARCH5-/- cells transfected as indicated in
the figure. (B) Inputs corresponding to samples shown in (A) are shown.
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We previously showed that UPS-dependent degradation of MiD49 and Mcl1
require activity of the AAA-ATPase, p97 [26, 166]. Taking advantage of MARCH5
complex stabilization by DSP-crosslinking, we tested whether p97 interacts with
MARCH5 and the degree to which MARCH5 mutants could affect this interaction. The
data showed that while p97 interacted with all tested MARCH5 constructs, it was
markedly enriched in samples obtained from MYC-MARCH5∆tail- and MYCMARCH5H43W/∆tail-expressing cells (Fig. 2.13 A, B, 2.14). Confirming the specificity of
this interaction Npl4, a p97 cofactor, was also found to interact with MARCH5 (Figs.
2.13 A, B, 2.14). The levels of Npl4 pulled down with each of the MARCH5 variants
were similar to the levels of interacting p97 (Figs. 2.13 A, B, 2.14).

Figure 2.14 Quantification of MARCH5-interacting proteins Levels of indicated proteins coimmunoprecipitating with distinct MARCH5 variants were quantified. For details on data quantification
and normalization see Materials and Methods. Data represents mean±SD of 4 (Mff,) 3 (p97 and Ub) and 2
(Npl4) independent experiments.
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The subcellular localization of p97/Npl4 complex is controlled by the local
amount of ubiquitinated proteins [183]. Accordingly, we asked whether the enhanced
p97/Npl4 complex:MARCH5 interaction is associated with increased ubiquitination
levels of the MARCH5 protein complex. MYC-pull down samples obtained from MYCMARCH5∆tail and MYC-MARCH5H43W/∆tail -expressing cells showed a ~9-fold and ~5fold increase in ubiquitination, respectively, compared to MYC-MARCH5-expressing
MARCH5-/- cells (Fig. 2.13 A, B and Fig. 2.14), suggesting that MARCH5 C-terminal
truncation leads to accumulation of ubiquitinated proteins associated with MARCH5.
Thus, while MYC-MARCH5H43W and MYC-MARCH5H43W/∆tail are likely to have reduced
E3 Ub ligase activity, MYC- MARCH5∆tail could still be active. Mitochondrial
ubiquitination was also detected in MYC- MARCH5∆tail-, but not in MYC-MARCH5expressing MARCH5-/- cells by immunofluorescence (Fig. 2.15 A,B), further supporting
the possibility that the C-terminal domain of MARCH5 may be required for the postubiquitination steps in MARCH5-mediated protein degradation. Truncation of this
domain is likely to stall transition of ubiquitinated proteins to the p97/Npl4 complex on
the OMM or to the proteasome in the cytosol, resulting in enhanced association of Ub
and p97/Npl4 with MARCH5. However, the possibility that the E3 Ub ligase activity of
MARCH5 or perhaps a currently unknown E3 Ub ligase or deubiquitinase is controlled
by this domain cannot be excluded. Consistent with the role of the C-terminal domain in
regulation of MiD49 and Mcl1 turnover, re-expression of MYC-MARCH5, but not
MARCH5 mutants, reduced accumulation of MARCH5 substrates MiD49 and Mcl1 in
MARCH5-/- cells (Fig. 2.16).
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Figure 2.15 Accumulation of ubiquitin chains at the OMM in MARCH5∆Tail-expressing cells
Ubiquitination of mitochondria was analyzed in MARCH5-/- cells expressing MYC-MARCH5 (A), or
MYC-MARCH5 ∆tail (B). Cells were immunostained with anti-MYC polyclonal antibody to detect
MARCH5 (green on overlay images) and anti-conjugated Ub FK2 antibody, to detect Ub (red on overlay
images).

Figure 2.16 Re-expression of MARCH5, but not MARCH5-mutants, is able to rescue MiD49 and Mcl1
degradation Effect of MARCH5 and indicated MARCH5 mutants on protein levels of MiD49 and Mcl1.
Total cell lysates of MARCH5-/- cells transfected as indicated were analyzed by Western blot for the levels
of MiD49, Mcl1 and MARCH5 constructs. Tom20 was used as a loading control.
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2.3.4 Mff and Drp1 control protein expression of mitochondrial fission and fusion
factors
Data showing the interaction of MARCH5 with Mff (Fig. 2.12 and Fig. 2.13), and
published reports indicating MARCH5 binding to Drp1 [138, 139], suggested that
MARCH5 may regulate these proteins. However, consistent with published reports [139,
166] we found that protein levels and stabilities of Drp1 and Mff were not affected by
MARCH5 depletion (Fig. 2.18 A,B). Thus, one may conclude that MARCH5 does not
control the proteasome-dependent degradation of Drp1 and Mff. On the other hand, while
ubiquitination and turnover of MiD49 is regulated by MARCH5 [166], the screen for
proteins altered in MARCH5-/- HCT116 cells also revealed a several fold increase in the
expression levels of Mcl1 (Fig. 2.17), supporting a role for MARCH5 in control of Mcl1
turnover. Therefore, in subsequent studies, analyses of Mcl1 are also included.
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Figure 2.17 MARCH5-dependent control of Mcl1 (A and B) Immunofluorescence of MARCH5-/- cells
transfected with either MYC-tagged wild type MARCH5 (A) or MYC-tagged MARCH5 ring domain
mutant (MARCH5H43W; B). Cells were immunostained with anti-MYC antibody to detect MARCH5
(green on overlay images) and anti-Mcl1 mAb (red on overlay images). (C) % of cells with low Mcl1 (as in
A) or high Mcl1 (as in control untransfected cells, or B) protein levels were quantified as indicated in the
figure. Data represent mean±SD of triplicate counts of 150 cells/condition. (D)The effects of expression of
control vector (Control) wild type MARCH5 and MARCH5H43W on Mcl1 levels were analyzed by
Western blot. Total cell lysates (TCL; left panels) and mitochondria-enriched heavy membrane fractions
(HM (mito); right panels) obtained from MARCH5-/- cells transfected with above-mentioned constructs
are shown. (E) Control or MG132-treated (4hr) wild type HCT116 cells transfected with MYC-Mcl1
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alone or cotransfected with MYC-Mcl1 and YFP-MARCH5, or MYC-Mcl1 and YFP-MARCH5H43W
were subjected to MYC immunoprecipitation under denaturing conditions. Samples were analyzed by
Western blot for MYC-tag (to detect MYC-Mcl1) and Ub as indicated. Inputs (~2% of lysates used for
immunoprecipitation) are shown in the right panels. * indicates antibody heavy chain. (F-H) Wild type and
MARCH-/- cells were treated with CHX as indicated, followed by Western blot to detect Mcl1 (in F two
exposures of the same Mcl1 blot are shown). * in F and G indicates an x-reactive band detectable with antiMARCH5 antibody. Tom20 served as a loading control. In H Relative Mcl1 protein levels in wild type and
MARCH-/- cells were quantified and plotted as a function of time of CHX treatment. Protein levels
detected in untreated samples (0 min) were set at 1. Data represent mean±SD of 5 independent experiments.
(I-L) Wild type and MARCH5-/- cells were treated with ActD (20 µM; I, J) or STS (1 µM; K,L), for 0-3
hr, followed by Western blotting, as indicated. *indicates an x-reactive band detectable with antiMARCH5 antibody. In J and L protein levels in cells treated as shown in K and I were quantified and
plotted against the length of treatment with ActD (J) or STS (L). Data represent the means±SD of three
independent experiments. Protein levels detected in untreated cells (time, 0 min) were set at 1. (M) The
effects of single MARCH5 (line 2), Usp9x (line 3), and p97 (line 4) RNAi, and double MARCH5/Usp9x
(line 5), MARCH5/p97 (line 6), and Usp9x/p97 (line 7) RNAi on Mcl1 protein levels were analyzed by
Western blot. Tom 20 was used as a loading control. The relative (normalized to control RNAi) Mcl1 levels
are shown below Mcl1 blot panel. *indicates an x-reactive bands detectable with anti-MARCH5 antibody.

To test the possibility that Mff and Drp1 may control MARCH5-dependent
ubiquitination and turnover of other proteins, we analyzed the effect of Mff and Drp1
depletion on levels of reported MARCH5 substrates and other mitochondrial proteins
(Fig. 2.18). Total cell lysates obtained from Drp1-/-, Mff-/-, Opa1-/-, Drp1-/-/Opa1-/-,
MiD49-/-, and wild type HCT116 cells were analyzed by Western blot (Fig. 2.18 A, B).
Efficient knockout of the respective proteins was confirmed by Western blot (Fig. 2.18
A) and PCR (data not shown). The data show that in both Drp1-/- and Mff-/- cells protein
levels of MiD49, Mcl1, and mitochondrial fusion factors Mfn1 and Mfn2 were markedly
reduced, while other mitochondrial proteins, including OMM-associated Tom20, Tom22,
BclxL, and mitochondrial matrix-localized Clpp were not affected (Fig. 2.18 A, B).
Accumulation of the short form of mitochondrial fusion factor Opa1 (sOpa1) was also
evident in Drp1-/- and to lesser degree Mff-/- cells (Fig. 2.18 A). Drp1 knockout did not
affect levels of Mff and vice versa (Fig. 2.18 A). Confirming a specific role for Drp1 and
Mff in the control of the above-described proteins, knockouts of mitochondrial fission (i.e.
MiD49) and fusion (i.e. Opa1) regulators did not affect levels of the analyzed proteins
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(Fig. 2.18 A, B). Relative levels of the analyzed proteins in MARCH5-/- cells are shown
in Figure 2.19 A. Using quantitative real time PCR (qRT-PCR) we tested the degree to
which depletion of Drp1 and Mff affected the transcription of respective mRNAs (Fig.
2.19 B). There were no significant reductions in the mRNA levels of Mcl1, MiD49, or
Mfn1, suggesting that the decreases in expression of these proteins in Drp1-/- and Mff-/cells can be attributed to a reduction in protein stability. Conversely, Mfn2 mRNA levels
were found to be lower in Drp1-/- and Mff-/- cells, indicating that the altered expression of
Mfn2 in these cells may be due to dysregulated transcription (Fig. 2.19 B). Thus,
depletion of Drp1 and Mff might affect the stability of Mcl1, MiD49, and Mfn1 proteins,
but Mfn2 levels could also be regulated at the transcriptional level.
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Figure 2.18 Role of Drp1 and Mff in control of OMM proteostasis (A) Total cell lysates obtained from
wild type and HCT116-based Drp1-/-, Opa1-/-, DKO (Drp1-/-/Opa1-/-), Mff-/-, MiD49-/-, and MARCH5-/- were
analyzed by Western blot as indicated in the figure. (B) Fold changes of protein levels in knock out cells
listed in A were estimated. Protein levels were plotted after normalization, with respective protein levels in
wild type cells set at 1.
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Figure 2.19 Quantification of protein substrates in knockout cells (A) Fold changes of protein levels in
knock out cells listed in Fig. 2.18 A were estimated. Protein levels were plotted after normalization, with
respective protein levels in wild type cells set at 1. In A relative levels of specified proteins in MARCH5-/cells are shown. Data represent mean±SD of 3-4 independent experiments. (B) mRNA expression of genes
indicated in the figure in wild type, Drp1-/-, Mff-/- and MiD49-/- HCT116 cells was determined using qRTPCR. Fold induction was calculated by the absolute quantification method. A standard curve was made for
reference gene by serial dilutions of genomic DNA from 100 ng to 3.125 ng. Data represent mean±SD; n=3.
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Mitochondrial morphology in Drp1-/-, Opa1-/-, Drp-/-/Opa1-/- (DKO), Mff-/-, and
MiD49-/- cells was also analyzed (Fig. 2.20 A-F). The data showed the expected
mitochondrial elongation and interconnection in Drp1-/- cells (Fig. 2.20 B, G), less
remarkable but clear mitochondrial elongation in most of the Mff-/- (Fig. 2.20 E, G) and
MiD49-/- cells (Fig. 2.20 F, G), and extensive mitochondrial fragmentation in Opa1-/- cells
(Fig. 2.20 C, G). Mitochondria in Drp1-/-/Opa1-/- cells resembled those detected in Drp1-/cells (Fig. 2.20 D, G). Since similar morphology was observed in Drp1-/-/Opa1-/- cells
regardless of whether Drp1 was knocked out in Opa1-/- or vice versa (data not shown), it
appears that in HCT116 cells inhibition of Drp1-dependent mitochondrial fission is
epistatic to inhibition of Opa1-dependent mitochondrial fusion. While verifying
mitochondrial phenotypes of respective knockout cells, these data also support the
possibility that it is not mitochondrial morphology per se, but rather the activities of Drp1
and Mff that control MiD49, Mcl1, and Mfn1 protein levels.

71

Figure 2.20 Mitochondria morphologies of knockout cells (A-F) Wild type (A), Drp1-/- (B), Opa1-/- (C),
DKO (Drp1-/-/Opa1-/-; D), Mff-/- (E) and MiD49-/- (H) HCT116 cells were immunostained with anticytochrome c antibody to reveal mitochondria and imaged using structured illumination microscopy. Cells
were divided into three categories based on mitochondrial morphology, as described in figs. 2.7 and 2.8.
Typical images of respective cells are shown. (G) Mitochondrial morphologies in cell types shown in A-F
were scored using blinded cell counting. Data represent the mean±SD of three independent counts of 150
cells/condition.
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2.3.5 MARCH5-dependent and -independent control of mitochondrial dynamics
factors
To determine the role of MARCH5 in Mff/Drp1-dependent control on expression
levels of mitochondrial fission and fusion factors we generated Mff-/-/MARCH5-/- and
Drp1-/-/MARCH5-/- cells (Fig. 2.21). Cells were analyzed for levels of MiD49, Mcl1,
Mfn1 and Mfn2 and sOpa1 (Fig. 2.21 A-D). The Drp1- and Mff-dependent decreases in
Mfn1 and Mfn2 expression and accumulation of sOpa1 were not altered in Mff-//MARCH5-/- or Drp1-/-/MARCH5-/- cells and displayed comparable expression levels to
Mff-/- and Drp1-/- cells (Fig. 2.21 A-D). However, the levels of MiD49 and Mcl1 in Mff-//MARCH5-/- and Drp1-/-/MARCH5-/- cells were comparable to those in MARCH5-/- cells
(Fig. 2.21 A-D). Thus, these results indicate that Drp1 and Mff control of MiD49 and
Mcl1 expression is MARCH5-dependent. Conversely, MARCH5 does not appear to be
required for Drp1 and Mff-dependent alterations in mitochondrial fusion factors. Similar
data were obtained with 2 independent clones of Drp1-/-/MARCH5-/- and Mff-//MARCH5-/- (not shown), supporting the specificity of this mechanism. Combined, these
results suggest that depletion of Drp1 and Mff could affect the stability of MARCH5
substrates MiD49 and Mcl1.
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Figure 2.21 Role of MARCH5 in control of Mff/Drp1-dependent protein levels (A) Total cell lysates
obtained from wild type and HCT116-based Drp1-/-, MARCH5-/- and Drp1-/-/MARCH5-/- cells were
analyzed by Western blot as indicated in the figure. (B) Total cell lysates obtained from wild type and
HCT116-based Mff-/-, MARCH5-/- and Mff-/-/MARCH5-/- cells were analyzed by Western blot as indicated
in the figure. (C, D) Fold changes of protein levels in knock out cells listed in A and B were estimated.
Protein levels were plotted after normalization; with respective protein levels in wild type cells set at 1.
Data represent mean±SD of 3-4 independent experiments.
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To test this possibility, we applied cycloheximide (CHX) chase (Figs. 2.22 A-D,
2.23 A-C). Consistent with the role for Drp1 and Mff in control of Mcl1 and MiD49
turnover, the half-lives of these proteins were shortened in both Drp1-/- (Figs. 2.22 A,
2.23 A,B) and Mff-/- cells (Figs. 2.22 B, 2.23 A, B), while stability of Tom20 was not
affected (Figs. 2.22 A, B, 2.23 C). Importantly, stability of MiD49 and Mcl1 was
markedly increased in Drp1-/-/MARCH5-/- (Figs. 2.22 C, 2.23 A, B) and Mff-/-/MARCH5/-

(Figs. 2.22 D, 2.23 A, B) cells and was comparable to MARCH5-/- cells.
Using immunoprecipitation under denaturing conditions we tested the effects

Drp1 and Mff depletion on the ubiquitination status of MiD49 and Mcl1. The data
showed substantial increases in ubiquitinated MYC-MiD49 (Fig. 2.24 A, B) and MYCMcl1 (not shown) in both Drp1-/- and Mff-/- cells, as compared to wild type cells. The
increased ubiquitination of both MiD49 and Mcl1 was reduced in Drp1-/-/MARCH5-/- and
Mff-/-/MARCH5-/- cells (Fig. 2.24 A, B and not shown), supporting the possibility that
Mff and Drp1 regulate MARCH5 and Ub-mediated degradation of MiD49 and Mcl1.
Additionally, we examined the effect of Drp1 and Mff depletion total
mitochondrial ubiquitination. Wild type, Drp1-/-, and Mff-/- cells were subjected to
subcellular fractionation followed by Western blot analyses for the levels of Ub in total
cell lysates (TCL; Fig. 2.25 A) and mitochondria-enriched heavy membrane (HM)
fractions (Fig. 2.25 B). No apparent differences in the levels of ubiquitination were
detected in TCL (Fig. 2.25 A) or HM (Fig. 2.25 B) from Drp1-/- or Mff-/- cells compared
to wild type cells, suggesting that Drp1 and Mff control the ubiquitination of a limited
number of mitochondrial proteins. Confirming these results, immunofluorescence for
anti-conjugated Ub (FK2) antibody followed by structured illumination microscopy, an
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approach that permitted us to detect mitochondrial ubiquitination upon induction of
Parkin-dependent mitophagy [184], and Ub accumulation in MYC- MARCH5∆tailexpressing MARCH5-/- cells (Fig. 2.15 B) also did not reveal any changes in
mitochondria-associated Ub (data not shown).

Figure 2.22 Role of MARCH5 in control of turnover and ubiquitination of Mcl1 and MiD49 in Drp1-/- and
Mff-/- cells Wild type (A, B), Drp1-/- (A, B), Mff-/- (A, B), Opa1-/- (A, B), MARCH5-/- (C, D), Drp1-/-/
MARCH5-/- and, Mff-/-/MARCH5-/- (C, D) HCT116 cells were treated with CHX as indicated, followed by
Western blot to detect MiD49 (A, C) and Mcl1 (B, D); Tom20 served as a loading control
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Figure 2.23 Quantification of protein turnover in MARCH5 DKO cells CHX-induced changes in MiD49
(A), Mcl1 (B) and Tom20 (C) protein levels in above described cells were quantified and plotted as a
function of time of CHX treatment. Protein levels detected in untreated samples (0 min) were set at 1. Data
represent mean±SD of 3-4 independent experiments.
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Figure 2.24 Ubiquitination status of MiD49 in MARCH5 DKO cells (A, B) Wild-type, Drp1−/−, Mff−/−,
MARCH5−/−, Drp1−/−/MARCH5−/−, and Mff−/−/MARCH5−/− cells transfected with MYC-MID49 (A, B)
were subjected to MYC immunoprecipitation under denaturing conditions. Samples were analyzed by
Western blot for MYC tag to detect MYC-MiD49 (A) and Ub (A, B) as indicated.

Figure 2.25 Total ubiquitination in fission knockout cells (A) Total cell lysate (TCL) and (B)
mitochondria-enriched heavy membrane fractions (HM) obtained from cell types indicated were analyzed
for ubiquitination levels. Tom20 was used as a loading control.
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2.3.6 Mitochondrial morphology in Drp1-/-/MARCH5-/- and Mff-/-/MARCH5-/HCT116 cells
Combined, the results support functional and molecular crosstalk between
MARCH5 and Mff/Drp1 in the control of mitochondrial fission. To test the relevance of
Mff/Drp1 control of MARCH5, we analyzed mitochondrial morphology in Drp1-//MARCH5-/- and Mff-/-/MARCH5-/- HCT116 cells (Figs. 2.26, 2.27). Cells were
immunostained for mitochondrial marker cytochrome c (green on overlay images in Fig.
2.26 A-F) and peroxisomal protein Pex14 (red on overlay images in Fig. 2.26 A-F) as a
control, followed by structured illumination imaging (Fig. 2.26 A-F) and mitochondrial
morphology quantification (Fig. 2.27). Only elongated/interconnected mitochondria,
identical to mitochondria observed in Drp1-/- HCT116 cells, were detected in Drp1-//MARCH5-/- cells (compare Fig. 2.26 E to 2.26 F). Considering the essential role for
Drp1 in mitochondrial fission, these results were not surprising. Notably, in contrast to
Mff-/- cells that showed elongated/interconnected mitochondria, mitochondria in Mff-//MARCH5-/- cells were predominantly fragmented (compare Fig. 2.26 C to 2.26 D). Thus,
it

is

likely

that

through

an

increase

in

mitochondrial

fission

rates,

stabilization/accumulation of MiD49 in Mff-/-/MARCH5-/- cells is sufficient to overcome
Mff deficiency, leading to mitochondrial fragmentation.
Since Mff and MiD49 mediate mitochondrial recruitment of Drp1 [79, 81, 82], we
investigated the subcellular distribution of Drp1 in Mff-/- and Mff-/-/MARCH5-/- cells. As
reported [79, 167], reduced mitochondrial association of Drp1 in Mff-/- cells was rescued
in Mff-/-/MARCH5-/- cells (Fig. 2.28), suggesting that the fragmented mitochondrial
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morphology in Mff-/-/MARCH5-/- cells (Fig. 2.26 D, 2.27) is a result of MiD49
accumulation-mediated increase in mitochondria-associated Drp1.
Furthermore, given the well-established role of Drp1 and Mff in control of
peroxisome fission [185] we also asked whether, as in the case of mitochondria,
MARCH5, Mff and Drp1 cooperate in control of peroxisome morphology. Consistent
with earlier reports, only elongated peroxisomes were detected in Mff-/- (Fig. 2.26 C,
2.27) and Drp1-/- (Fig. 2.26 E, 2.27) cells, while MARCH5-/- (Fig. 2.26 B, 2.27) and wild
type (Fig. 2.26 A, 2.27) cells showed punctate peroxisome morphology. Only elongated
peroxisomes were detected in Mff-/-/MARCH5-/- (Fig. 2.26 D, 2.27) and Drp1-//MARCH5-/- (Fig. 2.26 F, 2.27) cells. Thus, in contrast to mitochondria, MARCH5
depletion-induced stabilization of MiD49 does not appear to affect peroxisome division.
Consistent with the fact that Mff is the only known Drp1 receptor on peroxisomes [83],
these results further support the mitochondrial specificity of MARCH5/Mff/Drp1
signaling axis.

80

Figure 2.26 Mitochondria-specific functional cross-talk between Mff and MARCH5. (A–F) Typical
examples of mitochondria (cytochrome c; green on overlay images) and peroxisomes (Pex14; red on
overlay images) in wild-type (A), MARCH5−/− (B), Mff−/− (C), Mff−/−/MARCH5−/− (D), Drp1−/− (E), and
Drp1−/−/MARCH5−/− (F) HCT116 cells. Cells were processed for immunofluorescence, followed by
structured illumination imaging.
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Figure 2.27 Quantification of mitochondria and peroxisome morphology in knockout cells Mitochondrial
and peroxisomal morphologies in cells listed in A–F in Figure 2.26 were scored using blinded cell
counting. Cells were divided into three categories based on mitochondrial morphology. Fragmented
indicates mitochondrial morphologies typical for MARCH5−/− cells (as in B); Normal indicates
mitochondrial morphologies typical for wild-type HCT116 cells (as in Figure 2.26A);
Elongated/interconnected indicates mitochondrial morphologies exemplified in Figure 2.26 C, E, and F.
Data represent mean ± SD of three independent counts of 150 cells/condition.

Figure 2.28 Drp1 colocalization is rescued in cells expressing enhanced MiD49 Colocalization of Drp1
with the OMM marker Tom20 was analyzed in cells indicated. The values represent Pearson’s r. Data
represent mean ± SD of ∼50 cells/condition
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2.4 Discussion
The mechanisms by which mitochondrial fission rates are adjusted to cellular
demands, as well as the potential functional specialization of integral OMM-associated
components of the mitochondrial fission machinery, are not well understood. We recently
reported that mitochondrial fragmentation detectable in MARCH5-depleted cells was not
associated with changes in mitochondrial fusion rates or alterations in bioenergetic
performance of these organelles, but rather caused by increased fission rates [166]. We
concluded that MARCH5 is a negative regulator of Drp1-dependent mitochondrial fission,
through regulation of the stability of MiD49 (Figs. 2.1, 2.2), the OMM-associated Drp1
receptor [166] (Fig. 2.4). However, the exact mechanisms or conditions that regulate
MARCH5 activity and its specific role in the overall process governing mitochondrial
fission were not established.
We focused on the functional and molecular crosstalk between MARCH5 and
mitochondrial dynamics proteins. Interestingly, data presented in this chapter show that
Drp1 and Mff, likely in concert, regulate MARCH5 activity toward MiD49 and Mcl1,
another identified MARCH5 substrate. Specifically, turnover rates and ubiquitination
levels of MiD49 and Mcl1 were enhanced in both Drp1-/- and Mff-/- cells. These changes
corresponded to reduced MiD49 and Mcl1 protein levels in Drp1-/- and Mff-/- cells, which
were reversed upon depletion of MARCH5 in Drp1-/- and Mff-/- backgrounds.
Considering other reports [138, 139] along with the molecular interactions between
MARCH5 and Mff shown here and the fact that MARCH5 does not regulate stability of
either Drp1 or Mff [139, 166], we propose that in addition to their canonical
mitochondrial membrane remodeling roles in mitochondrial fission, Drp1 and Mff also
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regulate other components of the mitochondrial fission machinery indirectly through a
Ub/proteasome-dependent mechanism (Fig. 2.29)

Figure 2.29 Proposed mechanism of MARCH5 regulation by fission factors Drp1 and Mff (A) Under
normal conditions (i.e. no pro-fission signal), MARCH5 does not interact with Mff and continuously turns
over MiD49 to maintain mitochondrial homeostasis. (B) Under pro-fission signals (i.e. Drp1 recruitment to
Mff receptors), Mff binds to MARCH5, inhibiting its activity. Inhibition of MARCH5 activity results in the
stabilization of MiD49, potentially allowing enhanced binding of Drp1 to the OMM, and thus, fission.
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Supporting this possibility and suggesting that Drp1 and Mff could work as a
molecular complex, not only in a well-established mechanoenzymatic fashion, but also in
the regulation of Ub-dependent MiD49 and Mcl1 protein stabilities, a BioID screen for
proteins interacting with, or proximal to, the cytosol-exposed C-terminal domain of
MARCH5 identified Mff and Drp1, but not other mitochondrial dynamics proteins.
Immunoprecipitation under native and “in cell” DSP-crosslinking revealed strong
interactions between Mff and MARCH5. In addition, in crosslinked samples, we also
detected accumulation of p97 and Npl4, proteins previously linked to retrotranslocation
of ubiquitinated substrates from the OMM to the cytosol prior to their proteasomal
degradation through a process known as OMM-associated degradation (OMMAD) [24,
26]. Suggesting a role for the C-terminal domain of MARCH5 in the regulation of
MARCH5 crosstalk with p97/Npl4 complex, these proteins were found to accumulate in
C-terminal tail-truncated MARCH5 mutants to a much higher degree than with wild type
and a RING domain mutant of MARCH5. Furthermore, ubiquitination levels detected in
DSP-crosslinked immunoprecipitated samples were increased in samples obtained from
MYC- MARCH5∆tail-expressing cells, and to a lesser degree MYC- MARCH5H43W/∆tailexpressing cells, supporting the possibility that the E3 Ub activity of MARCH5 is not
inhibited by C-terminal truncation. Thus, our data suggest that the more likely function of
this cytosol-exposed C-terminal domain is a role in the post ubiquitination steps of
MARCH5-dependent protein degradation, including p97/Npl4 recruitment and/or
ubiquitinated protein retrotranslocation.
The physiological effects on mitochondrial morphology stemming from the
interactions between MARCH5 and Mff and p97/Npl4 can be seen in Figure 2.17 and
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2.18. Interestingly, re-expression of MYC-MARCH5H43W and MYC-MARCH5∆tail into
MARCH5-/- cells results in elongation of mitochondria, whereas expression of MYCMARCH5H43W/∆tail has no effect on morphology, indicating that both the RING and C-tail
domains are necessary for MARCH5 to maintain mitochondrial morphology. Because
MYC-MARCH5H43W-expressing cells display enhanced Mff:MARCH5 binding and Drp1
recruitment to mitochondria, it is possible that the RING domain may be necessary for
Mff activation. In cells expressing this mutant, Mff may be in an inactive state or
conformation, and its activation may require the ubiquitination activity of MARCH5,
perhaps through ubiquitination of other mitochondrial substrates. In regard to the C-tail
domain, the enhanced levels of ubiquitination and interactions between MARCH5∆tail and
p97/Npl4 suggest that protein turnover at the OMM may be stalled or inactive. If this
were the case, then it is possible that in cells expressing MYC-MARCH5∆tail, turnover of
other fission factors may be affected, resulting in the altered mitochondria morphology.
On the other hand, accumulation of p97/Npl4 could be induced by enhanced protein
ubiquitination, either MARCH5-dependent or mediated by a currently unknown E3 Ub
ligase and/or deubiquitinase that interact with the MARCH5 complex. Indeed, our data
show several UPS factors being biotinylated by MARCH5-BirA*, and therefore proximal
to MARCH5 complex. These possibilities are currently being investigated in our
laboratory.
Results presented here also support the possibility that MARCH5 is required for
converting Drp1- and Mff-initiated signals into the regulation of ubiquitination and
stability of MiD49 and Mcl1, providing a mechanism to fine-tune mitochondrial fission
rates. Indeed, illustrating the functional hierarchy by which Mff and MiD49 contribute to
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Drp1-mediated mitochondrial fission and supporting our current model, abnormal
accumulation of MiD49 in Mff-/-/MARCH5-/- cells compensated for and overcame the
loss of Mff, leading to fragmented mitochondrial morphology.
We also identified Mcl1 as a novel MARCH5 substrate. Since apoptosis-induced
Mcl1 degradation was only slightly affected by MARCH5 depletion, it is possible that, in
contrast to other Mcl1-regulating E3 Ub ligases, including Mule/ARF-BP1 and
SCF/FBW7 [136, 186], MARCH5-dependent regulation of Mcl1 is restricted primarily to
non-apoptotic conditions. This is further supported by the fact that despite Mcl1
accumulation, MARCH5-/- cells display increased sensitivity to stress-induced apoptosis
[166]. Considering that Mcl1 has already been implicated in the control of mitochondrial
fusion and fission, including mitochondrial recruitment of Drp1 [160, 187, 188], it is
possible that MARCH5- and Mff/Drp1-mediated control of Mcl1 is also specifically
linked to Mcl1’s role in mitochondrial membrane dynamics. It has been reported that
pharmacological inhibition of Mcl1 led to mitochondrial fragmentation either upstream of
or independent of apoptosis [188]. Thus, while there is an abnormal accumulation of
Mcl1 in MARCH5-/-, Mff-/-/MARCH5-/- and Drp1-/-/MARCH5-/- cells, the depletion of
MARCH5 in these cells could make Mcl1 inactive. It has been also shown that Mcl1 can
be found in the protein complex with Drp1 [187], suggesting that it could directly control
Drp1 activity. However, despite intense effort, we could not determine the mechanism
by which Mcl1 contributes to mitochondrial fission or how this anti-apoptotic protein
contributes to MARCH5-mediated Mff/Drp1-dependent control of this process.
The findings reported here also suggest that, in addition to their roles in
mitochondrial fission, Mff and Drp1 could also be responsible for fine-tuning
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mitochondrial fusion rates, perhaps in a similar Ub/proteasome-dependent mechanism.
Experiments addressing this notion are presented in Chapter 3.
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Chapter 3. Functional crosstalk between mitochondrial
fusion and fission proteins to maintain
mitochondrial homeostasis and integrity
3.1 Introduction
The notion that mitochondrial fusion and fission balance each other, leading to
formation of highly dynamic mitochondrial networks, has been corroborated in all tested
organisms, including yeast S. cerevisiae, C. elegans, flies and various cells and tissues in
mammals [2, 34, 146]. The importance of this balance has been emphasized by plentiful
reports showing that aberrant mitochondrial dynamics is either linked to or may cause
several diseases [98, 189-191]. While the factors controlling mitochondrial fission and
fusion are relatively well-understood, the mechanism by which mitochondrial fission and
fusion rates are coordinated is not known. Quantitative imaging studies revealed that in S.
cerevisiae mitochondrial fission and fusion occur within a short time period [2, 34, 146].
Since, in mammalian cells, mitochondrial structure and connectivity do not appear to
change over time, reciprocal regulation of fission and fusion rates for maintaining the
mitochondrial network is likely. Yet, the mechanism by which mitochondrial fission and
fusion rates are coordinated (e.g., how fusion senses that fission has occurred and vice
versa) in mammals and other analyzed eukaryotes is not known. Coordination of
mitochondrial fusion and fission could be stochastic. However, the data we will discuss
in this chapter clearly indicate that the more likely situation is that the mitochondrial
fission and fusion machinery control each other reciprocally. In this scenario, increased
fission would also accelerate fusion (and vice versa), and thereby balance mitochondrial
network dynamics.
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As the balance of mitochondrial fusion and fission is a very dynamic process, the
regulation of these proteins must be quick and responsive [1]. Indeed, the Ub-proteasome
system (UPS) can generate such quick and adaptive responses, providing a likely
regulatory mechanism [192]. We have shown that an E3 Ub ligase, MARCH5, is
regulated by mitochondrial fission factors to fine tune mitochondrial fission rates (see
Chapter 2 for details). Based on these and other findings described below, we
hypothesized that Ub/proteasome could also control the crosstalk between fission and
fusion machineries.
As discussed in Chapter 2, loss of the mitochondrial fission proteins, Drp1 and
Mff, resulted in expected elongation/interconnection of mitochondria and a rather
surprising reduction in expression of the OMM-localized fusion regulators, Mfn1 and
Mfn2. In this chapter, we report that the reduced expression and protein stability of Mfn1
and Mfn2 in Drp1-/- and Mff-/- cells is Ub- and proteasome-dependent, suggesting that a
currently unknown mitochondria-acting E3 Ub ligase is responsible for this change. In
addition, Mff-/- cells have reduced fusion rates, which correspond to the reduced levels of
Mfn1 and Mfn2 protein expression. Finally, re-expression of Mff (variant 1 and 6; see
below for further discussion) rescued Mfn1 and Mfn2 expression, fusion rates, and
mitochondrial morphology in Mff-deficient cells.
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3.2 Methods
Western blot: Cells were harvested, and total cell protein lysates and subcellular fractions
were prepared as described [166, 167]. For total cell lysates, cells were collected by
scraping into ice-cold PBS, washed with ice-cold PBS, suspended in SDS-PAGE sample
buffer and incubated at 100°C for 10 min, followed by centrifugation at 20,000 xg for 5
min. Supernatants were used for further analysis. Proteins were separated on 4-20%
gradient Tris-Glycine polyacrylamide gels (Invitrogen), transferred onto PVDF
membranes (Immubilon-P; Millipore), and incubated with primary antibodies, followed
by HRP-conjugated anti-mouse (Roche) or anti-rabbit (Roche) secondary antibodies.
Blots were detected with Super Signal West Pico ECL reagent (Thermo Scientific
Biosciences). Antibodies used for Western blot were: anti-MARCH5 polyclonal antibody
(Millipore), anti-MiD49 polyclonal antibody (Sigma), anti-Mff polyclonal antibody
(ProteinTech), anti-Drp1 mAb (Dlp1; BD Biosciences), anti-Tom20 polyclonal antibody
(Santa Cruz), anti-MYC tag polyclonal antibody (provided by Dr. Mervyn Monteiro;
University of Maryland School of Medicine; and described earlier [166]), anti-Opa1 mAb
(BD Biosciences), anti-Mfn1 polyclonal antibody (provided by Dr. RJ Youle, NIH,
Bethesda, MD and verified/described earlier [150, 166]), anti-Mfn2 mAb (Abcam), and
anti-Tom70 polyclonal antibody (Santa Cruz).
Immunofluorescence: Immunofluorescence labelling was performed as previously
described [166, 167]. Briefly, cells grown in 2-well chamber slides (model 1 German
borosilicate; Labtec) were fixed with pre-warmed 37°C 4% PFA in PBS solution for 20
min at RT, then permeabilized with 0.15% Triton X-100 in PBS for 20 min at RT. After
blocking with 7.5% BSA in PBS for 45 min, samples were incubated with primary
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antibodies in 7.5% BSA in PBS for 90 min at RT, followed by 3 washes with 7.5% BSA
in PBS and incubation with secondary antibodies diluted in blocking buffer for 45 min at
RT. Samples were washed with PBS at RT and imaged directly in PBS within 7 days
after immunofluorescence processing. The primary antibodies were: anti-cytochrome c
mAb (BD Biosciences), anti-Mfn2 mAb (Abcam) and anti-MYC tag polyclonal antibody
(provided by Dr. Mervyn Monteiro; University of Maryland School of Medicine; and
described earlier [166]). Secondary antibodies were anti-mouse or anti-rabbit Alexa Fluor
488 (Life Technologies), and anti-mouse or anti-rabbit Alexa Fluor 546 (Life
Technologies).
Image acquisition and analysis: Images were acquired with a Zeiss AxioObserver Z1
fluorescence microscope, equipped with a 100/1.45 a-Plan-FLUAR objective lens (Zeiss
MicroImaging, Thornwood, NJ), and an ApoTome unit (enabling high-resolution
structured illumination image acquisition) [26, 167]. Z-stacks covering the entire depth of
cells with intervals of 0.025µm were acquired, followed by analyses using ImageJ64
(NIH, Bethesda, MD) and processing software (Zeiss MicroImaging). Maximum
intensity projections shown were also obtained using ImageJ64 (NIH, Bethesda, MD)
software. Image cropping and global adjustments to brightness and contrast were
performed using Adobe Photoshop CS6 software (Adobe Systems Inc.).
Mitochondrial fusion assay: Cells were grown in 2-well chamber slides (model 1
German borosilicate; Labtec) and imaged in Phenol Red-free DMEM, supplemented with
10% heat-inactivated FBS, 2mM Glutamax, 1mM sodium pyruvate, MEM non-essential
amino acids, 100 U/ml penicillin, and 100 µg/ml streptomycin and 25 mM HEPES pH
7.4 at RT. Mito-PAGFP-based mitochondrial fusion assay was performed using a Zeiss
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LSM 510 META confocal microscope (Zeiss MicroImaging) equipped with PlanApochromat 100x/1.4D oil DIC M27 objective lens (Zeiss MicroImaging) as described
[166]. Briefly, after acquisition of a pre-activation image, a ~5 µm diameter circular
region of interest (ROI) was photoactivated by brief irradiation with 351/364-nm light
(Coherent Enterprise Ion Laser 80.0 mW), followed by time-lapse imaging using 488-nm
excitation light (488-nm Argon Ion Laser 25.0 mW set at 0.3%). Post-activation images
were collected with the interval between images set to ~2min. To avoid z-section shift,
focus was maintained using "Multi-time Macro" and the autofocusing system (utilizes
linescans to detect the reflection off the coverglass). Images were acquired using ZEN
2009 image acquisition software (Zeiss MicroImaging). To quantify the dynamics of
mitochondrial fusion the time-lapse images of each cell were analysed using ImageJ
software (NIH, Bethesda, MD). The images of each single cell time-lapse experiment
were thresholded and converted to binary images using the brightest pixels from the first
image (preactivated) as an intensity threshold. Pixels in the postactivation images that
exceeded this fluorescence intensity threshold were taken as containing activated mitoPAGFP signal and were assigned a value of 1; other pixels were taken as background and
assigned with a value of 0. The number of pixels with mito-PAGFP signal where
summed as a measure of the cellular area with activated mito-PAGFP. The timedependent mito-PAGFP-containing area obtained for each cell was normalized with
respect to its maximal and minimal values. The results from multiple cells where aligned
with respect to the time at which each cell reached the maximally activated area. The
time-dependent results were averaged together.
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3.3 Results
3.3.1 Reduced protein stability of fusion factors upon loss of Drp1 and Mff
expression
We sought to determine whether the reduced protein expression of the fusion
factors Mfn1 and Mfn2 in HCT116 cells lacking the fission factors Drp1 or Mff (Fig. 3.1
A, B), was due to altered protein stability. WT, Drp1-/-, and Mff-/- HCT116 cells were
treated with a protein synthesis inhibitor cycloheximide for 0, 2, 4, 8 and 12 hours, and
protein expression was analyzed by Western blot. As shown in Figure 3.2 A-D, Drp1-/and Mff-/- cells both displayed enhanced rates of degradation of Mfn1 and Mfn2. To rule
out knockout cell non-specific effects, we also examined Mfn1 and Mfn2 expression in
wild type and Mff-/- HeLa cells. Indeed, Mfn1 and Mfn2 expression levels were reduced
in Mff-/- HeLa cells to strikingly similar levels as in Mff-/- HCT116 (Fig. 3.4). Thus, Mfn1
and Mfn2 protein levels directly correlate with Mff protein expression.
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Figure 3.1 Drp1-/- and Mff-/- cells display reduced Mfn1 and Mfn2 protein expression (A) and (B) Total cell
lysates obtained from wild type and HCT116-based Drp1-/-, Opa1-/-, DKO (Drp1-/-/Opa1-/-), Mff-/-, MiD49-/-,
and MARCH5-/- were analyzed by Western blot as indicated in the figure. Tom20 served as a loading
control. In (B), red arrows indicate the five different isoforms of Mff detected in wild type cells.
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Figure 3.2 Effect of Drp1 and Mff knockouts on Mfn1 and Mfn2 protein stability (A-D) Wild type, Drp1-/, and Mff-/- HCT116 cells were treated with CHX as indicated, followed by Western blot to detect Mfn1
(A) and Mfn2 (B). Tom20 served as a loading control. Relative Mfn1 (C), and Mfn2 (D) protein levels in
wild type, Drp1-/- and Mff-/- cells were quantified and plotted as a function of time of CHX treatment.
Protein levels detected in untreated samples (0 min) were set at 1. Data represent mean±SD of 4
independent experiments.
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3.3.2 Re-expression of fission factors rescues mitochondria morphology and fusion
protein expression
To confirm that the reduction in Mfn1 and Mfn2 expression is specific to Mff, we
re-expressed Mff in wild type and Mff-/- HCT116 and HeLa cells. HCT116 cells were
transfected with empty vector, 5 µg, 10 µg, and 25 µg, of MYC-Mff plasmid, while HeLa
cells were transfected with empty vector, 2.5 µg, 5 µg, and 10 µg of MYC-Mff plasmid.
In both cell lines, re-expression of MYC-tagged Mff (MYC-Mff) rescued the expression
of Mfn1 (not shown) and Mfn2, confirming the Mff-specific effect on Mfn1 and Mfn2
protein stability (Figs. 3.3, 3.4). We also examined Mfn2 expression by
immunofluorescence and confirmed that expression of MYC-Mff in Mff-/- HCT116 cells
rescued Mfn2 expression (Fig. 3.5). As Mff-/- HCT116 and Mff-/- HeLa cells both display
elongated mitochondria (Fig 3.6 and not shown) we sought to determine whether reexpression of Mff could also restore normal, control-like, mitochondria morphology. As
seen in Figure 3.6, expression of MYC-Mff in these cells rescued mitochondria
morphology to resemble mitochondria detectable in wild type HCT116 and HeLa cells
(Fig. 3.6 A, B and not shown). Thus, one can conclude that the effects on mitochondria
morphology and Mfn1 and Mfn2 expression appear to rely specifically on Mff expression
and/or activity.
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Figure 3.3 Re-expression of MYC-Mff into Mff-/- HCT116 cells Total cell lysates obtained from MYC-Mff
transfected wild type and HCT116-based Mff-/- cells were analyzed by Western blot as indicated in the
figure. Tom20 served as a loading control.
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Figure 3.4 Re-expression of MYC-Mff into Mff-/- HeLa cells Total cell lysates obtained from MYC-Mff
transfected wild type and HeLa-based Mff-/- cells were analyzed by Western blot as indicated in the figure.
Tom20 served as a loading control.
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3.3.3 Mitochondria fission factor-deficient Mff-/- cells display reduced fusion rates
Since mitochondrial morphology in fission-deficient cells is not altered by
prolonged culture (not shown), we hypothesized that to maintain steady state
mitochondrial length/connectivity mitochondrial fusion must be reduced in fissiondeficient (e.g. Drp1-/- or Mff-/-) cells. The rationale behind this hypothesis is that when
Drp1-/- and Mff-/- cells are in culture, they do indeed show elongated mitochondria.
However, mitochondria in these fission-deficient cells do not continue to elongate with
time in culture; therefore, we anticipated that the opposing process, mitochondrial fusion,
must also be affected by depletion of fission factors. To test this hypothesis, we applied a
mitochondrial matrix–targeted photoactivatable green fluorescent protein (mito-PAGFP)based mitochondrial fusion assay [193]. In this assay, dilution of mito-PAGFP
fluorescence, earlier photoactivated in small regions of interest (ROIs), over time is
proportional to mitochondrial fusion rates. We transfected wild type and Mff-/- HCT116
cells with a mito-PAGFP and recorded the rate of fluorescence dilution over time, as
shown in Fig. 3.7. Mff-/- cells showed a slower rate of fluorescence dilution, indicating
that these cells have reduced rates of mitochondria fusion compared to wild type HCT116
cells. In addition, re-expression of MYC-Mff restored fusion rates to similar levels as
wild type cells (Fig. 3.7).
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Figure 3.5 Immunofluorescence of Mfn2 expression in MYC-Mff-transfected Mff-/- cells (A) Wild type
and (B) Mff-/- HCT116 were transfected with MYC-Mff and immmunostained with anti-MYC polyclonal
antibody to detect Mff (green on overlay images) and anti-Mfn2 antibody to detect Mfn2 (red on overlay
images). Nontransfected cells are overlaid with blue lines.
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Figure 3.6 Mitochondria morphology in MYC-Mff-transfected Mff-/- HCT116 cells (A) Mitochondrial
morphologies in cells listed at the bottom were scored using blinded cell counting. Data represent the
mean±SD of three independent counts of 150 cells/condition. (B) Mff-/- HCT116 were transfected with
MYC-Mff and immmunostained with anti-MYC polyclonal antibody to detect Mff (green on overlay
images) and anti-cytochrome c antibody to detect cytochrome c, a mitochondria marker (red on overlay
images).
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Figure 3.7 Fusion rates in Wild type and Mff-/- HCT116 cells (A) Mitochondrial fusion rates in wild type,
wild type transfected with MYC-Mff, Mff-/- and Mff-/- transfected with MYC-Mff cells. mito-PAGFP
fluorescence changes were quantified and plotted as a function of time as shown in the figure. Initial postactivation values were normalized to 1. Data represent mean ± SD of 12 single-cell time-lapse experiments
per cell type.
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3.4 Discussion
Our data supports the hypothesis that Mff regulates the expression of Mfn1 and
Mfn2 to maintain the balance between mitochondrial fission and fusion and thus,
mitochondrial homeostasis. However, the mechanism by which Mff, or other fission
factors, influence Mfn1 and Mfn2 expression is still under investigation. As our previous
report has shown that Mff controls the activity and/or substrate specify of the
mitochondrial E3 Ub ligase MARCH5, it is very likely that Mff is controlling another E3
Ub ligase or deubiquitinating enzyme (DUB) in a similar manner (Fig. 3.8). In this
scenario, a pro-fission signal (i.e. Drp1 binding to Mff) alters the activity of the
Mfn1/Mfn2 E3 Ub ligase regulator, reducing the expression of these fusion proteins.

Figure 3.8 Proposed crosstalk mechanism between fission and fusion proteins Inhibition in the activity of a
currently unknown mitochondria-acting E3 Ub ligase by Drp1 and Mff results in enhanced stability of the
OMM-fusion proteins, Mfn1 and Mfn2.
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Another open question is the role of Mff variants in the cross talk between fusion
and fission. There are currently 9 identified isoforms of Mff [80], and we have seen
several different isoforms in our experiments (Fig 3.1 B), but the specific functions for
each isoform are not currently known. Therefore, it would be interesting to examine each
of the 9 isoforms to determine which domains are necessary for this specific regulation of
Mfn1 and Mfn2.
Our preliminary data (Fig. 3.1) suggests that Drp1 is also involved in the
regulation of mitochondrial fusion machinery, as Drp1-/- cells also show reduced
expression and stability of Mfn1 and Mfn2. Therefore, it is easy to speculate that Drp1
binding to Mff is a necessary part of this regulatory mechanism, as proposed in the model
shown in Fig. 3.8. The extensive elongation of mitochondria in Drp1-/- cells made the
mitochondrial fusion assays difficult to perform in these cells. Therefore, to bypass these
technical issues, application of Drp1 and/or Mff mutants, which are unable to bind to
each other, will be necessary to fully understand the role of Drp1 in this mechanism.
As we propose that Mff is acting as a negative regulator of an E3 Ub ligase, in a
manner similar to the MARCH5-dependent regulation of MiD49 (see Chapter 2), another
explanation could possibly exist. Perhaps the reduction in Mfn1/Mfn2 is concurrent with
a reduction in Mff through an alternative mechanism. We will need to investigate the
expression of Mff in Mfn1-/- and Mfn2-/- cells to determine if this is a mutual relationship.
No change in Mff expression upon depletion of Mfn1 and Mfn2 would confirm that Mff
is responsible for regulating the stability of these two fusion proteins. However, reduction
in Mff levels upon Mfn1 and Mfn2 depletion would show a two-way regulatory
relationship.
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Overall, we have revealed a novel mechanism by which the molecular machinery
of fusion and fission communicate to maintain mitochondrial homeostasis. Not only is
this mechanism likely used to maintain steady state mitochondrial networks, but it could
also be implemented and relied upon to adapt to the ever-changing metabolic demands
and stresses that mitochondria must endure. It is easy to picture this mechanism as a vital
component to cells under numerous stresses.
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Chapter 4. Discussion, Perspectives, and Future Directions
4.1 Novel regulatory mechanisms in control of mitochondrial dynamics
Our results provide several important and novel insights into the mechanisms
regulating mitochondrial fission and fusion. We found that MARCH5, an OMMlocalized E3 Ub ligase, negatively controls mitochondrial fission through the Ub- and
proteasome-dependent regulation of the Drp1 receptor, MiD49. This regulatory
mechanism appears crucial in maintaining cell viability, as MARCH5-/- HCT116 cells
displayed an enhanced sensitivity to stress-induced apoptosis; an effect that was
abolished in MiD49-/-/MARCH5-/- HCT116 cells. Thus, MARCH5 is critical for
maintaining mitochondrial and cellular homeostasis (see Chapter 2, Fig. 2.4).
Next, we provided evidence of a signaling pathway that regulates MARCH5
activity and provides a mechanism to fine tune mitochondrial fission rates. Mff, a
prominent Drp1 receptor, was found to interact with MARCH5 to alter its activity.
Specifically, interaction between Mff and MARCH5 prevented the MARCH5-dependent
ubiquitination of MiD49. Thus, the negative regulation of MARCH5 by the Drp1
receptor, Mff, promotes the stabilization of another Drp1 receptor, MiD49, thereby
promoting a feed-forward mechanism to enhance mitochondrial fission rates (see Chapter
2, Fig. 2.29).
Finally, our data also supports an unappreciated cross-talk mechanism between
mitochondria fission and fusion proteins, and provides the evidence on how
mitochondrial fusion and fission rates are coordinated. Specifically, we found that in
fission factor knockout cells (i.e. Drp1-/-, Mff-/-), expression and stability of the OMMfusion regulators, Mfn1 and Mfn2, was significantly reduced. In line with this, Mff-/-
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HCT116 cells displayed reduced mitochondrial fusion rates. Re-expression of MYC-Mff
into Mff-/- HCT116 and Mff-/- HeLa cells rescued mitochondria morphology, Mfn1 and
Mfn2 stability/expression, and fusion rates, indicating that this effect occurs in an Mffdependent manner. Thus, Mff appears to positively regulate the expression and stability
of mitochondria fusion factors to maintain the balance of mitochondrial fusion and fission
and mitochondrial homeostasis (see Chapter 3, Fig. 3.8).
4.2 Outstanding Questions and Future Directions
4.2.1 What is the significance of MARCH5-dependent regulation of Mcl1?
We discovered that Mcl1, an anti-apoptotic Bcl-2 family protein, is also regulated
by MARCH5 in an Ub- and proteasome-dependent manner (see Chapter 2, Fig. 2.17). As
Mcl1 is highly expressed in numerous cancers [194], with some reports showing that
cancer cells survive due to enhanced Mcl1 expression [195], it was interesting to see that
MARCH5-/- HCT116 cells displayed an enhanced sensitivity to stress-induced apoptosis,
despite a several-fold increase in Mcl1 protein levels (see Chapter 2, Fig. 2.3). To
determine the role of Mcl1 in the regulation of apoptosis in MARCH5-/- HCT116 cells,
we used the Mcl1 specific inhibitor, MIM1 [196]. MIM1 binds to the BH3 domain of
Mcl1, preventing Mcl1 from sequestering pro-apoptotic factors at the OMM [196].
Treatment of MARCH5-/- HCT116 cells with MIM1 did not affect the viability of these
cells, indicating these cells do not rely on Mcl1 to survive (Fig. 4.1). Considering that
MARCH5-/- HCT116 cells display enhanced sensitivity to stress-induced apoptosis, and
that MIM1 essentially had no effect in these cells, Mcl1 might have a non-apoptotic role
in these cells.
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Mcl1 undergoes alternative splicing, resulting in two prominent products: a long
isoform (Mcl1-L), which contains three putative BH3 domains (BH1-3), of which the
BH1 and BH2 domains are critical for anti-apoptotic activity [197], and a short isoform
(Mcl1-S), that lacks BH1, BH2, and transmembrane domains [198, 199]. Interestingly, an
association between the short isoform of Mcl1 (Mcl1-S) with apoptosis and
mitochondrial dynamics has been reported [187]. When the balance of short/long Mcl1
was high, mitochondria were fused and were more sensitive to apoptosis [187]. In
addition, the truncated form of Mcl1 was reported to localize to the mitochondrial matrix
and couple mitochondrial fusion to respiration [160]. Therefore, MARCH5 may regulate
a non-apoptotic isoform of Mcl1. Further investigation will require the generation of
Mcl1-/-/MARCH5-/- cell lines to confirm the specific function of Mcl1 in the regulation of
mitochondrial dynamics or other related pathways.

Figure 4.1 MARCH5-/- cells do not rely on Mcl1 for cell survival (A) Wild type and MARCH5-/- cells were
treated for 20 hr with the indicated concentrations of the Mcl1 inhibitor, MIM1, followed by cell viability
assessment. Values obtained with DMSO-treated wild type and MARCH5-/- cells were normalized to 100%.
Data represent means±SD of quadruplicate measurements/condition from 2 experiments.
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4.2.2 What is the significance of the Drp1:Mff interaction in the regulation of
MARCH5?
Knockout of MARCH5 in both Drp1-/- and Mff-/- HCT116 cells abolished the
Drp1 and Mff depletion-dependent reduction in MiD49 protein expression (See Chapter 2,
Fig. 2.22). While we found that MARCH5 interacts with Mff, we were unable to detect
an interaction between MARCH5 and Drp1. Therefore, while we propose that the Mffdependent inhibition of MARCH5 activity requires Drp1, further studies are required to
fully understand this mechanism. To do so, examination into the processes upstream of
the Mff:MARCH5 interaction is necessary. For instance, application of phospho-mimetic
or receptor-binding Drp1 mutants would provide important insights into the role of Drp1
in this process. Perhaps only a phosphorylated form of Drp1 is required to promote the
Mff-dependent inhibition of MARCH5. These experiments will provide context to the
fission factor-dependent regulation of MARCH5, and will extend the knowledge of the
mechanisms that fine tune mitochondrial fission rates.
4.2.3 What are the components of the MARCH5 degradation complex?
Our data show that MARCH5 interacts with the AAA+ ATPase, p97, involved in
retrotranslocation of the OMM substrates to the cytosol prior to their degradation by
proteasome (see Chapter 2, Fig. 2.14). Loss of the cytosol-exposed C-terminal tail of
MARCH5 resulted in an enhanced interaction with p97, and with its cofactor Npl4, and
was associated with increased ubiquitination. These data suggest that the cytosol-exposed
C-terminal domain of MARCH5 may be involved in the transfer of ubiquitinated proteins
to p97 for translocation to the proteasome. It is possible that MARCH5 may form a
degradation complex at the OMM consisting of itself, regulators (e.g., Mff), and protein

110

degradation machinery (e.g., p97, Npl4) to assist in the maintenance of OMM protein
expression. To examine the impact of this plausible degradation complex in the broader
context of mitochondria, it would be important to examine the expression of other
mitochondrial fission and fusion proteins in MARCH5-/- cells expressing the C-terminal
tail deleted mutant (MYC-MARCH5∆Tail). For instance, the enhanced interaction of p97
with MYC-MARCH5∆Tail may prevent the turnover of other proteins (i.e. Mfn1, Mfn2),
leading to dysregulated mitochondrial dynamics.
4.2.4 Which splice variants of Mff are responsible for the regulation of
mitochondrial dynamics?
As discussed in chapter 3, 9 splice variants of Mff have been identified, but the
specific function of each variant is currently unknown. While our data show that Mfn1
and Mfn2 expression is rescued upon re-expression of MYC-Mff (see Chapter 3, Fig. 3.3,
3.4), it would be interesting to examine the ability of other splice variants to rescue Mfn1
and Mfn2 expression under the same conditions. As Mff is able to inhibit MARCH5
activity, and we suspect that Mff may be working in a similar manner to regulate Mfn1
and Mfn2 expression, it is possible that different splice variants have specific regulation
capacities (Fig. 4.2). For instance, one splice variant may specifically regulate MARCH5
activity, while another may regulate a different E3 Ub ligase at the OMM. A mechanism
such as this would enable precise control of mitochondrial fusion and fission rates.
Additionally, one must consider that not all splice variants may act as canonical Drp1
receptors, and that other functions must be considered.
To investigate these possibilities, rescue experiments with the 9 splice variants of
Mff in Mff-/- cells will need to be performed, with a specific focus on the ability of these
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variants to rescue fusion and fission protein expression and mitochondria morphology.
Additionally, investigation into the ability of each splice variant to bind Drp1 will
provide novel insight into mitochondrial dynamics and the signaling mechanisms of these
processes.
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Figure 4.2 Possible mechanisms by which Mff variants differentially control OMM proteostasis (A) In the
absence of a pro-fission signal (e.g., Drp1 recruitment to the OMM), E3 Ub ligases such as MARCH5
(grey) are active and ubiquitinate their substrates for proteasomal degradation (e.g., MiD49). Additionally,
a currently unknown E3 Ub ligase is involved with the turnover of Mfn1 and Mfn2 (green). (B) Binding of
Drp1 to Mff splice variants promotes the specific regulation of E3 Ub ligases at the OMM. On the left
(grey), “Variant A” inhibits MARCH5 activity, promoting the stability of the Drp1-receptor, MiD49. On
the right (green), a different Mff variant, “Variant B”, inhibits a currently unknown E3 Ub ligase,
promoting the stability of the fusion factors, Mfn1 and Mfn2.
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4.2.5 Does cross talk between fission and fusion go both ways?
Our data show that Mff-/- cells have reduced Mfn1 and Mfn2 expression and
slower mitochondria fusion rates (see Chapter 3). While we hypothesize that this
reduction in fusion protein expression and the concomitant decrease in fusion rates is an
adaptation necessary to maintain mitochondria homeostasis, it is currently unknown if
this mechanism can occur in the opposite direction: If this is possible, then depletion of
fusion protein expression (i.e. Mfn1/Mfn2-/- cells) would result in reduced expression and
stability of fission factors (i.e. Mff, MiD49). Therefore, investigation into whether this
signaling pathway is bidirectional (i.e. Mff à Mfn1/Mfn2 and Mfn1/Mfn2 à Mff) is
necessary.
4.3 Conclusions
Our work has uncovered novel regulatory roles for fission factors in the outer
mitochondrial membrane-associated degradation (OMMAD) pathway and has provided
evidence of complex cross talk signaling between mitochondrial fission and fusion.
While further investigation is necessary to fully understand how these proteins signal at
the OMM and influence mitochondrial dynamics, these pathways are important for
maintaining mitochondrial and cellular homeostasis. As mitochondria dysfunction is
evident in numerous neurodegenerative diseases and cancer (see Chapter 1), it is likely
that these mechanisms are altered in these diseases.
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