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RESUME

Les mitochondries sont des organites a multiples facettes importantes pour le maintien de
I'homéostasie cellulaire. Les mitochondries fusionnent dynamiquement et se séparent par
un processus appelé dynamique mitochondriale. La fusion et la fission des mitochondries
réorganise le réseau mitochondrial en fonction des besoins énergétiques cellulaires.
Les mitochondries ont leur propre génome qui code pour des geénes nécessaires a la
production d'énergie. Le génome mitochondrial est emballé dans des complexes
ADN-protéine appelés nucléoides. Cependant, la fonction mitochondriale, y compris la
maintenance de I'"ADNmt, est régulée par des genes codés au niveau nucléaire. Des défauts
dans ces geénes de maintenance de I'ADNmt entrainent des maladies mitochondriales
incurables. Particulierement, la dynamique mitochondriale, en plus de son réle dans la
régulation du réseau de mitochondries, est essentielle pour la maintenance de 'ADNmt.
Par exemple, un défaut de fusion affecte a la fois le nombre de copies et 1l'intégrité¢ de
I'ADNmt, alors qu’un défaut de fission provoque un €largissement des nucléoides et une
diminution du nombre de nucléoides, bien que le mécanisme sous-jacent soit mal compris.
De plus, on ne sait pas si ces altérations affectent la distribution des nucléoides dans les
réseaux mitochondriaux. Dans mon travail de thése, nous abordons le role de la fission
dans la distribution des nucléoides.

A ce jour, il n'existe pas d’outil automatisé pour mesurer la distribution des nucléoides
dans les réseaux mitochondriaux. Ainsi, dans un premier temps, nous avons développé un
outil automatisé, Mitomate tracker, qui mesure la distribution probable des nucléoides au
sein des réseaux mitochondriaux. A l'aide de cet outil, nous avons déterminé que les
nucléoides ne sont pas distribués de maniere aléatoire au sein des réseaux mitochondriaux
et qu'ils maintiennent une certaine distance par rapport aux nucléoides voisins. Un défaut
dans les protéines de fission MYH14 ou DRP1 affecte la distribution des nucléoides au
sein des réseaux mitochondriaux. Cette altération de la distribution est principalement
associée a des modifications des caractéristiques des nucléoides et de la structure du
réseau mitochondrial.

La perte de protéines de fission est connue pour affecter la structure du réseau
mitochondrial. Cependant, le mécanisme par lequel la fission régule les caractéristiques
des nucléoides n'est pas défini. Des études antérieures ont démontré que la réplication de
I'ADNmt se produit au niveau des sites de contact entre les tubules du réticulum
endoplasmique (RE) et les mitochondries. Un défaut dans DRP1 provoque un
¢largissement des nucléoides dans la région périnucléaire, région qui est généralement
caractérisés par des feuillets de RE. Ici, nous avons démontré que les feuilles de RE
interagissent avec les mitochondries aux sites de fission. Une bonne régulation de
l'interaction entre les feuilles de RE et les mitochondries est essentielle pour la réplication
de I'ADNmt et la distribution des nucléoides. L'altération de la structure des feuilles de
RE a entrainé une interaction accrue avec les mitochondries, notamment aux sites de
nucléoides élargis chez les mutants DRP1. La modulation des feuilles de RE dans le
mutant DRP1 a permis la redistribution appropriée des nucléoides. Nos travaux ont donc



vil

permis de caractériser la distribution des nucléoides dans les réseaux mitochondriaux et
d’identifier le role des feuillets de RE dans la distribution des nucléoides. Ainsi,
notre travail fournit une compréhension approfondie du processus de maintenance de
I'ADNmt et de la distribution des nucléoides, dont 1'échec pourrait contribuer au
développement de maladies mitochondriales incurables.

Mots-clés : Fission, ADNmt, nucléoides, DRP1, feuillets RE, mitochondries.



ABSTRACT

Mitochondria are multi-faceted organelles important for maintaining cellular homeostasis.
Mitochondria dynamically fuse or divide by a process called mitochondrial dynamics.
Mitochondrial fusion and fission reorganize mitochondrial networks depending on
cellular energy demands. Mitochondria have their own genome that encodes essential
genes necessary for energy production. This genome is packed into DNA-protein
complexes called nucleoids. However, mitochondrial function including mtDNA
maintenance is regulated by nuclear-encoded genes. Defects in mtDNA maintenance gene
result in incurable mitochondrial diseases. Especially, mitochondrial dynamics in addition
to role in network regulation, is essential for mtDNA maintenance. For instance, fusion
defects affect both mtDNA copy number and integrity while loss or defect in fission
causes nucleoid enlargement and a decline in nucleoids number, although the mechanism
behind this is poorly understood. Further, whether these alterations affect nucleoid
distribution within mitochondrial networks is unknown. In my PhD work, we addressed
the role of fission in nucleoid distribution.

Till date, there are no automated tools to measure nucleoid distribution within
mitochondrial networks. So, initially, we developed an automated tool, Mitomate tracker,
that measures the probable distribution of nucleoids within mitochondrial networks.
Using this tool, we identified that nucleoids are not randomly distributed within networks,
maintaining a certain distance from their neighboring nucleoids. Defect in fission proteins
(MYHI14, DRP1) affect the nucleoid distribution pattern within mitochondrial networks.
This alteration in distribution is mainly associated with changes in nucleoid features and
mitochondrial network structure in fission mutants.

Loss of fission proteins is known to affect mitochondrial network structure. However,
the mechanism of fission-mediated regulation of nucleoid features is undefined. Previous
studies demonstrated that mtDNA replication occurs at endoplasmic reticulum (ER)
tubule-mitochondria contact sites followed by DRP1 mediated fission of newly divided
daughter mitochondria. Defects in DRP1 cause nucleoid enlargement in the perinuclear
region, which are typically characterized by ER sheets. Here we demonstrated that ER
sheets interact with mitochondria at fission sites. Proper regulation of ER
sheets-mitochondria interaction is critical for mtDNA replication and nucleoid
distribution. Alteration in ER sheet structure resulted in increased interaction with
mitochondria, notably at the sites of enlarged nucleoid in DRP1 mutants. Modulating ER
sheets in DRP1 mutant rescued enlarged nucleoids, which are basically clusters of
mtDNA, by properly redistributing them. Altogether our work identified the nucleoid
distribution pattern within mitochondrial network and the role of ER sheets-mitochondrial
contact in nucleoid distribution in fission mutants. Thus, our work provides in-depth
understanding on the process of mtDNA maintenance and nucleoid distribution, failure of
which could contribute to the development of incurable mitochondrial diseases.

Mots-clés : Fission, mtDNA, nucleoids, DRP1, ER sheets, mitochondria.
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CHAPTER1

INTRODUCTION

Over 1.5 billion years ago, it is believed that proto-eukaryotic cells engulfed aerobic
bacteria that eventually developed a symbiotic relationship with the host cell. Finally, they
transformed into an integral organelle of the cell called mitochondria (1). During this
evolutionary transformation, a vast majority of the bacterial genome was transferred to
nuclear DNA (nDNA). However, mitochondria still retained a fraction of its genome

called mitochondrial DNA (mtDNA) which is essential for its proper function (2).

Mitochondria are commonly known for their role in energy production. Beyond its
popular tagline of being “the powerhouse of the cell”, mitochondria are a metabolic hub
that generate precursors necessary for the biosynthesis of macromolecules such as
glucose, amino acids, fatty acids, and nucleotides (3, 4). In addition, mitochondria control
redox balance, clearance of metabolic waste products such as ammonia and hydrogen
sulfide (4). At times of stress, mitochondria act as a signaling hub and activate nuclear
gene expression through signaling molecules (reactive oxygen species (ROS), calcium,
ATP, and NAD" flux) (4-6). Due to their multifaceted role, mitochondria influence cell
fate through controlling cellular differentiation and apoptosis (cell death) pathways (7-9).

1.1 Structure and function of mitochondria

Mitochondria are double-membraned organelles with four functionally distinct
compartments, namely, the outer mitochondrial membrane (OMM), the intermembrane
space (IMS), the inner mitochondrial membrane (IMM) and the matrix. The OMM 1is
characterized by proteins involved in different functions such as import of mitochondrial
proteins and metabolites, mitochondrial shaping, and transport proteins. The IMM is a

highly impermeable structure that contain specific proteins necessary for the transport of



ions, metabolites, and proteins into the mitochondrial matrix. The IMM contains
invaginations called cristae that constitute a hub for electron transport chain (ETC)
proteins and are the principal site of energy production (ATP) through oxidative
phosphorylation (OXPHOS). The IMS is an intermediate aqueous zone between the OMM
and the IMM that is enriched with the H" ions necessary to regulate mitochondrial
respiration and energy production. In addition, the IMS has different antioxidant systems
to detoxify some of the ROS molecules generated during mitochondrial respiration.
Finally, the mitochondrial matrix is a large aqueous compartment of mitochondria and a
hub for metabolic enzymes necessary for the synthesis of biomolecules (glucose, amino
acids, fatty acids, nucleic acids). The mitochondrial genome (mtDNA) is present within

the mitochondrial matrix (Figure 1.1) (10, 11).

Mitochondria are primarily known for their role in energy production. By utilizing
the nutrients that are absorbed from the food, mitochondria generate energy in the form of
ATP to support the cellular functions. Nutrients are initially metabolized through
mitochondrial citric acid cycle that generates electron-rich reducing equivalents (NADH,
FADH2>). Intermediates for citric acid cycle are supplied by glucose, amino acids, and fatty
acids. ETC protein complexes (I to IV) oxidize NADH, FADH?: to release electrons and
pump H' ions into the IMS. Finally, the FoF1 ATP synthase (complex V) pumps back
electrons into the matrix to generate the force necessary for ATP synthesis. Besides,
mitochondria are metabolic hubs of the cell. They generate intermediates necessary for
the biosynthesis of glucose, amino acids, fatty acids, cholesterol, iron and heme (4).
In addition, mitochondria act as a signaling organelle during cell stress and release their
content (e.g mtDNA) to activate the expression of innate immune response genes.
These signaling molecules are called mitochondrial damage associated molecular

patterns.

1.2 mtDNA-nucleoids organization

mtDNA varies in shape (circular, linear) and size (16 kbp in mammals — 150 kbp in

fungi) across different species. Mammalian cells have a circular mtDNA encoding



37 genes, including 13 ETC protein subunits, 2 ribosomal RNA (rRNA), and 22 transfer
RNA (tRNA). Unlike nuclear DNA, mitochondrial DNA is present in ~100-1000 copies
per cell. mtDNA is compactly packed into nucleo-protein complexes called nucleoids to

protect the genome from any oxidative damage (12).

Each nucleoid contains a number of mtDNA copies packed by multi-layer protein
complexes that are involved in mtDNA replication, transcription, and translation.
Generally, in mammalian cells each nucleoid has on an average 1-2 mtDNA molecules
compactly packed by transcription factor A (TFAM) (13, 14). More than 1000 TFAM
proteins bind around mtDNA and form the nucleoid core (13) (Figure 1.1). High level of
TFAM is bound to mtDNA to protect it from damage. On the other hand, actively
replicating mtDNA has less TFAM protein (15) (Figure 1.1). In addition to TFAM,
other proteins are associated with mtDNA, and they are classified as core and peripheral
region proteins based on their association with mtDNA. Besides TFAM, proteins
regulating mtDNA replication and transcription are present in the core region closely
associated with mtDNA. The peripheral region of a nucleoid includes proteins involved
in RNA processing and translation. In addition, there are several proteins of unknown

function in the peripheral region of a nucleoid.

1.2.1 mtDNA replication and gene expression

Unlike nDNA, mtDNA lacks introns (non-coding region) except for a small segment
(~1kb) called the D-loop. This non-coding region docks mtDNA to the IMM along with
other proteins such as the ATPase family AAA-domain-containing protein (ATAD3),
mitochondrial single-stranded DNA-binding protein (mtSSB), mitochondrial AAA
protease Lon peptidasel (LONPI) and TFAM (16). In addition, the D-loop regulates
mtDNA replication and transcription. mtDNA replication is mediated by mtDNA
polymerase y (POLy) with the help of two other proteins, the mitochondrial helicase
TWINKLE and mtSSB, which are present at the replication fork (17, 18). mtDNA has
two replication origins, the heavy strand (OriH) and the light strand (OriL) (Figure 1.1).
Different models of mtDNA replication have been proposed so far (19-22). The most



widely accepted model is the strand displacement model (23, 24), in which POLy is
recruited on OriH and primers for DNA synthesis are generated by mitochondrial RNA
polymerase (POLRMT). The leading strand is synthesized using the parental L-strand as
a template. TWINKLE unwinds double-stranded mtDNA along the replication fork and
mtSSB binds to ssDNA to protect it from nuclease activity. Once the replication fork
reaches OriL, a stem-loop structure is formed to facilitate primer synthesis by POLRMT.
The lagging strand is then synthesized using the parental H-strand as a template. Finally,
newly synthesized mtDNA is separated by human type IA topoisomerase 3o (TOP3A)
(25).

mtDNA transcription follows mtDNA replication (26). mtDNA transcripts are
synthesized by POLRMT with the help of transcription initiation factors TFAM and
TFB2M. As mtDNA lacks introns, polycistronic mRNA is generated at the end of
transcription, which is further processed by the endoribonucleases RNaseP and ElaC
Ribonuclease Z 2. Newly synthesized transcripts are further modified in RNA granules
(27, 28). Finally, mtDNA transcripts are translated into proteins by mitochondrial
ribosomes and are directly embedded in the IMM (29).
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Figure 1.1 Mitochondria and mtDNA organization.
Mitochondria are double-membrane organelles with four different
compartments (OMM, IMS, IMM, matrix). Mitochondria have their own
genome (mtDNA) that is compactly packed into a nucleo-protein complex
called nucleoid. TFAM is mainly involved in mtDNA packaging. mtDNA
bound TFAM load decides the active status of mtDNA by modulating its
replication and gene expression.

1.2.2 Nucleoid distribution

Nucleoids maintain a certain distance from each other within mitochondrial
networks, although their global distribution pattern is poorly understood. A limited
number of studies have attempted to understand inter-nucleoid distances, either manually
or using tailored program code. A study in yeast cells suggested that nucleoids maintain a
distance of approximately 800 nm from their neighboring nucleoids (30). On the other
hand, in mammalian cells, nucleoids are proposed to be separated at equidistance from
each other (10, 31). However, the overall distribution pattern of nucleoids within a
complex mitochondrial network structures is yet to be addressed. Further, the process

regulating nucleoid distribution is poorly understood. Studies have reported that nucleoids



move within mitochondrial networks, which could influence nucleoid distribution.
This trafficking is suggested to be regulated by direct/indirect association of nucleoids

with the cytoskeletal network (10, 32, 33).

Nucleoids in the mitochondrial matrix are linked to microtubules in the cytoplasm
through adaptor proteins on mitochondrial membranes (10). Microtubules carry
mitochondria toward plus-end/anterograde or minus-end/retrograde direction with the
help of the microtubule motor proteins kinesin-1 and dyneins, respectively. Microtubules
are especially important for proper nucleoid distribution within peripheral mitochondrial
networks. The microtubule motor protein kinesin 5B (KIF5B) indirectly connects with
nucleoids through Mirol (OMM) and the mitochondrial contact site and cristae organizing
system (MICOS, in the IMM). KIF5B binds to the mitochondrial membrane and pulls
mitochondria in the anterograde direction. This process is called mitochondrial dynamic
tubulation (MDT). During this process, KIF5B actively transports nucleoids (33).
Thus, microtubules are essential for active transport of nucleoids containing mitochondria

to the peripheral regions of the cell.

In addition to microtubules, actin filaments are proposed to be involved in nucleoid
transport. There is a mitochondrial fraction of B-actin and its motor protein, non-muscle
myosin protein II A (NMIIA) associated with mtDNA. Defects in these proteins affect
mtDNA maintenance (34). In fact, actin is proposed to distribute mtDNA through MDT
formation independent of mitochondrial fission and fusion machinery in yeast (30).
Further, mitochondrial actin could be necessary to provide structural support for mtDNA
and transport them within mitochondrial networks. Altogether, these studies suggest that
cytoskeletal networks (microtubules, actin) are involved in nucleoid trafficking and

distribution within the mitochondrial network.

1.3 Mitochondrial Dynamics

Mitochondria are social organelles that dynamically connect with each other and

form a complex network within the cell (Figure 1.2). Mitochondrial dynamics is essential



for proper mitochondrial maintenance and to regulate mitochondrial metabolism.
For example, the mitochondrial network is modified as an adaption to cellular
differentiation. During stem cell differentiation, mitochondria adapt an interconnected
network structure to switch to OXPHOS metabolism, though there are a few exceptions
(35-37). Mitochondrial dynamics are also essential for proper mitochondrial distribution
across the cell. For example, proper mitochondrial dynamics are important to facilitate the
transport of mitochondria from the soma to axonal terminals in neuronal cells or to the
leading edge of invading cells such as lymphocytes (38, 39). Furthermore, mitochondrial
dynamics are important for mitochondrial quality control, a mechanism by which

damaged mitochondria are eliminated (40).

In addition to mitochondrial dynamics, mitochondrial network structure is
modulated by the cytoskeleton and interorganelle contact sites. Altogether, these factors

influence the shape and distribution of the mitochondrial network within the cell.

1.3.1 Fission and fusion shape mitochondrial network

Mitochondrial dynamics involving mitochondrial membrane fusion and fission
regularly changes network structure depending on cellular metabolic demands.
This dynamic process is regulated by GTPase proteins. Most proteins involved in
mitochondrial dynamics are conserved across eukaryotic species. however, mammalian
systems have evolved a more sophisticated system (Table 1.1). These variations could be

essential to modulate the mitochondrial network structure in different cell types.



Table 1.1 Fission and fusion proteins in higher eukaryotes.

Mammals Yeast Caenorhabditis elegans  Drosophila melanogaster
Fusion protein MFN 1/2 Fzolp FZ0O-1 FZO | Marf
? Ugo1
OPA1 Mgmip EAT-3 OPA1
Fission protein DRP1 Dnm1 DRP-1 Drp1
FIS1 Fis Fis-1/2 Fis
? Mdv1 ? ?
MFF ? ? Dme1
MID49 ? ? ?
MID51 ? ? ?

Mitochondrial fusion is regulated by Mitofusins (MFN 1/2) and Optic atrophy
protein (OPA1) in the OMM and the IMM, respectively. On the other hand, fission is
regulated by the cytosolic GTPase Dynamin related protein 1 (DRP1), which is recruited
onto the OMM by the fission receptors: mitochondrial fission factor (MFF), mitochondrial
fission 1 protein (FIS1), and mitochondrial dynamics protein of 49 and 51 kDa
(MiD49/51). Mitochondrial dynamics regularly alter the mitochondrial network and
cristae structure to adapt to cellular metabolic needs. Generally, mitochondrial dynamics
alters the length of mitochondrial tubules, resulting in short/ fragmented, long/tubular, and
intermediate mitochondrial phenotypes (Figure 1.2). In addition to changes in length,
our lab has demonstrated that mitochondria also alter their connectivity/ branching

depending on metabolic cues (41).
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Figure 1.2 Mitochondrial form and function.
Mitochondrial networks are modified by mitochondrial fission and fusion,
resulting in different network shapes. Mitochondria adopt a distinct network
structure depending on the stress condition (mentioned in the box).

Mitochondrial fission and fusion are essential for proper mitochondrial function.
Under physiological conditions, mitochondrial networks are modulated by the balance
between fission and fusion. However, an excess or depletion of mitochondrial fission and
fusion impairs the shape of the mitochondrial network. For example, excess of
mitochondrial fission or loss of mitochondrial fusion results in short, fragmented
mitochondria (42, 43). Similarly, an excess of fusion or loss of fission results in a highly
fused mitochondrial network (44-46) (Figure 1.2). It is speculated that mitochondrial
networks are modified to meet cellular metabolic demands. For instance, to meet cellular
energy demands during starvation, mitochondria adapt an elongated network structure
(44, 45). Some studies have shown that mitochondria hyperfuse in response to acute stress
inducing agents (e.g., actinomycin D, cycloheximide treatment, oxidized glutathione),
a phenomenon called stress induced hyperfusion (47-49). On the other hand, excessive
stress (e.g., ROS, fatty acid) activates mitochondrial fragmentation (50, 51) (Figure 1.2).
This compromises the integrity of mitochondrial structure, resulting in the release of
proteins involved in the activation of apoptosis (cytochrome ¢, Smac/Diablo) (52, 53).
However, lower mitochondrial bioenergetics cannot be directly correlated to fragmented

networks in all scenarios. Overall, mitochondrial network structure is modulated
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depending on the balance between fission and fusion proteins. Hence, mitochondrial
network is proposed to be undisturbed when fission and fusion proteins are simultaneously
depleted in the cell. However, genetic ablation of fission (DRP1) and fusion (MFN 1/2)
protein in adult mouse heart resulted in premature senescence of cardiomyocytes.
This suggest that mitochondrial dynamics is highly essential for proper functioning of
the cell. Further studies are necessary to identify the link between mitochondrial form and

function.

1.3.2 The Cytoskeleton transports mitochondria and shapes mitochondrial
networks

Mitochondrial network shape is also influenced by the cellular cytoskeletal network.
These transport cables run across the cell and help in the transportation of mitochondria
to meet local energy demands. Cellular cytoskeletal systems include microtubules,
actin /microfilaments, and intermediate filaments. These cytoskeletal networks are also
essential for the docking of mitochondria at the cellular periphery. For instance,
cytoskeletal networks transport and anchor mitochondria onto the neuronal dendrites for
synapse formation. Generally, different cues such as ATP/ADP ratio and calcium levels

activate and determine the direction of mitochondrial movement (54-57).

Microtubules are the major trafficking cables for mitochondrial transportation.
Microtubule adaptor proteins Miro and TRAK, connect mitochondria to motor proteins
(kinesin, dyneins). Each of these adaptors exists in two different isoforms: Mirol and
Miro2, TRAK1 and TRAK?2. The mitochondrial transmembrane protein Mirol interacts
with the TRAK2 protein, and they preferentially transport mitochondria in a retrograde
direction (58, 59). On the other hand, TRAKI can bidirectionally transport mitochondria
(59). Some studies suggest that TRAK can regulate mitochondrial movement
independently of Miro proteins (58). Besides long-distance transportation, microtubules
are involved in docking mitochondria to meet the local needs in different cellular regions.
For example, the anchoring protein syntaphilin docks mitochondria on microtubules to

repair sites of elevated Ca®" level (60, 61). Microtubules are important for proper
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distribution and organization of peripheral mitochondrial networks through mitochondrial
dynamic tubulation (33) and are thus essential for long distance transport and organization

of mitochondrial networks.

Actin filaments and their motor proteins, myosins, are involved in anchorage and
short-range transport of mitochondria. The actin filaments (F-actin) are a polymer of
globular-actin (G-actin) assembled by actin nucleators and crosslinkers (62).
Actin branching protein Arp2/3-mediated assembly of F-actin assembly is involved in
mitochondrial transport to the newly emerging yeast bud (63, 64). In mammalian cells,
actin-based motor myosin 19 (Myo19) regulates mitochondrial transport along F-actin
cables through its interaction with Miro2 on OMM (65, 66). In addition, Myo19 docks
mitochondria in the peripheral regions of the cell to meet the local energy demands (67).
Actin filaments play an important role in the distribution of mitochondria within the cell.
In neuronal cells, actin filaments regulate axonal mitochondrial transport and anchor
mitochondria at presynaptic nerve terminals. Depletion of the actin motor proteins Myo V
and Myo VI prevents the anchoring of mitochondria and enhances their movement along
microtubules (68). Actin also plays an important role in mitochondrial fission. Regulatory
factors in actin assembly such as cortactin, cofilin, Septin 2, and Arp2/3 (branching

complex) are important for DRP1 mediated mitochondrial fission (69-71).

Mitochondrial organization is also influenced by intermediate filaments (IF),
especially in muscle and neuronal cells (72-76). Thus, in general, cytoskeletal networks
play an important role in the positioning, transport, and organization of mitochondrial

based on the local needs of the cell.

1.3.3 Interorganelle contact regulates the mitochondrial network

Cellular organelles dynamically interact with each other to maintain cellular
homeostasis. Pioneer studies first identified endoplasmic reticulum (ER)-mitochondria
interactions by electron microscopy (77). Over the past few decades, studies have revealed

that mitochondria also interact with other organelles (78, 79). This physical association
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between the organelles is implicated in the regulation of different biological processes,
including mitochondrial dynamics (79). Among the inter-organelle contacts studied so far,
ER-mitochondria interactions and their functional importance are well explored.
In particular, mitochondrial fission and fusion sites have been found to be associated with
the ER (80). Though the functional role of the ER in fission has been well studied, its role
in fusion is poorly understood. In addition to ER, lysosomes and the Golgi complex are
linked to mitochondrial fission (81-83). A detailed description of the mechanism of
interoganelle contact mediated mitochondrial dynamics has been explained later

(section 1.5.2,1.7).

1.4 Roles of mitochondrial dynamics

Mitochondrial networks are dynamically modulated to adapt to cellular metabolic
demands. In addition to regulating mitochondrial network morphology and controlling
mitochondria distribution across the cell, mitochondrial dynamics are essential for
regulating mitochondrial maintenance. Furthermore, it helps in the proper maintenance of
mitochondria through facilitating the homogenous distribution of mitochondrial proteins
and mtDNA within mitochondrial networks and eliminating damaged regions of
mitochondria from the network. The benefits of mitochondrial dynamics in mitochondrial

maintenance and distribution will be discussed in detail in the following sections.

1.4.1 Dynamics in mitochondrial distribution

Mitochondrial fission and fusion are essential for the distribution of mitochondria
across the cell. In polarized cells such as neuronal cells, mitochondria are transported
across the soma to the nerve terminals to facilitate the formation of synapses. However,
this mitochondrial transport process along the cytoskeleton is regulated by mitochondrial
dynamics. Loss of mitochondrial fission results in elongated mitochondria in the soma of
the neuronal cells. This prevents the transport of mitochondria to the nerve terminals (38).
On the other hand, a fragmented mitochondrial network due to loss of fusion proteins

impairs mitochondrial transport. Studies have shown that the mitochondrial fusion
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proteins, MFNs interacts with the mitochondrial microtubule adaptor complex Miro2.

Hence, depletion of MFNss affects axonal mitochondrial transport in neuronal cells (84).

1.4.2 Mitochondrial dynamics in mitochondrial content exchange

Modulation of mitochondrial networks by mitochondrial fission and fusion also
results in the elimination of damaged mitochondrial segments. For instance, mitochondrial
membrane potential (MMP) is essential for maintaining a healthy mitochondrial
population. However, defective mitochondria will have less MMP. If the damage level is
minimal, mitochondria undergo transient fusion with healthy mitochondria to regain their
function (85). On the other hand, an irreversibly damaged mitochondrion is excluded from

mitochondrial networks by fission and is instead sent to lysosomes for degradation.

Most mitochondrial proteins are nuclear encoded and hence need to be transported
into the mitochondria and distributed uniformly. Mitochondrial fusion facilitates the equal
distribution of proteins along mitochondrial networks. However, in certain cases, cells
have an excess accumulation of proteins within certain regions of mitochondrial networks
even though they are hyperfused, as with fission defects (52, 86). Altogether, this suggests
that a balanced level of fission and fusion is essential to maintain a healthy mitochondrial

population within the cell.

1.4.3 Mitochondrial dynamics in mtDNA maintenance

Mitochondrial function depends on proper mtDNA maintenance. This includes
maintenance of mtDNA copy number and integrity and also proper distribution of
nucleoids along mitochondrial networks. mtDNA maintenance genes are nuclear encoded.
Especially, mitochondrial dynamics and cristac organization influence mtDNA

maintenance.

Conditional knockout of mitochondrial outer membrane fusion proteins MFN1 and

MFN2 interrupts mtDNA replication, causing severe loss of mtDNA content (87) and
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affecting mtDNA integrity in skeletal muscles (88, 89). Loss of MFNs also causes
nucleoid clustering in the enlarged fragmented mitochondria (89). On the other hand,
mutation, or knockdown of the inner mitochondrial membrane fusion protein OPA1
affects both mtDNA integrity and content. However, unlike MFNs, nucleoids are not

clustered in OPA1 conditional knockout mice (89).

Fission regulates mitochondrial division and hence, defect or loss of the
mitochondrial fission proteins DRP1 and MFF results in a hyperfused network.
In addition, fission is essential during mitochondrial biogenesis to segregate daughter
mitochondria (Figure 1.4). Defects in the mitochondrial fission proteins DRP1 and MFF
cause enlargement of nucleoids without necessarily affecting mtDNA content (90, 91).
These enlarged nucleoids are entrapped in a bulb-like mitochondrial structure called the
mitobulb (86, 91). This results in a decrease in nucleoid numbers and the enrichment of
mitochondrial proteins in the mitobulb region (86, 90). This evidence suggests that
mitochondrial fission could be involved in nucleoid segregation and distribution, which
otherwise causes mosaic functioning of the organelle, although the mechanism behind this
is unclear. Overall, mitochondrial dynamics play an important role in mtDNA

maintenance.

1.4.4 Dynamics in mitochondrial quality control

Mitochondrial dynamics play an important role in some mitochondrial quality
control processes. Irreversibly impaired mitochondria need to be eliminated to protect the
rest of the network from damage. These impaired mitochondria are eliminated by a
process called mitophagy where fission helps in eliminating damaged mitochondria with
the help of mitophagy proteins, PINK and parkin. However, to avoid re-fusion of defective
mitochondria with the rest of the network, parkin ubiquitinates OMM proteins, including
MFNs and Miro resulting in their degradation (92-95). Further, at the IMM level, OPA1
is inactivated due to depolarization of damaged mitochondria, thereby preventing IMM

fusion (96, 97).
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1.5 Mechanisms of mitochondrial dynamics
1.5.1 Mitochondrial Fusion

Mitochondrial fusion involves merging of two opposing mitochondria at the OMM
and IMM. This results in increased mitochondrial tubules length. Two mitochondria can
fuse together at their ends and cause mitochondrial elongation. Alternatively,
the mitochondrial end can fuse laterally with another mitochondrial tubules, resulting in
the formation of mitochondrial branches. An increase in mitochondrial fusion
significantly alters mitochondrial network shape. However, certain fusion events are
transient events that involve the transfer of ions (H") to regain mitochondrial membrane
potential (85). Since these kiss-and-run events are transient, they are less likely to affect
mitochondrial network structure (85). Complete mitochondrial fusion requires the fusion

of both the OMM and the IMM, which are thought to occur independently.

1.5.2 Mitochondrial outer membrane fusion

OMM fusion is regulated by the transmembrane GTPase proteins MFN1 and MFN2.
During fusion, MFNs on the opposed mitochondrial membranes tether together to form
homo- or heterodimers (98). Different models of MFN mediated OMM fusion have been
proposed based on structural studies. MFN has been proposed to have two transmembrane
(TM) domains inserted into the OMM with the heptad repeat (HR1 and HR2) domains
facing the cytosol along with the GTPase domain. In this model, dimerization of HR2
domains on opposing mitochondria brings them close to each other (99). Finally,
GTP hydrolysis causes conformational changes in MFNs, thereby resulting in the merging
of the OMM (99, 100) (Figure 1.3). In vitro studies suggest that mitochondrial membrane
tethering, and lipid mixing are regulated by the GTPase dependent activity of HR1(101).
However, the process of trans-dimerization of HR2 was challenged by a recent model

proposing reactive oxygen species-based dimerization.

This model proposes that the human MFNs have instead a single transmembrane

domain with the HR2 domain facing the IMS side whereas the GTPase and HR1 domains
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face the cytoplasm. Contrary to the trans-dimerization model, an oxidative environment
in the IMS would promote dimerization of HR2 through disulfide bond formation. In that
context, mitochondria would be tethered by the GTPase dependent HR1 domain, resulting
in membrane fusion (102). However, further research is essential to understand the

mechanism of MFNs mediated OMM fusion.

1.5.3 Mitochondrial inner membrane fusion

Mitochondrial inner membrane fusion is regulated by the GTPase protein OPAI.
In humans, there are eight different isoforms of OPA1 generated by alternate splicing of
exons (103). Long isoforms of OPA1 (L-OPA1) are attached to the IMM through their
transmembrane domain (104). The short OPA1 isoforms (S-OPA1) are processed by
two different proteases, namely Omal and YmelL, and lack a transmembrane domain
(43,105-107) (Figure 1.3). Long and short isoforms form complexes on the IMM and that
regulate fusion. Although long or short isoforms have been shown to have some inherent
level of fusion activity, specific combinations of both isoforms are essential for proper

mitochondrial membrane fusion under physiological conditions (43, 108).

Unlike MFNs, the presence of OPA1 on one of the opposing mitochondrial
membranes is sufficient to induce IMM fusion (109). However, this process is dependent
on the presence of cardiolipin in the IMM of opposing mitochondria (110). Cardiolipin is
a negatively charged phospholipid enriched on IMM that is essential for the assembly and
stability of the cristae-regulating protein complex MICOS and electron transport chain
(ETC) protein complexes (111, 112). In vitro reconstruction experiments demonstrated
that heterotypic interaction of L-OPA1 with cardiolipin promotes fusion, which is further
augmented in the presence of S-OPA1(110) (Figure 1.3). Till date, the mechanism
coordinating IMM and OMM fusion is poorly understood. Cardiolipin could be a potential
linking factor because of its enrichment at OMM-IMM contact sites (113). Further studies

are essential to understand this process.
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In addition to its role in fusion, OPA1 is essential for regulating cristae structure.
As mentioned earlier, proper cristae structure is essential for mitochondrial energy
production and cell survival. Cristae width is controlled by OPA1 depending on the
energetic state of the cell. For instance, during nutrient stress, OPA1 oligomerizes at the
cristae junction and narrows the cristae width. This facilitates the assembly of ETC
proteins together as a supercomplex assembly. Loss of OPA1 completely disrupts cristae
structure and affects mitochondrial OXPHOS activity (114). Unlike its fusion activity,

homotypic interaction of OPA1 is predicted to be involved in cristae regulation (110).
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Figure 1.3 Mitochondrial Fusion.
Mitochondrial fusion process results in the merging of the mitochondrial
membrane. (a) Structural domain of mitochondrial fusion protein (MFN 1/2,
OPALl). (b) MFN 1/2 and OPA1 regulate mitochondrial outer and inner
membrane fusion respectively. PR, proline-rich domain; GED, GTPase
effector domain; MTS, mitochondrial targeting sequence; MD, middle
domain; S1 and 2, protease cleavage sites.

1.5.4 Mitochondrial Fission

Mitochondrial fission is a multi-step complex process dependent on the interaction

between mitochondria and regulated by the GTPase protein DRP1. Also, during fission
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process, other cellular organelles (endoplasmic reticulum (ER), lysosomes and Golgi
apparatus) help to regulate different stages of mitochondrial membrane scission.
Mitochondrial fission is essential during the process of mitochondrial biogenesis and to
eliminate damaged mitochondria by mitophagy. Recent studies suggest that different
fission machineries are involved depending on the site of fission within the mitochondrial
network. For instance, during mitochondrial biogenesis, newly divided daughter
mitochondria are separated by fission. This occurs in the middle of a mitochondrial tubule
and is hence referred to as mid-zone fission. On the other hand, damaged mitochondria
are eliminated from the periphery/tip of the mitochondrial tubule by peripheral zone

fission (82).

1.5.4.1 DRP1 and its receptors in mitochondrial fission

Mitochondrial fission is regulated by the GTPase protein DRP1, a cytosolic protein
that is recruited on the OMM to facilitate mitochondrial membrane constriction.
DRPlconsists of different domains, namely, a GTPase domain in the N-terminus,
a middle domain, a variable domain, and a GED domain in the C-terminus. DRP1 middle
domain is essential for DRP1 oligomerization on the mitochondrial surface (115)
(Figure 1.4). However, unlike other dynamins (Dnm), DRP1 lacks a pleckstrin homology
domain necessary for phospholipid binding. Thus, DRP1 is recruited on the mitochondrial

membranes by receptor proteins.

In mammalian cells, there are several different DRP1 receptors on the OMM,
including MFF, MiD49/51, and FIS1(116-119) (Figure 1.4). Loss of MFF phenocopies
DRPI deletion/mutation, resulting in hyperconnected mitochondrial networks, suggesting
a prime role of MFF as a DRP1 receptor (116, 120). On the other hand, the role of
MiD49/51 in mitochondrial fission is not straightforward. Double knockout of MiD49 and
MiD51 results in hyperfused mitochondria phenocopying MFF deletion (121). However,
overexpression of these proteins also causes mitochondrial elongation (122). In vitro
studies suggest that MiD proteins recruit GTP bound DRPI and stimulate DRPI

oligomerization as linear filaments that are incompetent to induce scission.
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GTP hydrolysis facilitates the dissociation of DRP1 from MiD protein and a
conformational change in the oligomers that stimulates the formation of the ring structure
necessary for membrane scission (123). These studies suggest that MFF and MiD proteins

might recruit different forms of DRP1.

In yeast, FIS1 plays a key role in the recruitment of DRP1 to mitochondria.
However, the role of mammalian FIS1 in mitochondrial fission is controversial.
Some studies suggest that loss of FIS1 has no significant effect on mitochondrial
networks, suggesting that FIS1 may not be the main driver of mitochondrial fission in
mammalian cells (120, 124). However, there is increasing evidence suggesting that FIS1
recruits DRP1 and specifically regulates peripheral zone fission to eliminate damaged
mitochondria (82, 125). This suggests that FIS1 could be mainly involved in
mitochondrial quality control, unlike other DRPI1 receptors. Thus, DRP1 mediated
mitochondrial fission is likely controlled by different receptors depending on the site of

fission or its functional role (biogenesis, quality control).
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Figure 1.4 Mitochondrial Fission.
Mitochondrial fission process results in mitochondrial membrane scission.
(a) Structural domain of mitochondrial fission protein (DRPI) and its
mitochondrial membrane receptor (MFF, MiD 49/51). (b) DRP1 mediated
mitochondrial division. BSE, bundle signaling element; RR, repeat region;
CC, coiled coil; NTD, nucleotidyl transferase domain.
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1.5.4.2 Post-translational regulation of DRP1

DRP1 recruitment on mitochondria is further regulated through post-translational
modifications. This includes phosphorylation, nitrosylation, SUMOylation and
ubiquitinylation. DRP1 is either activated or inactivated depending on the phosphorylation
site. For example, phosphorylation of the serine residue (S616) in the GED domain
activates DRP1 activity. Different kinases have been reported to phosphorylate S616 and
induce mitochondrial fragmentation, including protein kinase C (PKC),
calcium/calmodulin-dependent proteinase kinase-1 (CAMK1), ERK 1/2 (extracellular-
signal-regulated kinase 1/2) and CDKI1 (cyclin-dependent kinase 1)/cyclin B (126-129).
On the other hand, DRP1 (S637) phosphorylation by protein kinase A (PKA) inactivates
the protein and prevents mitochondrial fission (130). Calcineurin mediates the
dephosphorylation of S637 to reactivate DRP1. In addition to these phosphorylation sites,
S693 phosphorylation by glycogen synthase kinase 3 (GSK 3B) blocks fission and
protects against apoptosis (131). Besides phosphorylation, DRP1 ubiquitination results in
its degradation. For example, the OMM protein membrane associated ring finger 5
(MARCHS/MITOL) ubiquitinylates DRP1 and activates its degradation (132). However,
the role of MARCHS ubiquitination on DRP1 activity is controversial (133, 134). DRP1
stability on the OMM is influenced by SUMOylation especially during apoptosis (135).
SUMOylation proteins such as Ubc9 (SUMO-conjugating enzyme) and MAPL (OMM
SUMO E3 ligase) stabilize DRP1 on the OMM (136, 137). On the other hand,
Sentrin/ SUMO specific protease 5 (SENPS) can counteract this process by removing the
SUMO group from DRP1(138). In addition to these modifications, DRP1 is activated by
S-nitrosylation and O-gluNAcylation under disease conditions (139, 140).

1.5.4.3 Initiation of mitochondrial fission

Mitochondrial fission is initiated with the identification of a fission site. ER tubules
are speculated to scan along mitochondrial tubules and identify a site of fission. However,
the mechanism of ER mediated identification of fission sites is unknown so far. ER tubule-
mitochondria interaction plays an important role in the initial constriction of the

mitochondrial membrane. Studies have shown that an ER tubule initially wraps around
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the mitochondrion and marks the site of DRP1 mediated fission (141) (Figure 1.5).
This ER mediated pre-constriction of the mitochondrial tubule is important for the
subsequent recruitment of DRP1 at later stages of the fission process. During fission,
DRP1 is recruited on the OMM, undergoes oligomerization, and spirals around the
mitochondrial membrane to further constrict the mitochondrial tubule. However, DRP1
oligomerization occurs exclusively on pre-constricted mitochondrial membranes (141).
In summary, the ER initially identifies and preconditions the fission site for the

recruitment of the mitochondrial fission machinery in the later stages.

1.5.4.4 Actin and myosin in mitochondrial membrane constriction

In addition to ER tubules, the actin cytoskeleton creates an additional physical force
necessary for the pre-constriction of the mitochondrial membrane (Figure 1.5).
Actin filaments assemble around ER-marked fission sites. During mitochondrial fission,
actin nucleators such as INF2 (Inverted Formin-2) and Spire 1C on the ER and the OMM,
respectively, promote the formation of linear actin filaments at ER-mitochondria contact
sites (142, 143). In addition, other regulatory factors involved in actin assembly such as
cortactin, cofilin, Septin 2 and Arp2/3 (branching complex) are implicated in
mitochondrial fission (69-71). Thus, actin filaments assembled at the fission site cooperate

with ER tubules to create an inward force to constrict the mitochondrial membrane.

Actin filaments at the fission site require a contractile force necessary to pull them
inward and constrict the mitochondrial membrane. Non-muscle Myosin II (NMII) drives
this process by attaching to actin filaments and creating tension on the mitochondrial
membrane (144). NMII is a dimeric protein containing a pair of heavy chains (HC),
each associated with an essential light chain (ELC) and a regulatory light chain (RLC).
The head group of NMII binds to actin and has an Mg?*"ATPase activity that generates
the propelling force. Based on the heavy chain, there are three different isoforms of NMII,
namely NMIIA, NMIIB, NMIIC encoded by MYH9, MYH10 and MYH 14, respectively
(145). Knockdown of NMIIA/B impairs DRP1 recruitment to mitochondria and results in
mitochondrial elongation (146). We have recently shown that a dominant negative

mutation (R941L) in NMIIC (MYH14) impairs mitochondrial fission in patient fibroblast
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cells (147). Altogether, the actomyosin complex, along with ER tubules, constricts the
mitochondrial membrane to facilitate DRP1 oligomerization (Figure 1.5). Further, these
machineries are exclusively involved in mid-zone fission or during mitochondrial

biogenesis (82).

1.5.4.5 Lysosomes in mitochondrial fission

In addition to the previously discussed factors, a recent study demonstrated that
lysosomes are recruited at mitochondrial fission sites (148). Specifically, this lysosome-
mitochondrial contact is prevalent during peripheral zone fission to eliminate damaged
mitochondria by mitophagy (82). Lysosomes/late endosomes are tethered to mitochondria
by the GTPase protein Rab7. Following fission, Rab7 GTP hydrolysis by TBC1D15 (Rab7
GAP) which is recruited on the OMM by FISI1, untethers lysosomes and mitochondria
(148) (Figure 1.5). Nevertheless, the functional role of lysosomal-mitochondrial contacts
during fission is still poorly understood. There is evidence suggesting that the lysosome
is recruited before IMM fission (148). It is speculated that this contact site would modulate

IMM fission through calcium (Ca") signaling.
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Figure 1.5 Process of fission.
DRP1 mediated mitochondrial fission process is a multi-step process
involving different cellular organelles, resulting in mitochondrial membrane
scission.
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1.5.4.6 IMM fission

Contrary to OMM fission, our understanding of the mechanism and protein
machineries regulating IMM fission is limited. There is evidence suggesting that IMM
fission occurs prior to OMM fission (149). IMM fission is regulated by OPA1 and Ca?"
signaling plays an important role in this process. Fission initiates with an ER-mitochondria
contact, which in turn activates Ca?" influx, resulting in an acute drop in mitochondrial
membrane potential (82, 150). Actomyosin filaments play an important role in this process
by increasing ER-mitochondrial contact (150). Ca?" influx at the contact site activates
OMAI1 mediated cleavage of L-OPA1 to s-OPA1. Accumulation of s-OPA1 untethers
IMM-OMM by destabilizing the MICOS complex. Thus, IMM constriction occurs before
OMM, and it is independent of DRP1(149). However, IMM constriction occurs
independent of OMA 1-mediated OPA1 processing in U20S (human osteosarcoma) cells
(150). This suggests that different protein players could be involved in regulating IMM
fission dependent on the cell origin. Further studies could shed light on those key IMM

fission proteins.

1.5.4.7 Termination of mitochondrial fission

The final stage of fission is marked by mitochondrial membrane scission. In vitro
studies suggest that DRP1 can severe membranes (151). However, the severing abilities
of DRP1 have not been demonstrated in mammalian cells. It has been proposed that
another dynamin (Dnm2) could be involved in this process. Dnm2 is known to cleave
endocytic vesicles budding off from cell membranes (152). However, the role of Dnm?2 in
mitochondrial fission is controversial. A study reported that Dnm?2 is selectively recruited
on DRP1 mediated mitochondrial constriction sites and regulates membrane scission in a
GTP dependent manner. (153). In contrast to this observation, knockout studies
demonstrated that dynamins (Dnml,2,3) are dispensable for mitochondrial fission

(151, 154).
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A recent study reported the involvement of trans-Golgi network (TGN) vesicles in
mitochondrial membrane scission. TGN vesicles are recruited on the fission site following
DRP1 mediated constriction. These vesicles carry cargo on their membrane such as Arfl
(ADP-ribosylation factor-1) and PI4KIIIB (phosphatidylinositol 4-kinase IIIf) which are
essential for fission (Figure 1.5). Loss of Arfl or PI4KIIIP impairs fission and results in
hyperconnected mitochondrial networks (83). However, the mechanism of Arf1-PI4KIIIf
containing TGN vesicles in mitochondrial membrane scission is unknown. Arfl recruits
PI4KIIIPB in TGN vesicles (155). PI4KIIIP is known to phosphorylate phospholipids in the
membrane, which has been reported to regulate vesicle scission (155). Similarly, it is
speculated that these vesicles could be regulating mitochondrial membrane scission by
modulating lipid composition of the constricted membrane (156, 157). Further research is
essential to understand the mechanism involved in mitochondrial membrane scission.
Overall, mitochondrial fission is a complex process involving multiple organelles’ contact

and signaling to regulate different stages of mitochondrial division.

1.6 Mitochondrial diseases

Mitochondria are essential to maintain cellular homeostasis and, hence, defects in
their maintenance and function result in mitochondrial diseases. Mitochondrial diseases
can arise due to an inherited genetic mutation, a de novo genetic mutation, or a secondary
effect due to stress stimuli (e.g., oxidative stress, environmental factors, drug toxicity).
Genetic mutations in mtDNA or nDNA encoded mitochondrial genes lead to
mitochondrial diseases. Usually, the severity of these diseases varies based on the nature
of the mutation and the human organ that is affected. Generally, mitochondrial
dysfunction can affect different organs, but certain energy demanding organs such as the
heart, muscles, and brain are much more drastically affected. In addition to these inherited
mutations, mitochondrial dysfunction could result from somatic mutations (mtDNA and
nDNA) acquired during a person’s life or due to external stress factors. This kind of
mitochondrial dysfunction is common in different diseases such as diabetes, cancers,

Alzheimer, Parkinson, autism, cardiovascular diseases and hepatopathy.
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The inheritance of genetically linked mitochondrial diseases varies depending on
the DNA that is affected. Mutations in mtDNA are exclusively inherited from the mother
(maternal inheritance). Patients with mtDNA mutations develop clinical symptoms
depending on the mutation load. Generally, patients have both wild-type and mutant
mtDNA in their mitochondria, a condition called heteroplasmy. Patients develop
symptoms only when the mutant population exceeds that of wild type mtDNA. Different
disease-linked mtDNA mutations have been reported in humans. These variations
commonly occur either in tRNA encoding genes or ETC protein subunit genes.
Some mtDNA variations that are quite commonly found include defects in tRNAL(VUR)
and tRNAY®  which result in mitochondrial encephalomyopathy, lactic acidosis,
stroke-like episodes (MELAS), and myoclonus epilepsy, and ragged red fibers (MERRF)
in patients, respectively. Mutations in mtDNA-encoded ETC genes (ND1, ND4, ND6,
ATP6, CYTB, COX1, COX2 and COX3) similarly affect muscles and neurons.
For example, ETC complex I gene mutations cause Leber’s hereditary optic neuropathy

(LHON), whereas defect in the complex V gene result in muscle weakness and ataxia.

Along with mtDNA, mitochondrial function and maintenance are regulated by
different nDNA-encoded mitochondrial genes. Defect in those genes result in the onset of
disease at early stages of life. Mutations in those genes are either autosomal or
X-chromosome linked. Different nDNA-encoded mitochondrial gene mutations have
been reported to affect mtDNA maintenance, transcription and translation, mitochondrial
dynamics, protein quality control, apoptosis, protein import, lipid metabolism,
ion transport and ETC complex proteins. nDNA mutations result in similar clinical
symptoms to mtDNA and severely affect muscles and neurons. For example, defects in
mtDNA replication enzymes such as POLy and twinkle cause Alpers-Huttenlocher
syndrome and ataxia neuropathy syndrome, respectively. Some of the mutations in
nDNA-encoded mitochondrial genes either directly or indirectly affect mtDNA integrity
and copy number. This in turn influences mitochondrial energy production, creates an
imbalance in ROS levels, alters Ca** signaling and thereby activates cellular apoptosis.

However, there are some nDNA mutations that indirectly affect mtDNA maintenance by
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altering ETC and increasing ROS levels. Overall, clinical data suggests that mtDNA
maintenance and OXPHOS function are highly linked to each other.

1.6.1 Mitochondrial dynamics and disease

As discussed earlier, mitochondrial dynamics plays an important role in mtDNA
maintenance and OXPHOS activity. Hence, defects in mitochondrial dynamics proteins
result in mitochondrial disease. Mutation in mitochondrial dynamic related genes alter
mitochondrial morphology and distribution, affecting mtDNA integrity and/or copy
number and OXPHOS function.

1.6.1.1 Mitochondrial fusion related diseases

Mitochondrial fusion proteins are essential for mitochondrial dynamics and mtDNA
maintenance. Mutation in nuclear encoded fusion proteins severely affects energy
demanding organs such as the brain and muscles. Optic atrophy is an OPA1 autosomal
dominant disorder that selectively affects ganglion cells in the optic nerve.
This heterozygous mutation results in progressive loss of vision in patients (158, 159).
Nevertheless, mutations in the GTPase domain of OPA1 are reported to cause additional
symptoms, including hearing loss, myopathy, and peripheral neuropathy. Further, these
patients have multiple mtDNA deletions in their skeletal muscles, thus demonstrating the

importance of OPA1 in mtDNA maintenance (160, 161).

Mutations in the MFN2 gene cause Charcot-Marie Tooth disease type 2A,
which affects peripheral motor and sensory neurons. Patient loses sensation at the distal
end with muscular atrophy and weakness (162, 163). Like OPA1, mtDNA maintenance is
impaired in MFN2 mutants (164, 165). Based on in vitro and in vivo studies, it is
hypothesized that MFN2 mutations impairs mitochondrial movement in neuronal cells,

thereby resulting in neuronal degeneration (166).
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1.6.1.2 Mitochondrial fission related diseases

Mitochondrial fission is essential for regulating mitochondrial dynamics and quality
control. Additionally, mitochondrial fission is important for mitochondrial biogenesis
with a potential role in mtDNA maintenance and distribution. Mitochondrial fission genes
are nucleus-encoded and defects in these genes are implicated in mitochondrial diseases.
Imbalance in fission protein levels and activities are associated with clinical conditions
such as cardiomyopathies, neurodegenerative disease, diabetes, cancer, and other

metabolic disorders (167).

Genetic mutations in the mitochondrial fission protein DRP1 are reported to cause
rare mitochondrial diseases. Generally, patients have poor brain development
(microencephaly) and experience untreatable seizures (epilepsy). The disease phenotype
varies depending on the nature and position of the mutation in DRPI1. Pathological
variations have been reported primarily in its GTPase domain (10 genetical variants),

middle domain (11 genetical variants) and GED domain (1 genetical variant).

The GTPase domain is important for the formation of higher-order DRP1 structures
through GTP hydrolysis. Clinically different pathogenic variants are reported in the DRP1
GTPase domain: dominant-negative (E2A, A192E, G32A, D146N, G223V) and recessive
(S36G and E116K, W88M and E129, T102M) (168-175). Patients with DNMIL
autosomal dominant variants develop a dominant optic atrophy condition, resulting in
progressive loss of vision. The other DNMI1L variants result in encephalopathy, hypotonia
(loss of muscle tension) and developmental defects, with some patients displaying higher
degrees of symptoms including seizures, optic atrophy, and limb ataxia. Clear exceptions
to these clinical symptoms include de novo variants S39G and D146N, where patients
develop sensory neuropathy (loss of sensory nerves). All these mutations affect

mitochondrial dynamics and patient cells have highly elongated mitochondria.

The middle domain is important for DRP1 oligomerization and thus necessary for

mitochondrial membrane constriction. Clinical variants reported so far in the middle
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domain are heterozygous, dominant negative mutations (G350R, G362D, G362S, F370C,
A395D, R403C, L406S, E410K, L416P, C431Y, C446F) (169, 171, 176-181).
Like GTPase domain mutations, these patients develop similar pathological phenotypes,
though their clinical manifestations are comparatively more severe (182). These patients
have a poor prognosis compared to those with GTPase mutations. Unlike other domains,
only one clinical case has been reported so far in the GED domain. The GED is involved
in the exchange of GDP for GTP and is necessary for the proper GTPase activity.
This patient was found to have encephalopathy with seizures due to a heterozygous,

dominant negative mutation (Y691C) in DNMI1L (183).

Like DRP1 patients, defects in DRP1 receptors that regulate DRP1 activity develop
similar clinical phenotypes. Patients with MFF mutations have encephalopathy and other
neurological defects. Patient fibroblast cells have tubular mitochondria due to defective
fission (184-187). Recently, two novel heterozygous mutations (Y240N and R146W)
have been reported in MID51. These mutations result in mitochondrial fragmentation and
manifest optic neuropathy (188). Besides DRP1 receptors, we have recently shown that
mutations in the non-muscle myosin MYH14 (encoding NMIIC) result in peripheral
neuropathy (147). A dominant-negative mutation (R941L) in MYHI14 blocks
mitochondrial fission, notably in the cell periphery (147). The other reported cases with

autosomal dominant MYH14 mutations have hearing impairment (189, 190).

Clinical data suggests that mitochondrial fission defects severely impact
neurological development. However, we have limited knowledge about the cellular
mechanism being altered during the development of fission related diseases. Conditional
knockout (KO) studies in mice suggest the importance of DRP1 in neuronal development.
Mice with Drpl-/- in neurons have poor cerebral development and die shortly after birth
(191). Also, mouse Drpl-/-neural cells have impaired synapse formation due to the
improper mitochondrial distribution (192). DRP1 is essential for the survival of post-
mitotic neurons. Drpl-/- purkinje cells have elongated mitochondria and they eventually
die after a certain period in culture due to the accumulation of oxidative damage (193).

These animals have defects in motor coordination (193). In vivo KO experiments suggest
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the potential role of DRP1 in neuronal development and survival. Further in vitro and in
vivo experiments are essential to understand the link between the clinical phenotype and

the cellular mechanism that is altered in these patients.

1.7 Interorganelle contact sites

Interorganelle contact sites are a platform for the transfer of signaling molecules,
and biomolecules (lipids, proteins). As discussed earlier, ER-mitochondria interactions
regulate mitochondrial dynamics. In addition, these contact sites are involved in regulating
different biological processes such as lipid trafficking (phospholipids, sterol), Ca?"
signaling, apoptosis and autophagy. Depending on the growth factors and metabolic
conditions, different combinations of tethering proteins regulate interorganelle contact site
length and spacing. How different ER subdomains interact with mitochondria is discussed

in detail below.

1.7.1 ER structural dynamics

The ER is the largest organelle in the cell and a biogenesis factory. The ER is
involved in protein synthesis, assembly, and transport, as well as lipid and sterol synthesis.
It is the largest reservoir of Ca** molecules in the cell. The ER has a complex structural
organization to perform these multiple functions. The ER is a dynamic membrane bound
organelle that spreads across the cytoplasm and is organized into three luminally
interconnected structural compartments: the nuclear envelope, rough ER (ER sheets/
cisternae) and smooth ER (ER tubules). These compartments constitute structurally and
functionally distinct domains. The Nuclear envelope is a double membrane structure that
consists of an inner nuclear membrane and an outer nuclear membrane. The nuclear
envelope protects the genetic material and controls the transport of RNA and proteins in /

out of the nucleus (194). The nuclear envelope is luminally linked to ER sheets.

ER sheets are primarily engaged in protein synthesis. ER sheets are highly enriched

with ribosomes. Hence, membrane and secretory proteins are synthesized on the ER
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sheets’ surface and assembled on the ER membrane and lumen, respectively. ER sheets
are flattened sac- like structures stacked together by helicoidal membranes. ER sheet
structure is regulated by the integral membrane protein cytoskeleton-linking membrane
protein of 63kDa (CLIMP63) (195). CLIMP63 homo-oligomerizes at the luminal side to
keep ER membranes apart from each other, thereby regulating ER sheet width.
Overexpression of CLIMP63 expands ER sheets, suggesting that it plays an important role
in ER sheet formation (195). However, knockdown of CLIMP63 affects ER sheet luminal
width but does not prevent ER sheet formation, suggesting the involvement of other
regulatory factors along with CLIMP63 in ER sheet formation (195). Among these factors,
polyribosomes involved in protein synthesis are suggested to regulate ER sheet structure,
as the dissociation of ER-bound ribosomes affects the stability of ER sheets (196).
Similarly, ribosome-translocon complex protein p180/RRBP1 (Ribosome Binding
Protein 1) has been reported to modulate ER sheet proliferation (197). In addition to these
proteins, loss of the ER membrane proteins Reticulons (RTNs) and DP1 (deleted in
polyposis 1) also results in ER sheet expansion (195, 198). RTN and DP1 are present on
the outer leaflet of the membrane bilayer and regulate the membrane curvature of ER sheet
edges (195, 198-200). In addition to these membrane proteins, it is speculated that ER
sheet and microtubule interactions can regulate ER sheet structure. Reports suggest that
CLIMP63 and p180 interact with microtubules. However, the effect of this interaction on

ER sheet structure is poorly understood.

ER tubules are high curvature membranes that extend from ER sheets and spread
towards the cell periphery. Tubular ER is involved in lipid synthesis, calcium signaling,
and interorganelle contacts. ER tubule structure is regulated and stabilized by RTNs and
DPI. In yeast, depletion of RTN1 and Yopl (mammalian ortholog of DP1) results in loss
of ER tubules (195, 198). ER tubules constantly undergo homotypic fusion that results in
the formation of three-way junctions. Atlastin (ATL) is enriched in ER tubular junctions
and defects in this protein result in loss of ER branching (201). Further, in vitro liposome
fusion studies suggest that ATL is an ER fusion protein. ATL tethers ER membranes in a
GTPase dependent manner (202, 203). The ER tubular network is maintained by a balance
between RTN and ATL function (204). In addition to ATL, Lunapark (Lnp) is reported to
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regulate ER tubules and preferentially localize to ER junctions (205). Lnp regulates three-
way junction formation based on its expression level. Low levels of Lnp result in a highly
reticulated ER network, suggesting that Lnp acts antagonistically with ATL/Sey1(204).
Recently, DRP1 was reported to modulate ER tubulation independent of its role in
mitochondrial dynamics. Interestingly, DRP1 regulates this process independent of

ER tubule dynamics proteins (206).

The growth of the ER tubular network by ER fusion proteins requires additional
force to bring ER tubules into contact with each other. Microtubules have been proposed
to regulate ER dynamics by two different pathways. First, ER tips bind to microtubule tips
by the tip attachment complex (TAC), and ER tubules grow and shrink based on
microtubule dynamics (207, 208). The second pathway is based on ER sliding along the
microtubules where molecular motors such as kinesin-1 and dynein pull the ER along the
existing microtubule network (209, 210). Rab10 facilitates ER tubule extension along
microtubules by stabilizing ER tubule-microtubule interaction. Rab10 is localized at the
growing end of ER tubules and is speculated to modulate ER tubule-microtubule
interactions. Defect in Rabl0 causes loss of ER tubules and results in ER sheet

expansion (211).

Cells need both ER tubules and ER sheets to maintain cellular homeostasis.
The balance between sheets and tubules varies depending on the presence of ER dynamics
proteins and is cell- type specific. For example, secretory cells such as pancreatic cells
have more ER sheets to facilitate secretory protein synthesis and release. On the other
hand, endocrine cells involved in steroid hormone production have predominantly ER
tubules. ER network alterations are speculated to modulate the interaction between the ER
and other organelles. Since these interaction sites regulate different signaling pathways,

they are essential for maintaining cellular homeostasis.
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1.7.2 ER tubules - mitochondria contact

As discussed earlier, ER tubules-mitochondria contact sites (ERMCS) are linked to
mitochondrial dynamics. In addition, ERMCS are involved in lipid metabolism,

Ca?* signaling, and mitochondrial quality control.

1.7.2.1 ERMCS in Lipid metabolism

Phospholipids and cholesterol are essential to maintain fluidity in cell membranes
and organelles, including the ER and mitochondria (212). Though ER is a major site of
lipid metabolism, mitochondria have some enzymes necessary for the synthesis of certain
lipids such as cardiolipin and some phospholipids. ERMCS forms a hotspot for the transfer
and synthesis of phospholipids. These sites are tethered between the OMM and the ER
membrane by PTPIP51 and ORP5/8, which facilitates trafficking of phospholipid
intermediates between the organelles (213). The OMM solute carrier protein SLC25A46
is another potential candidate reported to regulate phospholipid trafficking, although its
interacting partners and other key players involved in this process are yet to be explored
(214). At ERMCS, ER synthesized phosphatidylserine (PS) is transferred to mitochondria
where it is further converted to phosphotidylethanolamine (PE) by PS decarboxylase.
PE is transferred back to the ER where it is further processed to phosphotidylcholine (PC)
by PE-N-methyltransferase. PC is then shuttled back to mitochondria (215, 216).
In addition, a few studies suggest that ERMCS could be involved in cholesterol
metabolism, although this needs further investigation (217, 218) (Figure 1.6).

1.7.2.2 ERMCS in Ca2+ signaling

Ca?" signaling is important for proper cellular function. Regulation of Ca*" level is
crucial as this in turn regulates the activities of different metabolic enzymes. Mitochondria
and the ER are important reservoirs of calcium in the cell. Ca®" is important for proper
maintenance of mitochondrial health and for energy production as Krebs cycle (isocitrate
dehydrogenase, oxoglutarate dehydrogenase) and glycolytic (pyruvate dehydrogenase)

enzymes are dependent on Ca®*(219). Ca*" is transferred from the ER to mitochondria
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through the Inositol trisphosphate receptor (IP3R in the ER)-voltage dependent anion-
selective channel (VDAC in the OMM) (220, 221). The mitochondrial Ca** uniporter
(MCU) then transfers Ca?" into the mitochondrial matrix (222, 223). (Figure 1.6).

However, excess Ca’" transfer from ER to mitochondria can activate apoptosis (224, 225).

1.7.2.3 ERMCS in mitochondrial dynamics and biogenesis

As it has been discussed in detail earlier, ERMCS plays an important role in
mitochondrial dynamics and mtDNA replication (80, 226). Mitochondrial fission is
regulated by ERMCS-mediated Ca** signaling. Further, ERMCS create the physical force
necessary to constrict mitochondrial tubules for DRP1 mediated fission. Modulation of
these contact sites by regulating ERMCS tether proteins are known to alter mitochondrial
morphology. For instance, MFN2 independently regulates ERMCS in addition to their
role in mitochondrial dynamics. Loss of MFN2 affects ERMCS formation, thereby
dysregulating Ca** signaling (227-229) (Figure 1.6). Furthermore, ER is associated with
mitochondrial fusion sites (80). However, the functional role of ERMCS at fusion sites is
unclear. In addition to regulating mitochondrial dynamics, ERMCS is essential for proper
mtDNA replication (226) (Figure 1.5) and loss of ER tubules significantly affects this
process (226). Altogether, ERMCS plays an important role in regulating mitochondrial

functions and maintenance.
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Figure 1.6 ER tubules-mitochondrial contact sites.
ER tubules tether to the mitochondrial membrane by protein linkers.
These contact sites are essential for Ca®* signaling, lipid metabolism, and
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mitochondrial dynamics. Studies have revealed distinct roles for protein
linkers in modulating different processes at contact sites.

1.7.3 ER sheets-mitochondria contacts

Contrary to ER tubules, our knowledge of ER sheets-mitochondria interactions is
limited. In addition, proteins involved in regulating these contact sites and their functional
significance are poorly understood. Electron microscopic studies revealed the existence
of ER sheets-mitochondria contact sites (230-232). Due to the presence of ribosomes on
the surface of ER sheets, ER sheets-mitochondria contact sites are proposed to have a

complex protein tethering system.

ER sheets-mitochondria contact sites are modulated by growth factors. For example,
insulin-activated mammalian target of rapamycin complex 2 (mTORC?2) kinase is
enriched at ER sheets-mitochondria contact sites. mTORC2 interacts with ribosomes,
which is essential in activating mTORC2 dependent downstream signaling (233).
In addition, mMTORC2 modulates mitochondrial activity through its interaction with IP3R
at ER sheets- mitochondria contact sites and activates Ca>* signaling in an Akt dependent

manner (234) (Figure 1.7).

A recent study in human cells reported an interaction between SYNIJ2BP
(Synaptojanin-2-binding protein) and RRBP1 at the ER sheets-mitochondria interface
(Figure 1.7). SYNJ2BP is an OMM tail-anchored protein with an unknown mitochondrial
function (235). On the other hand, RRBP1/p180 is a transmembrane single-pass ER sheet
protein (195) that is associated with ribosomes. It has recently been shown to interact with
microtubules, which could regulate ER sheet structure. SYNJ2BP-RRBP1 tethering
regulates ER sheets-mitochondria interactions though its functional importance is still
unknown (235). Recently, it has been shown that RRBP1 regulates lipid metabolism at
ER sheets-mitochondria contact sites. Loss of RRBP1 impairs ER-sheets-mitochondria
interaction and thereby affects the secretion of very-low-density lipoproteins (VLDL)
(236). Thus, a SYNJ2BP-RRBP1 tether could be involved in lipid metabolism and

trafficking between organelles.
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ER sheets-mitochondria interactions are also involved in Ca?* signaling. The E3
ubiquitin ligase protein Gp78, otherwise known as the autocrine motility factor receptor
(AMFR), regulates Ca®" signaling through modulating ER sheets-mitochondria
interactions (237). Gp78 regulates this process through MFN2 degradation (238, 239). As
mentioned earlier, MFN2 regulates ER-mitochondria interaction, though its impact is still
controversial, with some studies reporting that a loss of MFN2 increases ER-mitochondria
interaction (227, 240, 241). The presence of AMF prevents this Gp78 mediated Ca**
signaling at ER sheet-mitochondrial interaction (232, 238, 239).

Besides the availability of tethering proteins, post-translational modifications of
proteins also regulate contact sites. Calnexin (CNX) is an ER chaperone protein necessary
for the folding of glycosylated proteins and is present throughout the ER. However,
s-palmitoylation of CNX results in its enrichment at ER sheets (242) (Figure 1.7). It is
known that palmitoylated calnexin is recruited at ER-mitochondria contact sites, although
its role in ER sheets-mitochondria interaction is unclear. Similarly, the ER sheet protein
TMX4 shifts to ER-mitochondria contact sites upon palmitoylation (243).
Thus, palmitoylation could be one of the potential mechanisms involved in modulating

ER sheets-mitochondria interactions, although it needs further investigation.
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Figure 1.7 ER sheets-mitochondrial contact sites.
Like ER tubules, ER sheets tether to the mitochondrial membrane by specific
protein tethers. These contact sites are implicated in Ca>" signaling and lipid
metabolism.
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Contrary to ER tubules, the functional roles of ER sheets-mitochondria contact in
mitochondrial dynamics are poorly defined. ER tubules are well known to regulate
mtDNA replication and mitochondrial fission (141, 226). On the other hand, the role of
ER sheets in these processes has yet to be properly addressed. Loss of ER tubules due to
overexpression of the ER sheet protein CLIMP63 affects mtDNA replication (226).
However, the direct effects of ER sheet-mitochondria interaction on mtDNA replication

remain unknown.

1.8 Problem Statement

Mitochondria are dynamic, multifaceted organelles that regularly modify their
network shape to adapt to cellular demands. Mitochondrial genes are encoded by nuclear
and mtDNA. Though the majority of mitochondrial proteins are nDNA encoded, mtDNA
encodes essential components of the ETC necessary for proper energy production. Hence,
proper maintenance and distribution of nucleoids is crucial for mitochondrial function.
A defect in their distribution results in heterogenous functioning of the organelle.
However, the active mechanisms involved in regulating the homogenous distribution of

nucleoids are poorly understood.

Mitochondrial dynamics proteins are essential for mtDNA maintenance. Defects or
absence of mitochondrial fusion proteins, in particular, have a significant impact on
mtDNA copy number and integrity. On the other hand, loss of fission proteins does not
necessarily affect mtDNA copy number but results in enlarged nucleoids entrapped in
bulb-like mitochondrial structures called mitobulbs. Although this evidence suggests a
potential role of mitochondrial fission in nucleoid maintenance and distribution, the

mechanism behind it is unclear.

My thesis aims to address the following two important questions:
(1) How are nucleoids distributed along the mitochondrial network?

(2) How does mitochondrial fission regulate nucleoid distribution?
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(1) Global distribution pattern of nucleoids

Nucleoids are primarily attached to the mitochondrial inner membrane. However,
studies suggest that this association does not necessarily restrict the movement of
nucleoids along mitochondrial networks. Furthermore, mitochondrial dynamics-mediated
changes in network structure could alter the global distribution pattern of nucleoids.
Limited studies have reported nucleoid distribution and these few studies were limited to
the measurement of inter-nucleoid distance between the neighboring nucleoids,
independently of mitochondrial network organization. Given that nucleoids are distributed
within mitochondrial networks, we need a computational tool that can characterize
nucleoid distribution while considering the complex organization of mitochondrial
networks. An automated computational tool will speed-up the process of characterization
and help investigate protein machineries involved in nucleoid distribution. In our first
paper, we will develop an automated tool to measure nucleoid distributions along

mitochondrial networks. The primary objectives of this research work are:

(1) Tounderstand the global distribution pattern of nucleoids within mitochondrial

networks
(1i1) To decipher the role of mitochondrial fission in nucleoid distributions

(iii) To understand nucleoid and mitochondrial network features that could affect

nucleoid distributions

To address these questions, we will use immortalized mouse embryonic fibroblasts
(MEFs) and primary human fibroblasts (HFs). Further, to demonstrate the role of
mitochondrial fission, we will study nucleoid distribution in patient fibroblasts with
defective mitochondrial fission proteins (DRP1, MYH14). This study will address the first
aim of my thesis, to understand the global distribution pattern of nucleoids and the role

played by fission.
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(2) Mechanism of mitochondrial fission-mediated nucleoid distribution

In addition to their role in mitochondrial dynamics, DRP1 independently associates
with ER and regulate ER tubules formation. On the other hand, ERMCS play an important
in DRP1 mediated mitochondrial fission. Especially, ER tubules and fission proteins are
known to be essential for mtDNA replication and mitochondrial division, respectively.
Loss of ER tubules affects mtDNA replication. Similarly, a defect in fission results in
nucleoid enlargement. Altogether, this suggests a potential link between ER and fission
proteins in nucleoid segregation and distribution, though the mechanism behind it is
unclear. Based on this evidence, we hypothesize that DRP1 regulates nucleoid distribution
through modulating ER structure. To address this hypothesis, we put forward the

following objectives:
(1) To understand the role of DRP1 on ER structures (tubules and sheets)
(1i1) To investigate the effect of DRP1 on ER-mitochondria interactions

(iii) To establish the link between ER-mitochondria interactions and nucleoid

distribution

To understand the role of DRP1 in these processes, we will use MEFs that lack
DRP1, or HFs with defective DRP1. Thus, this work will address the second aim of my
thesis, which is to understand the process of mitochondrial fission-mediated nucleoid

distribution.

In summary, my PhD thesis work will define nucleoid distribution patterns within
mitochondrial networks and their regulation by mitochondrial fission. Proper mtDNA
distribution is essential for mitochondrial function and defects in this process result in
mitochondrial diseases. Especially, defective DRP1 in humans severely affects energy
demanding organs such as the brain and results in developmental defects, microencephaly,
peripheral neuropathy, and epilepsy. Unfortunately, there are no cures for mitochondrial
diseases due to our limited understanding of disease development. This work will bridge
this knowledge gap and demonstrate the fundamental cellular process that is altered in

these patients.
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Abstract

Mitochondrial DNA (mtDNA) maintenance is essential to sustain a functionally
healthy population of mitochondria within cells. Proper mtDNA replication and
distribution within mitochondrial networks are essential to maintain mitochondrial
homeostasis. However, the fundamental basis of mtDNA segregation and distribution
within mitochondrial networks is still unclear. To address these questions, we developed
an algorithm, Mitomate tracker to unravel the global distribution of nucleoids within
mitochondria. Using this tool, we decipher the semi-regular spacing of nucleoids across
mitochondrial networks. Furthermore, we show that mitochondrial fission actively
regulates mtDNA distribution by controlling the distribution of nucleoids within
mitochondrial networks. Specifically, we found that primary cells bearing
disease-associated mutations in the fission proteins DRP1 and MYH14 show altered

nucleoid distribution, and acute enrichment of enlarged nucleoids near the nucleus.
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Further analysis suggests that the altered nucleoid distribution observed in the fission
mutants is the result of both changes in network structure and nucleoid density.
Thus, our study provides novel insights into the role of mitochondria fission in nucleoid

distribution and the understanding of diseases caused by fission defects.

Introduction

Mitochondria require proteins encoded by both nuclear and mitochondrial DNA
(mtDNA) to perform their key roles in cellular metabolism. Maintenance of mtDNA copy
number and integrity, as well as mtDNA distribution across mitochondrial networks,
is crucial for proper mitochondrial function. mtDNA is packed into nucleoprotein
complexes called nucleoids. Nucleoids are dynamic structures that actively move
within mitochondrial networks and interact with neighboring nucleoids'. However,
the mechanisms regulating nucleoid maintenance and distribution within mitochondrial

networks are still not fully understood.

mtDNA replication is associated with mitochondrial dynamics, the process of
mitochondrial fission and fusion’. Mitochondrial fusion is regulated by the GTPases
Mitofusins (MFN1 and MFN2; outer membrane) and Optic Atropy-1 (OPAI;
inner membrane) and is required for the maintenance of mtDNA copy number and
integrity®>. Mitochondrial fission is mediated by dynamin related protein 1 (DRP1).
DRP1-dependent fission occurs at endoplasmic reticulum (ER)-mitochondrial contact
sites (ERMCS) following the initial constriction of the mitochondrial tubule by actin and
myosin®’. mtDNA replication occurs at ERMCS®. Mutation of the fission proteins
non-muscle myosin II (MYH14) or silencing/genetic ablation of DRP1 causes a decrease
in nucleoid number, generally without a change in total mtDNA content® 2. In the case of
DRP1 deletion, these nucleoids are enlarged and confined to an abnormal modified

mitochondrial structure called mito-bulbs”!%1%13

. While these results suggest that
mitochondrial fission is required for nucleoid segregation, it remains unclear how fission
contributes to nucleoid maintenance and the spatial distribution of nucleoids within

mitochondrial networks.
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A small number of studies have previously measured nucleoid distribution using
custom scripts on manually annotated images'*'®. These studies reported either the
overall nucleoid density or the average distance between the two closest nucleoids (nearest
neighbor distance; nndist), sometimes calculated without considering the positional
constraints imposed by the mitochondrial network!*!>. While these studies give an
overview of inter-nucleoid distances, other descriptors describing the global distribution
of nucleoids within networks could provide a more informative description of nucleoid
distribution. As such, the pair correlation function (pcf) calculates the probability of
finding a nucleoid at any distance from a first one within the mitochondrial network,
allowing for a finer mapping of nucleoid distribution compared with nndist (which only
provides an average distance between adjacent nucleoids). In addition, automation of this
quantification would allow more efficient analysis of nucleoid distribution patterns across
a large number of mutants affecting nucleoids, leading to a better understanding of

nucleoid biology.

Here, we have developed Mitomate Tracker, an automated tool that evaluates the
distribution of nucleoids within mitochondrial networks using both nndist and pcf.
Using this tool, we demonstrate that nucleoids are distributed in a semi regular fashion
within mitochondrial networks, maintaining a minimal spacing between each other.
These features were affected by mutations in MYHI14 or DRPI, indicating that

mitochondrial fission plays an important role in nucleoid distribution and maintenance.

Results

Mitomate tracker, a new tool to analyze the distribution of nucleoid across
mitochondrial networks

Using the DNA binding dye picogreen, nucleoids can be visualised as punctate
structures along TMRM-labeled mitochondria in live cells (Fig. 1). To study nucleoid
distribution in an automated manner, we developed an algorithm (Mitomate tracker) that
takes advantage of our previously published mitochondrial network quantification tool

(Momito'?), to which we combined two other tools: the ImageJ plugin, Trackmate which
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allows nucleoid identification®’, and the R package, spatstat which calculates point pattern
distributions?!. This results in two distinct outputs: (1) a quantification of network and
nucleoid parameters (nucleoid number and density, network length and connectivity), and
(2) a point pattern distribution calculated by two distance-based metrics. The first metric,
nndist, measures the average distance between a nucleoid and its closest neighbour within
the mitochondrial network. The second metric, pcf, estimates the probability of finding a

nucleoid at any distance from a first nucleoid within the mitochondrial network (Fig. 1).

IIVIomito I Trackmate
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Figure 1. Schematic representation of nucleoid distribution analysis by
Mitomate tracker. Confocal live cell Images of mitochondria (TMRM, red) and
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nucleoids (Picogreen, green- nucleus manually removed) are analyzed using Mitomate
tracker. Mitochondria are segmented and their components are identified using Momito
while nucleoids are identified using the Image J Plugin Trackmate. The information
extracted from Momito and Trackmate is then analyzed by the R package spatstat.
Mitomate Tracker provides detailed descriptors of network and nucleoid features and
measures nucleoid distribution pattern by two metrics, the nearest neighbor distance
(nndist) and the pair correlation function (pcf).

Validating the robustness of nucleoid distribution metrics

As previous studies of nucleoid distribution used the average distance between

141617 we first examined the nndist

adjacent nucleoids (nndist) as their primary metric
output of Mitomate tracker. Not surprisingly, the absolute distance between nucleoid was
dependent on nucleoid density (Fig. 2a; 1> = 0.55, p < 0.001). To take this into account,
we normalised the actual nndist to an independent random process (IRP), where the same
number of points are distributed within the same network independently of each other and
network structure. The resulting nndist Ratio should be equal to 1 for a random
distribution (actual and random values being equal). However, the normalised nndist was
still somewhat dependent on nucleoid density (Fig. 2b; 1> =0.30, p < 0.001). This suggests

that nndist is not a robust approach to measure nucleoid distribution owing to its persistent

dependence on point density.

We then evaluated the robustness of the pcf. Contrary to the nndist which gives a
single average distance per cell, the pcf computes the probability to find a point at any
distance of a first point, making it impossible to achieve a simple correlation analysis as
used for nndist. We thus used a small number of highly connected mitochondrial networks
to which we randomly added points representing the highest and the lowest nucleoid
densities found in mouse embryonic fibroblasts (MEFs) and primary human fibroblasts
(HFs) (Fig. 2c, d). To avoid measuring effects due to specific random distributions,
six different distributions were averaged for each image/condition (see “Methods” for
details on the normalisation process). Using these, we then evaluated the influence of point
density on the pcf. In this analysis, a random distribution (IRP) has a pcf value of 1 at all
distances from the first point (Fig. 2e, black dashed line), values above 1 indicate

correlation and values below 1, avoidance (Fig. S1). Consistent with this, points randomly
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distributed across our test mitochondrial networks resulted in pcf values close to 1 for all
densities tested (Fig. 2e; lines, distribution; colored area, SD). Pcf values also remained
close to 1 when connectivity was reduced in our test images by manually unbranching the
networks within the images using Image] (Fig. 2d, e), while keeping point density
constant. Overall, our data indicate that the pcf provides a robust approach to study

nucleoid distribution within mitochondrial networks.

a, b, ¢ i
£ 0.4 4 °
2
]
b -
- 2 0.3
= o' E
S > -
2, ] * - 2
E1 .0 K ‘@ 0.2 1
c 2 ®
“0.54 o
Q
0.54 S 0.1 °
Z
Oy T T T T Oy T T T T L R ——
015 020 025 030 035 015 020 025 030 035 HFs MEFs
Nucleoid density (Nucleoids/pm) Nucleoid density (Nucleoids/pum)
d Low Density High Density High Density

High Connectivity High Connectivity Low Connectivity

Low
High = High Density High Connectivity
0 OT‘I 0:‘2 . 0f3 074 — High Density Low Connectivity
Density (Points/pm) Low Density High Connectivity
Low |’H— L 0 T T T
0 1 2 3
High © }—ha: Distance (um)
0 I 0I5 I ‘ITO

Conneﬁivity (JIE)

Figure 2. Measurement of nucleoid distribution by Mitomate tracker. (a,b) nndist is
dependent on point density even after normalization. Scatter plot of Actual (a) and
normalized (relative to an IRP; b) nndist values relative to nucleoid density in primary
human fibroblasts. Each data point represents an individual cell (n =27). The dashed line
represents a random distribution. Linear regression formula y ~ log(x). (¢) Nucleoid
density in primary human fibroblast (HF) and mouse embryonic fibroblast (MEF) cells.
Each point represents an individual cell. (d,e) Network connectivity and point density do
not affect the pcf of random point distribution. (d) The networks were either left connected
or manually unbranched and overlayed with a low or a high point density.
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Top, Representative test network used for the analysis. Bottom, measures of point density
and network connectivity for the 5 test networks. Each point represents a distinct network.
(e) pcf curves. Solid lines represent the average point distribution for the indicated
conditions and the shaded areas, the SD (n = 5 images). The dashed line represents the
expected random distribution.

Nucleoids have a well-defined organization within mitochondrial networks

To study nucleoid distribution, MEFs and primary human fibroblasts were stained
for mitochondria (TMRM) and nucleoids (picogreen) and imaged by confocal
microscopy. The images were then processed and analyzed by Mitomate tracker, which
identifies individual picogreen foci as a distinct nucleoid (97 + 1% accuracy of
identification, n = 10 cells), irrespective of its mtDNA content (larger nucleoids probably
containing more mtDNA copies). This allows us to analyse nucleoid distribution

independently of nucleoid segregation following mtDNA replication.

The pcf showed a strong nucleoid avoidance at short distances (pcf value < 1) but
not at distances greater than 1 um (pcf value > 1) for both MEFs (Fig. 3a) and primary
human fibroblasts (Fig. 3b). The maximal likelihood to find a neighboring nucleoid as
estimated from the pcf curve peak for each cell, occurred at 1-3 um (average 2 pm;
Fig. 3¢). Similar results were obtained in fixed cells stained for TOM20 (mitochondria)
and TFAM (nucleoids) (Fig. 3d). In addition, we tested the effect of cell thickness on the
pcf output by comparing a single z-plane with the projection of the entire z stack from the
same cell. Consistent with the fact that fibroblasts are flat cells, there were no significant

differences between the two sets of images (Fig. 3e, f).

To quantify the differences between the observed nucleoid distribution pattern and
an IRP-based distribution, we then measured the entropy (Shannon entropy) of individual
pcf curves. In information theory, entropy represents the amount of information present
in a variable®>?*, In the context of a pcf, this means that any horizontal line, including an
IRP (pcf = 1) has an entropy of zero, and entropy increases as it deviates from this
horizontal line (Fig. S1). The entropy thus provides a measure of the variability of the pcf
curve. Accordingly, the entropy values of actual MEFs pcf was significantly higher than
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for their corresponding IRPs (Fig.3g). Overall, our results indicate that nucleoid

distribution is regulated to maintain a minimal distance between nucleoids, consistent with

previous quantifications of inter-nucleoid distances using nndist in yeast cells
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Figure 3. Nucleoid distribution is highly regulated. Pcf curves of nucleoid distribution
in MEFs (a) and HFs (b), Solid lines represent the average of nucleoid distribution and
the shaded areas the SD (n =30 cells). Actual (A, Red) and Random (R, Blue) distributions
for the same point densities are shown. (c) Distance between nucleoids as determined by
the distance of the maximal pcf value. (d) Pcf curves of nucleoid distribution in HFs
stained with TFAM and TOM?20, Solid lines represent the average of nucleoid distribution
and the shaded areas the SD (n =20 cells). The dashed line represents the expected random
distribution. Actual (A, Red) and Random (R, Blue) distributions for the same point
densities are shown. (e,f) z-Stacking does not affect pcf results. Control cells were stained
for TFAM and TOM20 and the projection of the full z-stack (P) compared to the single
focal plane capturing most of the mitochondrial network (z). (¢) Nucleoid density.
Each point represents an individual cell. (f) pcf analysis. Each colour represents a distinct
cell, the solid line being the single z image and the dashed line the projection. The shaded
area represents the average + SD for the single z images and the black dashed line the
expected random distribution. (g) Entropy values calculated from MEFs pcf curves in ().
Actual nucleoid distribution (A), random distribution (R). Each data point represents one
cell. Bars represent the average of 30 cells + SD. *** p =2 x 10!, Two-tailed t-test.
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Loss of mitochondrial fission impairs the distribution of nucleoids within
mitochondrial networks

Mitochondrial networks are shaped by mitochondrial dynamics, including
mitochondrial fusion and fission. Importantly, sites of mitochondrial fission have been
associated with sites of mtDNA replication®. However, whether this actively contributes
to nucleoid distribution within mitochondrial networks and in relation to the nucleus
remains unclear. To determine the role of fission in nucleoid distribution, we investigated
nucleoid content and distribution in patient fibroblasts with a dominant-negative mutation
in MYH14 (R941L), a protein required for the initial constriction of mitochondrial tubules
prior to DRPIl-dependent scission!. MYHI14 mutation causes an increase in
mitochondrial length!® while somewhat decreasing overall mitochondrial content but did
not strongly impact mitochondrial connectivity (Fig. 4a). On the other hand, as we
previously reported'’, MYH14 mutant fibroblasts had fewer nucleoids, resulting in a

lower overall nucleoid density (Fig. 4a, b).

We then analyzed nucleoid distribution in MYHI14 mutants. Consistent with
MYH14 mutation affecting nucleoid distribution, all mutant cells showed an altered pcf
relative to control cells (Fig. 4c, each curve represents a distinct cell). However, we could
not observe any conserved pattern across cells, and there were no specific changes in
correlation at either short (pcfri, 0-0.5 pm) or longer distances (pcfrz, 1.2—1.7 pm)
(Fig. 4c, d). In fact, while some cells showed nucleoid clustering at short distances, other
cells had a strong avoidance at short distances and a distinct correlation at longer distances
(Fig. 4c, d). The increased pcf variability found in MYH14 mutants was also reflected in
their increased entropy (Fig. 4e). Overall, the increased variance we observed in the pcf

suggests that nucleoids are disorganized in MYH14 mutants in comparison to the control.

We previously reported that MYH14 mutant cells had fewer, but larger nucleoids
than control cells'®. These were evident in mutant cells stained for nucleoids (picogreen)
and mitochondria (mitotracker) (Fig. 4b). Importantly, these enlarged nucleoids (possibly
cluster of mtDNAs) were restricted to the perinuclear region, which was confirmed by the

quantification of nucleoid size close to the nucleus and in the periphery (average size and
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size ratio; Fig. 4b, f). In contrast, control nucleoids were of similar size irrespective of
their localization (Fig. 4b, f). Thus, our results indicate that MYH14 significantly
influences nucleoid maintenance and distribution, supporting the idea that mitochondrial

fission is essential for the distribution of nucleoids.
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picogreen (DNA) Scale bar, 10 um; 2 pm for zoomed images. P, periphery; N, perinuclear.
(c—e) Nucleoid distribution in control and MYHI4 primary human fibroblasts.
(c) pef curves. The solid line for the control (Blue) represents the average distribution and
the shaded area, the SD (n = 8 cells). For the MYH14 mutants, each solid line represents
one individual cell (n = 9 cells per patient line), highlighting the variability of the pcf.
The dashed line represents the expected random distribution and the grey areas,
the distances for which the average pcf was quantified in (d; pcfri: 0-0.5 um, pcfro:
1.2-1.7 pm). (d) Average pcf values at short and longer distances. Each data point
represents one cell. Bars represent the average of 30 cells = SD. *p = 0.0182065 (Ctrl vs
P1), p=0.0280752 (P1 vs P2), ns not significant. One-way ANOVA (e) Entropy values
calculated from the pcf curves in (c). Each data point represents one cell. Bars represent
the average of 30 cells £ SD. ***p = 0.0000502 (Ctrl vs P1), 0.0000891 (Ctrl vs P2).
One-way ANOVA. (f) Average nucleoid size in peripheral (P) and perinuclear (N) regions
(Left) and nucleoid size ratio (Perinuclear/periphery) of control and MYH14 mutant
primary fibroblasts (right). Each data point represents one cell. Bars represent the average
of 20 cells = SD. ***p = 0.0000015 (MYH mutant P vs N), p = 0.0000287 (N Ctrl vs
N Mutant), ns not significant, One-way ANOVA (Left). *p = 0.01949, Two-tailed t-test
(Right).

Dominant-negative mutation in DRP1 causes perinuclear nucleoid clustering and
altered nucleoid distribution

While these results support an important role for mitochondrial fission in the
regulation of nucleoid distribution, it remained possible that the nucleoid phenotype we
observed in MYH14 mutant cells was restricted to myosin defects. Thus, to confirm the
role of fission in nucleoid distribution, we used primary fibroblasts from patients with a
mutation in DRP1 (G362D), an essential component of the fission machinery®*. Mutations
in DRP1 or its genetic deletion results in elongated and hyperconnected mitochondria and

causes the formation of enlarged nucleoids termed mitobulbs®2*

. While these previous
studies did not determine the subcellular localization of these mitobulbs, our MYH14
mutant results predict that they accumulate preferentially in the perinuclear region of
mutant cells. To verify this, primary human fibroblast cells were stained for mitochondria
(TMRM) and nucleoids (picogreen) and imaged by confocal microscopy (Fig. 5a).
Similar to MYH 14 mutant, the mitobulbs present in DRP1 mutants were mainly restricted
to the perinuclear region of the cells (Fig. 5a). In fact, nucleoid size was significantly
larger in the perinuclear region of the DRP1 mutants (Fig. 5b). Also, as with MYH14

mutants, the changes in nucleoid size and distribution were accompanied by a reduction

in overall nucleoid density (Fig. 5c¢).
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We then measured nucleoid distribution in DRP1 mutants. Similar to MYH14
mutant, the pcf of DRP1 mutant cells was variable, with some mutant cells showing
greater correlation at short distances while others avoided each other at short distance
(pcfri- 0-0.5 pm) (Fig. 5d, e). Pcf analysis of fixed cells labelled for TOM20
(mitochondria) and TFAM (nucleoids) showed similar pattern (Fig. 5f). As with the MYH
mutants, the change in pcf caused by DRP1 mutation also resulted in an increase in
entropy (Fig. 5g). Overall, our data indicates that defects in mitochondrial fission impairs

proper nucleoid distribution, resulting in their perinuclear clustering and enlargement.
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Figure 5. DRP1 is required for proper nucleoid distribution. (a) Representative live
cell confocal images of control and DRP1 mutant primary fibroblasts stained with TMRM
(mitochondria) and picogreen (DNA) Scale bar, 10 um. (b) Average nucleoid size in
peripheral (P) and perinuclear (N) regions of control and DRP1 mutant primary
fibroblasts. Each data point represents one cell. Bars represent the average of
20 cells = SD. **, p = 0.0047718 (DRP1 mutant P vs N), ***p = 0.0000130 (N Ctrl vs
N Mutant), ns not significant. One-way ANOVA. (c¢) Nucleoid density in control and
DRPI1 mutant primary fibroblasts. Each data point represents one cell. Bars represent the
average of 20 cells £ SD. ***p =2.164e-06. Two-tailed t-test. (d—f) Nucleoid distribution
in control and DRP1 primary human fibroblasts. (d) pcf curves. The solid line for the
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control (Blue) represents the average distribution and the shaded area, the SD (n =9 cells).
For the DRP1 mutants, each solid line represents one individual cell (n =9 cells per patient
line), highlighting the variability of the pcf. The dashed line represents the expected
random distribution and the grey areas, the distance for which the average pcf was
quantified (e; pcfri: 0-0.5 um). (e) Average pcf values at short distances. Each data point
represents one cell. Bars represent the average of 30 cells + SD. ns not significant.
One-way ANOVA. (f) Nucleoid distribution in control and DRP1 primary human
fibroblasts stained with TFAM (nucleoids) and TOM20 (mitochondria). Each line
represents a distinct cell (n = 9 for control (Blue) and DRP mutants (Red)). The dashed
line represents the expected random distribution and the grey areas, pcfri (0-0.5 pm) and
pcfra (1-1.5 pm)). (g) Entropy values calculated from the pcf curves in (d). Each data
point represents one cell. Bars represent the average of 30 cells £ SD. ***p = 3.377¢05.
Two-tailed t-test.

Synergistic effect of mitochondrial features influences nucleoid distribution in fission
mutants

To understand how impaired mitochondrial fission leads to such alterations in
nucleoid distribution, we first determined whether network features (mitochondrial length,
connectivity) and nucleoid parameters (total nucleoids, size ratio) correlated with the pcf
changes observed in the two fission mutants. To do this, we calculated Pearson coefficient
between each parameter independently for each cell type. Control lines for MYH14 and
DRPI mutants behaved similarly, with the same parameters showing a correlation
(Pearson coefficient >+ 0.5, Boxed in Fig. 6a). Among these was a predictable correlation
between network size and total nucleoid numbers, but also a correlation between these
two parameters and entropy. Importantly, the correlation pattern clearly varied between

genotypes (Fig. 6a), suggesting that each genotype behaves differently.

The distinct behavior of each genotype was evident when comparing network
features (network size vs connectivity shown in Fig. 6b; Pooled controls r* = 0.07,
p=0.10; MYHI14 12 = 0.32, p = 0.006533; DRP1 r* = 0.38, p = 0.04492) but also when
nucleoid parameters were correlated with the pcf. For example, the pct at close distance
(Pcfr1) correlated with nucleoid number specifically in the DRP1 mutants (Fig. 6a,c;
DRP1:1?=0.77,p=0.001182; pooled controls: r* = 0.16, p = 0.02054; MYH14: > = 0.00,
p = 0.58), while pcfri correlated with nucleoid size ratio only in MYH14 mutants

(Fig. 6a,d; pooled controls: r> = 0.02, p = 0.53; MYH14: r> = 0.45, p = 0.0001829; DRP1:
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2 =0.07, p = 0.67). These results suggest that the differences observed across genotypes
are the consequence of distinct changes in mitochondrial features. This is supported by
the fact that mitochondrial networks were distinctly affected in MYH14 and DRP1
mutants: MYH14 mutation mainly caused mitochondrial elongation while DRP1 mutants

showed a large increase in connectivity (Fig. 6e).

On the other hand, a principal component analysis (PCA) of the same genotypes
indicated that both mutants segregated away from control cells (Fig. 7a, suggesting that
the fission mutants nonetheless share common features relative to mitochondrial network
features. In fact, examination of the correlation data indicated that the entropy was
correlated with nucleoid content for all genotypes (Fig. 6a; Fig. 7b, overall: 1>= 0.49,
p = 4.102e—13; pooled controls: t* = 0.49, p = 2.05e—07; DRP1: r> = 0.67, p = 0.0001879;
MYH14: r? = 0.26, p = 0.005405), suggesting that pcf variability is a consequence of the
smaller number of nucleoids present in the mutant cells (Figs. 4a, 5¢). In order to verify
whether nucleoid density affects nucleoid distribution, we analyzed nucleoid distribution
in control cells where nucleoid density was decreased to match that of MYH14 mutants.
To do this, we modified Mitomate tracker to be able to randomly remove points from each
input image and analyze it as if it was the actual image (which is distinct from Fig. 2e
where several random distributions were averaged—see “Methods™). This resulted in
alterations in pcf curves and entropy (Fig. 7c—e) that were similar to those observed in
MYHI14 mutants (Fig. 4c—e), indicating that nucleoid density influences the nucleoid
distribution pattern. Nevertheless, the relationship was different between control cells and
MYH14 mutant cells (Fig. 7b, p = 2.2e—16), suggesting that factors other than nucleoid
number affect the entropy. This is also supported by the observation that the relationship
between the entropy and p cfR1 varied across genotypes (Fig. 7f; Pooled controls:

?=0.17, p = 0.004394; MYH14: r* = 0.02, p = 0.46; DRP1: 1* = 0.74, p = 4.482e—05).



54

d Network Size Network Size
o : ;
= Total Nucleoids . @ g Total Nucleoids . .
E Nucleoid Size Ratio < Nucleoid Size Ratio
8 [Mitochondrial Length 6 | Mitochondrial Length
= Connectivity - b= Connectivity
"g pcfay ' 5 pcfrs
Control MYH14 1 0 1 Control DRP1
L 1
Pearson
correlation
b = 441 o C 4 ®
£
o
O
231 9 31e @MYH14 Control
a ®DRP1 Control
© ®MYH14 mutants
£ - o® ®DRP1 mutants
S 2 S 2-
=3 a [ ]
w
3 - & °
> —» '
E 14 =y -
£ [ ]
2
[
[=]
o 0 T T T T 0+ T T T T T
500 1000 1500 2000 0 100 200 300 400 500
d Network size (um) Total Nucleoids/Cell
ide e ,.
®
39 o
o
E ‘
821 e o o
@
14 e Control
18D ¢ MYH14 mutants
2SD «DRP1 mutants
0= 0 T T T T
05 ) 1.0 0 1 2 3 4
Size Ratio (P/N) Normalised Connectivity (J/E)

Figure 6. Fission mutants show a distinct relationship between mitochondrial
parameters and the pcf. (a) Pearson correlation of pcf and mitochondrial parameters for
the indicated genotypes. Number of cells used for the analysis: Control MYH14 (24),
MYH14 mutants (25), Control DRP1 (17), DRP1 mutants (14) (b—d) Scatter plots showing
the correlation between the indicated parameters for each genotype. The shaded areas
represent the 95% confidence interval. Each data point represents one cell (n as in (a)).
Linear regression formula y ~ log(x). (e¢) Distribution of mitochondrial connectivity and
length across genotypes in individual cells. Connectivity was calculated as the number of
junctions (J)/number of ends (E) (e). For length, we used the number of mitochondria
<2 um but, to have an increasing value with increasing length, we used 1/this number.
All values were normalized to the control for the same experiment. The shaded areas
represent 1 SD and 2 SD from the control values. Each data point represents one cell.



55

Altogether, these results suggest that while both fission mutants globally affect
nucleoid features and their distribution in a similar way (Fig. 7a), the manner in which
they modulate this process likely differs as a consequence of distinct changes in

mitochondrial network features.
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Figure 7. Nucleoid density influences the variability of the pcf curves (Entropy)
across genotypes. (a) PCA analysis showing the segregation of mutant and control lines.
Each data point represents one cell. Circles represent the 95% confidence interval (b) Dot
plots showing the correlation between Entropy and total number of nucleoids for each
genotype. The shaded areas represent the 95% confidence interval. Each data point
represents one cell. (c—e) Decreasing nucleoid density in control cells recapitulates the pcf
variability found in fission mutants. Individual cells are shown for pcfri values (c),
pcfcurves (d) and Entropy (e). ns. not significant, p = 1.122e—07, two-sided t-test.
() Relationship between pcfri and Entropy in different genotypes. The shaded areas
represent the 95% confidence interval. Each data point represents one cell.
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Discussion

Mitochondrial function depends on the proper maintenance of mtDNA and its
distribution across the mitochondrial networks. While mitochondrial fusion plays an
important role in mtDNA maintenance®, the role of mitochondrial fission in this process
remains poorly understood. In fact, impaired fission is associated with the presence of
enlarged nucleoids but not necessarily a loss of mtDNA content”!*!2, In addition,
while mitochondrial dynamics have been suggested to control nucleoid distribution across
mitochondrial networks, the underlying mechanisms remain poorly understood.
To address these questions, we developed an automated tool, Mitomate tracker to quantify
nucleoid distribution within mitochondrial networks. Mitomate tracker allows to use
minimally pre-processed images to provide detailed quantitative data on mitochondrial
network and nucleoids features and distribution. We initially measured both nndist and
pcf to quantify nucleoid distribution. However, we found that the pcf is a more robust
metric than the nndist. This is likely because the pcf globally measures the distribution
probability relative to an IRP instead of the single average distance provided by the nndist.
In addition, unlike the nndist, the calculation of the pcf probability takes into account the
fact that points are closer when density is higher, providing a normalization relative to
density. While we used it here to demonstrate the importance of mitochondrial fission in
the regulation of nucleoid distribution, it could be utilized to characterize the distribution

of any mitochondrial proteins dispersed as individual foci along mitochondrial networks.

Our results indicate that in healthy cells, nucleoids are distributed in a semi-regular
manner, with nucleoids strongly avoiding each other at closer distances (Fig. 3a, b). This is

15,16

consistent with previous manual nndist measurements in yeast and human cells'>'® and

strongly support the notion that nucleoid distribution is actively regulated in the cells.

Recently, we have shown that mutation of the mitochondrial fission protein MYH14
reduced total nucleoid population without altering mtDNA content'?. Similarly,
knock down or genetic ablation of DRP1 altered nucleoid content by causing the
formation of mitobulbs™!%!3. As these results suggest a potential role for fission in

nucleoid maintenance, we have used both mutants to directly address the role of
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mitochondrial fission in the regulation of nucleoid distribution. Our results show that
inhibiting mitochondrial fission disrupted nucleoid distribution as reflected by the high
variability of the pcf curves and the perinuclear accumulation of enlarged nucleoids in
both MYH14 and DRP1 mutants. Specifically, some mutant cells showed strong short
distance correlation while in others, nucleoids avoided each other. The reduced nucleoid
density observed in MYH14 and DRP1 mutants significantly contributed to this variability
(entropy). Nevertheless, the specific contribution of distinct nucleoid or network
parameters to the pcf varied across genotypes, suggesting a complex interplay between
nucleoid and mitochondria network topologies in regulating nucleoid distribution.
Consistent with this, mitochondrial networks were distinctly affected in MYH14 and
DRPI1 mutants, likely reflecting the distinct role of these proteins in mitochondrial fission.
While DRPI1 is an essential fission protein required for the physical severing of
mitochondrial tubules, MYH14 encodes one of three non-muscle myosin II proteins that
are involved in the initial ER-mediated constriction of the mitochondrial tubule!®26-2%,
In addition, we previously found that the mitochondrial phenotype of MYH14 mutants
was most evident in the peripheral area of the cells!®, which could further affect the

nucleoid distribution pattern.

The fact that our findings differed between the MYH14 and DRP1 mutant cells is
not surprising, given the disparate clinical phenotypes in the patients from whom they
were isolated. The MYHI14 patients developed axonal sensorimotor neuropathy and
sensorineural hearing loss'’, whereas the DRP1 patient had severe central nervous system

involvement®*

. A question of interest for future study with this tool may be to determine
whether it can resolve differences in nucleoid distribution correlated to phenotypic
variation from mutations in the same gene, implicating differing biological mechanisms
for alternate clinical presentations. For example, MFN2 is a major human disease gene
associated with numerous mitochondrial functions (including mitochondrial fusion) and
highly variable clinical phenotypes, which are not consistently correlated to cellular
phenotypes®. In the specific case of MYH14, other mutations result in isolated and severe

hearing loss or later-onset sensorineural hearing loss**2. In the case of DRP1, phenotypes

can vary, and recently severe cardiac involvement has been described from a novel
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mutation®?. The automated and quantitative approach described in this work presents an

additional tool to assess these differences at the cellular level.

It is nevertheless important to note that in our setup, mtDNA clusters less than about
300 nm apart are not resolved and thus do not contribute to the pcf curves. While this
probably does not affect wild-type cells, this could alter the analysis of the fission mutants
as they contain enlarged nucleoids that likely represent a cluster of mtDNAs that failed to
separate following mtDNA replication. It is thus possible that, under conditions where
individual mtDNA molecules could be resolved, the pcf would detect a strong correlation
at very short distances (< 300 nm) in these cells. In addition, the thickness of the cells used
for imaging could affect the outcome of the pcf. Here, we used flat cells (fibroblasts),
which allowed us to consider single plane images without affecting the overall results.
However, while Momito has been designed to address the 3D structure of mitochondrial
networks!®, the proper identification of mitochondria and nucleoids could be affected in
thicker cells, altering the pcf analysis. Nevertheless, our data supports the idea that
mitochondrial fission regulates nucleoid distribution and prevents nucleoid clustering to

facilitate homogenous distribution of nucleoids within mitochondrial networks.

In conclusion, our results indicate that, while mitochondrial fission might not
directly control mtDNA replication, it plays an essential role by regulating nucleoid
distribution across mitochondrial networks. This process is likely required to facilitate
homogenous distribution of mtDNA and OXPHOS protein subunits and its alteration in

fission mutants likely contribute to the development of associated pathological conditions.

Methods
Reagents

Cell culture reagents were obtained from Wisent. Other chemicals were purchased

from Sigma-Aldrich, except where indicated.
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Cell culture and live cell imaging

Primary human fibroblasts (controls, MYH14 mutants and DRP1 mutants) were
generated from skin biopsies, collected as part of an approved research protocol
(University of Calgary Research Ethics Board (MYH14 mutants), Research Ethics Board
of the Children’s Hospital of Eastern Ontario (DRP1 mutants)), and written informed
consent from participants was obtained. This study was performed in accordance with the
Declaration of Helsinki. Biopsy samples were processed as described and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS), supplemented with Penicillin/Streptomycin (100 TU/ml/100uL/mL)**34,
Immortalized Mouse Embryonic Fibroblasts (MEFs) were cultured in DMEM
supplemented with 10% fetal bovine serum. For live cell imaging, cells were seeded onto
glass bottom dishes and stained for 30 min with 250 nM TMRM (Thermo fisher Scientific,
T668) (MEFs and DRP1 mutant and control human fibroblasts) or 50 nM Mitotracker Red
(Thermo fisher scientific, M7512) (MYH14 mutant and control fibroblasts) and the DNA
dye PicoGreen (Thermo Fisher Scientific, P11495) (3 uL/ mL). After staining, cells were
washed 3 times with pre-warmed 1 x phosphate buffered saline (PBS), and normal growth

media was added prior to imaging.

Microscopy

Images for MEFs, DRP1 mutant fibroblasts and their wild-type control were
acquired with a Leica TSC SP8 confocal microscope fitted with a 63x%/1.40 oil objective
using the optimal resolution for the wavelength (determined using the Leica software).
Images from MYH14 cells and their control were taken with an Olympus spinning disc
confocal system (Olympus SD-OSR) (UAPON 100XOTIRF/1-49 oil objective) operated
by Metamorph software. The SD-OSR was equipped with a cellVivo incubation module
to maintain cells at 37°C and 5% C O2 during live cell imaging.
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Image analysis using Mitomate tracker

Red and green channels were separated, nuclei were manually removed from the
Picogreen channel, and the images converted to 8-bit using ImageJ. The mitochondrial
channel was then segmented using the ImageJ filter tubeness and global thresholding.
To measure the correlation between nucleoids on the mitochondrial network, the images
were analyzed using the R package spatstat (flowchart in Fig. S2). This analysis requires
two inputs: a linear network (mitochondria) and a point pattern (nucleoids). Mitochondrial
components (tubules, ends (E), junctions (J)) were extracted from the segmented
mitochondrial image and the most probably network configuration determined using
Momito!'®. While Momito takes into account the presence of overlapping tubules for its
analysis of the most probable mitochondrial network, care was taken to use cells that have
a flat and clearly identifiable mitochondrial network to avoid issues related to cell
thickness. This was used as the input for the linear network. Nucleoids were identified
using the Imagel plugin TrackMate?® and the coordinates of the nucleoids associated with
the mitochondrial network (within 6 pixels center to center) used to generate the point
pattern. Overall, 97 = 1% of the nucleoids were properly identified in control cells,
although 38%of the larger nucleoids (> 0.6 um) present in mutant cells were identified as
2 or more nucleoids. Each nucleoid was assigned to a single mitochondrial cluster
(connected mitochondrial tubules) and only nucleoids within the same cluster were

analyzed together.

The pcf analysis was then carried using the spatstat linear pcf function for distances
from 0 to 300 pixels (although distances < 5 pixels (< 0.3 pm) are within the resolution
limit of the images) with a bias correction at each end of the interval (correction = "Ang")
and a bandwidth of 5 pixels (corresponding to the size of control nucleoids), while the
nndist was calculated using the spatstat nndist function. As Spatstat computes the pcf for
individual mitochondrial clusters, we had to sum the contribution of each cluster to
generate the total pcf by taking into consideration the size of each mitochondrial cluster

and the number of nucleoids that it contains. This was achieved as follows:
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In Spatstat, the estimator for the pcf gy (r) for a given subgraph G (a mitochondrial

cluster) is given by

gr(r) =

l(Gk) Z z K(de(xi,xj) — rk)

"k("k —1). m(xl-, de(xi’xj) )

Where k is the gaussian kernel of 5 pixels used for smoothing and m is analogous to the
perimeter for a network of radius dg, (xi,xj) around the point x;. The length of the

subgraph is [(Gy) and it contain nypoints. We have normalized the pcf g, (r) for the

whole network (graph, G) by

Zer ¢ L(Gy) (g — 1) gi (1)
Zakea n(ne — 1) e L(Gy)

ge(r) =

In addition, to avoid spurious effects caused by variation in nucleoid density and
network features (length and connectivity), we normalized both nndist and pcf by dividing
the observed value (actual nndist or pcf) by the value obtained using an IRP with the same
point density distributed across the same network. For the pcf, this was done for each
distance (r) measured. The randomized point pattern used to correct for network effects
was generated using the spatstat runiflpp function with the same number of points as the
actual point pattern. The coordinates of the IRP points were directly fed to the linearpcf
and nndist functions. Each image was run six times and averaged. To simplify the process,
the analysis was automated using a Java script run on Eclipse. Network features and the
total number of nucleoids were directly extracted from the Mitomate tracker analysis,
except for the connectivity that was defined as the total number of junctions (J)/total

number of mitochondrial ends (E) for each individual cell®.

To compare the effect of nucleoid and mitochondrial features on the pcf with
random distributions, we generated random point patterns with a similar density as that of

the actual point patterns (distinct from the IRP used above to correct for network effects
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but still fed directly to spatstat) using the same Java script. However, as each of these IRPs
represent a specific distribution that can somewhat vary from the expected random
distribution (especially when point density is low), 6 distributions were averaged for each
experiment to avoid measuring effects due to specific random distributions. In the case of
experiments where nucleoids were randomly removed, an individual distribution with
points removed was considered as the actual data that was normalized over the average of

6 random distributions.

Analysis of spatial distribution

8-bit nucleoid images and segmented mitochondria networks were manually
separated into perinuclear and peripheral mitochondrial clusters using Imagel.
The perinuclear region was defined based on the relative distribution of nucleoid from the
nucleus. The perinuclear area corresponds to 1/3rd of the total cellular area (long axis
distance from nuclear membrane ~ 23 pm). However, care was taken to keep individual
mitochondrial clusters intact when separating the mitochondrial network (each
independent cluster were labeled as either perinuclear or peripheral). These images were

then used to measure nucleoid size (ImageJ—Analyze Particle function).

Data analysis and statistics

All data analysis was done in R. To quantify the entropy, pcf values for each distance
first needed to be converted into a character string. This was achieved by first converting
the decimal numbers into a whole number between 1 and 26 and attributing a letter to each
number. The entropy of the resulting character string was then calculated using the entropy
function of the R package a css*°. The PCA was done using the R function prcomp while

Pearson correlations were determined using the ggcorr function (GGally package).

Statistical analysis was done using Student’s t test (between 2 groups) or one-way
ANOVA with a Tukey post hoc test (multiple comparisons). Differences between

nucleoid distributions were calculated using a KS test (ks.test function from the stats
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package). Linear regressions for correlation analysis were calculated using a Im method

with y ~ log(x) as the general formula.

Code availability

The code for Mitomate tracker is available on GitHub (https://github.com/

GermainLab/mitomate).
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Abstract

Mitochondria are multi-faceted organelles crucial for cellular homeostasis that
contain their own genome. Mitochondrial DNA (mtDNA) codes for several essential
components of the electron transport chain, and mtDNA maintenance defects lead to
mitochondrial diseases. mMtDNA replication occurs at endoplasmic reticulum
(ER)-mitochondria contact sites and is regulated by mitochondrial dynamics. Specifically,
mitochondrial fusion is essential for mtDNA maintenance. In contrast, while loss of
mitochondrial fission causes the aggregation of nucleoids (mtDNA-protein complexes),
its role in nucleoid distribution remains unclear. Here, we show that the mitochondrial
fission protein DRPI1 regulates nucleoid segregation by altering ER sheets, the ER
structure associated with protein synthesis. Specifically, DRP1 loss or mutation leads to
altered ER sheets that enhance physical interaction with mitobulbs, mitochondrial
structures containing aggregated nucleoids. Importantly, nucleoid distribution and
mtDNA replication were rescued by expressing the ER sheet protein CLIMP63. Thus,
our work identifies a novel fission-independent mechanism by which DRP1 regulates

mtDNA replication and distribution.

Keywords: mtDNA, DRP1, fission, ER sheets, CLIMP63, mitochondria

Introduction

Mitochondria are dynamic organelles regulating an array of cellular processes
including energy production, cellular metabolism, apoptosis, calcium signaling, ROS
signaling, cellular differentiation and immune response against pathogens (1-6).
These mitochondrial functions are regulated by mitochondrial dynamics, the processes of
mitochondrial fusion and fission. Mitochondrial fission requires DRP1 (Dynamin-Related
Protein 1) (7, 8), while fusion is regulated by Mitofusins 1 and 2 (MFNI1 & 2) and Optic
Atrophy Protein 1 (OPAIl) present on mitochondrial outer and inner membrane
respectively (9, 10). Mitochondrial dynamics are also essential for mitochondrial DNA

(mtDNA) maintenance, with defects in mitochondrial fusion affecting mtDNA integrity
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and copy number (11, 12). On the other hand, while defective mitochondrial fission does
not generally affect overall mtDNA content, it alters the distribution of nucleoids
(mtDNA-protein complexes), leading to the formation of bulb-like mitochondrial
structures termed mitobulbs (13-16). Importantly, both mitochondrial fission and mtDNA
replication are initiated at sites of contact between mitochondria and the endoplasmic
reticulum (ERMCS) (17-19), indicating a crucial role for the ER in the regulation of

mitochondrial structure and function.

The ER is a complex web-like organelle that includes flattened cisternae/sheets
around the perinuclear region and tubulated structures towards the cellular periphery (20).
ER sheets/ rough ER (rER) are enriched with ribosomes and regulate the production and
assembly of proteins for secretion (21). On the other hand, ER tubules / smooth ER (sER)
play important roles in lipid synthesis and calcium signaling, but also in mitochondrial
dynamics and mtDNA replication (17-19, 21). At the molecular level, the ER resident
protein CLIMP63 (CKAP4) is essential for the maintenance of ER sheets, while reticulons
(RTN) and DP1/Yop1p are essential for both ER tubule formation and the maintenance of
ER sheet curvature (22, 23). The ratio of sheet to tubule proteins regulates the balance
between the two ER structures (22). In addition, recent studies showed that the
mitochondrial fission protein DRP1 associates with the ER independently of mitochondria
where it helps regulate ER tubulation (24, 25). While this suggests a complex interplay
between mitochondria-shaping proteins and ER tubules, the role of ER sheets in these
processes remains poorly understood. This is an important question because some reports

suggest that ER sheets also contact mitochondria (26).

Here, we show that DRP1 controls the interaction between ER sheets and
mitochondria by regulating ER sheet structure. Specifically, primary human fibroblasts
from patients with a mutation in DRP1 showed altered ER sheet structure and increased
interaction with mitochondria that were associated with a reduction in mtDNA replication
and distribution. Importantly, modulating ER sheets through the expression of CLIMP63
normalized ER sheets-mitochondrial interaction, thereby rescuing mtDNA replication and

distribution in DRP1 mutants. Altogether, our results demonstrate that DRP1-dependent
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control of ER sheet structure regulates replication and distribution of mtDNA

independently of mitochondrial dynamics.

Results

DRP1 associates with ER sheets

DRP1 is a key mitochondrial dynamics protein required for mitochondrial fission.
(27). Recent evidence suggest that DRP1 also alters ER tubules in a manner that is
independent of its GTPase activity (25) and ER shaping proteins (CLIMP63, RTN4).
To perform these roles, DRP1 directly associates with the ER (24, 25), especially ER
tubules. However, a large portion of perinuclear ER adopts a specific sheet structure that
is morphologically and functionally distinct from ER tubules. To determine whether
DRP1 associates with ER sheets, we marked primary human fibroblasts for mitochondria
(mitotracker orange), ER sheets (endogenous CLIMP63), and endogenous DRP1 and
imaged them by confocal microscopy. We found that the majority of DRP1 foci present
in the perinuclear region were associated with mitochondrial tubules (Fig. 1A, arrows in
left panel, line scan in right panel, quantification in B). Of these, 30% were also
colocalized with ER sheets (Fig. 1B). In addition, we observed a sub-population of DRP1
(10%) associated with ER sheets independently of mitochondria (Fig. 1A, arrowheads in
left panel, line scan in right panel, quantification in B). To further define the interaction
between DRP1 and ER sheets relative to mitochondria, we transfected control human
fibroblasts with mCherry-CLIMP63 and GFP-DRP1 and performed live cell imaging.
Consistent with our results in fixed cells, some DRP1 foci remained associated with
CLIMP63 over time in the absence of mitochondrial signal (Fig. 1C, arrows). In addition,
several DRP1 foci were associated with both ER sheets and mitotracker labelled
mitochondria (Fig. 1C, open arrowheads). Altogether, these results indicate that DRP1

interacts with ER sheets.

As a significant fraction of DRP1 was associated with both ER sheets and

mitochondria, we then determined whether this was linked to mitochondrial fission.
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In fact, while the majority of DRP1 foci associated with both ER sheets and mitochondria
did not lead to fission, all observed DRP1-dependent fission events were marked by an
ER sheet (Fig. 1C, arrowhead; quantification in 1D). The ER sheet was then usually
released from one of the mitochondrial ends following the segregation of the two daughter
mitochondria (Fig. 1D, average time to release 50423 sec), while the DRP1 foci present
at the fission site remained associated with the ER (Fig. 1C, arrowhead; quantification
in 1E). Altogether, these results indicate that DRP1 associates with ER sheets where it
regulates mitochondrial fission. In addition, the observation that DRP1 stays associated
with ER sheets following fission suggests that this process could regulate ER

sheet-mitochondria contact sites.
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Figure 1. DRP1 associates with ER sheets. (A) DRPI1 associates with ER sheets.
Representative image of control human fibroblasts showing DRP1 (Green), mitochondria
(Mitotracker orange, Blue) and ER sheets (CLIMP63, Red). Colocalization of DRP1 with
mitochondria (arrows) and ER sheets (arrowheads). Line scan analysis confirmed the
colocalization (right panel). (B) Quantification of the association of DRP1 with
mitochondria (mitotracker orange) and ER sheets (RRBP1). Each data point represents
one cell. Bars represent the average of 41 cells in 3 independent experiments + SD (C)
Live cell imaging of control human fibroblasts transfected with DRP1-GFP (Green) and
mCherry-CLIMP63 (Red). Mitochondria were labelled with Mitotracker Deep Red
(Blue). DRP1 foci associated with ER sheets (arrow), ER sheets and mitochondria
(open arrowheads) and ER sheets at the site of mitochondrial fission (filled arrowheads)
are indicated. (D-E) Quantification of mitochondrial fission from time lapse videos as in
(C). A total of 37 fission events were observed in 15 cells (5 minutes total/video).
Fission events occurring in the last two frames of the videos were excluded from the
calculation of the number of fission events where ER sheets dissociated from
mitochondria within 2 minutes of the fission event (D).



75

Mutation in DRP1 affects ER sheets-mitochondria interaction

To determine whether DRP1 mutation alters mitochondria-ER sheet contact sites,
we measured the interaction between the two organelles in primary fibroblasts from
patients with a dominant-negative mutation in the middle domain of DRP1 which is
required for DRP1 oligomerization (25, 28). Mitochondria-ER sheet contact sites were
identified using a proximity ligation assay (PLA) for CLIMP63 (ER sheets) and TOM20
(mitochondria). To assess the specificity of the interaction, we also co-labelled the cells
for CLIMP63 and TOM20. Clear PLA foci were present at sites where CLIMP63 and
TOM20 signals overlapped (Fig. 2A, IgG control in Sup. Fig. S1A), suggesting that ER
sheets interact with mitochondria (Fig. 2A, Zoom image). We specifically measured this
interaction by manually counting PLA foci at the sites where CLIMP63 and TOM20
signals overlapped (Fig. 2A-B). We then measured mitochondria-ER sheet interactions in
DRP1 mutants. As shown in Fig. 2A-B, DRP1 mutation significantly increased the
interaction between mitochondria and ER sheets. A similar increase in PLA was also
observed for the more general ER marker Calnexin (Fig. 2C, S1B), which marks both ER
tubules and sheets, further suggesting that DRP1 regulates the interaction between the

two organelles.

To further confirm our results, we imaged control and patient fibroblasts by TEM
(Fig. 2D) and manually quantified the interaction between ER sheets and mitochondria
(< 30 nm) near the perinuclear region. We observed that mitochondria closely interacted
with ER sheets in control fibroblasts. Consistent with the PLA data, this interaction was
further enhanced in DRP1 mutant fibroblasts, as shown by the increase in both the number
of ERMCS per mitochondrial length and the length of these ERMCS (Fig. 2D-F).
Altogether, our data indicates that ER sheets interact with mitochondria and mutations in

DRP1 alters this interaction.
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Figure 2. DRP1 regulates the interaction between ER sheets and mitochondria.
(A) Representative images of control and DRP1 mutant fibroblasts showing the PLA for
CLIMP63 and TOM20 (White), along with CLIMP63 (red), TOM20 (Green) and nuclei
(Hoechst, Blue). Scale bar 10 um, 2 um for the zoomed images. (B) Quantification of
CLIMP63-TOM20 PLA. Each data point represents one cell. Bars represent the average
of 50 control and 48 mutant cells in 3 independent experiments = SD *** p <(.001
two-sided t-test (C) Quantification of Calnexin-TOM20 PLA. Each data point represents
one cell. Bars represent the average of 40 cells per genotype in 3 independent experiments
+ SD ** p <0.01 two-sided t-test (D) Representative TEM images of control and DRP1
mutant fibroblasts. Scale bar 500 nm (E) Quantification of the number of ERMCS per
mitochondrial length in the TEM images. Each data point represents one mitochondrion.
Bars represent the average of 103 control and 97 mutant mitochondria + SD ** p <0.01
two-sided t-test (F) Quantification of ERMCs length (um) per mitochondria in the TEM
images. Each data point represents one mitochondrion. Bars represent the average of
103 control and 97 mutant mitochondria + SD *** p < 0.001 two-sided t-test.
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Mutation or knockdown of DRP1 alters ER sheet structure

Given that our results suggest an important functional role for ER sheets-
mitochondria interaction, we then hypothesized that DRP1 mutation results in altered ER
sheets. To address this question, we immunolabelled control and DRP1 mutant cells for
the ER sheets marker CLIMP63 and found that DRP1 mutants had altered ER sheets
compared to control cells. These alterations were characterized by a punctate appearance
mostly apparent towards the periphery, and sometimes thick patches of sheets in the
perinuclear region (Fig. 3A, enlarged image showing ER sheet structure; complete cell in
Fig. S2). Similar alterations were observed in ER sheets marked with another ER sheet
marker, RRBP1/p180 (Fig. 3B). Overall, 80% of mutant cells showed an altered ER sheet
phenotype (Fig. 3C). Consistent with this, ER sheets were smaller in DRP1 mutant cells
(Fig. 3D), but the overall area covered by ER sheets was expanded (Fig. 3E). Nevertheless,
protein levels of ER proteins CLIMP63, RTN4, the general ER marker Calnexin and the
mitochondrial proteins TOM20 and ATP5a were similar between control and DRP1
mutant cells, indicating that the changes induced by DRP1 mutation are not caused by

changes in protein expression levels (Fig. 3F).
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Figure 3. Loss of DRP1 function alters ER sheet structure. (A-B) Representative
images of CLIMP63 (A) and RRBP1 (B) staining in control and DRP1 mutant fibroblasts.
Scale bars 10 um. (C) Quantification of ER sheet structure as Structured (Blue) or Altered
(red; presence of punctate structures and thick ER sheet patches). Each point represents
one independent experiment, with at least 20 cells quantified per experiment. Bars show
the average = SD. * p < 0.05, ** p <0.01 One-way ANOV A using the data for Structured
ER. (D-E) Quantification of the median size of individual ER sheets (D) and the total area
covered by ER sheets (E). Each data point represents one cell. Bars represent the average
of 41 cells in 3 independent experiments + SD *** p <(0.001 two-sided t-test. (F) WB
showing ER (CLIMP63, RTN4, calnexin) and mitochondrial proteins (TOM20, ATP5a)
in control and DRP1 mutant human fibroblasts.

While our results indicates that loss of DRP1 function alters ER sheet structure,
we wanted to eliminate the possibility of secondary effects in the human DRP1 mutants
we used. We thus knocked down DRP1 (DRP1 KD) in mouse embryonic fibroblasts
(MEFs) (Fig. S3A) and labelled them with CLIMP63 (ER sheets). Like patient fibroblasts,
DRPI1 KD MEFs had mostly punctate ER sheets (Fig. S3B-C) that covered an expanded
area of the cell (Fig. S3D).
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DRP1 has been shown to alter ER tubules in a manner that is independent of its
GTPase activity (25). However, most disease associated DRP1 mutations (including the
one used here (25, 28)) occur outside of the variable domain associated with ER
tubulation. Consistent with this, there were no major differences between control and
DRP1 mutant ER immunolabeled for endogenous RTN4 and imaged by confocal
microscopy, with ER tubules clearly present in the periphery of cells from either genotype
(Fig. S2). RTN4-labeled perinuclear ER was also similar in control and DRP1 mutant cells
(Fig. S2). As with human fibroblasts, DRP1 KD MEFs did not show clear changes in ER
tubules labelled with RTN4 (Fig. S3E).

To further confirm the structural alteration in ER sheets, we imaged control and
DRP1 mutant fibroblasts by transmission electron microscope (TEM) (Fig. 4A),
where ER sheets are identified as rER. ER sheets from DRP1 mutants were short with less
surface area and narrower luminal width compared to control ER sheets (Fig. 4B-C),
supporting our immunofluorescence data. On the other hand, ER tubule area and luminal
width (identified as sER) were similar in control and DRP1 mutants (Fig. 4D-E).

Altogether, our data suggest that DRP1 modulates ER sheet structure.
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Figure 4. EM analysis of ER sheets and tubules in DRP1 mutant cells.
(A) Representative EM images. Asterisks denote ER sheets (Top) or ER tubules (Bottom).
Scale bar 500 nm. (B-C) Quantification of the average ER sheet area (B) and luminal
width (C). Each data point represents one cell. Bars represent the average of 10 cells + SD
** p <0.01 two-sided t-test. (D-E) Quantification of the average ER tubule area (D) and
luminal width (E). Each data point represents one cell. Bars represent the average of
10 cells = SD. ns, not significant. two-sided t-test.

ER sheets are associated with mitobulbs in DRP1 mutants

Loss of DRP1 results in mitochondrial elongation with the formation of bulb-like
mitochondrial structures containing enlarged nucleoids (mitobulbs) (13, 15, 16).
We observed a similar phenotype in DRP1 mutant fibroblasts stained for mitochondria
(TMRM) and nucleoids (picogreen) and imaged by confocal microscopy (Fig. 5A).
Mitobulbs are present in the perinuclear region of DRP1 mutant cells (14) where ER sheets
are present, but absent from the peripheral region characterized by RTN4-positive ER
tubules (Fig. S2). These results thus suggest that the enhanced interaction between ER
sheets and mitochondria leads to mitobulb formation. To test this, we analyzed the

interaction between ER sheets and mitobulbs. We first immunolabelled primary
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fibroblasts with CLIMP63 (ER sheets) and ATP5a (mitochondria) and imaged by confocal
microscopy (Fig. 5B). Line scan analysis showed that mitobulbs are in close association
with ER sheets in DRP1 mutants. (Fig. 5B-C). Further, we manually quantified the
number of mitobulbs in close association with ER sheets. We found that the vast majority
of mitobulbs are in close proximity to ER sheets (Fig. 5C), supporting the idea that ER
sheets interact with mitobulbs. Stable association between ER and mitobulbs was also
evident in live cell imaging of DRP1 mutants (ER, mCherry-Cyb5; mitochondria,
mitotracker; Fig. 5D, arrows; arrowheads indicate sites of ER interacting with

mitochondrial tubules).

To further confirm the presence of a physical interaction between mitobulbs and ER
sheets, we performed PLA for CLIMP63 (ER sheets) and TOM20 (mitochondria). PLA
foci were clearly visible at sites where ER sheets were in close proximity to mitobulbs
(Fig. 5E, quantification in 5F), consistent with an interaction between the two structures.
Similar results were observed when Calnexin was used instead of CLIMP63 for the PLA
(Fig. SF, S1C). Altogether, our results indicate that the altered ER sheets present in DRP1

mutants interact with mitobulbs.
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control and DRP1 mutant human fibroblasts. The zoomed images show the enlarged
nucleoids present in mitobulbs (arrowheads). (B-D) Colocalisation between ER sheets and
mitobulbs. Colocalisation was measured in cells immunolabelled for CLIMP63
(ER sheets) and ATP5a (mitochondria). (B) representative image (Top) and Line scan
analysis (Bottom) along the line shown the image. (C) Quantification of the percent of
mitobulbs that are associated with CLIMP63-positive ER sheets in two independent DRP1
mutant lines (P1 and P2). Each data point represents one cell. Bars represent the average
of 45 control and 45 mutant mitochondria = SD. (D) Live cell imaging of DRP1 mutant
cells showing the interaction between ER sheets (mCherry-Cyb5, Red) and mitochondria
(arrowheads) (Mitotracker, Green), including mitobulbs (arrow). (E-F) Interaction
between ER sheets and mitobulbs as measured by PLA for TOM20 and CLIMP63 or
Calnexin. (E) Representative image of TOM20-CLIMP63 PLA. Arrowheads denote PLA
foci (White) on mitobulbs (TOM20, Green) at sites where they contact ER sheets
(CLIMP63, Red). (F) Quantification of mitobulbs associated with PLA foci for
TOM20-CLIMP63 and TOM20-Calnexin. Each data point represents one cell. Bars
represent the average of 48 (CLIMP63 PLA) and 40 cells (Calnexin PLA) in
3 independent experiments + SD. Scale bars 2 um, 10 pm for (A), left panel.

Modulation of ER sheets recovers the nucleoid defects present in DRP1 mutants

To directly determine whether ER sheets affect nucleoid distribution, we modulated
ER sheet structure by expressing mCherry-tagged CLIMP63 under conditions that did not
overtly alter RTN4-positive ER tubules in control cells (Fig. S4A) to avoid nucleoid
defects caused by the loss of ER tubules (19). Importantly, CLIMP63 expression did not
rescue the fused mitochondrial phenotype of DRP1 mutant (Fig. S4B). Nevertheless,
CLIMP63 expression altered ER sheet structure resulting in expanded web-like ER sheet
network in both control and DRP1 mutant fibroblasts (Fig. S5). Importantly, this was
accompanied by a loss of the punctate structures typically observed in mutant cells
transfected with mCherry alone (Fig. S5), suggesting that CLIMP63 expression can at
least partially rescue the ER sheet defects observed in DRP1 mutants. To determine if this
was associated with a change in ER sheets-mitochondria interactions, we performed PLA
for CLIMP63 (ER sheets) and TOM20 (mitochondria). CLIMP63 expression did not
affect mitochondria-ER sheet interaction in control cells (Fig. 6A) but rescued the
excessive contact sites found in DRP1 mutant cells (Fig. 6A). Similarly, the number of
mitobulbs associated with PLA foci was reduced in DRP1 mutant cells expressing
CLIMP63 (Fig. 6B), indicating that recovery of ER sheet structure in DRP1 mutants

normalizes its interaction with mitochondria.
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Loss of DRPI results in enlarged nucleoids (Fig. 6C) that are likely caused by
nucleoid aggregation (14-16). To confirm the presence of multiple mtDNA copies in the
enlarged nucleoids present within mitobulbs, we labelled dividing nucleoids with the
nucleotide analogue EdU and observed multiple EdU-positive foci within mitobulbs
(Fig. 6D-E). To determine the effect of modulating ER sheets on this nucleoid
aggregation, we transiently transfected control and DRP1 mutant fibroblasts with
mCherry or mCherry-CLIMP63 and immunolabelled them for mitochondria (TOM20)
and nucleoids (TFAM) (Fig. S6). We first determined the effect of mCherry-CLIMP63
expression on nucleoid aggregation by measuring nucleoid size. Nucleoid size was
significantly reduced in DRP1 mutants expressing mCherry-CLIMP63 compared to cells
expressing only mCherry (Fig. 6C, Fig. S6), consistent with CLIMP63 expression
stimulating nucleoid distribution out of mitobulbs. We then reasoned that if CLIMP63
rescues nucleoid distribution, it should also rescue the decreased nucleoid numbers present
in DRP1 mutant cells (Fig. 6F) (14). Indeed, while mCherry-CLIMP63 expression did not
significantly affect nucleoid numbers in controls cells, it caused a significant increase in
overall nucleoid content in DRP1 mutants (Fig. 6F, S6). Altogether, these results indicate
that modulating ER sheet structure rescues nucleoid aggregation in DRP1 mutants. As the
enlarged nucleoids present in DRP1 mutant cells are found within mitobulbs, we also
determined the effect of mCherry-CLIMP63 expression on the presence of mitobulbs.
While almost all mitobulbs present in mCherry-transfected DRP1 mutant fibroblasts
contained TFAM-positive nucleoids, mCherry-CLIMP63 expression drastically reduced
this number (Fig. 6G). On the other hand, the total number of enlarged, bulb-like
mitochondrial structures was unchanged (Fig. 6H), suggesting that DRP1 is still required
to maintain mitochondrial structure in these conditions. Altogether, our data indicates that
nucleoid segregation is regulated by ER sheet-mitochondria interaction independently of

DRP1-dependent fission.
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Figure 6. CLIMP63 expression rescues nucleoid distribution in DRP1 mutant
fibroblasts. (A-B) Quantification of PLA foci (CLIMP63-TOM20) in mCherry and
mCherrry-CLIMP63 expressing control and DRP1 mutant cells. Total PLA foci (A) and
mitobulbs associated with PLA foci (B) were quantified. Each point represents one cell,
with at least 43 cells quantified per condition in 3 independent experiments. Bars show
the average + SD. ** p <0.01, *** p <0.001, ns not significant. One-way ANOVA (C)
Quantification of nucleoid area in mCherry and mCherry-CLIMP63 expressing control
and DRP1 mutants from images in Figure S6. Each point represents one cell, with at least
32 cells quantified per condition in 3 independent experiments. Bars show the average +
SD. *#* p <0.001, ns not significant. One-way ANOVA. (D-E) Mitobulbs are mtDNA
clusters. (D) Representative images of mCherry-expressing DRP1 mutants labeled for
EdU (green) and TOM20 (mitochondria). Arrowheads indicate EdU-positive mtDNA in
mitobulbs. Scale bar 10um (E). Quantification of number of EdU foci/mitobulb.
Each point represents an individual cell, with 45 cells quantified in 3 independent
experiments. Bars show the average = SD. (F-H) Rescue of nucleoid numbers in
CLIMP63-expressing DRP1 mutant cells. Quantification of total nucleoids
(TFAM-positive, F), mitobulbs containing nucleoids (TFAM-positive, G) and
mitochondrial bulb-like structures (independently of the presence of nucleoids, H) in
mCherry and mCherrry-CLIMP63 expressing control and DRP1 mutant cells. Each point
represents one cell, with 40 mCherry (mch) and 47 mCherry-CLIMP63 cells quantified in
3 independent experiments. Bars show the average = SD. One way ANOVA (F),
two-sided t-test (G, H). * p <0.05, *** p <0.001, ns, not significant.
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Altering ER sheets in DRP1 mutant promotes mtDNA replication and distribution

While our results are consistent with CLIMP63 expression promoting nucleoid
distribution away from mitobulbs, it remained possible that it also altered mtDNA
replication. Thus, we measured the effect of CLIMP63 expression on mtDNA replication.
Replicating DNA was labelled with EdU, after which cells were directly fixed,
immunolabelled for mitochondria (TOM20) and imaged by confocal microscopy. In cells
expressing mCherry, DRP1 mutants had fewer EdU-positive nucleoids compared to
control cells (Fig. 7A), suggesting that DRP1 is required for proper mtDNA replication.
Importantly, expression of CLIMP63 rescued the number of EdU foci in DRP1 mutant
cells (Fig. 7A), suggesting that the effect of DRP1 on nucleoid replication depends on its
ability to modulate ER structure. On the other hand, CLIMP63 expression did not
significantly alter the number of EdU foci in control cells (Fig. 7A), indicating that
modulating ER sheets does not directly affect mtDNA replication.

As clusters of EdU-positive mtDNA are found within mitobulbs (Fig. 6D-E),
we then specifically addressed the effect of CLIMP63 expression on mtDNA replication
within mitobulbs. Consistent with the total EQU counts, expression of CLIMP63 in DRP1
mutant fibroblasts caused a large increase in EQU incorporation in mtDNA present within
mitobulbs (Fig. 7B). We then took advantage of the accumulation of EdU foci within
mitobulbs to determine whether the reduction in nucleoid size that we observed in
CLIMP63-transfected DRP1 mutant cells (Fig. 6C) is due to the rescue of nucleoid
segregation from mitobulbs towards the rest of the mitochondrial network. To do that,
we chased EdU for 24 hours before fixing the cells. Consistent with our observation that
the number of nucleoid-containing mitobulbs was decreased in CLIMP63-expressing cells
(Fig. 6G), the number of EdU-positive mitobulbs was decreased in CLIMP63-expressing
DRP1 mutant cells, but not the mCherry-expressing cells at 24 hours (Fig. 7B).
Importantly, this was not due to the loss of overall EdU staining in mutant cells (Fig. 7C).
Overall, our data indicates that modulating ER sheet structure through CLIMP63
expression reactivates both mtDNA replication and nucleoid distribution in DRP1 mutant

cells even in the absence of mitochondrial fission. Thus, proper DRP1-mediated
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regulation of ER sheet structure is essential to modulate mtDNA replication and nucleoid

segregation.
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Figure 7. CLIMP63 expression rescues mtDNA replication and distribution in DRP1
mutant fibroblasts. (A) Quantification of EdU foci in control and DRP1 mutants
expressing mCherry or mCherry-CLIMP63 in cells labelled with EAU for 4 hours.
Each point represents one cell, with at least 43 cells quantified in 3 independent
experiments. Bars show the average + SD. One way ANOVA. * p <0.05, *** p <0.001,
ns not significant. (B) Quantification of EdU-positive mitobulbs in EdU-labelled DRP1
mutants expressing mCherry or mCherry-CLIMP63. Cells were pulsed with EdU as in
(A) then the EAU was chased for 24 hours where indicated. Each point represents one cell,
with at least 44 cells quantified in 3 independent experiments. Bars show the average +
SD. One way ANOVA. *** p<0.001. (C) EdU foci ratio (chase/no chase) from the
experiments in (A-B). Each point represents one independent experiment (n=3).
Bars show the average + SD. Two-sided t-test. ns not significant.

Discussion

mtDNA replication is intimately associated with mitochondrial dynamics,
especially mitochondrial fusion which is required for mtDNA replication and integrity
(11, 12). On the other hand, mitochondrial fission has been suggested to be associated
with nucleoid segregation on the basis of the fact that defects in mitochondrial fission
result in nucleoid aggregation within mitobulbs (13, 15, 16). With the help of Mitomate
Tracker, an automated tool developed in our lab, we have shown that this alters overall
nucleoid distribution along mitochondrial networks (14). Nevertheless, the mechanism by

which DRP1 affects nucleoid distribution remains unclear. Here, we demonstrate that
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DRP1 regulates mtDNA replication and distribution along mitochondrial network through

modulating ER sheet structure, independently of mitochondrial fission.

It is well known that ER tubules regulate mtDNA replication (19). However,
whether ER sheets also play a role in this process remains unclear. Nevertheless, our data
shows that ER sheets directly interact with mitochondria and are present at the site of
mitochondrial fission in the perinuclear region (Fig. 5). This is in consistent with the
previous observation that ER sheets interact with mitochondria and regulate lipid
metabolism in mouse liver cells (26), suggesting an important physiological role for this
interaction. As we previously showed that, in DRP1 mutants, nucleoids aggregate around
the perinuclear region where ER sheets are found (14), we further defined how DRPI
impacts this process. Our data demonstrates that DRP1 associates with ER sheets
independently of mitochondria and that loss of DRP1 function alters ER sheet structure.
Furthermore, DRP1 mutant cells showed increased interaction between ER sheets and
mitochondria. Of note, we did not observe distinct changes in ER tubules in our cell
models, possibly because ER tubular formation requires the variable domain of DRP1 (25)
which is still intact in our mutant lines (mutation in the middle domain (G362D)) (28).
Overall, these results indicate that DRP1 regulates ER sheet structure and their interaction

with mitochondria.

The altered ER sheets present in DRP1 mutant cells also lead to the accumulation
of mtDNA within mitobulbs. Importantly, modulating ER sheets by expressing CLIMP63
recovered nucleoid aggregation and nucleoid number in DRP1 mutants, supporting the
idea that ER sheets regulate nucleoid distribution. In addition, our EAU data demonstrate
that proper ER sheet structure is necessary to actively regulate mtDNA replication.
Altogether, our data show that DRP1-regulated ER sheet structure is essential for both
mtDNA replication and distribution, and that this occurs independently of

DRP1-dependent mitochondrial fission.

While we demonstrated that ER sheets play an important role in mtDNA replication

and distribution, ER tubules are still required. This was shown in a previous study
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overexpressing CLIMP63 under conditions that caused the complete loss of ER tubules,
which significantly reduced mitochondrial DNA replication in cells with wild-type DRP1
(19). In contrast, when we expressed CLIMP63 under conditions that do not affect tubular
ER structure, it did not impact cells with wild-type DRP1.

Our study also provides novel insights into the defects present in DRP1 mutant
patients. Reported human DRP1 mutations are mostly found in the middle and GTPase
domains of DRPI1, leading to peripheral neuropathy, epilepsy, optic atrophy, and
encephalopathy in these patients (28, 29). Here, we have used patient fibroblasts with a
dominant negative mutation in the middle domain of DRP1 (G362D), leading to refractory
epilepsy (28). At the cellular level, conditional deletion of DRP1 in mice affects the
movement of mitochondria to the nerve terminal, leading to the loss of dopamine neurons
(30), while its postnatal deletion in CA1 hippocampal neurons results in functionally
impaired mitochondria at the nerve terminals (31). Based on our key findings here,
we speculate that the altered mtDNA replication and distribution could severely hamper
the movement of functional mitochondria towards the synaptic nerve terminal in the

patient neurons and thereby impairing neuronal signaling.

Altogether, our results demonstrate the importance of ER sheets in mtDNA
maintenance and distribution and identify DRP1 as key regulator of ER sheets and their
interaction with mitochondria. Alteration of this regulation following DRP1 mutation
leads the perinuclear accumulation of mtDNA, which could explain the defects observed

in these cells in the absence of overt metabolic alterations (28).

Materials and methods

Reagents

Cell culture reagents were obtained from Wisent. Other chemicals were purchased

from Sigma-Aldrich, except where indicated.
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Cell culture and live cell imaging

Primary human fibroblasts (controls and DRP1 mutants) were generated from skin
biopsies, collected as part of an approved research protocol (Research Ethics Board of the
Children’s Hospital of Eastern Ontario (DRP1 mutants)), and written informed consent
from participants was obtained. This study was performed in accordance with the
Declaration of Helsinki. Biopsy samples were processed as described and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS), supplemented with Penicillin/Streptomycin (100 IU/ml/100uL/mL) (28).
Immortalized Mouse Embryonic Fibroblasts (MEFs) were cultured in DMEM
supplemented with 10% fetal bovine serum. For live cell imaging, cells were seeded onto
glass bottom dishes and allowed to adhere to the plate. Then cells were stained for
30 minutes with 250 nM TMRM (Thermo fisher Scientific, T668) and the DNA dye
Picogreen (Thermo Fisher Scientific, P11495) (3 puL/mL). After staining, cells were
washed 3 times with pre-warmed 1X phosphate buffered saline (PBS), and normal growth

media was added prior to imaging.

Microscopy

Images were acquired with a Leica TSC SP8 confocal microscope fitted with a
63x/1.40 oil objective using the optimal resolution for the wavelength (determined using

the Leica software).

siRNA treatment

MEFs were seeded onto 24 well dish and transfected with 15nM of DRP1 siRNA
(Thermo Fisher Scientific, Silencer Select, 4390771) and negative siRNA (Thermo Fisher
Scientific, Silencer Select, 4390843) using siLenFect lipid reagent (Bio-Rad,1703361).
After 48 hrs, cells were treated again with siRNA for another 48 hours. The cells were
collected for either western blotting or seeded onto the coverslips for

immunofluorescence.
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Transient transfection of primary cells

Primary cells were trypsinized and centrifuged at 577 X g for 10 minutes.
Cell pellets were suspended in 10ul of the Neon transfection buffer R (ThermoFisher
Scientific, MPK1096). Cells were transiently transfected with mCherry (gift from Michael
Davidson, Addgene, 54517), mCherry-tagged CLIMP63 (gift from Gia Voeltz (32),
Addgene, 136293), DRP1-GFP (gift from Thomas Cribbs (33)), mCherry-Cytochrome b5
(gift from Uri Manor) using the Neon transfection system (ThermoFisher Scientific,
MPKS5000) according to the manufacturer’s protocol. To minimize effects on ER tubules,

minimal concentrations (1pg) of mCherry and mCherry-CLIMP63 plasmids were used.

Immunofluorescence

Cells were seeded onto glass coverslips (Fisherbrand, 1254580) and allowed to
adhere overnight. Mitochondria was stained using 50 nM Mitotracker Orange (Thermo
fisher scientific, M7510) prior to fixing for certain experiment. Cells were fixed with 4%
paraformaldehyde for 15 minutes at room temperature (RT). For antigen retrieval, cells
were incubated in sodium citrate buffer (pH 6.0) for 10 minutes at 95°C. Then, cells were
permeabilized with 1% BSA / 0.2% Triton X-100 in PBS followed by blocking with 1%
BSA / 0.1% Triton X-100 in PBS. The following antibodies were used: CLIMP63
(Rb, Abcam, ab84712, 1:150), CLIMP63 (Mo, ENZO, ENZ-ABS669, 1: 200), RRBP1
(Rb, Novus Biologicals, NBP1-32813, 1:200), DRP1 (Mo, BD Transduction Laboratories,
611112, 1:100), TOM20 (Rb, Abcam, ab186735, 1:250), mtTFAM (Mo, Novusbio,
NBP1-71648, 1:150), Calnexin (Mo, Millipore, MABF2067, 1:200), RTN4/NOGOA
(Rb, Bio-Rad, AHP1799, 1:200), ATP5a (Mo, Abcam, ab14748, 1:150). Next, cells were
incubated with fluorescent tagged secondary antibody (Jackson Immunoresearch, 1:500).
To verify the interaction of DRP1 with organelles (ER sheets, mitochondria) or to detect
the interaction between organelles (bulb-like mitochondria and ER sheets), line scan
analysis was performed using the RGB profiler in Image J. To avoid bias during manually
classification of ER structure, images were renamed to random numbers and both control
and mutant images were shuffled together. The blindfolded ER sheet images were

manually classified as structured or altered using reference images. In addition,
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we segmented the ER sheet images in ImageJ (Filter/minimum (0.5), Filter/Median (1.0),
then thresholding and adjusting the resulting image using Binary/Erode) and measured
total area and the median size of individual ER sheets using the Analyze Particle function.
Mitochondrial structures were manually quantified by binning them into the indicated
categories (short, intermediate, elongated). To measure DRPI1 association with
mitochondria and ER sheets in fixed cell, DRP1 foci were identified in individual cell
using ImagelJ. The DRP1 channel was first segmented as for ER sheets. Total DRP1 foci
were then measured using the Analyze Particle function. Selected DRP1 foci were then
applied onto mitochondria and ER sheet channels and DRP1 distribution on each organelle
was manually counted. For live cell experiment, the images were manually analyzed for
the association of DRP1 with mitochondria, ER sheets or both at the fission sites. Further,

ER sheets association with mitochondrial ends was tracked following fission event.

Proximity Ligation Assay (PLA)

Cells were grown on glass coverslips and fixed with 4% paraformaldehyde.
Following antigen retrieval, cells were permeabilized with 1% BSA/0.2% Triton X-100
in PBS for 15 minutes at RT. The ER was marked with an antibody recognizing CLIMP63
or calnexin and mitochondria was marked with an antibody recognizing TOM?20.
The PLA assays were performed using Duolink In Situ green kit Mouse/ Rabbit (Sigma
Aldrich) following the manufacturer’s protocol. The primary antibodies were then
labelled using fluorescent-tagged secondary antibodies. Total and mitobulb associated
PLA foci were manually counted at the site of CLIMP63-TOM20 signal while overall

calnexin-TOM?20 foci were quantified using the analyze particles function in ImageJ.

Transmission Electron Microscopy (TEM)

Primary fibroblasts were seeded on Nunc Lab-Tek chamber slides (Thermo Fisher
Scientific, 177437) and allowed to adhere overnight. Cells were washed with 0.1M
sodium cacodylate buffer (pH 7.3) and fixed with 2.5% glutaraldehyde in 0.1M sodium
cacodylate buffer (pH 7.3), overnight at 4°C. Fixed cells were further processed in
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McGill’s facility for electron microscopy research (FEMR). Images were acquired using
a EMS208S electron microscope (Philips) by an independent trained operator in
University of Quebec in Trois-Rivieres” TEM facility. ER sheet-mitochondrial contact
sites in the perinuclear region was manual quantified, considering only contact sites +
30 nm based on a previous study (34). To measure changes in ER structure we considered
rough ER as ‘sheets’ and smooth ER as ‘tubules’. We manually measured ER surface area
and luminal width for 10 randomly chosen ER sheets/tubules in each of the four quadrants
per image of the cell. The width was measured across each individual ER sheets/tubules

and averaged to obtain the luminal width of each individual ER tubules /sheets.

Western Blot

Cells were lysed in 10 mM Tris-HCI, pH 7.4, ImM EDTA, 150 mM NacCl,
1% Triton X-100, 50 mM sodium fluoride, complemented with a protease inhibitor
cocktail (Sigma-Aldrich), centrifuged at 15890 X g for 5 minutes and protein supernatants
collected. Protein concentrations were estimated calorimetrically by DC protein assay kit
(BioRad). For SDS-PAGE, 20 pg (siRNA treatment in MEFs)/25 pug (Mitochondrial and
ER proteins in human fibroblasts) of proteins were mixed with 1X Lammeli buffer
containing B-mercaptoethanol, then subjected to SDS-PAGE, transferred to nitrocellulose
membranes and blotted with the indicated antibodies ( DRP1 (BD Transduction
Laboratories, 611112, 1:1000), CLIMP63 (Mo, ENZO, ENZ-ABS669, 1: 500), TOM20
(Rb, Abcam, ab186735, 1:1000), Calnexin (Mo, Millipore, MABF2067, 1:1000),
RTN4/NOGOA (Rb, Bio-Rad, AHP1799, 1:1000), ATP5a (Mo, Abcam, ab14748,
1:1000), HRP-tagged Actin (1:10,000). Membranes were then incubated with a 1:5000
dilution of horseradish peroxidase-conjugated secondary antibodies (Jackson
Immunoresearch) and visualized by enhanced chemiluminescence (Thermo Fisher

scientific) using a Bio-Rad imaging system.
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EdU Labeling

Primary fibroblasts (Control and DRP1 mutants) were incubated with 60uM EdU
for 2 hours at 37°C. For the chase experiments, the EdU containing media was replaced
with fresh media and incubated further for 24 hours. Cells were then fixed with
4% paraformaldehyde for 15 minutes at RT, permeabilized and EdU detected using
Click-iT EdU imaging kit (Thermo Fisher Scientific, C10337). Cells were then
immunolabelled for TOM20 (Abcam, ab186735, 1:250). EdU foci in mitobulbs and total

EdU foci were manually counted.

Data analysis and statistics

All graphs and statistical analysis were done using R. Immunofluorescence data
were quantified and images representative of at least three independent experiments
shown (exact n are in the quantification figures). Data are represented as average + SD as
specified in figure legends. Statistical significance was determined using Student’s t test
(between 2 groups) or one-way ANOVA with a Tukey post hoc test (multiple

comparisons).
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Supplementary Figures

Supplementary Figure 1
A Merged PLA/Hoechst (Nucleus)

Control

Control IgG-TOM20 PLA/IgG/TOM20/Hoescht
PLA/Hoechst (Nucleus)

DRP1 mutant

Calnexin-TOM20 PLA/Calnexin/TOM20/Hoescht

Sup. Figure S1. Calnexin-TOM20 PLA. (A) Representative image of PLA (IgG and
TOM20; white) for the antibody control (IgG), along with IgG (red), TOM20 (green) and
nuclei (Hoechst, Blue) in control fibroblasts. (B) Representative images of control and
DRP1 mutant fibroblasts showing the PLA for Calnexin and TOM20 (white), along with
Calnexin (red), TOM20 (Green) and nuclei (Hoechst, Blue). (C) Zoomed in image of
DRP1 mutant. Arrowheads denote PLA foci on mitobulbs. Scale bar 10 um, 2 pm for the
zoomed images.
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Sup. Figure 2

Mitotracker/CLIMPE3/RTN4 Mitotracker/RTN4  Mitotracker/CLIMP63

Control fibroblasts

Mitotracker/CLIMP63/RTN4 Mitotracker/RTN4  Mitotracker/CLIMP63

DRP1 mutant fibrobalsts

Sup. Figure S2. ER structure in DRP1 mutant fibroblasts. Representative images of
control (Top) and DRPI mutant (Bottom) human fibroblasts showing CLIMP63
(ER sheets, Red), RTN4 (ER, Green) and mitochondria (Mitotracker orange, Blue).
The enlarged boxed areas show ER structure in the perinuclear area (CLIMP63-positive)
and periphery of the cells. Scale bar 10 pm, 2 pm for the enlarged images.
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Supplementary Figure 3
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Sup. Figure S3. ER Structure following DRP1 knockdown in MEFs. (A) WB showing
DRP1 expression in WT MEFs transfected with a control siRNA (siCtrl) or a siRNA
against DRP1 (siDRP1). (B) Representative images showing CLIMP63 staining in MEFs
transfected with control and DRP1 siRNAs. White lines represent the cell edge. Scale bar
10 um (C) Quantification of ER sheet structure as Structured (Blue) or Altered (red;
presence of punctate structures and thick ER sheet patches). Each point represents one
independent experiment, with at least 20 cells quantified per experiment. Bars show the
average = SD. * p<0.05, Two-sided t-test using the data for Structured ER.
(D) Quantification of ER sheet surface area relative to the total cell area (determined by
DIC). Each data point represents one cell. Bars represent the average of 54 cells in
3 independent experiments + SD. ** p < 0.01 two-sided t-test. (E) Representative images
showing RTN4 in control and DRP1 siRNAs. Scale bar 10 um, 2 pm for the zoomed
images.
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Sup. Figure 4
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Sup. Figure S4. ER tubules are not affected by CLIMP63 expression.
(A) Representative images of Control cells expressing mCherry and mCherry-CLIMP63
(Magenta) and immunolabelled for RTN4 (green). Scale bar 10 um, 2 um for the zoomed
images. (B) Quantification of mitochondrial phenotypes (short (green), intermediate (red),
elongated (blue)) in mCherry and mCherry-CLIMP63 expressing control and DRP1
mutant fibroblasts. Each point represents an independent experiment. Bars show the
average+ SD. Two-way ANOVA. *** p <(0.001, ns not significant.
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Sup. Figure 5
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Sup. Figure S5. CLIMP63 expression alters ER sheet structure in control and DRP1
mutants. Representative images of control and DRP1 mutant fibroblasts expressing

mCherry or mCherry-CLIMP63 (Magenta) and immunolabelled for CLIMP63
(ER sheets, green). Scale bar 10 um.
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Sup. Figure 6
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Sup. Figure S6. CLIMP63 expression rescues nucleoid aggregation in DRP1
mutants. Representative images of control and DRP1 mutant fibroblasts expressing
mCherry or mCherry-CLIMP63 (blue) immunolabeled for TFAM (nucleoids, Green) and
TOM20 (mitochondria, Red). Scale bar 10 pm.



CHAPTER 1V

DISCUSSION AND CONCLUSION

mtDNA maintenance is essential for proper mitochondrial function and defects in
mtDNA maintenance cause mitochondrial diseases. mtDNA maintenance is mainly
regulated by nuclear-encoded mitochondrial genes, particularly those controlling
mitochondrial dynamics. Defects in mitochondrial fission cause nucleoid enlargement,
though the mechanism behind this is unclear. Using an automated tool that we developed,
we demonstrated that the distribution of nucleoids within mitochondrial networks is
non-random. Furthermore, we demonstrated that mitochondrial fission is essential for
proper nucleoid distribution within mitochondrial networks. In particular, loss or defect
in DRP1 results in alterations in ER sheet structure that are associated with nucleoid
aggregation sites. Restructuring ER sheet structure rescues nucleoid aggregation in the
DRP1 mutant. While our studies have some limitations, they have opened a potential arena
for manipulating nucleoid distribution defects independently of mutant DRPI.
This section will highlight different questions that resulted from our research work and

possible ways to address them.

4.1 Factors regulating mtDNA-nucleoid distribution

Nucleoid distribution is an active process. Our data demonstrated that nucleoids are
distributed in a non-random fashion. Under physiological conditions, nucleoids maintain
a certain distance (~1-3um) from neighboring nucleoids. Impairment in mitochondrial
fission proteins alters this distribution pattern, causing the aggregation of nucleoids.
This aggregation could be caused by one of the following reasons: (i) increased nucleoid
trafficking and clustering within hyperfused mitochondrial networks due to loss of fission,

(i1) impairment in nucleoid segregation following mitochondrial biogenesis (Figure 4.1).
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Under physiological conditions, nucleoids move along mitochondrial networks.
During this trafficking, they encounter neighboring nucleoids and undergo transient
interactions, including the association and dissociation of a nucleoid from neighboring
nucleoids (32). So, to test if nucleoid trafficking is impaired in the fission mutant, live cell
imaging could be performed in control and DRP1 mutants using picogreen (DNA stain)
and TMRM (mitochondria). Time-based images can be taken to track nucleoid movement
and interactions. We showed that DRP1 mutant patient cells clearly have multiple
replication competent mtDNA foci in nucleoid aggregates (Chapter III — Figure 6D, E).
Based on this evidence, we speculate the presence of restrictive movement at the nucleoid
aggregation site. In addition, this aggregation could be further enhanced by the association

of neighboring nucleoids, which needs further investigation.

Nucleoid distribution could also be influenced by its trafficking machinery within
mitochondrial networks. However, the mechanisms regulating nucleoid trafficking are
unclear. The cytoskeleton could be involved in trafficking nucleoids within mitochondrial
networks. There is evidence suggesting that mitochondria-associated actin could be
regulating short range transport of nucleoids within mitochondrial networks. Previous
studies suggest that a sub-population of B-actin is present within mitochondria and is
associated with nucleoids. Loss of B-actin causes nucleoid aggregation, suggesting its
potential role in nucleoid distribution (34, 244). To verify changes in B-actin structure,
we could immunolabel control and DRP1 mutant cells for mitochondria (Tom20) and
actin (B-actin) and image them by confocal microscopy. This experiment will help to
address whether nucleoid aggregation could be linked with alterations in the
mitochondrial associated B-actin structure (Figure 4.1). On the other hand, it is possible
that nucleoids aggregate due to limited actin-mediated movement of nucleoids in DRP1
mutants. Especially, increased ER sheet-mitochondrial interaction could restrict nucleoid
movements in DRP1 mutants (Figure 4.1). To demonstrate this, we could perform live
cell imaging of control and DRP1 mutant fibroblasts transfected with fluorescent tagged
B-actin and labelled for mitochondria (mitotracker dye) and nucleoids (picogreen).
Tracking actin-associated nucleoid movement along mitochondrial networks will help us

to address changes in nucleoid trafficking in DRP1 mutants. Further, to address the role
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of ER sheets-mitochondria interaction in nucleoid movement, control and DRP1 mutants
could be transfected with mch or mch-CLIMP and labelled for mitochondria (mitotracker
dye) and nucleoids (picogreen). Time-based images could be taken in the live cell to verify
nucleoid movement with changes in ER sheets-mitochondria interaction, particularly at
mitobulb regions in DRP1 mutants, which can help us to validate our hypothesis.
Altogether, these experiments will demonstrate the primary role of fission in nucleoid

distribution and other key players regulating it.

Control DRP1 mutant

@Nucieoids  __J_ER shests 1. Nucleoid trafficking

. . 2. Factors regulating it
/ Aetn o Myosin (ER sheets, actin)

Figure 4.1 Nucleoid trafficking in the DRP1 mutant and factors regulating it.

4.2 mtDNA replication and nucleoid spatial localization

Intracellular positioning of cellular organelles varies in response to cellular
metabolic cues. Basically, mitochondria are spatially distributed across the cell to perform
different roles. For example, mitochondria are transported and docked near the plasma
membrane to regulate Ca’>" dependent secretory pathways in polarized cells (245).
Numerous studies have demonstrated that mitochondrial populations differ in their
number, shape, movement, function, and dynamics based on their cellular spatial
localization (246, 247). Furthermore, there are reports suggesting that mtDNA replication

and translation are enriched in the perinuclear region (247-250). In contrast, a study
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reported replicating mtDNA throughout the mitochondrial network (251). We speculate
that newly divided mtDNA are distributed throughout the rest of the mitochondrial
network with time. In support of this evidence, the microtubule motor protein kinesin
SB(KIF5B) has been shown to regulate the distribution of nucleoid-containing
mitochondria to the periphery of the cell. KIFSB promotes MDT, a process where
mitochondria are pulled out from pre-existing mitochondrial tubules in the perinuclear
region to form a framework for the peripheral mitochondrial network (33, 252). During
this process, nucleoids are pulled along with mitochondria. KIF5B is linked to mtDNA
through the MICOS protein complex in the IMM and hence, uncoupling the
mtDNA-MICOS-KIF5B interaction axis prevents distribution of nucleoids in the
peripheral mitochondrial network through MDT (Figure 4.3) (252).

mtDNA replication occurs at sites of ER tubule-mitochondria contact (226).
We have shown here that ER sheets in the perinuclear region also participate in
mitochondrial fission and are essential for mtDNA replication and nucleoid distribution.
Alterations in ER sheet structure affect nucleoid distribution, resulting in the aggregation
of mtDNA in the perinuclear region and a decline in the total number of nucleoids within
mitochondrial networks. As DRP1-defective cells nevertheless have ER tubules, this
suggests that ER sheet associated mtDNA replication has a major influence on the
peripheral distribution of nucleoids. Hence, we speculate that mtDNA replication occurs
actively in the perinuclear region and spreads to the peripheral region by MDT
(Figure 4.2). To demonstrate this, MICOS subunits could be knocked down in primary
control cells. The intracellular spatial distribution of replicating mtDNA could then be
determined using the nucleotide analog EdU. Further, live cell imaging could be
performed in control and MICOS subunit knockdown primary fibroblasts transfected with
fluorescently tagged DNA polymerase y (mitochondrial DNA polymerase), along with
mitochondrial labelling (TMRM) to monitor the spatial distribution of newly replicated
nucleoids and MDT events associated with it. Overall, these experiments would help us
to understand the intracellular spatial organization of mtDNA replication. Also, this would
give us a deep insight into the importance of the differential spatial distribution of

mitochondria within the cell.
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Figure 4.2 Role of KIF5B in the distribution of newly divided nucleoid by MDT.

4.3 DRPI1 regulates ER sheet structure

Mitochondrial function and its dynamics are interlinked with each other.
For instance, loss of mitochondrial fission results in mosaic functioning of the organelle
(86, 91, 192). In addition to their role in mitochondrial division, evidence suggests that
fission proteins are associated with the ER and could regulate its structure (206, 253).
A recent study identified a population of DRP1 associated with the ER, independently of
mitochondria and peroxisomes, that regulate ER tubule formation (206, 253). However,
the association and effects of fission proteins on ER sheets is poorly understood. Previous
work identified DRP1 in the ER fraction (tubules and sheets) of the cell (254). In our
work, we observed a mitochondria-independent population of DRP1 associated with ER
sheets. Though all this evidence demonstrates that DRP1 is associated with ER sheets,
two important questions remain to be thoroughly investigated. (i) DRP1 lacks a protein
domain required for direct interaction with ER membranes, so it is unclear how DRP1 is
recruited on ER sheets. (i1)) We have shown here that defects in DRP1 alter ER sheet
structure. However, DRP1-mediated structural regulation of ER sheets is unclear.

Here, we discuss potential ways to address these questions.
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Unlike other dynamins, DRP1 lacks a pleckstrin homology domain to directly
interact with the membrane. Hence, it depends on surface receptors to interact with an
organelle. However, factors necessary for DRP1 recruitment on the ER are controversial
and poorly understood. DRP1 has different receptors on mitochondria (MFF, MiD49/51,
FIS1). Similarly, the ER has a mitochondria-independent population of MFF and FIS1
that recruits DRP1 on the ER. A previous in vitro study demonstrated that DRP1 can
increase membrane curvature, thereby resulting in the formation of tubules. However,
DRP1-mediated ER tubule formation occurs independently of MFF/Fis1(206, 253).
This suggests the presence of other receptors on ER tubules that facilitate DRP1

recruitment.

Our data demonstrated that DRP1 mutation or knock down alters ER sheet structure.
This results in nucleoid aggregation in mitobulbs. Similarly, other studies have shown that
the loss of the DRP1 receptor MFF results in mitobulb formation (86). Overall,
we speculate that defects in DRP1/MFF could affect DRP1 recruitment on ER sheets and
thereby modify their structure. This could result in altered ER sheets-mitochondria
interaction and thus improper nucleoid distribution along mitochondrial networks.
Further, based on this evidence, we hypothesize that DRP1 regulates ER tubules (MFF
independent) and sheets by different mechanisms. To demonstrate this, MFF could be
knocked-out in MEFs/ HFs. Then, to monitor the effect of DRP1 on ER sheets,
a rapamycin sensitive FRB-FKBP12 inducible system could be used to target MFF to the
ER. Changes in ER sheet structure could be determined by immunofluorescence for ER
sheets (RRBP1, CLIMP63) and imaged by confocal microscopy. Altogether, this will help
us to understand the role of MFF-recruited DRP1 in ER sheet dynamics.

Based on high resolution imaging and theoretical models, the ER sheet structure is
characterized by a stacked planar surface with curved edges that are connected to each
other by helicoidal membranes (255, 256). In addition, ER sheet stacks are linked to their
neighbors by short tubules, resulting in the formation of small fenestrations/holes on their
surface (255, 257). These curved edges, helicoidal membranes and fenestrations are

characterized by higher membrane curvatures than planar surfaces. However,
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the mechanisms of the formation of ER sheets and proteins regulating this process are
unclear. The dynamin family of proteins are known to constrict lipid membranes in a
GTP-dependent manner, which is essential for fission of endocytic vesicles and organelles
(mitochondria, peroxisomes) (258, 259). Further, in vitro liposomal studies suggest that
DRP1 binds and maintains curved membrane structures. DRP1 can bind to these curved
membranes and induce tubule formation independently of GTP, as noticed in ER tubules
formation (206, 260). A study also reported that the variable domain of DRPI1 is
indispensable for this ER tubulation process (206). On the other hand, DRP1 mutants
reported in our study have a major alteration in ER sheet structure. These mutants have a
defect in the middle domain of DRP1, which is essential for its oligomerization (179).
Altogether, this suggests that DRP1 could be regulating ER sheet structure independent
of its ER tubulation activity. To verify this, DRP1 could be knocked out in MEFs/HFs.
Then, to identify the DRP1 domain associated with ER sheet structure regulation,
knockout cells can be transfected with constructs expressing DRP1 with mutations in the
GTPase, middle, variable, or GED domain. Then, changes in ER sheet structure can be
determined by immunofluorescence for ER sheets (RRBP1, CLIMP63). Further,
to monitor the effect of DRP1 protein domains on ER sheet membrane curvature (curved
edges, helicoidal membrane and fenestrations), these cells can be imaged by focused ion
beam scanning electron microscopy, which reveals the three-dimensional structure of ER
sheets. Thus, these experiments will address the role of DRP1 in regulating ER sheet

structure.

4.4 ER sheets-mitochondria interactions and nucleoid distribution

Crosstalk between organelles is important for the exchange of materials and
signaling molecules. This dynamic interaction between organelles is important for
different cellular functions and to regulate organelle dynamics. ER sheets-mitochondria
contact are involved in regulating lipid homeostasis and Ca*" signaling (234, 236).
Furthermore, our data demonstrates that ER sheets-mitochondria interactions regulate the
distribution of nucleoids. However, the ER sheets-mediated signaling mechanism that

regulates nucleoid distribution is still unclear. Our findings raise several questions about
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the ER sheets-mitochondria contact sites associated with nucleoids. (i) Contact sites are
generally established by tethering of proteins present on the outer membrane of the
organelles. Different protein pairs tether at contact sites, and some of them have distinct
functional roles. Therefore, it is important to identify the tethering protein complexes at
nucleoid associated ER sheets-mitochondria contact sites. (ii) Contact sites are the
hotspots for the transfer of messages between organelles in the form of signaling
molecules. So, this raises the question of whether the signaling molecules transferred
between the ER sheets associated with the OMM on the one hand, and the nucleoids
attached to the IMM on the other hand (Figure 4.3).

Studies have shown that mtDNA maintenance is linked to IMM lipid content.
mtDNA is docked to the IMM with the help of nucleoid associated proteins. This lipid-
protein interaction at the IMM regulates mtDNA movement and segregation. The IMM is
composed of different phospholipids, including cardiolipin and cholesterol. Evidence
suggests that nucleoids interact with cardiolipin and cholesterol. Modulation of cardiolipin
and cholesterol availability influences mtDNA maintenance (261-263). A study in yeast
cells demonstrated that cardiolipin is essential for proper nucleoid segregation, especially
under stress (263). Besides, replicating mtDNA is bound to cholesterol, and perturbation
in cholesterol metabolism affects mtDNA distribution, causing enlargement of nucleoids
(262, 264). It is known that ER-mitochondria contact sites are hotspots for lipid transfer
and metabolism. Based on this evidence, we speculate that ER sheets-mitochondria
contact sites could be regulating nucleoid distribution through modulating lipid
metabolism and transfer. A recent study showed that the ER sheet protein RRBP1 plays a
role in lipid metabolism at ER sheets-mitochondria contact sites (236). In addition,
RRBP1 has been shown to interact with the OMM protein SYNJ2BP (235). Hence, it is
possible that the SYNJ2BP-RRBP1 axis could be regulating nucleoid-associated ER
sheets-mitochondria contact sites through modulating lipid metabolism (Figure 4.3).
To initially check if there is an alteration in lipid composition, the IMM can be
sub-fractioned from control and DRP1 mutant fibroblasts. Cholesterol and phospholipid
levels in the IMM can be quantified using fluorescent-based assay kits and thin layer

chromatography, respectively (264). Further, to understand the role of the
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SYNJ2BP-RRBP1 complex in lipid metabolism and nucleoid distribution, SYNJ2BP or
RRBP1 can be knocked out in control and DRP1 mutant fibroblasts. Then, cholesterol and
phospholipid content can be measured as described earlier. Finally, to monitor the changes
in nucleoid distribution, these knockout cells can be stained with TMRM (mitochondria)
and picogreen (DNA) and imaged using confocal microscopy. Overall, these experiments
will address the signaling events occurring at the nucleoid associated ER

sheets-mitochondrial contact site.
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Figure 4.3 ER sheet-mitochondria interaction at a mtDNA replication site.

4.5 DRPI1 effect on nucleoid distribution in neuronal cells

Mitochondria are essential for stimulating and transmitting signals across neuronal
cells. Mitochondria are enriched at the synaptic site where the signal is passed from the
axon of a neuron to the dendrites of the neighboring cell. Mitochondria help to maintain
Ca?" levels and supply the ATP necessary for this signal transmission. Neuronal cells have
two populations of mitochondria, (i) tubulated mitochondria in the cell body and (ii) short
mitochondria in the axons. Mitochondrial dynamics play an important role in the
differential regulation of mitochondrial network structure in the cell body and axons of
neurons. Especially, studies suggest that mitochondrial fission is essential for the proper
distribution of mitochondria from cell body to the axons. Knockout of DRP1 in mice

causes embryonic lethality and DRP1 knockout mice die a few days after birth. Clinically,



113

mitochondrial fission defects result in poor brain development and affect the proper
functioning of the peripheral nervous system in patients. However, the cellular
mechanisms that are altered in neuronal cells due to the DRP1 defect are still poorly

understood.

Our results in fibroblast cells demonstrate that DRP1 is essential for proper nucleoid
distribution and defects in DRP1 result in failure of mtDNA replication and nucleoid
distribution. This results in mosaic functioning of the organelle. Based on our results,
we speculate that fission defects result in improper distribution of nucleoids in neuronal
cells, especially at the synapse. These defective mitochondria could affect the proper
transmission of nerve signals. Further experiments are necessary to validate this

hypothesis.

Development of a DRP1 Knockout (KO) mice model is challenging due to
embryonic lethality. Conditional knockout of DRP1 in specific regions of the brain
(hippocampal region) showed an alteration in synaptic transmission due to alterations in
the mitochondrial structure (191, 192). However, whether nucleoid distribution affects
signal transmission in neuronal cells is yet to be defined. Therefore, neuronal cells from
conditional KO mice could be utilized to test our hypothesis. The nucleoid distribution
can be verified by live cell imaging using mitochondrial (TMRM) and DNA (picogreen)
staining. To address the effect of nucleoid distribution on synaptic transmission, a
fluorescent based Ca®" indictor can be utilized. Changes in the fluorescent intensity will

be an indicator of synaptic defects in DRP1 KO neuronal cells.

Neuronal cells have a continuous ER network continuously distributed along
dendrites, cell body, axon, and the nerve terminals. Rough ER/ ER sheets are mostly
present in the cell body. Smooth ER extends from ER sheets in the cell body and
predominantly distributed along axon and nerve terminals with the occasional presence of
ER sheets. To confirm the fact that the changes observed in DRP1 mutants are associated
with altered ER sheet structure and ER sheets- mitochondria interaction, CLIMP63, an ER

sheet protein can be expressed in these cells and recovery of synaptic transmission could
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be monitored by Ca?" indicator. These experiments will help to better understand DRP1

mediated changes in neuronal cells that could be correlated to clinical pathology.

4.6 Conclusion

Mitochondrial function depends on the proper maintenance and distribution of
mtDNA within mitochondrial networks. Defects in the genes regulating this process result
in mitochondrial diseases. Limited knowledge of the processes of mtDNA maintenance
and distribution restrain the development of treatments. Our work identified the global
distribution pattern of nucleoids within mitochondrial networks and the importance of
mitochondrial fission in regulating it. Based on our results, we propose a model of
nucleoid distribution (Figure 4.4). Fission occurs at ER sheets-mitochondrial interaction
sites. In DRP1 mutants, alterations in ER sheet structure increased ER sheets-
mitochondria interaction. Hence, these sites are pre-licensed for the initiation of mtDNA
replication. However, newly divided nucleoids failed to segregate and distribute in the
absence of fission, resulting in nucleoid enlargement. This causes mosaic functioning of

the organelle in cells with fission defects.

/C Control DRP1 mutant >

[JDRPI1 ORibosomes () Mutant DRP1 © mtDNA

Figure 4.4  Model of ER sheet regulated nucleoid distribution.
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Overall, our work identified the process of nucleoid segregation and distribution
within the mitochondrial networks and key players involved in it. At the same time,
our work brings up different questions as mentioned earlier in this chapter which need
thorough investigation. In-depth knowledge on mtDNA maintenance and distribution
processes will open an avenue to develop treatment for mitochondrial diseases associated

with mtDNA maintenance defects in future.
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