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Abstract 

During cell-cycle, organelles undergo massive reorganization and deformation. 

Mitochondria, in particular, are very dynamic organelles, which constantly divide, fuse 

and are transported, in order to achieve specific architecture, and to ensure accurate 

distribution of the metabolism (e.g. ATP synthesis), Ca2+ buffering, and for ensuring 

inheritance of functional organelles. In the course of cell division cycle, mitochondria 

undergo dramatic alteration in distribution. In the current study, the key players 

participating in mitochondria spreading following mitosis were identified. In particular, 

the cell-cycle-dependent microtubule-associated protein Centromeric protein F (Cenp-F), 

was found to be recruited to the mitochondria by the mitochondrial Rho-GTPase Miro. 

Cenp-F-Miro interaction promotes mitochondria transport and re-distribution following 

cell-division by attaching the mitochondria to growing microtubules.   
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Zusammenfassung 

 

Im Laufe des Zellzyklus werden Organellen umfassend verformt und reorganisiert. 

Mitochondrien sind besonders dynamische Organellen, welche sich kontinuierlich teilen, 

fusionieren, und transportiert werden. Der regulierte Aufbau des mitochondrialen 

Netzwerkes stellt sicher, dass Metabolismus (z.B. ATP Synthese), Ca2+ Pufferung, und 

Vererbung gesunder/funktionaler Organellen problemlos ablaufen. Während des 

Zellzyklus wird die subzelluläre Verteilung von Mitochondrien dramatischen 

Veränderungen unterworfen. In dieser Studie wurden Schlüsselspieler für die Verteilung 

von Mitochondrien nach Abschluss der Mitose identifiziert. Desweiteren konnte gezeigt 

werden, dass das cycle-dependent microtubule-associated protein Centromeric protein F 

(Cenp-F) von der mitochondrialen Rho-GTPase Miro zu Mitochondrien rekrutiert wird. 

Die Interaktion zwischen Cenp-F und Miro vermittelt dann den Transport und die 

Reorganisation von Mitochondrien durch die Befestigung von Mitochondrien an 

expandierende Mikrotubuli. 
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 1.  Introduction 

Eukaryotic cell division has been studied since the mid-nineteenth century. The focus was 

laid on deciphering how the accurate and time-efficient process of chromosome 

segregation is achieved. Specifically, the detailed molecular mechanisms and the cellular 

signaling, which ensure the accurate segregation of replicated chromosomes to daughter 

cells have been under extensive exploration.  

The building blocks that the cells are made of are not just genomic material wrapped in 

membranes, the cells are also composed of organelles such as the endoplasmic reticulum, 

the Golgi apparatus, peroxisomes, mitochondria etc. The inheritance, biogenesis and 

spatiotemporal organization of these organelles are crucial for the determination of cell 

fate (Fagarasanu et al., 2010; Jongsma et al., 2014; Ouellet and Barral, 2012).  

During progression in cell division, organelles undergo dynamic spatiotemporal 

reorganization that facilitates their accurate inheritance to the daughter cells and the 

progression of mitosis.  

For example, in interphase cells, the structure of the Endoplasmic Reticulum (ER) is 

composed of sheets, which are located at the perinuclear region, and tubules that are found 

at the cell periphery.  

Several studies indicate, that during mitosis, the ER undergoes sheets to tubule 

transformation, which allows space for mitotic spindle generation (Schlaitz et al., 2013; 

Smyth et al., 2012). The rate of this sheet-to-tubule transformation seems to vary and 

depends on the cell line used (Lu et al., 2009; Puhka et al., 2007) ⁠ . 

Like the ER, the mammalian Golgi network is composed of connected membranes. The 

Golgi is located close to the nucleus and the microtubule-organizing center (MTOC). 

During cell division, the ribbon structure of the Golgi undergoes massive architecture 

alteration. In interphase, the Golgi consists of stacked cisternae, some of which are 

connected by tubules. At the onset of mitosis, the tubule structures begin to disassemble. 

Then, during metaphase, the small cisternae further fragment and disperse throughout the 

cytosol. Next, at the beginning of anaphase, the fragmented Golgi particles start to 

aggregate with the ER. Finally, at cytokinesis, the Golgi is transported adjacent to the 

MTOC and reassembled to the cisternae stack configuration, which is typical for 

interphase cells (Acharya et al., 1998; Hidalgo Carcedo et al., 2004; Sütterlin et al., 2001). 

In addition to the ER and Golgi, the mitochondrial network morphology is also affected 

by cell cycle progression. In interphase cells, the mitochondria network is composed of 

interconnected tubular structures that undergo fusion, fission and transport. The balance 
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between these processes determines appropriate spreading of the mitochondrial network.  

Defects in mitochondrial fission can hinder cell cycle progression, and even result in cell 

senescence (Mishra and Chan, 2014). 

This introduction focuses on the processes that govern mitochondria network 

organization. Specifically, it emphasizes the various means by which mitochondria 

trafficking is achieved during cell cycle in symmetrically duplicating cells.  

 

 
 

Introduction Figure 1: Behavior of the mitochondrial network during mitosis. (A) Drawing of 

mitochondria in mitotic cells from (Christiansen EG., 1949). (B) Images of the mitochondrial 

network (cyan) in cells in different phases of mitosis. When indicated, a mitotic marker (either 

phosphorylated Histone H3, phospho-H3, which stains mitotic chromatin, or Aurora-B, which stains the 

midbody) is shown (orange). 
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 1.1.   The mitochondrial network during cell cycle 
Mitochondria are semi-autonomous multifunctional organelles that play critical roles in 

many cellular processes, including energy production, metabolism, apoptosis, and 

senescence. Although, most of the mitochondrial proteins are encoded in the nucleus and 

are transported post-translationally to the mitochondria, the mitochondrial genome also 

encodes critical proteins required for cellular respiration.  

In cells, mitochondria form a highly dynamic network, the distribution of which depends 

on a balance between three integrated processes: a) fission, the ability of mitochondria to 

divide, b) fusion, the merging of separate mitochondria and c) motility, the active transfer 

of mitochondria along the cytoskeleton.  

Back in the fifties, a study published by E.G. Christiansen described alteration in 

mitochondrial network during cell cycle progression (Christiansen EG., 1949). In 

interphase cells, the mitochondria are arranged in elongated tubules, whereas in mitosis, 

the network is fragmented. At the exit of mitosis and initiation of cytokinesis, the 

mitochondria tubules merge again to form an interconnected network.   

The process of mitochondrial division is mediated by the highly conserved GTPase 

named Dynamin related protein (Drp1). Drp1 adaptors reside on the outer mitochondria 

membrane (OMM) and recruit Drp1 to the mitochondria at specific constriction sites. At 

this location, Drp1 forms a homo-oligomeric ring, which wraps the membrane and 

performs mitochondrial cleavage upon GTP hydrolysis.  

Upon mitotic entry, Drp1 is activated by phosphorylation. The activation is mediated by 

two mitotic kinases: Aurora A and cyclin B–CDK1.  Besides activation by 

phosphorylation, Drp1 activation can be driven by another type of post-translational 

modification; at G2/mitosis transition, the mitochondrial SUMO ligase called MAPL 

(designated for Mitochondrial-anchored protein ligase) targets Drp1 to stimulate 

mitochondrial fission (Braschi et al., 2009). The mitochondrial network fission rates are 

enhanced during mitosis, which is enabled by the deSUMOylation of DRP1 (Zunino et 

al., 2009). While SUMOylation of Drp1 leads to its membrane recruitment, 

deSUMOylation is linked to membrane release. Later, in G1, the fission machinery is 

inhibited to allow mitochondrial network reformation. For example, Drp1 is ubiquitylated 

by the APC/CCdh1 and afterwards submitted to proteasomal degradation (Horn et al., 

2011).  
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The balance between fusion and fission determines the overall changes in mitochondria 

network formation. The cell-cycle dependent regulation of mitochondria fusion 

machinery is not well studied. However, one study shows that in mitosis, the 

mitochondrial fusion proteins Mfn1/2 (fzo1 in budding yeast) are undergoing ubiquitin-

dependent proteasomal degradation (Park and Cho, 2012). Thus, mammalian cells 

possess a large repertoire of different regulatory factors to modulate mitochondrial 

dynamics in response to various signals during cell division. 

 1.2.   Mitochondria and mitosis - Mechanism and function 
Until now, the molecular mechanisms governing mitochondrial morphology during cell 

cycle have been described. However, now the focus will be on the functional and 

physiological aspects of mitochondrial dynamics during cell development and 

asymmetric cell division. 

Mitochondrial network scattering is important for supplying the metabolism and energy 

required in different subcellular locations (Schwarz, 2013). For instance, in neuronal cells, 

the mitochondria are actively transported along the axons towards the synapses, which 

are energy-demanding sites responsible for releasing neurotransmitters, building action 

potential, restoring ion gradient, axonal transport etc. Therefore, neurons are a classical 

model system for deciphering the specific function of mitochondrial positioning (Schwarz, 

2013). Yet, since neurons are fully specialized differentiated cells they are not suitable 

for investigating organelle dynamics during cell division.  

However, a recent study in adult stem cells illustrates the importance of mitochondria 

network repositioning and organization during symmetric and asymmetric cell division  

(Katajisto, 2015). Progenitor stem cells asymmetric division gives rise to one specialized 

differentiated adult cell of the tissue and one identical progenitor stem cell, while the 

symmetric division generates two identical stem cells for maintaining the renewing 

capacity of the tissue. In these cells, mitochondria containing newly synthesized proteins 

(“young mitochondria”) or mitochondria consisting of proteins which were synthesized 

prior to cell division (“old mitochondria”) are sorted by unknown mechanism. The 

researchers observed that, the proportion of “old mitochondria” adjacent to the nuclear 

envelope is higher in progenitors stem cells prior to asymmetric cell division. However, 

in progenitor stem cells undergoing symmetric cell division the “young and old 

mitochondria” are distributed evenly in the cytoplasm  (Katajisto, 2015). Additionally, the 

selective sorting of mitochondria according to the nature of the protein composition can 

be abrogated by altering mitochondrial distribution  (Katajisto, 2015). This was achieved 
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by silencing fission factors. This caused defects in the stemness maintenance of the tissue. 

This case emphasizes the importance of mitochondrial distribution for the fate of the cell  

(Katajisto, 2015).  

The spatiotemporal organization of the mitochondrial network influences a variety of 

cellular processes, such as buffering calcium, supplying energy in axons, renewal ability 

of adult stem cell, control of the movement and direction of motile cells etc  (Friedman 

and Nunnari, 2014; Mishra and Chan, 2014). Besides the ability of the mitochondria to 

rapidly divide and fuse, the active organization of the mitochondrial network is also 

dependent on motility. These activities govern the overall connectedness, shape and 

location of mitochondria within cells, and thus influence both organelle and cellular 

function.    

 1.3.   The mitochondrial transport machinery 
In proliferating higher eukaryotic cells, the mechanisms governing mitochondrial 

trafficking are not completely understood. Symmetrically dividing cells are not the 

optimal system to study mitochondria active transport, since differences in mitochondria 

inheritance are hard to observe and might lead to misleading conclusions. On the contrary, 

polarized cells, such as the budding yeast Saccharomyces cerevisiae, are attractive model 

systems to study the mechanisms involved in mitochondria distribution and segregation. 

In budding yeast, cell division occurs by the formation of a daughter bud, which appears 

at a distinct site on the mother cell surface. The inheritance of mitochondrial content to 

the bud is a very regulated and monitored procedure, since during bud growth, there is a 

perfect linear link between bud size and the amount of mitochondria transported to the 

bud (Rafelski et al., 2012). In yeast, active mitochondrial transport is associated with actin 

cytoskeleton. The first actin-related factor, which was recognized to be associated with 

the mitochondria was the central regulator of actin dynamics, Arp2/3. Arp2/3 is localized 

at the mitochondria (Boldogh et al., 2001; Senning and Marcus, 2010).  

Given its localization and the ability to induce actin polymerization, Arp2/3 is considered 

to be a master regulator of mitochondria transport in yeast. In addition, an actin motor 

protein Myo2 was shown to transport mitochondria along actin filaments (Altmann et al., 

2008). Myo2 binds mitochondria via the adapter proteins Mmr1 and Ypt11, the deletion 

of which leads to impaired mitochondrial inheritance (Chernyakov et al., 2013). Thus, 

proper mitochondria inheritance in yeast relies on actin motor proteins and their adaptors. 

Compared to budding yeast, in higher eukaryotic cells the molecular machinery 

that drives mitochondrial motility is less understood. The preferred model for 
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mitochondria motility research is neurons. Neurons are polarized cells. Mitochondria 

move along the polarized axons and dendrites. The microtubules (MTs) are organized 

such that the MT plus ends are closer to the cell tips and the MT minus ends are pointed 

to the cell body. Hence, the directionality of mitochondrial movement is determined by 

tracking mitochondria movement relatively to the MTs. In addition, live-cell imaging of 

single mitochondrion is easier since the mitochondria are fragmented and travel for long 

distance in axons  (Macaskill et al., 2009).  

Both in budding yeast and mammalian cells, mitochondria move along the cytoskeleton. 

However, in budding yeast, the actin cytoskeleton serves as the main platform for 

mitochondria trafficking, while in higher eukaryotes, mitochondria motility is mainly 

associated with MTs. This motility relies on motor proteins, where the mitochondria 

anterograde movement (transport towards the MT plus-end) is governed by Kinesins, 

while the retrograde mitochondria movement (transport towards the MT minus-end) is 

driven by Dyneins (Nangaku et al., 1994; Varadi et al., 2004). The MT plus end-directed 

protein Kinesin is localized at the mitochondria. The transport of mitochondria on 

microtubules was reconstituted in vitro by adding recombinantly purified Kif5B (a 

member of Kinesin-1 superfamily) to purified mitochondria and microtubules. 

Mitochondria underwent deformation and formed tubules as they travelled towards the 

MT plus end. The active deformation and direction-driven alteration indicates that kinesin 

can generate the force required for active pulling of mitochondrial membrane (Wang et 

al., 2015).   

Although the central players of organelle transport are motor proteins, their recruitment 

to specific organelles is mediated by distinct adaptors. Indeed, the discovery of specific 

mitochondrial adaptor proteins, which link the organelle to the microtubules was an 

enormous step towards understanding the mechanism and function of mitochondrial 

motility in higher eukaryotes. The initial breakthrough came from a Drosophila mutant 

screen for blind flies. This screen identified a mutation in a gene named Milton. A closer 

look on the cellular phenotype of milton mutants showed axons lacking mitochondria. 

Milton was found to co-precipitate with mitochondria and kinesin. Therefore, it was 

suggested to be involved in mitochondria trafficking in neurons (Stowers et al., 2002). In 

later studies, additional components of the mitochondria transport machinery were 

identified. The mitochondria transport complex is composed of at least three proteins: the 

motor protein kinesin (or dynein) which directly interacts with Trak1/2 (Milton's 

mammalian orthologs designated as Trafficking Kinesis-Binding Protein) and an outer 

mitochondrial, Rho-like GTPase, called Miro. Miro regulates mitochondria movement by 
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recruiting Trak1/2 to the mitochondria and promotes motor protein-dependent movement 

along microtubules (Glater et al., 2006). In mammals, the link between mitochondria and 

MT motors is mediated by two Miro proteins, Miro1 and Miro2.  

 

 1.1.   The Miro GTPases: Mechanism and function 
The Miro proteins, localized at the mitochondrial outer membrane, are highly conserved 

throughout eukaryotes. The proteins interact with the outer mitochondrial membrane via 

their C-terminal trans-membrane domains while the N-terminus is exposed to the cytosol  

(Fransson et al., 2003; Frederick et al., 2004; Reis et al., 2009). Miro consists of two 

GTPase domains flanking two EF hands (Introduction Figure 2). The C-terminal GTPase 

domain of Miro homolog in fruit fly displays high structural similarity to the Rheb 

GTPase, a subfamily of RAS. Miro’s N-terminal GTPase domain is of unknown structure 

with no similarity to any other GTPases. 

The structural model of the EF hands revealed that the Ca2+ binding sites are accompanied 

by non-canonical “hidden” EF hands (hEF 1 and 2) followed by single helices (LM 

helices 1 and 2)  (Klosowiak et al., 2013).  

  Yeast Miro has weak GTPase activity (Koshiba et al., 2011). Interestingly, the 

human Miro GTPase activity was found to increase upon interaction with a novel Miro 

interactor guanine activating protein (GAP) VopE. This GAP is a Vibrio cholerae Type 

3 secretion system effector (Suzuki et al., 2014). This result implies that Miro1 GTPase 

activation might rely on a specific effector protein, but the endogenous GAP(s) is/are 

unknown.  

As mentioned above, in metazoans, Miro is a component of the protein complex 

that regulates mitochondrial transport. The importance of Miro in mitochondria 

distribution was first revealed in overexpression studies in mammalian cells, where the 

mitochondria network was mislocalized upon ectopic expression of Miro (Fransson et al., 

2003). The machinery involved in transport in somatic cells is identical as in neurons  

(Macaskill et al., 2009; van Spronsen et al., 2013; Wang and Schwarz, 2009). In 

proliferating cells, the motility and dynamics of mitochondria are highly regulated in a 

cell cycle-dependent manner. For example, at the onset of mitosis, mitochondria move 

away from the spindle region to the cell periphery. Later, in cytokinesis, the mitochondria 

network is organized into two clusters, one close to the cleavage furrow and the other at 

the cell pole  (Kashatus et al., 2011; Lawrence and Mandato, 2013). The way mitochondria 

trafficking is regulated in dividing cells is yet to be understood. However, from the study 
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of the Miro/Milton/Motor protein complex, there are few key concepts that might be also 

true for the regulation of mitochondria trafficking during cell division.  TFor instance, the 

direction of mitochondrial movement can be determined by the affinity of mitochondrial 

adaptors to motor proteins and their subcellular localization (van Spronsen et al., 2013). 

In neurons, Trak1 binds both kinesin and dynein, while TRAK2 preferentially interacts 

with dynein. In addition, retrograde movement of mitochondria in dendrites is more 

frequent compared to axons, where there is no preference for the direction of 

mitochondrial movement. This could be rationalized by the higher levels of Trak2 at the 

dendrites over axons, while the presence of Trak1 and Trak2 is similar in axons (van 

Spronsen et al., 2013).  

Another factor regulating mitochondrial movement is cytosolic Calcium levels. Miro Ca2+ 

binding domains were linked to mitochondria motility. In fact, mitochondria stop moving 

upon Ca2+ elevation. This block in mitochondrial movement is mediated by the Ca2+-

sensing domains of Miro. Two alternative models explain how the signal is transduced at 

the molecular level (Saotome et al., 2008). The first model suggests kinesin disassociates 

from MT and interacts directly with the N-terminus of Ca2+-bound Miro (Wang and 

Schwarz, 2009). The alternative model poses that the block in mitochondria transport is 

due to the detachment of kinesin from the Miro-Milton complex  (Macaskill et al., 2009).  

The mitochondrial GTPase Miro is ubiquitously expressed in a variety of different tissues  

(van Spronsen et al., 2013).  

Moreover, accumulating evidence from yeast and human model cells suggests that Miro 

might be involved in extracurricular function besides mitochondrial trafficking. The first 

evidence for this comes from synthetic screen in budding yeast. This screen revealed a 

complex which tethers the mitochondria outer membrane and the ER  (Kornmann et al., 

2009). The protein complex is composed of five different proteins and one of them is 

Gem1p (Miro ortholog in yeast). Furthermore, Miro1 was found at the interface between 

the ER and mitochondria in mammalian cells  (Kornmann et al., 2011). One interpretation 

could be that perhaps the ER membrane regulates mitochondria motility in Miro-

dependent manner. In fact, the mitochondria and the ER were shown to move together on 

acetylated MTs (Friedman et al., 2010), which strengthens the hypothesis that ER-

mitochondria motility could be regulated via Miro. 

Besides motor protein-driven movement along microtubules, mitochondria are also 

attached to actin filaments. Notably, treatment with an MT-depolymerization agent was 

reported to have only a minor effect on mitochondria distribution and motility (Friedman 
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et al., 2010). One way to explain this observation is the possibility that the mitochondria 

move on actin cables in mammalian cells.  

Unlike in budding yeast, evidence for actin-based mitochondria movement is missing in 

metazoans. However, some indirect evidence links the actin-based motor protein Myo19 

to mitochondrial distribution and motility. Myo19 was shown to interact with the 

mitochondria via its protein cargo attachment domain. Moreover, Myo19 overexpression 

increased mitochondrial motility in neurons (Quintero et al., 2009). More recently, a 

possible role of Myo19 in mitochondria distribution and cell division was suggested. In 

this study, mitotic mitochondria partitioning failed in Myo19-silenced cells. In addition, 

the mitochondria were elongated and hyper-connected. Knocking down the mitochondria 

fusion factor Mfn2 could restore Myo19 phenotype (Rohn et al., 2014). These results 

suggest a role for Myo19 in mitochondria network dynamics integrity and cell cycle. 

However, the direct evidence for actin-based mitochondria motility by myosin is missing. 

Also, the mechanisms by which myosin interact with mitochondria and influence their 

movement are unknown.  

 

 

 

 
Introduction Figure 2:  Top: Primary structure of Miro proteins. nGTPAse, N-terminal GTPase 

domain; cGTPase, C-terminal GTPase; EF1 and EF2, first and second EF-hand Ca2+-binding motifs; TM, 

transmembrane segment. Bottom, crystal structure of Drosophila Miro. Only the indicated fragment was 

crystallized. Each Ca2+-binding EF-hand is accompanied by a non-Ca2+-binding homologous domain. 
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 1.2.   Mitochondria trafficking independent of motor proteins 
Mitochondria move on cytoskeletal elements, and motor proteins are the driving forces of this 

movement. Yet, in fission yeast (S.pombe), an alternative pathway for mitochondria motility was 

found (Pon, 2011).  In fission yeast, several linear bundles of antiparallel microtubules are organized 

along the cell axis, with the plus ends found at the cell extremities. The mitochondria tubules are 

dispersed along the cell axis parallel to the MT. When cells enter mitosis, the mitochondria are 

actively transported to the cell tip to ensure proper inheritance of the mitochondrial content. 

Surprisingly, a study by Yaffe and Vale reports an alternative way for mitochondria trafficking in a 

motor protein-independent manner. The researchers used time lapse total internal reflection 

microscopy (TIRF) to observe MT and mitochondria. They showed for the first time that 

mitochondria are attached to growing and shrinking MT ends (Yaffe et al., 2003). 

In 2011, another study by Fu et al. discovered a protein named Mmb1p (mitochondria microtubule 

binder 1) that localizes both to the mitochondria and MTs. Mitochondria appear as aggregates 

asymmetrically distributed in the cell in the absence of Mmb1p. This aggregation leads to insufficient 

inheritance of the mitochondria and subsequent cell death (Fu et al., 2011).   

In another study, kinesins or dyneins containing a mitochondria interaction sequence were introduced 

in Mmb1p-deleted cells (Fu et al., 2011). With this approach, the mitochondria aggregation phenotype 

was not rescued. On the other hand, a chimeric protein containing mitochondria- and MT-binding 

domain could replace Mmb1p for proper distribution of mitochondria network. This suggests that 

mitochondria distribution is dependent on MT dynamics in fission yeast (Fu et al., 2011; Li et al., 

2015). Indeed, Mmbp1 was shown to associate with MT lattice. In addition, Mmbp1 stabilizes MTs 

by attenuation of the rescue and catastrophe events. This leads to stabilization of mitochondria in a 

static position and prevents morphological changes in the mitochondrial network.  

 

Motor protein-independent mitochondrial transport has never been observed in any other model 

organism except fission yeast.  However, there remains a possibility such processes could exist in 

higher eukaryotes too.  

 

Another work suggested a different mechanism of mitochondrial trafficking mediated by dynamic 

MTs (Chiron et al., 2008). Here, they showed association of mitochondria with a conserved MT 

binding protein CLASP (Cytoplasmic linker associated protein), which belongs to the +TIP family 

(plus end-tracking proteins, see below). Deletion of CLASP led to altered mitochondrial morphology 

(Chiron et al., 2008) However, other studies failed to reproduce this observation and thus the 

involvement of CLASP in mitochondria trafficking needs to be further clarified (Pon, 2011). 
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Taken together, the current evidence suggests a unique motor protein-independent mode of organelle 

transport in fission yeast. Whether such processes exist in higher metazoans remains to be addressed. 

 

 1.3.   The tip tracking machinery 
In the cells, the MTs are not only influencing membrane trafficking but also dictate various cellular 

processes such as cell division, cell migration, and cell shape (for review see Jiang and Akhmanova, 

2011). The MTs are forming a cylinder tubular structure composed of proximately thirteen laterally 

associated protofilaments (Nogales et al., 1998a, 1998b). Each protofilament consists of alpha and 

beta Tubulin dimers.. The MTs polymerise by "head to toe" association of the α/β-Tubulin dimers 

(Nogales et al., 1998a, 1998b). MTs are dynamic polymers which undergo multiple rounds of 

assembly and disassembly. Their dynamic properties provide the plasticity and the rapid reaction of 

the cells to internal and external signals,  which results in fast morphological changes (Mitchison et 

al., 1986). MTs are also polarized, their minus end being located at the MTOC, and their plus end 

being  generary localised at the periphery of the cell (Jiang and Akhmanova, 2011).  The plus end 

MT asters explore the cytoplasm in a very dynamic manner. This rapid MT dynamics is defined by 

three phases, growth, pause and shrinkage (Li et al., 2002). The transition from growth to shrinkage 

is named catastrophe, where MT ceases growth and changes toward critical shrinkage phase, in which 

protofilaments are removed from the MT plus end (Mitchison and Kirschner, 1984). The transition 

from, shrinkage to growth is called rescue, when GTP-bound tubulin dimers are added at the plus-

end of the microtubule. These growth and shrinkage states are accompanied by dynamic 

conformational changes of the MT plus-end. During MT polymerisation, the protofilaments at the 

MT ends are straight, whereas during MT depolymerization the protofilaments at the MT ends are 

curved. This dynamic transition is explained by conformational changes in microtubule dimers 

(Mitchison and Kirschner, 1984). Tubulin dimers bind two molecules of GTP. Alpha Tubulin binds 

GTP in unexchangeable conserved site while the GTP bound to β-tubulin is hydrolyzed to GDP 

shortly after assembly (Mitchison and Kirschner, 1984). The incorporation of Tubulin dimer into the 

protofilament is feasible in the GTP tubulin dimer conformation (Li et al., 2002). Following 

association, GTP hydrolysis happens very rapidly in the β-tubulin subunit. Hence, the MT lattice is 

enriched in Tubulin GDP formation. Rounds of hydrolysis of GTP bound β-tubulin and binding of 

tubulin dimer afford MTs ends structure conformational changes which determine the MT polymer 

assembly or disassembly state (Li et al., 2002). MT dynamics is dependent on the in-situ concentration 

of soluble dimers at the MT plus end. A high concentration of GTP -tubulin dimer will promote MT 

polymerization whereas a low concentration will promote catastrophe (Li et al., 2002). Several studies 

tested MT dynamics in-vitro. In these studies, MTs were purified, and the influence of soluble MT in 
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physiological concentrations result in stochastic rounds of MTs growth and shrinkage, This dynamic 

behaviour was entitled “dynamic instability” (Mitchison and Kirschner, 1984). However, a large 

set of in-vivo studies showed that MT dynamics is influenced by a collection of conserved MT 

regulatory proteins located along the MT lattice or at the MT ends. 

As mentioned previously, organelle positioning and function are influenced by MT dynamics. 

Mitochondrial transport (only in fission yeast) and ER tubulation can be promoted by association 

with dynamic MTs (Fu et al., 2011, Grigoriev et al., 2008). The mechanism and function of this kind 

of membrane transport is far more established for the ER. The ER membrane associates with growing 

MTs via the ER resident membrane protein STIM1 and the plus-end tracking protein Eb1 (Grigoriev 

et al., 2008). Eb1 labeled in animal cells appears as a comet-like structure at the tip of growing 

microtubules. Possible explanations for this comet formation includes affinity of Eb1 for GTP cap at 

the MT tips or recognition of specific structural features such as tubulin sheets found at the growing 

tips (Jiang and Akhmanova, 2011).   

Already in earlier in vitro reconstitution experiments with purified MT and microsomes, Waterman-

Storer et al. described that the induction of MT growth can promote microsome movement, which is 

referred as Tip Attachment Complex (TAC) dynamics (Waterman-Storer et al., 1995). TAC dynamics 

depends on the ER membrane protein STIM1 and +TIP protein Eb1 (Grigoriev et al., 2008).  

In case of ER transport by the TAC phenomenon, there are two physiological aspects reported. First, 

Ca2+ storage is regulated by subcellular positioning of STIM1. Following the depletion of ER Ca2+ 

levels, STIM1 moves to the plasma membrane.  At the plasma membrane (PM) STIM1 associates 

with the effector PM Ca2+ channel ORAI, which allows Ca2+ entry to the cytosol, and its subsequent 

pumping into the ER lumen. The recruitment of STIM1 to the PM relies on Eb1 and MT dynamics 

since the treatment of cells with MT depolymerization agents prevents Ca2+ flux into the ER lumen 

(Smyth et al., 2007). The second aspect links ER organization and mitosis. In mitosis, the space 

between the spindle poles is devoid of ER membrane.  This space void is achieved by the detachment 

of the ER membrane from the mitotic spindle, which is mediated by the dissociation of Eb1 from 

STIM1, following STIM1 phosphorylation (Smyth et al., 2012).   

In summary, during cell cycle, organelles undergo massive reorganization. The mitochondria, in 

particular, are very dynamic organelles that constantly divide, fuse and get transported. These 

processes are critical for achieving its specific architecture, which in turn ensure accurate distribution 

of metabolism (e.g. ATP), buffering of Ca2+ and inheritance. There are at least two known 

mechanisms by which the mitochondria can be transported towards the cell periphery. First, motor 

protein-dependent transport and second, the transport by attaching MTs independent of motor protein. 

 The molecular mechanism regulating mitochondria motility and its link to physiology are still under 

investigation.  
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 2.  Thesis overview 

A synthetic screen in baker’s yeast revealed a complex tethering the mitochondria and the 

Endoplasmic Reticulum (ER). This complex is called ERMES [ER-Mitochondria-Encounter-

Structure], and consists of four structural and one regulatory protein (Kornmann, 2011). The 

structural proteins are only conserved in the fungi kingdom, while the fifth ERMES component, an 

atypical Rho-GTPase termed Gem1, is conserved from yeast to mammals, where it is known as MIRO 

(Kornmann et al., 2011). The initial goal of my project was to identify, and if possible, characterize 

a hypothetical mammalian tethering-complex between ER and mitochondria using Miro as bait. For 

identification of the ERMES homologues, MIRO was purified together with its associated proteins, 

which were subsequently identified using LC-MS/MS. Within the large variety of identified possible 

interactors, the most promising ones were selected for further examination. In the first experiments I 

was interested in the localization of the identified protein as well as in their effect on mitochondrial 

dynamics when absent. In order to answer the first question, I used specific antibodies to check for 

co-localization of Miro1 with the selected proteins. In addition, I took advantage of mitochondrial 

fluorescent markers to address the effect of the depletion or overexpression of these candidates on 

mitochondria dynamics and morphology. However, none of the most promising candidates were 

found to localize together with Miro1 or to impact on the appearance of mitochondria. These 

results led me to switch towards another, well-established approach, called SILAC, stable-isotope 

amino-acid labelling in culture. Using SILAC allows discriminating between post-lysis binding 

contaminants and Miro1 native interactions that were established before cell lysis. The outcome of 

this experiment allowed me to reject some of the formally detected potential interactions, and, in 

parallel, revealed few new targets for further investigation. However, this approach did not lead to 

the identification of ERMES-like proteins in mammalian cells. In this thesis dissertation I will focus 

one protein which was found to interact with Miro, the microtubule (MT)-binding protein Cenp-F 

(Centromeric protein F). Investigating the role of Cenp-F and Miro in mitochondria mobility led to a 

potential new mechanism of organelle transport in an MT dynamic-dependent manner. In the first 

part of the thesis, I will present my published study, which summarizes the discovery of Cenp-F as a 

Miro-associated protein and their combined function in mitochondria distribution in dividing cells.  I 

could show that Cenp-F is involved in mitochondria trafficking, most likely by attaching 

mitochondria to growing MTs. Direct evidence was, however, missing. It was not clear whether Cenp-

F, by itself, is sufficient for moving mitochondria along MTs, or this mobility is dependent on other 

factors, for example motor proteins. Interestingly, a very detailed in vitro work addressing this very 

question was just published by Vladimir Volkov and colleagues (Volkov et al., 2015). In this work 

the researchers showed that the purified MT-interacting domain of Cenp-F could follow de-
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polymerizing MTs in vitro. Strikingly, Cenp-F could attach cargo (Glass beads in this case) to 

shortening MTs without additional proteins. In collaboration with Volkov, Martin Peterka (another 

Ph.D. student from the Kornmann group) and I set out to tackle the question whether Cenp-F is 

sufficient to transduce the force from polymerizing MTs to Cargos. In the second part of the result 

section, I will present that indeed, the purified carboxyl-terminal MT-interacting domain of Cenp-F 

can attach cargo – glass beads and isolated mitochondria – to growing and shrinking MTs. Moreover, 

I could further support the in vitro work with data from live cells in which full-length Cenp-F fused 

to GFP followed growing and shrinking MTs in cells. Although the molecular mechanism is not fully 

understood, this work reveals for the first time an adaptor protein that promote organelle motility by 

using the MTs as motor proteins.    
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 3.  Results - Mitotic redistribution of the mitochondrial 
network by Miro and Cenp-F 
Gil Kanfer1, Thibault Courtheoux1, Martin Peterka1, Sonja Meier1, Martin Soste1, Andre Melnik1, 

Katarina Reis2,Pontus Aspenstrom2, Matthias Peter1, Paola Picotti1 & Benoit Kornmann1 
 

 

1 Institute of Biochemistry, ETH Zu¨rich, 8093 Zurich, Switzerland.  

2 Department of Microbiology, Tumor and Cell Biology, Karolinska InstitutetStockholm, Sweden. 

 

Nature communication, DOI: 10.1038/ncomms9015D 
 

1038/ncomms9015 

 

Contributions: 

I am the first author of this publication, led the project and performed most of the experimental 

work, designed the study, and wrote the paper under the supervision of Prof. Dr. Benoit Kornmann.  
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 4.  Results - Cenp-F attaches cargo to growing microtubule 
ends 
 

On the basis of the published article presented in this thesis, a few loose ends remained. This section 

addresses questions such as – how is mitochondrial network distribution mediated by Miro-Cenp-F 

at the molecular level? Are motor proteins required, in addition to Cenp-F, for mitochondria mobility?   

  

 4.1.   Mitochondrial distribution mediated by Miro-Cenp-F 
In proliferating cells, mitochondria are dynamic and dispersed in the cytoplasm. Mitochondria 

spreading is associated with several factors and the mitochondrial Rho GTPase Miro is crucial for the 

regulation of mitochondrial trafficking in neurons (Schwarz, 2013). Mitochondria distribution was 

previously shown to be, at least in part, mediated by Cenp-F, which was found to be recruited to the 

mitochondria by Miro. In particular, Miro and Cenp-F are acting in very similar manners, since 

mitochondria distribution was dysregulated in cells where Miro or Cenp-F had been depleted. In fact, 

in cells in which Miro1 expression was completely deleted by CRISPR knockout and Miro2 

expression was reduced by siRNAs, the collapsed mitochondria network could be rescued by 

overexpression of Miro1. However, upon , redistribution ofthe mitochondria network failedupon 

expression of Miro1 mutants, which harbored mutations previously shown to block Cenp-F 

recruitment (e.g. Miro1 with point mutations in the N-terminus GTPase or Ca2+-binding domain) 

(Fig.5a). In contrast, disrupting the C-terminal GTPase domain, which does not influence the ability 

of Miro to recruit Cenp-F to the mitochondria, rescued the mitochondrial phenotype. The effect of 

Cenp-F on mitochondria distribution is most likely related to mitochondria transportation. Therefore, 

we tested whether mitochondria dynamics is influenced by Cenp-F disruption. We visualized 

mitochondria in U2OS cells using mitochondria-localized blue fluorescent protein following 

knockdown of Cenp-F by siRNA. We measured mitochondria dynamics by following mitochondria 

position for 16 seconds (Fig. 5b). Analysis of these time-lapse images by a co-localization assay 

showed a significant reduction in mitochondrial mobility in Cenp-F knockdown cells.   
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Fig 5: Mitochondria distribution and dynamic are influenced by Cenp-F 
a) Miro rescues mitochondria collapse by Cenp-F recruitment to mitochondria. Immunofluorescence of U2OS (left 

panel) or Miro-less cells expressing Flag-Miro1X (contains the indicated mutations). Localization of Cenp-F 

(green), mtBFP (Red), Flag-Miro1X (Magenta). Scale bar, 10µm. b) Cenp-F disruption decreases mitochondria 

dynamics. Merged images of U2OS cells expressing mitoBFP at time t0 (green) and time t 0 + 16 sec (red). Upper 

panel, scrambled siRNA-treated cells. Lower panel, cells treated with Cenp-F siRNA (30nM) for 48 hours. B) 

Scatter plot of fluorescence intensities where X axies is time t 0 + 16 sec and Y axis is Time t 0. The treatments are 

indicated below the image, the colocalization coefficient was determined by Pearson's colocalization test using 

ImageJ plugin - Pearson–Spearman correlation colocalization plugin (French et al., 2008). The mean Pearson 

colocalization coefficient calculated for 15 cells for each treatment, * p value < 10-2 from Mann-Whithney-Wilcoxon 

U test. Scale bar, 2µm.   
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 4.2.   Cenp-F mediated mitochondrial distribution appears independent of Cenp-
E, Nudel and MTs organization 

Since Miro promotes distribution by attaching mitochondria to motor proteins, we assessed whether 

the mechanism of mitochondria transport by Miro-Cenp-F is motor protein-dependent. First, we 

tested the minus end-directed motor protein Dynein. Previously, Cenp-F was shown to associate with  

Dynein via the nuclear distribution protein nudE1-like 1 (NudeI) (Vergnolle and Taylor, 2007). 

Recently, these proteins were shown to influence mitochondrial retrograde movement in neuronal 

axons (Shao et al., 2013). Hence, we determined Cenp-F recruitment and mitochondrial distribution 

in cells depleted of NudeI by siRNA (Fig 6a). Disrupting NudeI did not significantly alter 

mitochondrial distribution nor affect the mitochondrial localization of Cenp-F. Besides Dynein, the 

kinesin Cenp-E was found to directly bind Cenp-F at the  kinetochore (Chan et al., 1998; Maton et 

al., 2015; Musinipally et al., 2013).  Therefore, we tested the influence of Cenp-E depletion on 

mitochondrial redistribution after cytokinesis (Fig. 6a). As for Nudel, disrupting Cenp-E expression 

did not affect post-mitotic distribution of mitochondria in U2OS cells. However, since the reduction 

of NudeI and Cenp-E were not measured in the current study, the influence of these proteins on 

mitochondria movement by Cenp-F remains to be determined.  

MTs play a central role in mitochondrial network organization, and because Cenp-F was previously 

shown to promote MT polymerization in vitro and also in vivo (Feng et al., 2006; Moynihan et al., 

2009), we assessed if the defect in mitochondria spreading in cells lacking Cenp-F or Miro were due 

to changes in overall MT network. Cells were treated with nocodozole, a MT depolymerizing drug, 

for one hour. Subsequently, the nocodazole was washed out and after two minutes of incubation cells 

were fixed and immunostained with specific Tubulin antibody (Fig. 6b). In contrast to previous 

studies, no significant alteration in MT assembly was detected, neither in cells depleted of Cenp-F by 

siRNA nor in cellsexpressing Miro1. Thus, the mechanism mediating mitochondria distribution by 

Cenp-F is unlikely due to changes in MT dynamics in cells.  
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Figure 6: Mitochondrial redistribution is not influenced by Cenp-f adaptors proteins. 
a) Immunofluorescence of U2OS expressing mitoBFP (red) stained with Cenp-F antibody (green). Indicated 

proteins were depleted with 30nM siRNA for 48 hours . Scale bar, 10 µm. b) Cells which were silenced for 

Cenp-F or expressed Flag-Miro1X were treated with 10 µM nocodazole and fixed directly (upper panel) or 

nocodozole was washed out (bottom panel) and cells were fixed after 2 minutes. MTs and Cenp-F were stained 

with specific antibody. 
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 4.3.   CENP-F and mitochondria colocalize with the tips of MTs in live 
U2OS cells and follow MT growth and shrinkage  

Interphase microtubules carry a number of proteins on their growing tips, including EB 

proteins (EB1, 2 and 3), CLIP170 and others (reviewed in [Jiang & Akhmanova, 2011]), 

which interact with specific structural features of the GTP-bound tubulin at the 

polymerizing MT tip [Zhang et al., 2015]. Cenp-F has been associated with growing 

microtubules in fixed cells, but in vitro, Cenp-F has been shown to associate with 

shrinking microtubules.  Because microtubules can switch between growth and shrinkage 

in a dynamic fashion, we wanted to observe Cenp-F localization relative to dynamic 

microtubules in live cells. Expression of a N-terminally tagged GFP-Cenp-F did not 

recapitulate the sub-cellular localization of endogenous Cenp-F (Fig. 7b, left panel). This 

might be due to the fact that Cenp-F N-terminus bears a MT-binding domain, that may 

no longer be functional in the GFP fusion. Since the C-terminus of Cenp-F bears an 

important farnesylation motif, it is not a better place to fuse a GFP. Instead, we took 

advantage of the fact that in mammalian cells, Cenp-F expresses two different splice 

variants which differ in that one comprises exon 19, while the other skips it. We reasoned 

that the space left by the skipped exon 19 could be a good location to insert an internal 

GFP (Fig. 7a). Internally tagged Cenp-F (hereafter named Cenp-F^GFP) recapitulated 

faithfully the localization of endogenous Cenp-F, as it localized to mitochondria (Fig 7b), 

nucleus, nuclear envelope and kinetochores (not shown), as expected. Because the Cenp-

F^GFP was overexpressed, an excess of free protein localized uniformly to the cytoplasm. 

Using total internal fluorescence microscopy, however, allowed to focus on a small 

proportion of the Cenp-F^GFP molecules associated with the microtubules in closest 

contact with the plasma membrane. Cenp-F^GFP was cotransfected with RFP-EB1 to 

specifically mark growing microtubules (Fig 7c). We could observe Cenp-F^GFP foci at 

the tip of growing microtubules, slightly ahead of EB1 comets, in agreement with what 

we had observed in fixed cells. Moreover, these foci followed microtubule growth, 

indicating that Cenp-F tracks growing microtubules. To visualize also shrinking 

microtubules, we imaged Cenp-F^GFP together with SIR-tub, a dye that marks all 

microtubules (Fig 7d). Events of Cenp-F tracking shrinking microtubules could also be 

observed, although the speed of microtubule depolymerization made it difficult to follow 

such events for more than 2-3 frames (2 s per frame.) Thus, Cenp-F can track both 

growing and shrinking microtubules in vivo.   
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Figure 7: Cenp-F tracks growing and shrinking microtubule ends in-vivo 
a) GFP internal tagging by replacing exon19 with GFP. Blue boxes indicate exons. 

b) Internal tagged GFP Cenp-F (designated as Cenp-F^GFP, in green) localizes to the mitochondria (mitoBFP in red, left 

panel) in comparison to amino-terminally tagged Cenp-F(right panel). c) Cenp-F moves ahead of Eb1. Time lapse images 

of  U2OS cells expressing RFP-Eb1(magenta) and Cenp-F^GFP (green). Time scale is 400 ms/ frame.  d) Cenp-F follows 

growing and shrinking MT ends. U2OS cells were transfected with Cenp-F^GFP (green) and stained with 1µM Sir-

Tubulin (grey). Time scale is 2 s/frame. Red arrowheads in top panel indicate Cenp-F foci in front of MT end or Eb1 

comets. In the left panel, open arrowheads indicate microtubule recue, plain arrowheads indicate catastrophes. Scale bar, 

10 µm for the whole cells and 0.5 µm for the single events. 
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 4.4.   CENP-F fragments load at the growing MT tips, but do not follow 
the growth 

Most microtubule tip-tracking proteins do so by association with the GTP-tubulin-binding 

EB proteins. Cenp-F, however appears to track microtubules through a different 

mechanism since, 1) it does not colocalize with the EB1 comet but appears to bind 

microtubules closer to their tips, and 2) it can follow shrinking microtubules, which have 

lost the GTP-tubulin cap and their EB proteins. This prompted us to test if the 

microtubules-binding domains of Cenp-F had tip-tracking capability in isolation. To 

assess whether single molecules of Cenp-F can follow MT growth as well as MT 

shrinkage, we used an in vitro reconstitution approach. Dynamic MT extensions were 

grown using purified, fluorescently labeled tubulin from GMPPCP-stabilized, coverslip-

anchored MT seeds in the presence of previously characterized recombinant MT-binding 

domains of Cenp-F, fused to superfold GFP(-tagged CENP-F fragments, N436-sfGFP 

and sfGFP-2592C )(Volkov et al., 2015) (Fig. 8a). Kymographs of dynamic MT 

extensions (Fig. 8b) showed two types of interactions with MTs: (1) some GFP-tagged 

molecules were loaded at the MT lattice and diffused rapidly along MTs before 

disappearing; and (2) some GFP-molecules were loaded at the growing MT tip, but did 

not track the growing tips. Instead, they remained stably associated at the site where they 

were loaded and stayed bound until MTshortening. These events were observed for both 

the N- and C-terminal fragments (Fig. 8b). We have not observed any detectable 

movement with the MT tip for any of the two fragments used. Thus, individual MT-

binding domains of Cenp-F do not appear to have intrinsic tip-tracking capability in our 

in vitro system. Previous studies showed that Cenp-F fragment influences MT dynamics, 

hence we quantified the growth and shrinkage speed of MT in presence of N436-sfGFP 

and sfGFP-2592C. Consistent with our in vivo data, we could not observe significant 

changes in MT dynamics in the presence of the Cenp-F fragments (Fig 8c).   
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Figure 8: Isolated MT interaction domains appear at tip of growing MTs but fail to track dynamic MT tips. 

a) Schematic representation of the experimental setup used to investigate MT dynamics and isolated Cenp-F-MT interaction 

domains. b) left panel, still image of seed MT (blue) with dynamic MTs (red) in the presence of 2µM sfGFP-2592C (green). 

Right, example Kymograph from a time-lapse video. Isolated MT interaction domains are enriched at the tip (arrowheads) but 

fail to follow MT tips. Time scale is 400 msec per frame, Scale bar, x:3µm, y: 60s. c) Bar graph of MT growth and shrinkage 

speed. The mean +/-SEM of MT growth speed in the absence of purified fragment (n=10) or in the presence of N436sf-GFP 

(n=25) or in the presence of sfGFP-2592C (n=27) were 3.5 ± 1.07 µm/min, 1.7 ± 1 µm/min, 2.1 ± 0.21 respectively.  The mean 

+/-SEM of growth MT speed for MT in the absence of purify fragment (n=13) or in the presence N436sf-GFP (n=10) or in the 

presence of sfGFP-2592C (n=19) were 3.5 ± 1.07 µm/min, 1.7 ± 1 µm/min, 2.1 ± 0.21 respectively.  The mean +/- SEM of 

shrinkage MTs speed for MT in the absence of purified fragment (n=13) or in the presence N436sf-GFP (n=10) or in the presence 
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 4.5.   Beads coated with the 2592C fragment follow growing MT tips 
Though Cenp-F fragments did not follow MT growth, a recent study showed that beads 

coated with Cenp-F fragments can track shrinking MTs. Hence, we attached GFP fused 

Cenp-F MT-binding fragments to the surface of 1-µm microbeads in order to track the 

beads and MT dynamics using a total internal reflection microscope (TIRF). sfGFP-

2592C coated beads were attached to growing and shrinking MTs, in contrast to N436-

sfGFP coated beads which were strongly bound to MT seed or to the MT wall (data not 

shown). Given the fact that sfGFP-2592C can promote cargo movement by attaching 

beads to MT, and since this fragment contains a Miro interaction motif, we tested whether 

sfGFP-2592C could also promote mitochondria transport. To reconstitute this reaction in 

vitro we prepared crude mitochondria extracts from U2OS cells overexpressing Miro1 

and mitoBFP in the presence or absence of endogenous Cenp-F. Subsequently, we 

incubated the extracts with recombinant sfGFP-2592C and added these to the flow 

chambers with fluorescently labeled, dynamic MTs extending from coverslip-anchored 

stable MT seeds (Fig. 9b). Particles with blue (mitoBFP) and green (sfGFP-2592C) 

fluorescence were bound to the MT extensions, and we observed movement of these 

particles with the tips of both growing and shortening MTs (Fig. 9c). The CENP-F-

coupled mitochondrial particles moved over 2.4 ± 0.4 µm (n = 16, mean ± SEM) with 

MT shortening and over 0.8 ± 0.1 µm (n = 11) with MT growth.   
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Figure 9: Cargos are attached to dynamics microtubule tips by sfGFP-2592C 
a) Left panel, selected frames from time-lapse movies of fluorescently labeled MT extensions (green) and beads coated 

with sfGFP-2592C (red). Kymographs of the corresponding video. Time scale, 1 s/frame, scale bar x:3µm y:60sec. b) 

Schematic representation of the experimental setup used for investigating MT dynamics in presence of the isolated 

Cenp-F MT interaction domain and isolated mitochondria from Miro1 overexpressing cells. c) Left panel, selected 

frames from time lapse movies of fluorescently labeled MT extensions (red) and beads coated with sfGFP-2592C (red) 

MT seeds (yellow) and isolated mitochondria (cyan). Right panels, Kymographs of the corresponding video, time scale 

1 sec per frame, scale bar x:3µm y:60sec. 
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 5.  Discussion 

In cells, mitochondria are organized as dynamic interconnected networks which are 

maintained by a balance between fission, fusion and transport. In the course of the cell 

division cycle, the mitochondria undergo a dramatic alteration in distribution. This 

alteration is mediated by the Rho GTPase Miro which attaches the mitochondria to the 

MTs and facilitates mitochondria spreading. Here I show that the redistribution of the 

mitochondria by Miro is mediated by a cell-cycle-dependent association of MTs with the 

protein Cenp-F. Miro recruits Cenp-F to the mitochondria by recognizing a Cenp-F forty-

four amino-acid sequence. The Cenp-F-Miro interaction promotes mitochondria transport 

by coupling the mitochondria to growing MTs.  

 

Although the mechanism behind Cenp-F-mediated mitochondria movement has been 

clarified in this work, some fundamental aspects remain unclear. For instance, how is 

mitochondria spreading by Miro-Cenp-F regulated? Why is mitochondria distribution 

altered during cell-cycle? How does mitochondria localization relate to cell development 

and differentiation? Is Cenp-F-mediated mitochondrial distribution relevant in the 

development of cancer malignancies?  

 

 5.1.   Cell-cycle dependent interaction between the mitochondria and 
the cytoskeleton changes mitochondria distribution 

Mitochondria morphology changes during cell cycle. Although the recruitment of fusion 

and fission factors to the mitochondria in dividing cells, and particularly in mitosis, is 

covered extensively, the impact of organelle transport and trafficking mechanisms on 

mitochondria morphology in dividing cells has been poorly addressed. In fact, the 

involvement of Cenp-F (also called Mitosin) in mitochondria distribution is the first 

molecular evidence that mitochondrial transport is linked to the cell-cycle. Cenp-F is a 

large 367 kDa MT binding protein. Cenp-F was first defined as a component of the outer 

kinetochore (Casiano et al., 1995; Rattner et al., 1993). Cenp-F expression profile is  very 

dynamic. Cenp-F expression initiates during S phase, increases through G2 and culminates 

at mitosis before quickly decreasing in G1. Parallel to protein expression, the sub-cellular 

localization of Cenp-F also changes during the course of the cell-cycle. It binds to the 

nuclear envelope during the G2/M transition, is enriched at the kinetochores during mitosis 

and re-localizes to the mid-body in cytokinesis (Hussein and Taylor, 2002; Liao et al., 
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1995).  In S/G2 the protein is found at the nuclear matrix while a cytosolic subpopulation 

is present in distal mitochondria, proximal to the cell borders. Cenp-F re-localization to 

mitochondria is further enhanced during cytokinesis, before Cenp-F expression is reduced 

in G1 (Fig. 1b). The recruitment of Cenp-F to the mitochondria by the outer mitochondria 

membrane protein Miro is achieved by direct interaction of the two proteins (Fig. 2g). 

Deletion of either Miro or Cenp-F results in mitochondrial dynamics reduction and 

collapsing of the mitochondria network to the cell center, indicating that these proteins are 

acting in similar pathways (Fig. 2a and Fig. 5b). It seems that neither the loss of Miro nor 

Cenp-F depletion affects cell cycle progression, at least in the U2OS cells used in the 

current study (Fig. 10a). The mechanism that relocates Cenp-F from the kinetochores at 

anaphase, to mitochondria during cytokinesis is yet to be found. This transition is certainly 

tightly regulated and likely due to sensing of unknown signals.  (Kanfer et al,. 2015). 

Therefore, it is highly intriguing to identify the key players driving Cenp-F spatiotemporal 

translocation at specific cell-cycle stages. A first hint comes from the identification of the 

conserved forty-four amino-acid Cenp-F sequence recognized by Miro (Fig. 2h). This 

sequence contains consensus phosphorylation motifs of cell-cycle kinases, such as Cdk1 

and Aurora B. Notably, previous works have identified Aurora and Cdk1 as master 

regulators of the mitochondria fission prior to mitosis (Kashatus et al., 2011; Taguchi et al., 

2007). Hence, it is tempting to surmise that Cenp-F mitochondrial recruitment could be 

triggered by cell-cycle specific kinases. Another hint derives from studies in mouse. The 

Cenp-F homolog (designated as Lek1) was found to interact with another central cell-cycle 

factor - the canonical tumor-suppressor gene retinoblastoma (RB) (Ashe et al., 2004; 

Papadimou et al., 2005; Robertson et al., 2008). Although it is not clear whether the 

association with RB promotes cell-cycle progression, the fact that Lek1 interacts with RB 

through a domain that partially overlaps with the Cenp-F Miro interaction motif suggests 

a possible competition between RB and Miro for Cenp-F binding. Moreover, it was shown 

that a subpopulation of RB can be found in mitochondrial fraction where it stimulates 

programmed cell death by interacting with the pro-apoptotic protein BAX (Hilgendorf et 

al., 2013). Although the study is missing experimental evidence supporting a role for Cenp-

F during apoptosis, the co-localization and interaction of Cenp-F and RB at the 

mitochondria suggests a role for Cenp-F in programmed cell death. Finally, recent work 

has found that the cell cycle kinase Cdk1 phosphorylates Cenp-F and promotes its nuclear 

envelope localization prior to mitosis (Baffet et al., 2015). Although the recruitment of 

Cenp-F to mitochondria occurs in various stages, (sooner than nuclear envelope 

recruitment and after anaphase), it is interesting to explore the potential role of Cdks in the 
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context of Cenp-F recruitment to mitochondria.   

 5.2.   Mechanism of mitochondria transport by Cenp-F and Miro 
Cenp-F is a MT-interacting protein. Cenp-F was first described as part of the outer 

kinetochore, where it stabilizes MTs and kinetochores interaction in mitosis (Chan et al., 

1998; Feng et al., 2006; Hussein and Taylor, 2002; Musinipally et al., 2013; Volkov et 

al., 2015). The ablation of Cenp-F results in mitotic delay, chromosomes misalignment 

and failed assembly of full kinetochore (Bomont et al., 2005; Holt et al., 2005). Even 

though these observations emphasize the role for Cenp-F in mitosis, down-regulation of 

Cenp-F by RNAi only delays but does not completely disrupt progression of mitosis. 

Indeed, a variety of studies have demonstrated a broad role of Cenp-F behind its function 

in mitosis (Varis et al., 2006). For instance, a subpopulation of Cenp-F was shown to 

localize to the NE while another sub-population of the protein was found at centrosomes 

(Bolhy et al., 2011; Moynihan et al., 2009; Waters et al., 2015). Likewise, another study 

performed in MEFs also demonstrated Cenp-F localization to the centrosomes, where MT 

nucleation was found to be influenced by Cenp-F, supporting a role for Cenp-F in 

promoting MT growth (Moynihan et al., 2009). These results are inconsistent with the 

current study, in which MTs growth rates were shown to be similar between WT and 

Cenp-F RNAi cells (Fig. 6b and Fig. 8c). The discrepancy might come from the usage of 

different cell-line systems or of different organisms. The claim that Cenp-F can be 

involved in MT dynamics is supported by the unique localization of Cenp-F at the very 

tip of growing MTs ends (Fig. 4a,b), ahead of EB protein comets. In fact, there are only 

two more known MT-associated proteins which localize at the extreme MT tips, the MT 

microtubule-associated proteins Ch-Tog and CLASP (Al-Bassam and Chang, 2011). Ch-

TOG acts as MT polymerase by accelerating MT assembly. An earlier study in which 

isolated MTs were exposed to glass beads coated with purified Ch-Tog has demonstrated 

that cargo movement can be coupled to dynamic MTs by Ch-Tog (Trushko et al., 2013). 

However, unlike the current study which supports mitochondria transport by Cenp-F in 

vivo, whether Ch-Tog can promote organelle transport in cells remains unknown. It is 

also not clear how Cenp-F transduces the force from the MT dynamics to moving cargoes. 

Since the structure and function of Ch-Tog was investigated elaborately, Ch-Tog can 

serve as a model to study the mechanism of Cenp-F-driven mitochondria transport at the 

molecular level. Another player which might participate in cargo movement by Cenp-F 

and MT tips is the MT plus end tip protein CLASP. CLASP promotes MT rescue and 

suppresses MT catastrophe events. There are two reasons to study CLASP in the context 
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of Cenp-F-mediated mitochondrial dynamics: first, CLASP was found to interact with a 

Cenp-F homolog in C.elegans (Cheeseman et al., 2005). Second, CLASP -dependent 

mitochondrial trafficking on dynamic MTs was demonstrated in fission yeast (Chiron et 

al., 2008).  Although Cenp-F, Ch-Tog and CLASP can track dynamic MT ends, the ability 

to exert force from both growing and shrinking MTs has so far only been demonstrated 

for Cenp-F. In addition to attachment to dynamic MTs, there is also the possibility that 

the force necessary to move cargo is generated by motor proteins. Indeed, previous studies 

have connected Cenp-F and MT based motor proteins. First, Cenp-F interacts with the 

plus-end-directed MT motor Cenp-E (Chan et al., 1998; Maton et al., 2015; Musinipally 

et al., 2013). Both proteins were found to be part of the outer kinetochore structure and 

share similar functions during mitosis. The downregulation of Cenp-E by RNAi 

influenced neither Cenp-F mitochondrial localization nor mitochondria spreading (Fig. 

6a), indicating that Cenp-E most likely does not participate in mitochondrial transport by 

Cenp-F. Second, Cenp-F was also found to recruit Dynein by binding proteins of the 

Nuclear distribution family Nude/Nudel/Lis1, which are critical components of the 

cytoplasmic Dynein complex (McKenney et al., 2014; Vergnolle and Taylor, 2007). This 

functional recruitment of Dynein complex by Cenp-F was shown to be a critical step in 

the process of Nuclear envelope break down, which happens at the G2/M transition. 

However, as was demonstrated with Cenp-E, the down-regulation of Nude/Nudel by 

RNAi resulted neither in Cenp-F mitochondrial mislocalization nor in altered 

mitochondrial network distribution (Fig. 6a). However, disrupting Nude/Nudel1/Lis1 

expression in neurons blocked mitochondria retrograde transport in dendrites (Shao et al., 

2013). Since Cenp-F is expressed in mouse brain and plays a role in neuronal progenitor 

stem cells, it will be interesting to test whether Cenp-F can promote mitochondria 

transport in neurons by attaching to the Dynein complex (Dees et al., 2012). 

In agreement with the results presented in current study, recent work by Volkov and 

others also shows that Cenp-F can follow MT ends and couple cargo transport in vitro 

(Volkov et al., 2015). In this case, the researchers suggest that Cenp-F contributes to 

pulling chromosome following anaphase by attaching the kinetochores to the 

disassembling MTs. More specifically, they show that Cenp-F is enriched in pulldown of 

curled MTs, which are thought to harbor the shape of shrinking MTs.  These experiments 

were conducted in vitro, unlike in the current work where Cenp-F ability to follow MT 

growth was supported by in vivo experiments. Evidence from living cells showing that 

Cenp-F follows kinetochores during chromosome segregation is still missing, but those 

two complementary approaches point for the first time that MT can serve as a motor for 
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pulling and pushing cargoes. The mechanism of action still needs to be clarified at the 

molecular level and the possible involvement of motor proteins in this process should be 

tested in living cells.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

U2OS REP SaOS Wva-12 HFC Gm847 Cos7 HTC116

M
ito

ch
on

dr
ia

 C
en

p-
F

 C
en

p-
F

30.69 29.81 29.81 26.08

50.54 46.23 45.84 54.62

18.77 23.96 24.35 19.31

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

G2/M

S

G1

Sheet1

U2OS RPE SaOSWva-12 HFC GM847 Cos7 HTC116
0

10

20

30

40

50

60

M
ito
ch
on
dr
ia
lC
en
p-
f/
to
ta
lc
el
l(
%
)

ca

b

Figure 10: Cenp-F, cell-cycle and cancer cell-lines 
a. Cell cycle analysis performed by FACS on SK-N-MC cells. 

b. Immunofluorescence of cancer-cell line stained with Cenp-F antibody (green) and Tom20(red). 

c. Quantification of Cenp-F translocate to the mitochondria. Over 100 cells were counted for the different cell-

lines 

 



 

 5.3.   Cenp-F and Miro role in cellular development and cancer 
The recruitment of Cenp-F to the mitochondria in a cell cycle-dependent manner, 

establishes the first connection between mitochondrial transport and cell-division 

progression . However, despite the fact that Cenp-F is related to mitosis, and that 

mitochondria spreading is regulated by Cenp-F expression and localization, Cenp-F 

down-regulation does not influence cell cycle progression (Fig 10a). In-fact, the link 

between mitochondrial network organization and cell-cycle progression is missing. On 

the other hand, more studies report on possible roles for mitochondrial network 

organization in stem cell differentiation and development. For instance, a link was 

observed between mitochondria fission/fusion dynamics during the process of oogenesis. 

In this case, Mitochondria fission was found to be essential for cell-cycle exit and 

differentiation of a posterior follicle cell in the fruit fly (Drosophila). Moreover, 

hyperelongation of the mitochondrial network results in premature differentiation (Mitra 

et al., 2012). Similarly, the sub-cellular position of mature cells prior to stem like-cells 

differentiation correlated with mitochondrial function and stemness (Prigione et al,. 2010; 

Varum et al,. 2011; St Joun JC,. 2005; Mandal S,. 2011; Katajisto,. 2015). 

Cenp-F was also found to play an important role in development. In the embryonic mouse, 

Cenp-F protein expression is ubiquitous but increased in the heart and brain (Dees et al., 

2012). Attempts to create a globally targeted deletion of Cenp-F results in embryonic 

stem cells with significant duplication defects, such that the lines could not be expanded 

beyond the eight-cell stage (Toralová et al., 2009). It is not clear whether this phenotype 

is due to the role of Cenp-F at kinetochores or at mitochondria distribution. One way to 

address this point would be to engineer separation of functions alleles of Cenp-F in mice. 

A point mutation in Miro interaction motif of Cenp-F prevents Cenp-F mitochondrial 

recruitment, presumably without affecting its other roles.  

Besides its role in development, Cenp-F is also overexpressed in various cancers such as 

lung cancer, breast cancer, Non-Hodgkin lymphomia, mantle cell lymphoma and in 

prostate cancer (Ma et al., 2006). Although this protein is expressed in cancer cells and 

plays a role in KT-MT attachment during mitosis, Cenp-F function in malignancy process 

is still not clear. In particularly, in a variety of different cancer cell lines, Cenp-F is found 

in the nucleus, but Cenp-F mitochondrial localisation was displayed in only a fraction of 

these cells (Fig. 10b and c). Protein regulation can explain the discrepancies in Cenp-F 

subcellular positioning in the different cancer cells as different cancer models activate 
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various sets of protein and signaling pathways (Fig. 10b and c). In-fact, it is not clear at 

all whether Cenp-F mitochondrial role is engaged in the process of cancer development. 

Until recently, the connections between mitochondria and cancer were related mainly to 

metabolism. The connection between cancer invasion and a decrease in mitochondrial 

respiration is established and has been named “the Warburg effect” (Warburg, 1956; 

Wallace, 2012). Recent work indicates a role for mitochondria dynamic in tumor invasion. 

This study suggests a correlation between tumor penetration and mitochondria division 

(Fission et al., 2015). In addition, mitochondria positioning was also linked to an increase 

in tumor cell motility and invasion (Caino et al., 2015). In this study the researchers show 

that upon stimulus, cancer cells redistribute their mitochondria to the cell periphery 

(Caino et al., 2015). Specifically, they show a correlation between mitochondria with 

higher respiration profile and their specific sub-cellular localization at the cell periphery, 

probably for supplying energy for the highly demanding actin cytoskeleton which 

promotes cell motility. This observation suggests an active mechanism which separates 

the mitochondria according to their respiration and transports more functionally active 

mitochondria to the cell periphery, most likely by attaching mitochondria to MTs.  It 

would be intriguing to test whether Cenp-F is involved in this type of selective transport 

of mitochondria. Supporting possible role of Cenp-F in cancer cell migration comes from 

a study which identified Cenp-F as a master regulator of prostate cancer (Aytes et al., 

2014), where Cenp-F down-regulation was shown to block cell motility and to reduce 

tumor malignancy. 
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Materials and methods 

Cell Culture, Transfection and plasmids 

U2OS cells were grown at 37°C in DMEM (Life Technologies) supplemented with 10% 

F.C.S., 100 μg/ml streptomycin, 100 U/ml penicillin, and 1% L-glutamine. To establish 

the KERMIT cell line, U2OS cells were cotransfected with linearised mtBFP and pAc-

Sec61α-GFP. Individual clones were selected in 0.4 μg/ml G418 and maintenance was 

performed in 0.2 μg/ml. To visualize microtubules, U2OS cells were stained with Sir-

Tubulin, by incubating for 1 hour for with 1μM of Sir-Tub (supplemented with 10uM 

Verapamil) in warm DMEM in  37°C. To visualize microtubule growth, cells were 

transfected with 0.5μg of Eb1-RFP, human EB1 fused to monomeric RFP was a gift 

from Tim Mitchison & Jennifer Tirnauer (Addgene plasmid # 39323). Additional cancer 

cell lines which were used in this work, RPE, SaOS, Wva-12, Gm847, HTC116 were kind 

gifts from Claus Azzalin. pAc-Sec61α -GFP32 was a kind gift from Gia Voeltz 

(University of Boulder, USA). GFP-Cenp-F plasmid17 was provided by Stephen Taylor 

(University of Manchester, UK).  pcDNA3.1-mtBFP was generated by inserting mtBFP 

sequence digested with HindIII Xba1 into pcDNA3.1+ plasmid. pcDNA5/FRT/TO-

3XFlag-6his-Miro1 and pcDNA5/FRT/TO-3XFlag-6his-Miro2 were cloned by PCR 

amplification of Miro1 and Miro2 CDSs using primers #1 and #3 (see Supplementary 

Table 1), and 2# and #4, respectively, using cDNA clones as templates (IMAGE clones 

40118340 and 4859240, respectively), followed by reamplification using primer #5, #3 

and #5, #4, respectively. The PCR products were cloned using Gateway into the 

pcDNA5/FRT/TO plasmid (Invitrogen). GTPase and EF-hand mutants of Miro-1 were 

generated by site-directed mutagenesis of the pcDNA5/FRT/TO-3XFlag-6his-Miro1 

plasmid using primers #10 and #11 for the T18N mutation, #12 and #13 for the E208K 

mutation, #14 and #15 for the E328K mutation, and #16 and #17 for the S432N mutation. 

Constructs containing different Cenp-F fragments (residues 1 to 979, 843 to 1764, 1756 

to 3114, 1756 to 2375, 2375 to 3114, 2519 to 2831, 2719 to 2831, 2819 to 3017) were 

prepared by PCR using the indicated primers (#22-#34, respectively), and using the GFP-

Cenp-F plasmid as a template, followed by cloning into the pcDNA5/frt/to plasmid vector 

within BamHI and NotI restriction sites. Miro-1 CRISPR plasmids (pX330-Miro1ex7 and 

pX330-Miro1ex8) were generated by cloning annealed oligos (#6, #7 and #8, #9, 

respectively), designed by the CRISPR design tool into pX330, as described by Cong et 

al. Science. 2013. 



 
 

62 

 

Gap- repair-cloning  

For internal tagging of Cenp-F, the pcDNA5/FRT-GFP Cenp-F plasmid was used as a 

template. Cenp-F N-terminal fragment and C-terminal (from amino acid 1 – 1523 and 

1523 – 3114 , respectively) were PCR amplified with overlapping homologous regions 

for the yeast plasmid pRS426, which was linearized by EcoRI, and homologous regions 

for the N and C terminus sequences of eGFP. Cells were transformed with the PCR 

amplified fragments and the linearized pRS426 plasmid to promote recombination of the 

desired Cenp-F sequence. Since pRS426 contains LEU2, yeast cells were grown on SD-

Leu selection medium for 3 days.  The repaired plasmid was extracted as followed: cells 

were grown in suitable medium to OD600=0.5 –  0.8. 1.5ml of suspension was 

centrifuged and washed with ddH2O. To rescue the plasmid, the solution was 

resuspended in 250µl of “resuspension solution” (from plasmid miniprep kit), 250ul 

of glass beads and homogenize by vortexing for 3-5min. After adding and mixing with 

250μ l “ lysis solution”  for 3min the solution was neutralized using 350ul of 

“Neutralization Solution” . Cell debris was removed by fast centrifugation, The 

subsequent steps of column purification were performed as suggested by the manufacturer 

after cell breakage. 1-2μl of the elution product was used to transform E. coli DH5α. 

After sequencing the extracted plasmid, the repaired sequence was digested with Not1 

and BamH1 and reintroduced into pcDNA5FRT/TO plasmid. 2μg of extracted plasmid 

was transfected into U2OS cells. 

 

Purification of CENP-F constructs 

The N436-sfGFP and the sfGFP-2592C were purified as previously describe (Volkov et 

al,. 2015). Briefly, Cell pellets were resuspended in lysis buffer (50 mM NaH2PO4, pH 

6.9, 300 mM NaCl, 10 mM imidazole, and 250 μg/ml Pefabloc SC) and a series of 

sonication steps were applied for cell breaking. 0.25% Tween-20 was added and the lysate 

was centrifuged at 10,000g for 20 min at 4°C. Clarified lysates were passed through a 

Ni-NTA column (Qiagen, 31014) and after 1 hr incubation, the column was washed with 

buffer (50 mM NaH2PO4, pH 6.9, 500 mM NaCl, and 20 mM imidazole), and the proteins 

were eluted with elution buffer (50 mM NaH2PO4, pH 6.9, 300 mM NaCl, and 250 mM 

imidazole). Eluted fractions were desalted on a Zeba Desalting Spin Column that had 

been equilibrated with BRB80 buffer plus 150 mM NaCl.  CENP-F fragments were 

additionally purified using ion-exchange chromatography. Ni-NTA fractions were 
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desalted into 50 mM NaH2PO4, pH 6.6 (N436-sfGFP) or 7.0 (2592C and sfGFP- 2592C), 

with 0.1 M NaCl; applied to a 1 ml HiTrap SP HP column (GE Healthcare); washed with 

10 ml of the same buffer; and eluted with a linear gradient from 0.1 to 1 M NaCl in the 

same buffer. Peak fractions were snap frozen in liquid nitrogen. 

 

 

 

Crude Mitochondria isolation 

U2OS cells stably expressing mitochondria-BFP were grown to 80-95% Confluence. 

Mitochondrial purification was performed with some modifications as described 

previously (Wieckowski, M.R., 2008). Cells were harvested by trypsinization and washed 

with PBS twice. Cells were centrifuged at 300g for  5 min, the pellet was resuspended in 

Mito homogenization solution (225mM mannitol, 75mM sucrose ,30mM tris ph7.4, 

0.1mM EGTA), the solution was homogenized by 25 strokes with glass douncer and 

centrifuged at  600g for 5 minutes. After the pellet was discarded, the supernatant was 

spun again at 7000g for 10 min in 40C.  Next, the supernatant was discarded and the pellet 

was collected, and resuspended in mitochondria homogenization solution 2 (225mM 

mannitol, 75mM sucrose 30mM tris ph7.4). Followed a fast spin of 10,000 g for 10 min, 

the crude isolated mitochondria pellet was finally resuspended in the mitochondrial re-

suspension buffer (250mM mannitol, 5mM HEPES (ph 7.4) 0.5mM EGTA). 

 

Preparation of assembled tubulin  

Tubulin was prepared from pig brains by two polymerization cycles (Castoldi and Popov, 

2003 and Weingarten et al., 1974), frozen in assembly buffer (100 mM MES, pH 6.4, 1 

mM EGTA, and 1 mM MgSO4, plus 1.5 mM GTP), and stored at −80°C until needed.  

Briefly, after removing the  blood vessels from the brain, 700 g of tissue was resuspended 

in 500 μ l of MES buffer and homogenized. The homogenized cold solution was 

centrifuged at 9000RPM at 40C (SS-34 Fixed Angle Rotor, Thermo Scientific). The 

supernatant was mixed with half a volume of glycerol, 5mM MgCl2, 0.25mM GTP, 

2.00mM ATP, the solution was incubated at 370C for promoting MTs polymerization. 

After 45 mintues, the solution was spun at 235,000g for 30min in 37C0 using 45Ti Fixed 

Angle Rotor Ultracentrifuge (Beckman Coulter, 365672, 331362). The pellet was 

collected and resuspended with 100ml of cold depolymerization buffer (MES buffer + 

0.25mM GTP, 1.5mM ATP, 1mM DTT), after 30 minutes the solution was centrifuged 

again at 40,000RPM at 4 °C using  cold 71Ti  Fixed Angle Rotor Ultracentrifuge 
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(Beckman Coulter, 365672, 331362). Another round of polymerization was performed to 

increase sample purity. 

 

 

Characterization Cenp-F interaction with growing MTs 

Following isolation, tubulin was labeled with Alexa Fluor® 647 NHS Ester (A-20006, 

ThermoFisher), rhodamine (Molecular Probes), or DIG (Molecular Probes) as described 

previously (Hyman et al., 1991). The behavior of Cenp-F and growing MTs was tracked 

by TIRF illumination, modified from Volkov et al., 2014. Briefly, to create tubulin seeds, 

5µl of unlabeled Tubulin (10mg/ml) were mixed with 2.5µl rhodamine-Tubulin(5mg/ml), 

2.5µl DIG-tubulin (5mg/ml) and 1µl GMPCPP (10mM), incubated for 15 min in 37°C 

and supplemented with 39µl of BRB buffer (1mM EGTA, 80mM Pipes (pH 6.9), 4mM 

MgCl2, GTP 1mM, DTT 1mM pH 6.9,).  The seeds solution was mixed and spun at max 

speed for 15min at the room temperature. The pellet was resuspended in 25µl of BRB.  

To preform the MT growth assay, stabilized, rhodamine-labeled MTs were attached with 

anti-DIG antibodies to the silanized coverslips passivated with Pluronic F-127. A solution 

of CENP-F fragment in BRB80 supplemented with 2 mM dithiothreitol, 0.1 mg/ml 

glucose oxidase, 68 μg/ml catalase, 20 mM glucose, 0.5% 2-mercaptoethanol and 12µM 

of Alexa Fluor® 647-labeled Tubulin was continuously pumped through the flow 

chamber at 20 μl/min. For testing MTs dynamic and beads, the beads were coated with 

the sfGFPCenp-F fragment. Glass beads [Str 1-µm glass COOH-modified beads (Bangs 

Laboratories)] were coated with streptavidin (Thermo Fisher Scientific) and then with 

biotinylated anti-Penta-His antibodies (QIAGEN) as described previously (Grishchuk et 

al., 2008, Volkov et al., 2015). 6xHis-tagged CENP-F fragments were then attached to 

these beads, washed, spun and mixed with Cenp-F fragment. The coated beads were 

introduced into the flow chambers together with 12µM of Alexa-647-labeled tubulin 

promote MT growth. To test mitochondria  and MTs dynamics, isolated mitochondria 

were centrifuged  at 10,000g for 10 min and resuspended in 200µl of BRB. They were 

then mixed with Cenp-F fragment and mixed by rotation for 40min in the cold room. 

After spinning the mitochondria-Cenp-F solution at 10,000g for 10 min, the pellet was 

resuspended in 5µl BRB80 buffer.  

Flow chambers were equilibrated at 37°C during the acquisition. Images were acquired 

every second using a Leica TIRF microscope (DMI6000B, inverted), equipped with with 

a 100× HCX PlanApo 1.47 NA TIRF objective and an Andor iXon EM CCD camera 
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(front illuminated, 8x8 µm2 pixel size). The system was incubated at 37°C in a Cube 

Incubator (LIFE IMAGING SERVICES GmbH, Switzerland). 405 nm, 488 nm, 561 nm 

and 647 nm lasers were used.  

 

Immunofluorescence and Imaging  

Cells were seeded on 18 mm cover-slips in 6-well vessels and optionally transfected with 

6 μl lipofectamine-2000 (Invitrogen). On the next day, wells were optionally stained 

with 2 μM MitoTracker-Red-CM-H2Ros (Invitrogen) and washed in phosphate-

buffered saline (PBS; 12mM phosphate, 137 mM NaCl, 3 mM KCl, pH 7.4). For optimal 

mitochondria imaging, cells were fixed with 4% paraformaldehyde in PHEM buffer (60 

mM Pipes, pH 6.8, 25 mM Hepes, pH 7.4, 10 mM EGTA, 5 mM MgCl) for 10 min. 

Coverslips were washed three times in PBS and permeabilized in 0.5% NP-40, then 

washed three times with PBS and blocked in blocking solution (PBS + 10% fetal calf 

serum + 10 mg/ml BSA). For optimal cytoskeleton imaging, cells were fixed using 100% 

methanol (-200C for 8 minutes). Fixed cells were rinsed with PBS and incubated in 

blocking solution (5% FCS in PBS). Primary antibodies were added to the blocking 

solution and incubated for one hour. Antibody concentration: rabbit anti-Miro1 

(HPA010687, sigma) 1:500; mouse anti-Miro1 (WH0055288M1, Sigma) 1:500; mouse 

anti-Tom20 (clone 4F3, Abnova) 1:100; mouse anti-Phospho-H3 (ser 10, 9706, Cell 

signaling) 1:1000; mouse anti-Aurora B (611082/3, BD Biosciences) 1:1000; rabbit anti-

Cenp-F (ab5, Abcam) 1:300; mouse anti-Cenp-F (610768, BD Biosciences) 1:500; mouse 

anti-alpha-Tubulin (B-5-1-2, Sigma) 1:1000; rat anti-EB1 (KT51, Absea) 1:1000. Wide-

field microscopy of fixed samples was conducted on a DeltaVision Microscope (IX-71; 

Olympus) connected to a camera (Roper CoolSnap HQ2, Photometrics), using a 

differential interference contrast Plan Apochromat 60X, NA 1.42 oil PlanApoN 

immersion objective. 3D image stacks were acquired in 0.2-μm steps using DAPI-FITC-

TRC-CY5 filter set (Chroma). The 3D image stacks were deconvoluted with softWoRx 

(Applied Precision, LLC). For Microtubule visualisation, fixed cells were imaged using 

a DeltaVision OMX 3D-SIM Super-Resolution system controlled by DV-OMX software 

(Applied Precision). Images were captured at 0.125-µm step size with a UNIPLANAPO 

100×/1.4 numerical aperture (NA) objective, using 1.514 immersion oil. The 405 nm-

channel images were acquired for 100 ms at 1% laser strength, 488 nm-channel images 

for 50 ms at 10% strength, 561 nm-channel images for 50 ms at 100% strength, and 642 

nm-channel images for 50 ms at 100% strength. Images were processed using softWoRx 



 
 

66 

(Applied Precision) and IMARIS 3D imaging software (Bitplane, Saint Paul, MN). 

Colocalization analyses were performed using Daniel J White, Tom Kazimiers and 

Johannes Schindelin ImageJ plugin Coloc 2. Analysed regions of interest excluded the 

nucleus. All experiments have been repeated a minimum of three times, with consistent 

results.  

 

RNAi  

Oligonucleotides for siRNA synthesised against the target sequence of Cenp-F (oligo #1: 

5'-CAGGAAAGACTAGCCCATATA-3', oligo #2: 5'-

CAGAATCTTAGTAGTCAAGTA-3', oligo #3 (ineffective): 5'-

CTGGTGATGGATTAACATATA-3', oligo #4: 5'-ACCGAGAG-

AAATTGACTTCTA-3'), Miro2 (oligo #1 5'-AAGGCAGAGCTTTGGGCCAAA-3', 

oligo #2 5'-GAGGTTGGGTTCCTGA-TTAAA-3'), and scrambled siRNA 5 ′ -

TTCTCCGAACGTGTCACGT-3’ were purchased from Qiagen. siRNA transfection 

was performed using Lipofectamine RNAiMAX (life technologies) according to the 

manufacturer, at a final concentration of 30 nM.  

CRISPR/Cas9 Mutagenesis  

To mutate endogenous Miro1, KERMIT cells were seeded on a 10 cm plate and 

cotransfected with 16.2 μg pX330-Miro1ex7, 16.2 μg pX330-Miro1ex8 and 3.6 μg 

HcRed plasmid (kind gift of Juan Gerez, ETH Zurich). 48 hours post transfection, RFP-

positive cells were sorted by FACS and seeded on 10 cm plate at low density. Next, 

isolated colonies were transferred to 96 well plate and genotyped. 

 

 

Mitochondrial Spreading Measurement  

To analyse mitochondrial spreading we imaged and processed control and experimental 

cells identically, using ImageJ (Supplementary appendix 1). Indicated cells were seeded 

onto 22-mm2 micropatterned glass coverslip (Cytoo, Grenoble, France), according to the 

manufacturer's protocol. At least 34 cells per condition were analysed. The centre of mass 

(CofM) of the mitochondrial network was calculated using the following equation: where 

XYi represents the XY coordinate of each pixel and Ii represents the intensity of each 

pixel. Second, to determine the moment of inertia (M) of the mitochondrial network, the 

distance of each pixel to the CofM was computed: The measurement was performed by a 

MatLab function (Supplementary appendix 2).  
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Quantification of Cenp-F Enrichment at Microtubule Tips  

To assess if Cenp-F localisation at growing microtubule tips was due to chance, we 

devised the following analysis (Supplementary appendix 3, Kanfer et al,. 2015). Three 

channel images (EB1, Cenp-F, microtubules) were analysed. Only cytoplasmic areas 

were considered. First, using ImageJ, the position of the tips of EB1 comets (typically 

around 30 per image) were manually determined. The channel for Cenp-F was hidden 

during this manual step to avoid bias. We determined the position of Cenp-F foci 

automatically using the “Find Maxima...”  procedure (typically around 1000 per 

images). We assessed the extent of comet tip and Cenp-F colocalisation by counting the 

number of comets closer than 3 pixels (~100nm from a Cenp-F focus). To assess if the 

EB1-Cenp-F distances could be the result of a random draw, the distance of the closest 

Cenp-F focus was measured for random points of the microtubule network (typically 

3000 per image) picked using the “Find Maxima...” procedure. Then random points 

(same number of points as the number of EB1 comets) were drawn 107 times from this 

pool and the number of those colocalising with Cenp-F was calculated. The p-value 

equals the number of time that the draw picked more random points colocalising with 

Cenp-F foci than observed for comet tips, divided by the number of attempts.  

Quantification of Microtubule Tip Tracking Events  

Events where mitochondria move in a coordinate fashion with EB1 comets were counted 

manually after randomising the “scrambled” and “siCenp-F” movies to avoid biases.  

 

 

Statistics  

All statistical tests herein were performed using non-parametric Mann-Whitney-

Wilcoxon U tests.  

 

Flag-Miro Purification and Mass Spectrometry  

T-Rex™-293 expressing 3XFlag-6XHIS-Miro1/2 were harvested and homogenised in 

lysis buffer (20 mM Hepes, 150 mM potassium acetate, 2 mM Magnesium acetate, 

0.1mM PMSF, 1 μg/ml Leupeptin, 1 μg/ml Aprotinin, 1 μg/ml Pepstatin), containing 

2% Triton-100X. Whole cell extracts were incubated with 4% M2-Flag coated magnetic 

beads (sigma). The beads where thereafter washed six times with ice cold lysis buffer, 

containing 0.2% digitonin and eluted with the same buffer containing 150 ng/μl 3X Flag 

peptide. Samples were then diluted five fold with 8 M urea and 0.1 M ammonium 
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bicarbonate and reduced using 12 mM DTT, at 32°C for 30 min followed by alkylation 

with 40mM iodoacetamide at room temperature for 45 min. The samples were diluted 

five fold with 0.1 M ammonium bicarbonate and proteins were digested to peptides by 

adding 1 μg of trypsin (Promega) and incubating overnight at 32°C. A column packed 

with C-18 material (The Nest Group) was used to purify and concentrate peptides. The 

peptide samples were analyzed on a 5600TripleTOF mass spectrometer (ABSciex) 

equipped with a nanoelectrospray ion source. Chromatographic separation of peptides 

was performed using an Eksigent Ultra nano LC system (ABSciex) coupled to a 15 cm 

fused silica emitter, 75 μm diameter, packed with a Magic C18 AQ 5 μm resin 

(Michrom BioResources). Peptides were loaded on the column from a cooled (4 °C) 

Eksigent autosampler and separated with a linear gradient of acetonitrile/water, 

containing 0.1% formic acid, at a flow rate of 300 nl/min. A gradient from 5 to 35% 

acetonitrile over 120 min was used. The mass spectrometer was operated in data-

dependent acquisition mode. For TOF analyses, the accumulation time was set to 

0.299995s, and the mass range to 400–1250 Da. Peptides with 2–5 charges and signals 

exceeding 150 cps were selected for fragmentation. Per cycle, up to 20 precursor ions 

were monitored and excluded for 20s after one occurrence. The product ion analysis was 

performed with an accumulation time of 0.149998s, and a mass range of 170–1500 Da 

in a high sensitivity mode. The total cycle time was 3.35s. Raw data was converted from 

WIFF format to MGF format (Matrix Science) using the AB SCIEX MS data converter 

(version 1.1 beta). Peak lists in .mgf format were searched against a human protein 

database downloaded from Uniprot (http://www.uniprot.org/, September 2009) with 

Sorcerer™-SEQUEST® (Thermo Electron). Trypsin was set as the digesting protease with 

the tolerance of two missed cleavages, one non-tryptic terminus and not allowing for 

cleavages of KP and RP peptide bonds. The monoisotopic peptide and fragment mass 

tolerances were set to 50 ppm and 0.8 Da respectively. Carbamidomethylation of cysteins 

(+57.0214 Da) was defined as a fixed modification and the oxidation of methionines 

(+15.99492) as a variable modification. Protein identifications were statistically analyzed 

with ProteinProphet (v3.0) and filtered to a cut-off of 0.9 ProteinProphet probability, 

which corresponded to a FDR <1%, calculated based on a target-decoy approach. For 

SILAC labeling, Hek293 cells were grown for 6 generations in DMEM without arginine 

and lysine, and supplemented with either Arg0/lys0 for 3XFlag6HMiro1 cells or Arg10 

(13C6 15N4)/Lys8 (13C6 15N2) for the Hek293t-rex (control) cells. ”Heavy” and 

“Light”-labeled cells were harvested and directly combined in equal amounts before 
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lysis. Flag purification, peptide preparation, and analysis by mass spectrometry was 

preformed as above. For each peptide in which a light and heavy form was detected, the 

light to heavy ratio was determined by manually measuring the area under the curve using 

PeakViewer(version 2.3.3). Light and Heavy peptides were identified and their ratios 

were calculated by MaxQuant33. The results are compiled in Supplementary Table 1, 

Kanfer et al,. 2015.  

 

Yeast Two Hybrid Assay  

The assay was performed according to standard protocol (Golemis, E. A. et al. 2008). 

Briefly, LexA-fused Cenp-F bait plasmid was created by gap-repair cloning of PCR-

amplified C-terminal fragment of Cenp-F (amino acids 2977-3020, primers #18 and #19, 

see Supplementary Table 1) into pEG202 vector linearised with NotI. The prey plasmid 

was created by gap-repair cloning of Miro1 (without transmembrane domain, amino acids 

1-594, primers #20 and #21) or Miro2 (amino acids 1-592, primers #41 and #42) into 

pJG4-5 vector linearised with XhoI. Both plasmids were transformed into yeast strain 

EGY48 containing reporter plasmid pSH18-34, which encodes lacZ reporter gene under 

control of LexA operators. Strain with empty bait and prey plasmids and strains with 

either Cenp-F-bait or Miro1-prey plasmid alone were used as controls. Transformants 

were grown on -Ura/-Trp/-His media containing galactose to induce expression of prey 

protein. The transcription of lacZ reporter was then assessed by X-gal overlay assay 

(Serebriiskii, I. G. & Golemis, E. A., 2000). 

 

 

CRISPR/Cas9 Mutagenesis  

To mutate endogenous Miro1, KERMIT cells were seeded on a 10 cm plate and 

cotransfected with 16.2 μg pX330-Miro1ex7, 16.2 μg pX330-Miro1ex8 and 3.6 μg 

HcRed plasmid (kind gift of Juan Gerez, ETH Zurich). 48 hours post transfection RFP-

positive cells were sorted by FACS and seeded upon 10cm plate at low density. Next, 

isolated colonies were transferred to 96 well plate and genotyped.  

 

Live Cell Imaging  

Inducible GFP-EB1 expressing cells were stimulated with 10nM Doxycycline for 16-24 

h before imaging. G2 synchronisation was performed by arresting cells with 2 μM 

thymidine 16 h before imaging. For visualisation of the mitochondria, cells were 

transfected with mtDsRed plasmid prior for Doxycycline induction. Mitochondria and 
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GFP-EB1 were imaged live at 370C using a DeltaVision OMX 3D-SIM Super-Resolution 

system controlled by DV-OMX software (Applied Precision), in epifluorescence mode. 

Images were captured with an UNIPLANAPO 100×/1.4 numerical aperture objective, 

using 1.514 immersion oil. Images were acquired every 400 ms sec for maximum of 2 

min. All experiments have been repeated a minimum of three times, with consistent 

results.  

 

Cell-cycle analysis 

Cells with the indicated treatment were trypsinized and fixed in 70% ethanol overnight at 

-200C. Following a 30 min blocking incubation in PBS 5% FCS 0.25% Triton X‐100, 

cells were resuspended for 30 min at 37°C in a solution containing 50 µg/ml propidium 

iodide, 20 µg/ml ribonuclease and 38 mM Na3Citrate (pH 7.5). Flow‐cytometry was 

performed with a FACScalibur flow cytometer (BD Biosciences) using the CellQuest 

software. Data analysis was performed using the FlowJo software. 
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Abbreviation 
Cenp-F, Centromer protein F 

Miro, Mitochondria Rho  

Eb1, End Binding Protein 1 

Clasp, Cytoplasmic linker associated protein 

Ch-Tog, colonic and hepatic tumor over-expressed gene 

Mfn, Mitofusins 

Drp1, Dynamin-related protein 

TAC, tip attachment complex 

+TIPs, Plus end-tracking proteins 

G1 and G2 phases, gap 1 and gap 2 phases 

KT, kinetochores 

Tirf, Total internal reflication 

SIM, structure illumination 

SILAC, stable-isotope amino-acid labelling in culture 

Cenp-E, centromere protein E 

NudeI, nuclear distribution protein nudE1-like 1 

Cdk, Cyclin-dependent kinase 

Crispr, Clustered regularly-interspaced short palindromic repeats 

ER, endoplasmic reticulum 

RB, retinoblastoma protein 

Bax,  BCL2-Associated X Protein 

OMM, Outer-mitochondrial membrane 

MT, microtubule 

MTOC, microtubule organization center 
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