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RÉSUMÉ 

Les mitochondries jouent un rôle crucial dans le métabolisme et la signalisation cellulaire en 
répondant aux signaux internes et externes. Cependant, l’impact de la matrice extracellulaire 
(MEC) sur la régulation de la structure et de l’activité des mitochondries reste inexploré. De plus, 
la régulation de la fonction mitochondriale implique un équilibre dynamique des réseaux 
mitochondriaux par le biais de processus de fission et de fusion mitochondriale. La fission se 
produit au niveau des sites de contact mitochondries-réticulum endoplasmique (MERCS) et 
dépend de la formation de filaments d'actine, qui induisent une constriction mitochondriale et 
activent la GTPase de fission DRP1. La fusion mitochondriale, en revanche, est orchestrée par des 
protéines de fusion (MFN1/2 sur la membrane externe et OPA1 sur la membrane interne) et se 
produit également au niveau du MERCS. Cependant, le rôle de l’actine dans la fusion 
mitochondriale reste flou. Comme les signaux provenant de l’ECM activent la polymérisation de 
l’actine, mon travail de doctorat a étudié l'interaction entre l'ECM et l'actine dans la régulation de 
la fusion mitochondriale. 
Pour analyser l'influence précise de la signalisation ECM sur la régulation mitochondriale, nous 
avons utilisé des sphères dérivées du cancer du sein (mammosphères) capables de proliférer en 
culture en suspension sans ECM. Cette approche nous a permis d'explorer l'adaptabilité 
métabolique des mammosphères en réponse à différents microenvironnements. Nous avons 
constaté que les mammosphères attachées à la MEC entraînent un allongement mitoch ondrial 
significatif, accompagné d'une respiration mitochondriale et  d'une production d'ATP accrues. 
Notamment, cette restructuration s’est produite indépendamment du régulateur conventionnel de 
fission mitochondriale, DRP1, mais dépendait plutôt de la signalisation des intégrines et de la 
polymérisation de l’actine. 
De plus, pour comprendre le rôle de la polymérisation de l'actine dans la fusion mitochondriale, 
des sondes d'actine spécialisées ont été utilisées pour cibler l'actine interagissant avec les 
mitochondries et le réticulum endoplasmique. Nous révélons pour la première fois que l'actine est 
présente non seulement sur les sites de fission mitochondriale, mais également sur les sites de 
fusion. L'inhibition de la formation de filaments d'actine a perturbé les deux processus, soulignant 
le rôle indispensable de l'actine dans la dynamique mitochondriale.  
Au total, mes travaux de doctorat mettent en évidence le rôle central de la polymérisation de 
l'actine pilotée par l'ECM dans la formation des réseaux mitochondriaux et la promotion de la 
phosphorylation oxydative (OXPHOS), essentielle à la croissance, à l'adhésion et à la migration 
cellulaires. De plus, l'implication essentielle des filaments d'actine dans la fusion mitochondriale 
positionne l'actine comme un régulateur principal qui orchestre les réseaux mitochondriaux en 
réponse aux stimuli environnementaux. Ces résultats contribuent à notre compréhension de 
l'interaction dynamique entre la MEC, le cytosquelette et les mitochondries et ont des implications 
dans divers domaines, notamment la recherche sur le cancer, où le ciblage de la régulation des 
réseaux mitochondriaux médiés par l'actine peut offrir des avantages thérapeutiques potentiels.  
 
Mots clés : Mitochondries, Matrice Extracellulaire, Polymérisation de l'Actine, Fusion, 
Mammosphères 
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  ABSTRACT 

Mitochondria play a crucial role in cellular metabolism and signaling by responding to both 
internal and external signals. However, the impact of the extracellular matrix (ECM) in regulating 
mitochondrial structure and activity remains unexplored.  Moreover, the regulation of 
mitochondrial function involves a dynamic equilibrium of mitochondrial networks through fission 
and fusion processes. Mitochondrial fission occurs at mitochondria-endoplasmic reticulum contact 
sites (MERCS) and is dependent on actin filament formation, which induces mitochondrial 
constriction and activates the fission GTPase DRP1.  Mitochondrial fusion, on the other hand, is 
orchestrated by fusion proteins (MFN1/2 on the Outer membrane and OPA1 on the inner 
membrane) and is also found to occur at MERCS. However, the role of actin in mitochondrial 
fusion remains unclear. As ECM signals trigger actin polymerization my PhD study investigated 
the interplay between ECM and actin in the regulation of mitochondrial fusion. 
To analyze the precise influence of ECM signaling on mitochondrial regulation, we utilized breast 
cancer-derived spheres (mammospheres) with the ability to thrive in suspension culture without 
ECM. This approach allowed us to explore the metabolic adaptability of the mammospheres in 
response to varying microenvironments. We found that mammospheres attached to the ECM lead 
to significant mitochondrial elongation, accompanied by heightened mitochondrial respiration and 
ATP production. Notably, this restructuring occurred independently of the conventional 
mitochondrial fission regulator, DRP1, but rather depended on integrin signaling and actin 
polymerization. 
Further, to comprehend the role of actin polymerization in mitochondrial fusion, specialized actin 
chromobody probes were employed to target actin interacting with mitochondrial and ER 
membranes. We reveal for the first time that actin is not only present at the sites of mitochondrial 
fission, but also at the fusion sites. Inhibition of actin filament formation disrupted both processes, 
underscoring the indispensable role of actin in mitochondrial dynamics. 
Altogether, My PhD work highlights the pivotal role of ECM-driven actin polymerization in 
shaping mitochondrial networks and promoting oxidative phosphorylation (OXPHOS), which is 
essential for cell growth, adhesion, and migration. Furthermore, the essential involvement of actin 
filaments in mitochondrial fusion positions actin as a master regulator that orchestrates the 
mitochondrial networks in response to environmental stimuli. These results contribute to our 
understanding of the dynamic interplay between the ECM, cytoskeleton, and mitochondria and 
have implications for various fields, including cancer research, where targeting the regulation of 
actin-mediated mitochondrial networks may offer potential therapeutic benefits. 
 
Keywords: Mitochondria, Extracellular Matrix, Actin polymerization, Fusion, Mammospheres
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CHAPTER I 

INTRODUCTION 

1.1 Power Organelle: Mitochondria and its Structure  

Mitochondria are double-membraned, rod-shaped organelles present in the cytoplasm of most 

eukaryotic cells. Often referred to as the "powerhouses of the cell," mitochondria play a crucial 

role in cellular respiration, a process that generates adenosine triphosphate (ATP), the primary 

energy currency of cells. Additionally, mitochondria are involved in regulating apoptosis 

(programmed cell death), production of reactive oxygen species (ROS), calcium signaling and 

maintaining calcium homeostasis (1-9). Mitochondria are unique among cellular organelles 

because they contain their own genetic material, mitochondrial DNA (mtDNA), and believed to 

have evolved from ancient bacteria engulfed by ancestral eukaryotic cells in a symbiotic 

relationship (10). This theory, known as the endosymbiotic theory, explains the presence of 

mitochondria's own DNA and some structural similarities to bacteria. Typically, mitochondria 

display a variety of shapes from fragmented round-like to the formation of an interconnected 

network (11). The quantity of mitochondria per cell can differ greatly; for instance, human 

erythrocytes (red blood cells) lack mitochondria entirely, while liver and muscle cells (high-energy 

demanding cells) possess hundreds or even thousands of mitochondria. Notably, the oxymonad 

Monocercomonoides species is the sole known eukaryotic organism that is devoid of mitochondria 

(12).  

1.1.1 Mitochondrial Structure: 

Mitochondria comprise specialized compartments crucial for diverse functions. Here is a brief 

description of its intricate architecture (Figure 1.1), whose organisation is vital to orchestrate 

cellular metabolism and energy production. 

Outer Mitochondrial Membrane (OMM): This is the outermost mitochondrial membrane 

separating the mitochondria from the cytoplasm of the cell. It is lipid -rich, highly fluid, relatively 

permeable to low-molecular weight solutes (< 5kDa), contains special channels capable of 

transporting large molecules and provides a platform for receptors and tethering proteins (13, 14). 

Inner Mitochondrial Membrane (IMM): In contrast to the OMM, the inner membrane is far 

less permeable, allowing only very small molecules to cross into the gel-like matrix that makes up 

the organelle’s central mass (15). This membrane is highly folded into structures called cristae, 

which greatly increase its surface area and contain numerous proteins crucial for metabolism, 

hosting complexes of the electron transport chain (ETC) for mitochondrial respiration (ATP 
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synthesis) (16-18). Because the IMM is impermeable to most ions and molecules, it allows 

establishment and maintenance of the proton gradient across the membrane (19). 

Intermembrane Space (IMS): The region between the outer and inner mitochondrial membranes 

is known as the intermembrane space. It contains a variety of enzymes (oxidoreductases MIA40, 

Cytochrome C Oxidase/ haem lyase) and proteins (TIM, SOD1, Rieske iron–sulfur protein) 

involved in processes such as protein import and apoptotic signaling (20). 

Matrix: The matrix is the innermost compartment of the mitochondria, enclosed by the IMM. It 

contains a dense mixture of enzymes, mtDNA, ribosomes, and other molecules required for 

various metabolic processes, including Krebs cycle and fatty acid oxidation. ATP is synthesized 

via oxidative phosphorylation in the matrix (10, 11, 15). 

Mitochondrial DNA: The mtDNA, located in the matrix is a ~16kb circular double-strand 

structure encoding 37 genes, 13 protein-coding genes, 22 transfer RNAs (tRNAs) and two 

ribosomal RNAs (rRNAs). Most proteins (~1400 mitochondrial proteins) and other molecules that 

constitute the mitochondrion are encoded by nuclear genes and are imported into mitochondria 

(21). Each mitochondrion contains 800 to 1000 copies of mtDNA, which are maternally inherited 

and packaged in high-ordered nucleoprotein structures called nucleoids (22). 

 
Figure 1: Mitochondria Structure 
Basic structural organization of the mitochondrial membranes and compartments. OMM, outer 
mitochondrial membrane; IMS, inner membrane space; IMM, inner mitochondrial membrane; 
mtDNA, Mitochondrial DNA; Crisate, IMM invaginations. The figure was generated using 
biorender. 
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1.2 Mitochondrial Function 

Mitochondria, often called the 'powerhouses' of cells, produce ATP to meet the energy needs of 

cells (15). They function as the main site for aerobic respiration, where pyruvate is transformed 

into CO2, leading to the production of reduced cofactors that drive the electron transport chain to 

synthesize ATP (17, 23, 24). Oxygen serves as the final electron acceptor in this process, which 

explains why it is essential for most eukaryotic life forms. Research over the past five decades has 

revealed that mitochondria have a multi-faceted role beyond their role in respiration. They are 

involved in a range of biochemical processes, including protein synthesis, amino acid and 

nucleotide metabolism, fatty acid catabolism, lipid maintenance, regulation of apoptosis, and ion 

balance (25, 26). 

Mitochondria play critical roles in metabolism, even in organisms that live under anaerobic 

conditions. Their central functions include carbon metabolism, where they participate in the 

oxidation of sugars, fats, and proteins, and provide the carbon skeletons for biomolecule 

biosynthesis (27). In addition, mitochondria have a crucial role in 1-carbon metabolism (28, 29) 

and nitrogen metabolism (30), participating in glutamate and glutamine metabolism (31) and the 

urea cycle (32). They are also essential in the synthesis of molecules like hemoglobin and iron-

sulfur clusters (33, 34). Mitochondria adhere to a continuous mechanism termed mitochondrial 

dynamics, wherein they undergo morphological alterations crucial for regulating above mentioned 

mitochondrial function and to maintain cellular homeostasis (13, 14, 35). Amongst the various 

functions of mitochondria, this thesis will focus its discussion on the topics of metabolism and 

mitochondrial dynamics.  

1.3 Mitochondrial Metabolism: 

The cell has complex pathways for energy extraction from nutrients, biomolecule synthesis, and 

waste product removal. These interconnected processes make up cellular metabolism, including 

glycolysis, the tricarboxylic acid (TCA) cycle, oxidative phosphorylation (OXPHOS), and 

biosynthetic pathways. Mitochondrial metabolism focuses on oxidative phosphorylation, which 

produces ATP from food oxidation. In the mitochondria matrix, fuels like carbohydrates 

(pyruvate), fats (fatty acids), and proteins (amino acids) are oxidized through the tricarboxylic 

acid (TCA) cycle and OXPHOS to create ATP. (23, 24). Let us understand this in detail.  

1.3.1 Glycolysis: Oxygen independent ATP production 

Glycolysis is the first metabolic pathway elucidated, splitting one glucose molecule into two 

pyruvate molecules (36). Glucose transporters (GLUT) facilitate glucose uptake in cells, with 

GLUT1-4 being the most commonly expressed (37). Once inside the cell, glucose breakdown 
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requires ten biochemical reactions in the cytosol. ATP is initially consumed during the investment 

phase before the net ATP production in the payoff phase. The complete glycolysis cycle releases 

a net of two ATP and two NADH (nicotinamide adenine dinucleot ide (NAD+) + hydrogen (H)) 

reducing equivalents for every glucose molecule and occurs in the cytosol in the absence of oxygen 

(Figure 1.3.1). After glycolysis, pyruvate has two major fates that are largely dependent on oxygen 

availability, glycolytic rate, and other factors (36) (Figure 1.3.1).  

1. In the presence of oxygen, pyruvate is translocated into the mitochondria and utilized in 

the TCA cycle (36) 

2. In the absence of oxygen, pyruvate becomes an electron acceptor and is converted to 

lactate by lactate dehydrogenase to regenerate NAD+ (36, 38, 39).  

Cytosolic NADH can be relocated to the mitochondria through shuttle pathways, such as the 

malate-aspartate shuttle, and combined with the mitochondrial NAD+/NADH pool (40). However, 

this mechanism may not be sufficient during rapid glycolysis, as the accumulation of intracellular 

NADH (reductive stress) can inhibit GAPDH (Glyceraldehyde 3-Phosphate Dehydrogenase) 

activity and slow down glycolysis (41).  

Like NADH, lactate accumulation is undesirable, and cytosolic lactate and protons are transported 

into the extracellular environment through monocarboxylate transporters (MCT) (42, 43). There 

is a misconception that lactate in the circulation is a metabolic waste product (44), but it is actually 

a valuable carbon substrate used as fuel in different contexts, especially in the tumor 

microenvironment (TME) (45), by neurons during periods of high energy demand (46) and by 

cardiac muscle at all times (47). Lactate is also a key signaling molecule that regulates gene 

expression through histone lactylation (48).  

Glycolysis also supports various biosynthesis processes, such as 

1. Glucose 6-phosphate is subsequently converted into a building block for nucleotide synthesis 

through the pentose phosphate pathway (49).  

2. NADH can be converted to NADPH for anabolic reactions via cytosolic or mitochondrial NAD 

kinases (50, 51).  

3. Production of Fructose 6-phosphate, a precursor of UDP-N-acetylglucosamine (UDP-GlcNAc), 

an essential molecule for protein post-translational modification (52, 53). 

1.3.2 The tricarboxylic acid cycle (TCA) cycle  

Mitochondria generate ATP through a series of redox reactions (54) using cytosolic pyruvate 

converted into acetyl coenzyme A (acetyl-CoA) or oxaloacetate by pyruvate dehydrogenase or 

pyruvate carboxylase, respectively (55). These reactions occur in the TCA cycle (also known as 

the citric acid cycle or Krebs cycle), first introduced by Sir Hans Krebs in the 1930s (56, 57), in  
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Figure 1.3.1: 2Glycolysis and Cellular Respiration fates 
One glucose molecule generates a net product of 2 ATP, 2 reducing equivalents (NADH) and 2 
pyruvate molecules. Steps 1 (hexokinase), 3 (phosphofructokinase) and 10 (pyruvate kinase) are 
irreversible reactions. Pyruvate after glycolysis has two fates, lactate production or import into the 
mitochondria for further processing in the TCA cycle. Glycolytic intermediates can be diverted 
for other cellular purposes. For example, as building blocks for biosynthesis or signaling 
molecules. To regenerate NAD+, pyruvate can be converted to lactate. The figure was generated 
using biorender inspired from (36).  

mitochondrial matrix. The TCA cycle consists of eight reactions in which citrate synthase 

combines the two carbons of acetyl-CoA with the four carbons of oxaloacetate to form citrate. The 

subsequent seven reactions result in catabolism of citrate, generating reducing equivalents (three 

NADH and one FADH2 (flavin adenine dinucleotide)), along with one GTP (Guanosine 

Triphosphate). The cycle continues to regenerate oxaloacetate and so on (58, 59). NADH and 

FADH2 carry electrons and H+ ions, and function as electron sources for the ETC in the presence 

of oxygen. Succinate dehydrogenase, which plays a role in the TCA cycle, also serves as a 

component of the respiratory chain within Complex II. It directly provides electrons derived from 

FADH2 (60, 61) (Figure 1.3.2).  

Beyond ATP production, the TCA cycle generates multiple TCA intermediates that function as 

signaling molecules for various anabolic processes (25):  

1) Oxaloacetate is involved in the synthesis of aspartate, a precursor for nucleotide base 

pyrimidine, and asparagine (62, 63).  
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2) α-Ketoglutarate is converted to glutamate (31) and utilized for the synthesis of non-essential 

amino acids such as proline (51).  

3) Citrate is exported from mitochondria and cleaved into acetyl-CoA and oxaloacetate (59, 64, 

65). While acetyl-CoA is used for fatty acid synthesis and is imported to the nucleus for histone 

acetylation (66, 67), oxaloacetate re-enters the mitochondria and is fed back into the TCA cycle 

(59). 

 
Figure 1.3.2: The TCA cycle 
In the mitochondrial matrix, pyruvate is converted into acetyl-CoA before entering the eight 
chemical reactions of the TCA cycle, centered on the cyclic catabolism and recovery of citrate. 
Alternately, pyruvate can be converted directly into oxaloacetate. The reducing equivalents 
released are the fuel for the ETC afterwards. For a complete catalytic cycle, three NADH, 1 
FADH2 along with one GTP are produced. Parallelly, Glutamine can enter the TCA cycle by 
converting to glutamate, and subsequently to α-ketoglutarate by glutamate dehydrogenase 
(glutaminolysis). The figure was generated using biorender inspired from (31, 52). 

1.3.3 Oxidative phosphorylation (OXPHOS): Oxygen dependent ATP production  

OXPHOS is the process by which ATP is produced in mitochondria by utilizing oxygen 

molecules. This process occurs in the IMM and involves a sequence of reactions within the ETC, 

where multiple protein complexes work together to generate ATP (Figure 1.3.3). This OXPHOS-

dependent ATP production in mitochondria follows a chemio-osmotic process. 

The chemiosmotic theory  

Peter Mitchell, a British biochemist, and Nobel laureate pioneered a paradigm shift in the field of 

cellular bioenergetics with his 1961 seminal paper (68). In this study, he posited that the link 

between oxidation and ATP synthesis is a proton gradient, which is the redox energy derived from 
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reducing equivalents (such as NADH) used to generate a proton electrochemical gradient across a 

membrane, which then drives ATP synthesis (68). This scheme is now known as the 

‘chemiosmotic theory.' Mitchell coined the term ‘proton motive force' (pmf) to describe the proton 

electrochemical gradient (69, 70), despite the lack of experimental evidence at the time to support 

this hypothesis. The theory faced controversy but was eventually confirmed by critical studies, by 

Racker and Stockenius in 1974, which found that ATP synthase could utilize a bacteriorhodopsin-

driven proton gradient to produce ATP (71). Mitchell's ground-breaking work was recognized 

with the Nobel Prize in Chemistry in 1978 (70). 

Role of ‘proton motive force' in OXPHOS pathway: 

The proton motive force across the IMM is maintained through the ETC (explained in detail in 

next section), which consists of four large protein complexes I-IV. Complexes I, III, and IV have 

the ability to transport protons out of the matrix (72). The driving force for proton transport is the 

oxidation of TCA-derived NADH and FADH2, with the electrons being passed between 

complexes (I→III→IV or II→III→IV) to the final electron acceptor, oxygen, which results in the 

formation of water (23, 73). The ETC complexes transporting protons or H+ ions out of the matrix 

into the IMS, creates the above-mentioned proton gradient in the IMS. This gradient forces H+ 

back to the mitochondrial matrix via the ATP synthase embedded in the IMM, leading to 

phosphorylation of ADP into ATP, a process known as 'oxidative phosphorylation' or OXPHOS 

(23, 60). 

The pmf (measured in mV) is determined by two components: ΔpH, which is the pH gradient (74) 

across the mitochondrial membrane (pHIMS minus the pHmatrix), and Δψm, the mitochondrial 

membrane potential (an electrical term) (72, 75). The pmf is highly dynamic, with local variations 

in pH and Δψm within cristae structures (74, 76). 

Complexes of the electron transport chain (ETC)  

The ETC is composed of four complexes (I-IV) and an ATP synthase unit, also known as complex 

V. There are two critical electron carriers in the ETC, ubiquinone (UQ) and Cytochrome C (Cyt 

C). UQ is a lipid-soluble organic molecule reduced by either complex I or complex II to form 

ubiquinol (UQH2). UQH2 then diffuse within the IMM to complex III, which is oxidized back to 

UQ. Cyt C is a protein bound peripherally to the IMS face of the IMM, and shuttles electrons from 

complex III to complex IV(24, 60, 77) (Figure 1.3.3). 

Complex I is referred to as NADH dehydrogenase, for its role in oxidizing NADH to NAD+. It is 

responsible for transferring electrons from NADH to UQ, while simultaneously moving protons 

(78). It has a hydrophobic domain and hydrophilic arm. NADH is oxidized at the base of the 
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hydrophilic arm, where a flavin mononucleotide (FMN) cofactor accepts electrons and is reduced 

to FMNH2. The electrons then move up a series of nine iron-sulfur (Fe-S) centers before reaching 

the hydrophobic module and IMM (79). Rotenone, an inhibitor, prevents the transfer of electrons 

to the UQ and increases ROS production (80). Other inhibitors, such as mucidin or metformin, 

can inhibit Complex I without producing ROS (81, 82). 

Complex II is referred to as succinate dehydrogenase, for its role in the oxidation of succinate to 

fumarate. It also converts FAD into FADH2, which shuttle electrons from FADH2 to UQ. 

However, not enough energy gets released in this process, and thus no H+ ions are pumped into 

the IMS from this complex. Under hypoxic stress or inhibition of complexes III and IV, complex 

II can reverse its activity by oxidizing UQH2 back to UQ (25). This reverse activity of complex II 

allows complex I to continue to deposit electrons into the ETC to regenerate mitochondrial NAD+. 

Complex III is referred to as Cyt C reductase, for its role in reducing Cyt C. The enzymatic action 

of complex III involves the transfer of electrons from UQH2 to Cyt  C and subsequent pumping of 

4 H+ ions into the IMS space. Although UQH2 can deliver two electrons, Cyt C can only accept 

one electron. Thus, Cyt C reductase exists in a dimeric form to accommodate two Cyt C molecules. 

The process of Cyt C reduction via complex III is the Q cycle (73, 83). Various compounds inhibit 

complex III function, including antimycin A, myxothiazol, and stigmatellin. Antimycin A 

treatment is a potent trigger for complex III-mediated ROS generation (80). 

Complex IV, the last complex in the ETC referred to as Cyt C oxidase, for its role in the oxidation 

of Cyt C. It reduces O2 to H2O with the help of two electrons from Cyt C coupled with protons 

pumping into the IMS. Electrons are first passed from Cyt C to a bimetallic copper center (CuA), 

and then to a heme a3/CuB catalytic site, which serves as the center for oxygen reduction. Eight 

protons were utilized from the mitochondrial matrix for each O2, with four protons ending up in 

H2O and four pumped across the IMM (24, 60, 84). 

The mitochondrial F0F1-ATP synthase is a remarkable nanomachine consisting of two functional 

domains: the membrane-intrinsic F0 sector (in IMM) and the membrane-extrinsic F1 sector (in the 

matrix) (85-87). The two domains are connected by central and peripheral stalks.  The F0 domain 

contains a motor that generates a rotary action using the pmf, while the F1 domain is the catalytic 

part of the enzyme that phosphorylates ATP from ADP (Adenosine Diphosphate) and Pi 

(inorganic phosphate) (87). ATP synthase dimerizes at the highly curved base of the cristae ridge 

in mitochondria, contributing to IMM folding and cristae formation (88). Oligomycin, a potent 

inhibitor of ATP synthase, binds to the F0 domain of this complex (89) and inhibits ATP synthase 

activity. 
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The ETC complexes can function independently, however, three complexes (I, III, and IV) form 

a supramolecular assembly called the ‘respirasome’ with all the necessary electron carriers and 

Cyt C for efficient electron transfer (90, 91). The respirasome is found on the mitochondrial cristae 

in mammalian cells and affects respiratory functions. A recent study suggests that complex II can 

form a supercomplex in Tetrahymena thermophila, a unicellular eukaryote (92). Additionally, it 

has been proposed that the presence or absence of supercomplexes does not improve respiratory 

efficiency in Drosophila melanogaster but is essential for stabilizing the complexes under 

suboptimal biogenetic conditions (93). However, there is no experimental evidence to support this 

in mammalian systems (94). 

 
Figure 1.3.3:4The mitochondrial ETC complexes 
Complex I translocates four protons for two electrons donated from NADH oxidation. Electrons 
from Complex I are carried by the ubiquinone (UQ)/ubiquinol (UQH2) pool at the hydrophobic 
core of the IMM. Electrons at Complex III are transferred to Cyt C. Each Cyt C shuttles one 
electron from complex III to IV, where oxygen is the terminal acceptor electrons. pmf across the 
IMM drives ATP production through ATP synthase. Complex I and Complex II have similar roles, 
Complex II converting succinate to fumarate instead of NADH with the transfer of electrons. Also, 
complex II is incapable of transporting protons across the IMM to IMS. The figure was generated 
using biorender inspired from (95) 

1.3.4 Glycolysis and/or oxidative phosphorylation: A mystery shift 

The Pasteur effect: 

Louis Pasteur (in 19th century), demonstrated that baker's yeast ferments simple sugars, such as 

glucose, to produce ethanol in the absence of oxygen. However, the presence of oxygen suppresses 
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fermentation. Therefore, they proposed that cells convert glucose to ethanol or lactate in response 

to hypoxia. This phenomenon, where metabolic switches shift from respiration to fermentation or 

glycolysis during hypoxia, and high oxygen tension inhibits glycolysis, is collectively referred to 

as the "Pasteur effect."(96) 

It is now widely acknowledged that the inhibition of the ETC or the loss of mitochondrial 

membrane potential (Δψm) leads to an increase in glycolysis (36, 97, 98). The tumour 

microenvironment (TME) represents a prime example where metabolic switching is crucial, as 

immune cells must survive in this hostile environment (99, 100).  

These findings form the basis for Otto Warburg's ground-breaking theory regarding the distinctive 

metabolism observed in cancer cells. 

The Warburg effect:  

In the 1920s, Warburg observed that cultured tumor tissues had high abnormal rates of glucose 

utilization and lactate secretion, even in the presence of abundant oxygen (101). This phenomenon, 

where cancer cells preferentially perform anaerobic metabolism, is known as the ‘Warburg effect,’ 

(97) or ‘aerobic glycolysis’ (102). Warburg concluded that mitochondria in cancer cells were 

‘impaired’ since oxygen could no longer suppress glycolysis (103-105). He suggested that the 

transformation of a normal cell to a cancerous cell occurs in two stages: 1.  When normal cells 

encounter irreversible respiratory injury, they become cancerous and 2. carcinogenesis or the 

period of adaptation for injured cells to maintain their viability (106). Today, we understand that 

mitochondria are not dysfunctional in cancer cells, rather it can be considered as a ‘damage' to the 

regulation of glycolysis or cytosolic oxygen-sensing pathways (107-109).  

Metabolic Plasticity: an ongoing scenario 

Metabolic flexibility refers to the ability to adapt to changes in metabolic demand and has roots in 

the early research by Harris and Benedict. Their work in the 1920s and the 1930s on basal 

metabolism, exercise responses, and metabolic studies in individuals with conditions, such as 

diabetes, remain influential. Individuals with type 2 diabetes and obesity exhibit metabolic 

inflexibility during the post-meal period, which affects glucose and fat oxidation (110, 111). 

Metabolic plasticity allows cells to dynamically adjust their metabolic programs, switch between 

different metabolic states, and optimize energy production and nutrient utilization to support their 

diverse functions in response to changing conditions. It  plays a significant role in various 

physiological and pathological processes, including cancer progression, immune cell function, and 

stem cell homeostasis (112-114). Additionally, mutations in nuclear-encoded mitochondrial genes 
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may disrupt mitochondrial bioenergetics, resulting in metabolic reprogramming characterized by 

reduced OXPHOS and increased glycolysis, potentially contributing to carcinogenesis (98, 115).  

Cancer cells in specific, exploit metabolic plasticity to adapt easily to gain survival advantages. In 

some cancers, cells use glycolytic metabolism even under high oxygen tension, as observed in 

lung tumors (116). In some other cancers, active mitochondria operate together with accelerated 

glycolysis, whereas slow-growing cancer cells prefer OXPHOS (117). Altogether, this 

adaptability enables cells to adjust their metabolic processes to meet specific cellular requirements 

and maintain overall cellular health and function. 

1.4 Mitochondrial Dynamics    

To govern mitochondrial metabolism and various cellular functions, mitochondria employ a 

distinctive characteristic known as Mitochondrial dynamics. Mitochondrial dynamics refers to the 

continuous and coordinated processes of mitochondrial fission, fusion and cristae arrangements, 

which regulate the morphology, distribution, and connectivity of mitochondria within the cell 

(118). Through this dynamic feature, mitochondria adapt to changes in energy requirements, repair 

or eliminate damaged components, and preserve the optimal functionality of mitochondria within 

a cell. 

Mitochondrial dynamics involves three fundamental processes: fission, fusion and cristae 

remodeling. Fission splits one mitochondrion into two; while fusion does the opposite and 

combines mitochondria together. Both division and fusion have distinct molecu lar mechanisms 

and signaling cues. The constant remodelling and delicate balance between the 2 processes 

regulate mitochondrial morphology, behavior, and movement within the cellular environment 

(119, 120). Cristae remodeling refers to the dynamic alteration of the IMM structures where cristae 

invaginations undergo changes in the shape, size, and arrangement. This process is essential for 

regulating mitochondrial functions, optimizing energy production, and adapting to the changing 

metabolic needs of the cell (121, 122). 

Mechanism of Mitochondrial Dynamics          

The dynamic events are mediated by a series of molecular machinery and signaling pathways. The 

intricate regulatory mechanisms governing these events have been gradually unveiled over the 

past 2 decades, including the identification of specific proteins and their roles in organizing this 

process.       
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1.4.1 Mitochondrial Fission 

The main, central protein facilitating fission or division is a dynamin-related GTPase protein, 

DRP1 (123), that causes division of a single mitochondrion into two daughter mitochondria.  

DRP1 

DRP1's involvement in mitochondrial division was initially observed in Caenorhabditis elegans 

(124) and yeast (125), and has been extensively studied in mammals (123). DRP1 is a cytosolic 

protein having 1. a GTPase domain at the N-terminus, 2. a middle domain (MD), 3. a variable 

domain (VD), and 4. a GTPase effector domain (GED) at the C-terminus (Figure 1.4.1). The 

association of these domains via intra- and inter-molecular interactions promotes the self-

assembly of DRP1 into higher order filamentous and spiral-like structures (126) mediating 

mitochondrial fission upon GTP hydrolysis. 

The GTPase domain regulates the self-assembly of DRP1 and stimulates the polymerization of 

DRP1 by hydrolyzing GTP (127). The middle domain is important for the self-assembly of DRP1 

into dimers, tetramers, and even high-order oligomers (128). The C-terminal GED domain 

stimulates GTPase activity and maintain the stability of higher order complexes. The GED domain 

folds back to interact with the GTP-binding domain, the middle domain, and the GED domains of 

other DRP1 proteins (129). The variable domain is located between the MD and GED, in which 8 

lysines within 2 clusters in the VD function as conjugation sites for SUMOylation (130). The MD 

and the GED harbor α-helix-containing stalk domains which mediate DRP1 dimerization (131). 

 
Figure51.4.1: The structure of DRP 1 
DRP1 contains an N-terminal GTPase domain, a middle domain (MD), a variable domain (VD, 
inset B), and a GTPase effector domain (GED). Adapted from (132) 

1.4.1.1 OMM Fission: Mitochondrial fission articulates in three steps (Figure 1.4.2):  

(I) The selection and marking of a prospective fission site 

The marking of the fission site initiates the division process by ensuring that the mitochondrial 

tubule, normally 300-500 nm in diameter, constrict to an extent compatible with the 120-nm DRP1 

helix. This is accomplished by the endoplasmic reticulum (ER) wrapping around prospective 

fission sites on mitochondria (133) in a process termed ER-associated mitochondrial division  
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(ERMD). Then, The ER-bound inverted formin (INF2) and OMM-bound Spire1C form a scaffold 

for the assembly of actin cables. These actin cables along with Myosin II provide the mechanical 

force required to induce further membrane constriction, marking sites for the assembly of division 

complex (134, 135). 

(II) Recruitment and Activation of DRP1 

The decrease in mitochondrial diameter facilitates the recruitment of DRP1 and formation of 

oligomeric rings. However, under physiological conditions, DRP1 exists in a dynamic equilibrium 

between cytosolic and membrane-bound forms, transitioning through a dimeric intermediate 

(136). Moreover, DRP1 lacks a membrane-anchoring domain and requires activation for 

recruitment to the OMM. Recruitment of DRP1 from the cytosol to mitochondria is mediated by 

the mitochondria-anchored DRP1 adaptor proteins mitochondrial fission factor (MFF), 

mitochondrial dynamic proteins of 49 and 51 kDa (MiD49 and MiD51), and hFis1 (137-139). 

Parallel to its recruitment to the OMM, post-translational modifications regulate DRP1 fission 

capacity. These include phosphorylation, S-nitrosylation, ubiquitylation, and SUMOylation. 

(SUMO: small ubiquitin-like modifier). 

For instance, two distinct phosphorylated serine residue sites have been described, with 

contrasting effects on fission activity. Ser616 phosphorylation promotes DRP1 activation, 

whereas Ser637 phosphorylation inhibits DRP1 fission activity. Several kinases have been 

identified as inducers of Ser616 phosphorylation, including phosphoglycerate mutase family 

member 5 (PGAM5)(140), AMP-activated protein kinase (AMPK), calcium/calmodulin-

dependent proteinase kinase-1 (CaMK1), ERK 1/2 (extracellular-signal-regulated kinase 1/2) 

protein kinase C (PKC)(141), mitogen-activated protein kinase (MAPK), cyclin-dependent 

kinases/cyclin B1 (CDK1/Cyclin B1), and Aurora kinase A. Likewise, phosphorylation of Ser637 

by protein kinase A (PKA) activated by cyclic adenosine monophosphate (cAMP) (129) or 

CaMKI; (142) inhibits DRP1 fission activity. Conversely, calcineurin and protein phosphatase 2A 

(PP2A) lead to the dephosphorylation of Ser637, enhancing DRP1 fission activity (143). 

DRP1 can also undergo S-nitrosylation on a conserved cysteine residue in the GTPase effector 

domain. This leads to an increase in mitochondrial fission, possibly by enhancing the effects of 

DRP1-activating phosphorylation (144).  

In addition, ubiquitylation results in DRP1 degradation. The Ubiquitin E3 ligase MARCH5 

(membrane associated ring finger 5, also known as MITOL) can ubiquitylate DRP1 and MiD49, 

modulating mitochondrial morphology in a pro- or anti-fusion fashion in a manner that is still 

controversial (145, 146). 
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Finally, SUMO can be covalently attached to DRP1, rendering it more stable at the OMM. MAPL 

(Mitochondrial-Associated Protein Ligase also known as MULAN), Ubc9 (Ubiquitin-conjugating 

enzyme 9) and SUMO1 have all been implicated in DRP1 SUMOylation (147), while the removal 

of the SUMO moieties is performed by SUMO protease SenP5 (Sentrin/SUMO-specific protease 

5) (148). Of note, DRP1 stabilization by MAPL-mediated SUMOylation has recently been 

implicated as an apoptosis-promoting mechanism downstream of Bax/Bak activation, stabilizing 

ER-mitochondria contacts that generate mitochondrial constriction and Cyt C release (149). 

(III) GTPase driven constriction.  

Following recruitment and phosphorylation, DRP1 assembles into a higher-order multimeric 

complex with a ring-like structure encircling mitochondrion, ultimately inducing fission through 

its GTPase activity. DRP1 oligomerization followed by mitochondrial constriction leads to the 

recruitment of dynamin 2 to terminate membrane scission (150). However, it was later shown that 

DRP1 could induce mitochondrial fission in the absence of dynamin 2 (151). 

1.4.1.2 IMM fission 

The constriction of the IMM is proposed to be an independent process regulated by calcium influx. 

It is the initial step in the fission process after stimulation by ER-induced calcium release to 

mitochondria, potentially before DRP1 recruitment, and can be independent of OMM constriction 

(152, 153). In certain cell types, IMM constriction is attributed to mitochondria–ER contacts 

(MERCS) and INF2-mediated actin polymerization (152), while in neurons, it is regulated by 

IMM fusion protein OPA1 (Optic atrophy1) processing (154). Calcium entry into mitochondria 

reduces the mitochondrial membrane potential, thus activating OMA1 (overlapping proteolytic 

activity with m-AAA protease 1) in the IMM leading to the processing of OPA1 into S-OPA1 

(Short OPA1). The accumulation of S-OPA1 disrupts the capacity of the MICOS (mitochondrial 

contact site and cristae organizing system) complex to stabilize OMM–IMM tethering, causing 

IMM untethering and constriction (153). S-OPA1 localizes at MERCS within the OMM fission 

machinery and enhances mitochondrial fission (155). However, more research is needed to fully 

understand the regulators of IMM constriction and division, and their integration into the overall 

mitochondrial division process. 

1.4.1.3 Types of Fission 

Two functionally and mechanistically distinct types of fission have been identified leading to 

distinct mitochondrial fates (Figure 1.4.2). 

Midzone fission is DRP1-dependent and regulated by MFF. Most fission events are midzone 

divisions that occur at MERCs (156, 157). These events are mostly associated with healthy 
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mitochondria and leads to the proliferation of mitochondria. Additionally, during midzone 

division, mtDNA synthesis occurs at the same MERCs prior to division (158). 

Peripheral divisions are also DRP1 dependent, is preceded by lysosomal contact and regulated by 

FIS1. Peripheral division is driven by a stress response, such as the accumulation of ROS and loss 

of membrane potential. Peripheral division enables damaged material to be shed in to smaller 

mitochondria which is subjected for mitophagy (156, 157).  

Other cellular organelles in Mitochondrial fission 

During mitophagy, lysosomes are recruited to mitochondrial fission sites to eliminate damaged 

mitochondria (159). Lysosomes/late endosomes are tethered to mitochondria by the GTPase 

protein Rab7, which is hydrolyzed by TBC1D15 (Rab7 GTP) to untether them during fission 

(160). The functional role of lysosomal-mitochondrial contacts during fission is poorly 

understood, but it has been postulated that lysosomes are recruited before IMM fission and 

modulate fission process through calcium (Ca2+) signaling (161, 162). 

Recent studies have demonstrated the involvement of trans-Golgi network (TGN) vesicles in 

mitochondrial membrane scission. These vesicles are recruited to the fission site after DRP1-

mediated constriction and carry essential cargo, such as Arf1 and PI4KIIIâ, on their membrane. 

Loss of these cargos impairs fission and results in hyperconnected mitochondrial networks (163). 

However, the mechanism of Arf1-PI4KIIIâ containing TGN vesicles in mitochondrial membrane 

scission is unknown. It is suggested that these vesicles might regulate the lipid composition of 

constricted membranes to control mitochondrial membrane scission (164, 165). 

More research is necessary to understand this complex process involving various organelles 

working together to regulate mitochondrial division. 

1.4.2 Mitochondrial Fusion  

Mitochondrial fusion is a two-step process that involves the fusion of the OMM, followed by the 

fusion of the IMM (166, 167). These two steps occur almost simultaneously and are tightly 

coordinated. The fusion of OMM and IMM is predominantly mediated by dynamin-related 

GTPases with three key players being mitofusin 1 (MFN1), mitofusin 2 (MFN2), and optic atrophy 

1 (OPA1). Recent research indicates that mitochondrial fusion occurs at MERCs, although their 

specific function has not yet been determined (168-170). 
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Figure61.4.2: DRP1-dependent mitochondrial division 
Fission comes in at least two forms. Midzone and Peripheral division. For Midzone, the event is 
associated with the ER and actin filaments. Actin polymerized by ER-bound INF2 and 
mitochondrially-bound Spire 1C leads to enhanced ER-mitochondrial contact in a Myosin II-
dependent manner leading to “pre-constriction”. The DRP1 adaptors on the OMM recruit DRP1 
to the constriction site, enhancing its oligomerization and GTPase activity forming full ring 
assembly around OMM leading to constriction. For peripheral division, mitochondrial stressors 
like a drop in mitochondrial membrane potential (ψm) trigger the asymmetrical division which is 
assisted by lysosome recruitment. After division, the smaller unit is targeted for organelle 
clearance at lysosomes. The figure was generated using biorender inspired from (156) 

1.4.2.1 OMM fusion 

In mammals, OMM fusion is regulated by two large GTPases, MFN1 and MFN2, which share 

approximately 80% sequence similarity. These proteins accumulate at the contact points between 

adjacent mitochondria and form homo- or heterotypic complexes (171), bringing them to close 

proximity facilitating mitochondrial fusion (172). The ortholog of MFNs, known as the fuzzy 

onion (Fzo1), was initially identified in Drosophila melanogaster and is evolutionarily conserved 

from yeast to humans (173-175).  

The structure of MFNs: 

Mitofusins contain an amino-terminal GTPase domain, which is exposed to the cytosol, and two 

heptad repeat domains (HR1 and HR2), also referred to as coiled-coil domains, separated by two 
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transmembrane domains that are suggested to anchor the proteins in the OMM (Figure 1.4.2.1), 

although the actual topology of the protein is debated (176). The overall configuration of MFN1 

and MFN2 is expected to be similar, with slight divergences in MFN2 arising from specific 

sequence variations in its GTPase domain, leading to diminished GTPase activity. However, 

MFN2 proteins display a robust tethering effect, as demonstrated at the sites of ER-mitochondria 

contacts (177). 

 
Figure71.4.2.1: The structure of MFN 
MFNs contain an N-terminal GTPase domain, a middle domain (MD), a variable domain (VD, 
inset B), and a GTPase effector domain (GED). The figure was generated using biorender inspired 
from (132).  

There are several models proposed for MFN mediated OMM fusion (Figure 1.4.2.2): 

1. Trans-dimerization model: According to this model, MFN contains two transmembrane 

domains that are inserted into the OMM with the heptad repeat (HR1 and HR2) domains facing 

the cytosol, along with the GTPase domain. The dimerization of HR2 domains on opposing 

mitochondria brings them close to each other, and GTP hydrolysis causes conformational changes 

in MFNs, resulting in the merging of the OMM (178). In vitro studies suggest that GTPase-

dependent activity of coiled coil HR1 domains regulates mitochondrial membrane tethering and 

lipid mixing (179). GTP hydrolysis by MFN1 requires K+ as a charge-compensating factor, which 

makes the nucleotide-binding pocket highly selective (176). The binding of guanine nucleotide 

regulates G domain dimerization, inducing a conformational change from the ‘closed’ tethering-

constrained state to the ‘open’ tethering-permissive state allowing efficient tethering of two 

OMMs. The latter process is also termed as nucleotide-triggered dimerization (180) 

2. ROS-based dimerization: The proposed model suggests that MFNs have a single 

transmembrane domain, with the HR2 domain facing the IMS, and the GTPase and HR1 domains 

facing the cytoplasm. It is hypothesized that an oxidative milieu in the IMS would result in the 

dimerization of HR2 via disulfide bond formation, hereby causing two mitochondria to be tethered 

by the GTPase-dependent HR1 domain followed by the fusion of membranes (181, 182). It has 

been proposed that under such topology, it may facilitate coordinated fusion of both the 

membranes by interacting with the IMM fusion machinery (183). 
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Figure81.4.2.2: Dimerization models proposed for MFN-mediated OMM fusion 
Trans-based dimerization where MFNs from opposing mitochondrial membranes can physically 
interact in trans, forming antiparallel dimers between HR2 domains. The HR2-HR2 interaction 
will tether two opposing mitochondria further forming dimers of the GTPase domains. In ROS 
mediated dimerization, the HR2 and disulfide cysteine residues residing within the IMS lead to 
conformational changes that promote tethering or changes in GTPase activity. The GTPase 
loading promotes GTP hydrolysis activity facilitating membrane fusion. The figure was generated 
using biorender inspired from (181) 

1.4.2.2 IMM fusion 

IMM fusion is governed by the large GTPase OPA1 in conjunction with the IMM-specific lipid 

component Cardiolipin (CL). OPA1, initially identified in yeast (as Mgm1p)(184), is 

evolutionarily conserved and is characterized by eight splice variants. It is a dynamin-like GTPase 

anchored to the IMM via its N-terminal transmembrane domain, with GTP-binding and GTPase 

effector domains exposed in the intermembrane space (185). OPA1 can be cleaved at two sites, 

S1 and S2, by two membrane-bound metalloproteases, OMA1(Overlapping Activity with m-AAA 

protease 1) and YME1L (YME1-like protein), generating at least five OPA1 fragments, with two 

higher molecular weight forms referred as L-OPA1 and the three shorter as S-OPA1 variants (186, 

187). The abundance of these OPA1 isoforms varies in different cellular contexts, thereby 
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influencing the regulation of mitochondrial dynamics. Interestingly, OPA1 localization to just one 

of the two opposing mitochondria is sufficient to drive the fusion of both IMM membranes (188). 

CL is a mitochondria-specific negatively charged lipid primarily found in the IMM that is essential 

for the assembly and stability of large protein complexes, such as the cristae organizing system 

(MICOS), and OXPHOS complexes (16). Studies have shown that when recombinant L-OPA1 is 

exposed to CL-containing liposomes, it can stimulate heterotypic interactions between L-OPA1 

and CL, leading to membrane fusion (189). Likewise, S-OPA1 has the capacity to enhance OPA1 

binding to CL, facilitating IMM fusion. These findings align with yeast models that highlight the 

role of CL and both L-OPA1 and S-OPA1 in IMM fusion (190, 191). 

1.4.2.3 Cristae modeling 

Along with the fusion process, OPA1 controls cristae morphology and remodeling. The two 

processes are independent, as interference with OMM fusion does not affect cristae shape (192). 

The current model proposes that oligomers of L-OPA1 line the length of the cristae, where they 

tether opposite-facing membranes. The cleavage of L-OPA1 results in disruption of the cristae 

structure and the release of proteins from the intracristae space (193). In contrast, S-OPA1 forms 

are believed to be less important for steady-state cristae structures but are more relevant for 

dynamic remodeling of cristae morphology following stress challenges (193). Loss of OPA1 

completely disrupts cristae structure and affects mitochondrial OXPHOS activity (194, 195). 

1.4.2.4 Types of mitochondrial fusion 

Mitochondrial fusion can be classified into two distinct forms: transient and complete. In the case 

of complete fusion, both membranes merge, whereas transient fusions involve the merging of both 

membranes and sometimes only the OMM. Transient fusion is a brief or partial fusion event that 

may separate within seconds. In contrast, complete fusion maintains its fused state for a more 

extended period. The IMM protein OPA1 is necessary for both complete and transient fusion, 

however, a lower level of OPA1 is sufficient to facilitate transient fusion (196, 197). 

Transient fusion events occur when mitochondria come into close contact, facilitating the quick 

exchange of soluble proteins within the IMS and matrix. After this exchange, the two mitochondria 

separate, retaining their original morphology. These transient fusion events exhibit rapid kinetics 

and allow only partial exchange of the integral membrane proteins. Transient fusion acts as a "pit 

stop" for mitochondria, efficiently recharging them to rapidly restore movement and metabolic 

activity. This process serves as a quality control mechanism to ensure mitochondrial stability and 

adaptability for optimal metabolic function (196, 197). 



20 

A complete fusion event is a rapid diffusion of soluble mitochondrial components, followed by 

a more gradual mixing of integral membrane elements, including mtDNA. Complete fusion results 

in a change in the morphology, leading to a more connected or elongated structure. Complete 

fusion is believed to confer complementation between individual mitochondrial units, thereby 

promoting increased homogeneity throughout the mitochondrial network. Complementation 

serves as a crucial mechanism by which mitochondria can rescue damaged units within the 

network (196, 197). 

1.4.3 Importance of fission and Fusion 

Fission is essential for the removal of damaged or dysfunctional mitochondria and the distribution 

of mitochondria throughout the cell. Fission occurs in response to nutrient excess, cellular 

dysfunction, during cell division, to controls calcium homeostasis and as autophagic response (14, 

120, 198).  

The process of mitochondrial fusion allows for the mixing of various mitochondrial contents 

between neighboring mitochondria (135, 198). The complementation of fusion between damaged 

and healthy mitochondria helps buffer transient stresses or defects within a mitochondrion by 

diluting toxins.  

Any imbalance in fission or fusion during cell division can impair mtDNA segregation (199). 

Dysregulation of the fission-fusion process leads to defects in the recalibration of cellular 

responses and the transmission of diffusible signals within mitochondria, which can cause 

mitochondria-associated diseases. Mutations in MFN2 cause Charcot-Marie-Tooth type 2A 

(CMT2A), a peripheral neuropathy affecting sensory and motor neurons of the distal extremities 

(200). Mutations in OPA1 are the predominant cause of autosomal dominant optic atrophy (DOA), 

a degeneration of retinal ganglia cells that leads to optic nerve atrophy (201). The defect in the 

fission protein DRP1 leads to encephalopathy due to defective mitochondrial and peroxisomal 

fission-1 EMPF1 and optic atrophy 5 (autosomal dominant form of nonsyndromic optic atrophy). 

(202) 

1.4.4 Fusion-Fission Balance 

Mitochondrial fission and fusion play pivotal roles in maintaining optimal mitochondrial function. 

Under normal physiological conditions, the equilibrium between these processes regulates the 

shape of the mitochondrial network. The state of balance between  the four dynamin-related 

proteins controlling fusion and fission determines mitochondrial morphology. Complete network 

fragmentation can result from the increased expression or activation of fission proteins. However, 

the mitochondrial network will also fragment if the fusion activity is inhibited (203, 204). 
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Similarly, elongated tubular networks occur with enhanced fusion activity as well as through 

blockage of fission (123, 205, 206). These extremes are reminders that antagonism between 

counteracting enzymatic forces sets the shape of mitochondria and, therefore, must always be 

considered simultaneously when deciphering the network morphology.  

This morphological adaptation of mitochondrial networks appears to align with the cellular 

metabolic requirements. For example, during periods of starvation, mitochondria adopt an 

elongated network structure to meet increased energy demands (206). Some studies have observed 

hyperfusion of mitochondria in response to acute stress-inducing agents, such as actinomycin D, 

cycloheximide, or oxidized glutathione, a phenomenon known as stress-induced hyperfusion. 

Conversely, excessive stress, such as ROS or exposure to fatty acids, triggers mitochondrial 

fragmentation, compromises mitochondrial structure, and potentially leads to the release of pro-

apoptotic proteins, such as Cyt C and Smac/Diablo (207-209). However, it is important to note 

that fragmented mitochondrial networks do not always correlate directly with reduced 

mitochondrial bioenergetics (210).  

Altogether, the structure of the mitochondrial network is dynamically adjusted depending on the 

balance between the fission and fusion proteins. It has been suggested that mitochondrial network 

integrity remains undisturbed when fission and fusion proteins are simultaneously depleted. 

Nonetheless, research has shown that the genetic alteration of fission (DRP1) and fusion 

(MFN1/2) proteins leads to premature death and are associated with various diseases (211). This 

emphasizes the significance of mitochondrial dynamics for cellular health and well-being. 

1.4.5 The role of Mitochondria-ER contact sites in Mitochondrial Dynamics 

The ER communicates with mitochondria through (MERCs) in yeast and mammals, and these 

connections have been shown to participate in different physiological functions, such as 

phospholipid synthesis, Ca2+-mediated signal transduction, protein import, mitochondrial 

distribution, mitophagy, and so on (212-214). It is also reported that some of the mitochondria-

shaping proteins are involved in this intercommunication. The mitochondrial profusion protein 

MFN2 is localized on both mitochondria and the ER, and MFN2 on the ER associates with 

MFN1/2 on mitochondria and tethers the ER and mitochondria together to maintain the efficient 

mitochondrial Ca2+ uptake, which is essential for ATP production (215). Nagashima et al. 

presented a novel hypothesis that MARCH5 regulates ER and mitochondria tethering by 

ubiquitination of mitochondrial MFN2 and activation of MFN2 GTP binding ability. The activated 

MFN2 oligomerizes with the ER-localized MFN2 and apposes the mitochondria to the ER (216). 
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As described previously, the ER has been also shown to play an active role in mitochondrial 

dynamics. During fission, ER tubules were observed to wrap around mitochondria, marking the 

prospective sites of mitochondrial division and reduce the mitochondrial diameter by about 30% 

before DRP1 recruitment, which is to be followed by mitochondrial division (133). Recently, 

similar to fission, the ER is also observed at the sites of fusion (168, 169). However, it is still 

unclear to what extent ER tubules are essential for mitochondrial fusion. 

Besides the ER, the actin cytoskeleton is also involved in regulating of mitochondrial fission (217, 

218). The cycling of actin assembly and disassembly around mitochondrial subpopulations 

efficiently promotes local mitochondrial fission dependent on DRP1. The elaborated 

understanding of Actin and its regulatory role on mitochondrial dynamics and its function  is 

provided in the following sections. 

1.4.6 Mitochondrial Dynamics on Apoptosis 

Mitochondrial dynamics are crucial for regulating apoptosis and determining the balance between 

cell survival and programmed cell death. The equilibrium between mitochondrial fusion and 

fission processes impacts cellular response to apoptosis, where interconnected mitochondrial 

networks resist apoptosis, while fragmented mitochondria increase susceptibility to apoptotic 

stimuli (219, 220). The interaction with internal apoptotic pathway releases apoptotic factors, such 

as Cyt C, Smac/Diablo, and Omi, from the IMS to the cytosol and subsequent activation of 

caspases leading to the activation of cell death pathways (209, 221-223).  

Mitochondrial fusion prevents apoptosis by preserving cristae integrity (192), while a shift to 

mitochondrial fission signals activation of the apoptotic pathway. Bax and Bak, crucial BCL-2 

family proteins, regulate mitochondrial outer membrane permeabilization (MOMP) triggering the 

formation of the apoptosome and subsequent activation of caspases, which execute the apoptotic 

program (149, 209, 224, 225) 

Furthermore, the mitochondrial fission protein Fis1 physically interacts with ER-located Bap31, 

inducing Bap31 cleavage into pro-apoptotic p20Bap31. The Fis1-Bap31 complex bridges the 

mitochondria and the ER and signals for apoptosis. This signalling pathway establishes a feedback 

loop by releasing Ca2+ from the ER that activates the mitochondria for apoptosis. Additionally, the 

dysregulation of key regulatory proteins such as MFF, MFN1, MFN2, OPA1, and DRP1 during 

apoptosis has been reported, highlighting the intricate relationship between mitochondrial 

dynamics and the apoptotic pathway (226).  
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The crosstalk between mitochondrial dynamics and apoptosis is a complex and multifaceted 

process, where dysregulation of mitochondrial dynamics is closely correlated with apoptosis, and 

the equilibrium of mitochondrial dynamics is critical in the regulation of apoptosis. 

1.4.7 Mitochondrial dynamics and cellular metabolism 

Mitochondrial dynamics affect not only cell death pathways but also influence cellular processes. 

It is believed that elongated mitochondria are more active and produce more energy (ATP), 

whereas short and fragmented mitochondria are weak and have reduced ATP production, 

suggesting that mitochondrial energy metabolism is linked to mitochondrial dynamics (227, 228). 

Research suggests that mitochondria-shaping proteins affect cellular metabolism, with MFNs 

regulating ROS production and energy metabolism (118, 229). MFN2 also regulates the 

expression of subunits in OXPHOS complexes, with loss-of-function reducing subunits in 

complexes I, II, III, and V and overexpression of subunits in complexes I, IV, and V. In addition 

to MFNs, OPA1 is involved in the regulation of the mitochondrial energy status. The level of 

OXPHOS can regulate IMM fusion through Yme1L, which cleaves OPA1 more efficiently under 

high OXPHOS conditions to promote IMM fusion, whereas the OMM is insensitive to OXPHOS 

levels (227). 

On the other hand, knockdown of the fission protein DRP1 in HeLa cells decreased cellular ATP 

content and elevates ROS levels (229, 230). ROS production simultaneously regulates both DRP1-

mediated fission and fusion events in mitochondria. Metabolic diseases, such as type 2 diabetes 

and obesity, are associated with abnormalities in mitochondrial division and fusion, involving core 

mitochondria-shaping proteins such as DRP1, OPA1, and MFN2. High blood glucose levels 

increase DRP1 activity in mitochondria, leading to more fission and ROS production as a by-

product (231). Dysregulation of mitochondrial dynamics and shift in metabolic pathways are well 

reported as a common phenomenon in various cancer studies (67, 99). Altogether, mitochondrial 

dynamics exert a profound influence on cellular metabolism to maintain cellular homeostasis.  

1.4.8 Mitochondrial dynamics in cellular nutrient sensing. 

Another important role of mitochondrial dynamics is in cellular nutrient sensing and providing a 

suitable metabolic response. These changes were, to a large extent, interpreted in the context of 

quality control activation (232) Nonetheless, it is now suggested as an adjustment to variations in 

ATP demand and supply. When cells are grown under nutrient deprived conditions like starvation, 

they exhibit an elongated mitochondrial network and maximize energy production efficiency (16, 

205, 233). Conversely, exposing cells to excess nutrients caused mitochondrial fragmentation with 

a decrease in ATP synthesis efficiency (less ATP per molecule of nutrient oxidized) (205, 233, 
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234). This comparison strengthens the theory that mitochondrial dynamics are influenced by 

cellular nutrient availability and play an active role in changing the mitochondrial bioenergetic 

efficiency and capacity. 

1.5 Extracellular Matrix 

As described in the previous section, regulation of mitochondrial bioenergetics is largely affected 

by changes in the cellular microenvironment. The cellular microenvironment forms a primary 

niche where cells rely for their support and survival. The microenvironment refers to the 

surroundings of a cell, including neighboring cells, the extracellular matrix (ECM), and chemical 

signals.  

A major component of the cell microenvironment, the ECM, provides structural support to cells 

and helps regulate various cellular processes including cell adhesion, migration, and tissue 

development. The key role of the ECM is to provide survival signals under anchorage-dependent 

conditions. It offers stability to the cells by withstanding many forces acting upon it including 

gravity, external mechanical forces and internal cell tension, while remaining elastic enough to 

provide tissue integrity and support for cell movement (156). 

1.5.1 ECM Composition  

There is an intricate network of macromolecules that surrounds cells and anchors them in tissues. 

This matrix is composed of a variety of highly glycosylated proteins that are secreted locally and 

assembled into an organized meshwork in direct association with the surface of the cells that 

produced them. Proteins in the ECM are normally grouped as glycoproteins, proteoglycans and 

collagens (235) (Figure 1.6.1).  

Collagens are he most abundant protein in the ECM and this protein gives the matrix its strength. 

Collagens are characterized by their unique triple helix structure, composed of three polypeptide 

chains known as alpha chains known as collogen domains. Collagens are commonly associated 

with glycoproteins or proteoglycans that contain one or more collagenous domains. Dependent on 

the requirement of the tissue, collagens can be aligned as bundles to bear tensile stress (e.g.in 

tendons) or be arranged as meshwork with incorporated proteoglycans acting as water cushion 

(e.g. in cartilage). Glycoproteins occur in the ECM that confer functionality to the matrix in 

different tissues. Glycoproteins contain domains that interact with other ECM components during 

ECM assembly, they also possess domains that interact with cells. Major glycoproteins include 

elastin, laminin, fibronectin and tenascins. Elastin allows tissue to stretch and reform after 

movement, an important property in the ECM of veins and arteries (236). Laminin and fibronectin 
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are major components of the basal lamina. These glycoproteins make the ECM adhesive; binding 

to other ECM proteins such as collagen, and interacting with cells via integrins (237, 238). 

Proteoglycans are glycoproteins with unbranched highly charged sulphated glycosaminoglycan 

(GAG) side chains (235). These chains are strongly hydrophilic and hence are most abundant in 

those tissues where the ECM is highly hydrated with collagen fibres. GAGs are linear, charged 

polysaccharides consisting of repeating pairs of sugars, one of which is an amino sugar. Th e 

negatively charged GAGs act as space fillers within the ECM. Around 40 proteoglycans are 

identified, which are divided into families based on their structure. Certain proteoglycans, such as 

decorin, consist of only one GAG chain, while others, like aggrecan, can have over 100 chains. 

Nonsulphated GAG: In contrast to the GAGs found in proteoglycans, these GAGs are not bound 

to a protein core. Hyaluronic acid, the most prevalent unsulfated GAG, is a linear polysaccharide 

consisting of as many as 10,000 disaccharides. It possesses a high anionic charge and is a critical 

factor in tissue hydration. It is found in the ECM, on the cell surface, and within the cell (239, 

240). 

1.5.2 Cell-ECM interactions  

The cell-ECM interactions are mediated via cell surface receptors either directly or indirectly with 

co-operative molecules. (235, 237, 238, 241). 

Direct interaction: the ECM macromolecules interact via integrins or certain other types of cell 

receptors such as a receptor for GAG hyaluronan (HA), namely CD44, and syndecans.  

Indirect interaction: ECM macromolecules co-operate concurrently with several receptor 

molecules and growth factors.  

Cell-ECM interactions are mediated directly or indirectly via cell surface receptors by binding to 

the specific ligands of the ECM. Integrins are the major class of ECM receptors in humans. Upon 

binding of a ligand to the extracellular portion of integrins, a structural rearrangement occurs, 

leading to the rapid assembly of integrin adhesion complexes (IACs) to the receptor's cytosolic 

region (242, 243). The maturation of the multimolecular complex involves the recruitment of 

proteins that physically link the integrin to actin, like talin and vinculin, but also signaling 

molecules, like focal adhesion kinase (FAK), extracellular signal regulated kinase (ERK), proto-

oncogene tyrosine kinase Src (c-Src) and Rho family GTPases (244), enabling downstream 

signaling. Integrin signaling is bidirectional, involving both outside-in and inside-out signaling. 

Further, the reciprocal nature of the cell-matrix interaction also allows cells to reorganize the 

ECM. For instance, cellular traction forces exerted on the ECM can lead to the organization of 

collagen fibrils into sheets and cables, influencing the alignment and tensile strength of the matrix 
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(245). Therefore cell-ECM interaction is a crucial aspect of cellular function, mediating various 

processes such as adhesion, signaling, and mechanotransduction. Various pathways can be 

activated during cellular interaction with the ECM. In this context, I will brief on the Integrins and 

their associated signaling pathway, focusing on actin polymerization to remain within the confines 

of my study. 

 
Figure91.5.1: Overview of the extracellular matrix 
The proteins fibronectin, collagen, and laminin contain binding sites for one another, as well as 
binding sites for cell surface receptors such as integrins. The figure was generated using biorender 
inspired from (245). 

1.5.3 Integrins 

Integrins are transmembrane heterodimers made of α and β subunits containing large extracellular 

domains that bind to the ECM and an intracellular domain which interacts with cytoskeleton 

proteins. In humans, integrins family consists of 24 heterodimers formed from combinations of 18 

α and 8 β subunits, each with a specific but somewhat overlapping ligand binding specificity (247). 

After the cell receives mechanical information from the outside, the integrin tails undergo 

conformational changes that facilitate binding to focal adhesion complexes (Talin, vinuculin, 

FAK, etc.) and promote the active conformation of the integrin. After activation, the cytoplasmic 

domain of integrins binds IACs and stimulates the formation of new adhesions. The new focal 

complexes are formed at the leading edge and some of them eventually mature into focal adhesions 

by recruiting additional proteins to site. This transition depends on formation of actin bundles and 

their contractility, which applies force at cell-matrix adhesions. Thus, focal adhesions can only 
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form on a mechanically stable (stiff) substrate. Integrins can also be activated from inside the cell. 

This is achieved via the interactions between different cytoplasmic factors and the cytoplasmic 

domain of integrins. The phenomenon is called inside-out signaling (248) (Figure 1.5.2). For 

example, Talin can transduce signals from the cytoplasm, activating integrins, that increases the 

adhesion potential of the cells.    

Most integrins are known to bind to several different ECM macromolecules. The integrin receptors 

always contain one α chain and one β chain and each α β combination has its own binding 

specificity and signaling properties, such as α2β1 integrin designated as the major receptor for 

fibrillar type I collagen, while α5β1 is a typical Fibronectin (FN) receptor (238, 241).  

As the external domain of the integrins bind to their ligand, they change from an inactive to an 

active configuration and become clustered in the plane of the cell membrane. This is accompanied 

by the transduction of signals into intracellular signal transduction pathways that mediate a number 

of intracellular events. 

 
Figure 10.5.2: Integrin Activation and Bidirectional signaling 
The inactive Integrins have a bent conformation and low affinity. The open conformation with 
separated cytoplasmic leg domains having high affinity, is an activated integrin. A) Extracellular 
domains of resting integrins open to bind extracellular matrix ligands. This leads to “outside-in” 
signaling of integrins, resulting in cytoskeletal remodeling and downstream signaling cascade. B) 
Agonist stimulation, signals from cytoplasmic proteins receptors can lead to “inside-out” signaling 
of integrins, for example, Talin can transduce signals from the cytoplasm, activating integrins, that 
increases the adhesion potential of the cells. The figure was generated using biorender inspired 
from (248). 
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1.5.4 The FAK/Src Pathway 

Integrins activate various protein tyrosine kinases, including focal adhesion kinase (FAK), Src 

family kinases, Abl, and a serine-threonine kinase, integrin-linked kinase (ILK) etc. In this section, 

I provide an overview of integrin-dependent pathways concerning FAK and Src-family kinases, 

pertinent to my research.  

FAK is a protein tyrosine kinase that is composed of a N-terminal FERM domain, a central kinase 

domain and a C-terminal focal adhesion-targeting (FAT) domain. Upon ligand binding to the 

integrin receptors, clustered integrins initially promote recruitment of FAK to adhesion site via 

interaction with integrin-associated proteins such as talin and paxillin. Ligand-induced integrin 

clustering thus brings FAK molecules together and allows FAK trans-autophosphorylation at 

Tyr397, which becomes a high affinity binding site for the Src homology 2 (SH2) domain of Src 

tyrosine kinase. The now activated Src can in turn phosphorylate FAK at the kinase domain 

(tyrosines 576 and 577) and C-terminal domain (tyrosines 861 and 925). By these 

phosphorylations, FAK becomes both an active kinase and an adaptor protein for recruitment of 

additional proteins (237, 248). The activated FAK-Src activates downstream proteins. For 

example, p130CAS activated by FAK-Src complex through phosphorylation binds to Crk (CT10 

regulator of kinase), leading to Rac-1 activation and lamellipodia formation (249) (Figure 1.6.3). 

These changes influence cytoskeletal re-organisation, gene expression, cell proliferation, and 

adhesion (237, 238). 

 
Figure11.5.3: Integrin signalling cascade 
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Upon extracellular matrix binding to integrins, they obtain open conformation, activating the 
outside-in signalling cascade. Integrin stimulates phosphorylation FAK at Tyr39 and in a Src-
dependent manner, further activating p130Cas which has been known to be activated during 
cellular invasion and migration in ovarian cancer cell. p130Cas recruits’ proteins that activate 
downstream pathways (Rac1, Wave-Arp2/3 complex), resulting in actin cytoskeleton re-
organization promoting lamellipodia formation assisting in cell migration  The figure was 
generated using biorender inspired from (249, 250)  

1.5.6 Mechanotransduction: Factors affecting Cell-ECM Interactions: 

The initial interaction between integrins and the ECM is independent of force (251) but from then 

onwards, the formation of IACs and the resulting signaling is force dependent. The mechanical 

properties of the matrix affect integrins in multiple ways. It affects integrin -ligand binding 

kinetics; conformation and activation; clustering and diffusion; and trafficking and subcellular 

localization (252). The maturation of nascent adhesions into larger focal adhesions is force-

dependent (251, 253) and different integrin heterodimers are differentially regulated by force (254, 

255). This means that integrin-mediated mechanotransduction is influenced by integrin expression 

patterns as well as by the ECM composition. Alongside the force dependent strengthening of 

ECM-integrin bonds and adhesion complex maturation, the cytoskeleton is also stiffening in 

proportion to the applied force (256). The actin filament system contributes the most to cell 

tension, maintained by actomyosin filaments and balanced by microtubules and the ECM-

connected IACs (257). The cellular response to mechanical stress depends on the global structural 

alterations in the cell’s cytoskeleton. The factors affecting these responses are: 

ECM Stiffness: Cells sense the substrate elasticity by exerting traction forces at the anchorage 

points (focal adhesions) and sensing their displacement as a function of the applied force. If the 

substrate is stiff, it may not move or be deformed; therefore, all the generated tension will remain 

within the cell and promote cell spreading. In contrast, a soft substrate can be easily deformed, 

which causes cells to generate much less internal tension within the cytoskeleton and less 

polymerisation in stress fibres which provokes cells to appear round and small (219). 

Mechanical stress: Cells exert force on the materials they adhere to and sense the resulting 

displacement in a process known as mechanosensing. The mechanisms by which cells identify 

and process this mechanical information into chemical signals depend on its nature and the 

structures involved (ion channels, G-protein coupled receptors, integrins and protein kinases). For 

instance, In the bone, the osteocyte is the mechanosensor that transforms mechanical information 

(shear stress and stretch, modifications in extracellular pressure and strains) into biochemical 

signals, directing osteogenesis; osteocytes detect microcracks and promote bone remodelling 

(258). 
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1.5.7 Impact of the ECM on Mitochondrial function 

As previously described, the focal adhesion sites pair intracellular actin fibers to the ECM via 

integrin activation during cell-ECM interactions. At these sites, mitochondria has emerged as a 

critical factor, by conducting localized ATP generation to allow formation and maturation of focal 

adhesions (259). Furthermore, a link between the mechanical properties of the cell 

microenvironment and mitochondrial dynamics has been recently reported, suggesting ECM 

stiffness and composition affecting mitochondrial morphology (219). Despite evidence linking 

mitochondrial function and the ECM, the mechanism by which ECM properties affect 

mitochondrial function remains elusive. Investigating specific ECM proteins involved in 

regulating mitochondrial function can elucidate cellular mechanisms behind this link. 

1.6 The Actin Cytoskeleton 

We have now studied that ECM-driven Integrin-dependent pathway promotes actin cytoskeleton-

mediated intracellular signaling. So, what is Actin? Actin constitutes one of the three filamentous 

components that make up the cytoskeleton. The other two, intermediate filaments and 

microtubules, will not be discussed in the context of this thesis.  

Actin, a monomeric protein with a molecular weight of approximately 42 kDa, is abundantly 

present in all eukaryotic cells, with concentrations ranging from 50μM to 200μM in mammalian 

cells (3, 260, 261). Initially discovered in muscle and purified in 1942, actin is considered one of 

the most prevalent proteins in eukaryotic cells, exhibiting evolutionary conservation within the 

cytoskeleton of diverse taxonomic groups (262-265). There is even a suggestion that actin, tubulin, 

and histones may share a common ancestral protein, based on their shared behavioral 

characteristics (266). 

The ability of cells to migrate as a whole, or move subcellular components, is essential for cell 

growth and proliferation. Forces generated by the actin cytoskeleton power these diverse motility 

processes. To generate a pushing force for protrusion, the cell uses the energy of actin 

polymerization. Polymerization of individual actin filaments produces piconewton forces (263, 

267), and filaments are organized into parallel bundles in filopodia or branched networks in 

lamellipodia to produce large forces. Hence it can produce pushing (protrusive) forces through 

coordinated polymerization of multiple actin filaments or pulling (contractile) forces through 

sliding actin filaments along bipolar filaments (268). Moreover, the actin cytoskeleton defines the 

cell shape and mechanical properties and serves as a scaffold for intracellular protein and cargo 

transport (269).  
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In humans, there are a total of six actin genes, with four of them belonging to the α-actin group 

found in various muscle types, while the remaining two, β-actin and γ-actin, are non-muscle 

variants (263, 268).  

Actin exists in two distinct forms: monomeric actin, known as globular actin or G-actin, and 

filamentous actin, referred to as F-actin. Maintaining a precise balance between these two actin 

forms is crucial to meticulously control cytoskeletal dynamics and responding to extracellular 

signals effectively (270). Actin as a monomer exhibits limited ATPase activity, its efficiency in 

ATP hydrolysis significantly increases upon polymerization into filaments (271). Actin monomers 

form tight interactions with ATP and ADP, provided there are calcium ions (Ca2+) or magnesium 

ions (Mg2+) present (272). 

The actin filament is produced with a process termed actin treadmilling, the kinetics of which are 

thermodynamically unfavorable (273). Nonetheless, once oligomers are established, spontaneous 

actin assembly becomes feasible, as the ATPase activity of actin is enhanced during 

polymerization (274). In this process, actin monomers predominantly attach to the barbed (+) end 

of the filament in the ATP-bound state and tend to dissociate from the pointed (−) end, primarily 

in the ADP state (see Figure 1.6.1). More specifically, the newly formed segment of the filament 

predominantly contains ADP-Pi-bound actin with an ATP-bound unit cap at the tip, while older 

filaments consist mainly of ADP-bound actin. The ADP-Pi actin is structurally similar to ATP-

actin, and both are more stable than ADP-bound F-actin (274, 275).  

 
Figure 12.6.1: Monomeric and filamentous Actin 
A. Actin has ATPase activity and the conversion of G-actin from ATP- to ADP-bound and vice 
versa is a dynamic process in the cell. B. Actin treadmilling. The conversion of the ADP- to ATP-
bound actin ensures the formation of actin filaments at the barbed (+) end of the filament. This 
occurs in a speedy manner. The conversion of the ATP- to the ADP-bound actin leads to the 
monomers separating from the filament at the pointed (-) end. This process is much slower. The 
figure was generated using biorender inspired from (276) 

Within cells, actin filaments constitute the structural framework of the actin cytoskeleton. These 

filaments exhibit polarity and take the form of double-stranded helical polymers (7nm in diameter) 
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(272), and each actin subunit contributes an additional 2.7 nm in length to the filament (263).  

Actin polymerization involves two distinct phases: nucleation and elongation. Nucleation 

necessitates the sequential dimerization and trimerization of actin monomers, with both steps 

being energetically unfavorable. Once the trimeric actin "seed" forms, it can undergo rapid 

elongation to create the actin filament. Consequently, actin filament assembly is primarily 

constrained by the nucleation phase, with dimerization being the least favorable step (277). During 

the elongation phase, the barbed end of the filament displays higher dynamism, with on-rates and 

off-rates approximately ten times faster than the pointed end (268). Many cellular actin filaments 

turn over constantly to remodel actin-based structures according to changing needs. In here, 

regulatory proteins control all aspects of actin filament dynamics. Actin-binding proteins (ABPs) 

assemble most actin filaments into networks and bundles adapted to specific tasks and accessory 

proteins allow actin filaments to act in association with cellular membranes (263). 

A noteworthy characteristic of actin is its ability to swiftly switch between monomeric and 

filamentous states, enabling the rapid assembly and disassembly of extensive filament networks 

within seconds to minutes (152, 278, 279). Consequently, to achieve rapid and precise 

mobilization of the actin cytoskeleton for specific functions, cells employ a multitude of actin -

associated proteins that govern the location and structure of actin networks. Furthermore, there 

are additional GTPases and G-and F-actin binding proteins (ABPs), playing pivotal roles in 

governing the precise manner in which actin filaments are formed (discussed later).  

1.6.1 Actin cytoskeleton structures 

The polymerized actin filaments can further organize into different types of architectures: 

branched and crosslinked networks, parallel bundles, and anti-parallel contractile structures 

(Figure 1.6.2). These structures can act as mechanical elements to drive cell shape changes and 

motility.  

Branched Actin Networks represent self-assembling cytoskeletal structures (280) facilitated by 

the coordinated interactions of various key components, including nucleation promoting factor 

(NPF), the Arp2/3 complex, capping protein (CP), filamentous actin, and monomeric actin bound 

to profilin (281-283). These networks play an indispensable role in generating compressive forces 

required for numerous cellular processes, such as the protrusion of leading edge membranes in 

migrating cells (137), the repair of cell ruptures (284), endocytosis (short actin patches) (285), 

phagocytosis (241) and the formation of tight cell adhesions (286). 



33 

Crosslinked actin networks are formed when crosslinker proteins connect pre-existing 

polymerized actin filaments to create complex macroscopic structures (267, 287, 288). Small 

crosslinkers like fimbrin or fascin create close-packed filament bundles, while larger ones like 

filamin or α-actinin form bundles, networks (288-290) or long filaments (267). These networks 

maintain cell shape and mechanical integrity (287, 291, 292). Crosslinked actin networks, along 

with branched ones, are present in extensive, sheet-like lamellipodial structures (137) essential for 

two-dimensional cell motility.  

Parallel actin networks consist of actin filaments oriented with their barbed ends aligned in the 

same direction, typically facing the cell membrane, forming finger-like structures. Fimbrin, fascin, 

and α-actinin are the crosslinking proteins responsible for organizing these parallel networks and 

keeping the actin filaments in close proximity (293, 294). Two mechanisms have been proposed 

for initiating bundle formation: one involves the Arp2/3 complex, and the other utilizes proteins 

such as formins or Ena/VASP (281, 295, 296). These networks are found in structures like 

filopodia and microvilli (292, 295, 296) 

Antiparallel actin networks play a significant role in processes like cytokinesis and the formation 

of stress fibers, which connect the cell's cytoskeleton to the extracellular matrix through focal 

adhesion sites (297-300). These networks involve myosin-driven contraction and can be stabilized 

in their antiparallel arrangement by crosslinking proteins like fimbrin and α-actinin (299).  

As important as the construction of actin filaments and networks is, their controlled disassembly 

also holds equal importance. It's crucial to distinguish between disassembly and depolymerization; 

depolymerization occurs at the filament ends (301), while disassembly essentially disrupts the 

structural integrity of the actin networks (302, 303). Cofilin employs fragmentation or severing 

techniques to dismantle actin structures and can also bind to actin monomers, inhibiting nucleotide 

exchange (301, 303). Additionally, myosin can play a role in filament severing, with actin bundles 

either sliding along myosin-coated surfaces at low myosin density or undergoing disassembly at 

high myosin density (304). 

1.6.2 Proteins controlling actin dynamics. 

To regulate the processes of actin polymerization and depolymerization, cells depend on a variety 

of actin-binding proteins (277, 305). They include nucleation factors (enable filament creation), 

elongation factors (promote the extension of filaments), and depolymerization factors (accelerate 

filament disassembly). Furthermore, several of these proteins can essentially prevent spontaneous 

nucleation (e.g., profilin, thymosin) and elongation (capping protein). 
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Figure 13.6.2: Actin networks 
i) crosslinked structures in cortical actin, ii) antiparallel contractile structures in stress fibers, iii) 
branched and crosslinked structures in lamellipodia and iv) parallel structures in filopodia. The 
figure was generated using biorender inspired from (291). 

1) Nucleation factors, initiate the formation of new filaments from actin monomers. Cells rely on 

regulatory proteins to initiate actin filament polymerization in a controlled manner. These 

Nucleation factors comprise of 3 important classes: 

a. Arp2/3 complex: “Arps” are actin related proteins which produces branched actin filaments. 

Arps, originated early in the evolution of eukaryotes when the ancestral actin gene underwent 

repeated duplication and diversification, resulting in the emergence of multiple protein families 

(306). These Arps exhibit sequence similarity to actin, ranging from 17% to 52%, and are 

numbered Arp1 to Arp11 based on their divergence from actin. Arp2 and Arp3 are part of the 

Arp2/3 complex, along with five additional subunits (ArpC1-5). The complex itself is inactive and 

requires two activators: 1) a NPF, and 2) the side of a pre-existing filament. 

In the presence of NPF, the Arp2/3 complex binds to the side of an actin filament, which results 

in a conformational change, with Arp2 and Arp3 moving closer together, forming the base for the 

growth of a branch (307). The free barbed end of the new filament elongates, whereas the Arp2/3 

complex anchors the pointed end of the filament firmly to the side of the existing filament, creating 

characteristic 70° actin filament branches (308, 309). This actin network is termed as the dendritic 

nucleation model. An alternative mechanism for branch formation, known as the 'barbed-end 
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nucleation' model, has been proposed. In this model, the Arp2/3 complex binds to the free-barbed 

end of a filament, and two filaments subsequently sprout from the branch (310, 311). Regardless 

of the method of formation, actin filament branches exhibit substantial rigidity and stability for 

several seconds. Cortactin is another Arp2/3 complex-binding protein that reinforces the branches 

(312) (Figure 1.6.3). 

b. Formins, represents a diverse family of 15 proteins in mammals (313) that promote nucleation 

and remain at the barbed end during elongation (314) Structurally, formins are characterized by 

their formin homology (FH) domains 1 and 2. Most formins exist as dimers, with the FH2 domains 

governing nucleation and moving persistently along the elongating barbed end of an actin 

filament. FH1 domains bind profilin-bound actin monomers, facilitating their transfer onto the 

growing filament. A significant distinction between formin-mediated actin assembly and Arp2/3 

complex-mediated assembly lies in the fact that formins generate linear actin filaments (Figure 

1.6.3). 

c. Tandem WH2 domain-containing proteins. The precise mechanism underlying actin 

assembly for this category of actin-polymerizing factors remains inadequately elucidated, but their 

function involves the promotion of nucleation and elongation (315). Some examples of such 

factors include Spire1/2, Cordon Bleu (Cobl), and leiomodin (Lmod) (Figure 1.7.3).  

It's worth noting that a mitochondrially-localized isoform of Spire1, Spire1C, has been 

documented to participate in calcium-triggered mitochondrial division in conjunction with the 

formin INF2 (134). 

2) Elongation factors either facilitate or inhibit barbed end growth of an actin filament (268). 

Barbed ends grow much faster than pointed ends, with a critical concentration for polymerization 

of about 0.1 µm, while pointed ends exhibit slower association and dissociation rates for ATP–

actin. The proteins regulating elongation are capping proteins, Formins and Ena/VASP proteins. 

a. Capping proteins bind tightly to barbed ends and stops elongation. The capping protein (CP) 

is a hetero-dimer and is expressed in all eukaryotes (263). Capping proteins can be counter-acted 

by the next two protein classes. 

b. Formins. After nucleating a filament, the formin remains at the actively growing barbed end, 

permitting elongation even when capping proteins are present. 

c. Ena/VASP proteins. Like formins, these proteins bind near the barbed end, antagonizing the 

effects of capping proteins. In mammals, there are three such proteins: VASP, Mena, and EVL. 

Ena/VASP proteins are distributed in focal adhesions, stress fibers, lamellipodia, and filopodia 

(281, 316). 
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Figure 14.6.3: Actin nucleation and elongation factors 
A) Arp2/3 complex-mediated nucleation, requires NPF and an existing actin filament for  
activation. After activation, a branched filament is formed producing a B - barbed end. P - pointed 
end is attached to the existing branch B) Formin-mediated nucleation, with the formin remaining 
at the barbed end, and working with profilin in filament elongation. D) Tandem WH2 motif-
containing protein nucleating a filament, first accumulates the monomer G-actin at their motifs 
and later adds monomer at the barbed end generating filaments. The figure was generated using 
biorender inspired from (305, 311). 

3) Depolymerisation factors like  

a. Cofilin preferentially binds to sections of actin filaments containing ADP (adenosine 

diphosphate), typically in the vicinity of the pointed end (263, 301). The severing action mediated 

by Cofilin in these regions often plays a pivotal role in filament depolymerization. However, there 

are instances where Cofilin-mediated severing actually promotes actin polymerization by 

generating new barbed ends. Cofilin-dependent depolymerization can be prevented by Cofilin 
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phosphorylation, as it inhibits its ability to bind to actin (317, 318). There are three mammalian 

cofilins: Cofilin1, Cofilin2 and Destrin. Cofilin1 may have a role in modulating mitochondrial 

dynamics in regulating mitochondrial fission (319, 320).  

b. Gelsolin is an actin-capping protein, which, by attachment to the growing end of F-actin, 

prevents further monomer binding and eventually depolymerizes actin filament. Gelsolin (GSN), 

exists as cytoplasmic (cGSN) and secretory plasma (pGSN) isoforms (321). cGSN exists in the 

mitochondrial fractions and preserves mitochondrial integrity by blocking the loss of 

mitochondrial membrane potential (322). pGSN works as part of extracellular actin-scavenging 

system, a homeostatic mechanism responsible for depolymerization of actin and its removal from 

circulation(323). 

4) Nucleation preventing factors, proteins that prevent actin nucleation. 

a. Profilin, a small protein of 13 kDa, is highly abundant and known for its affinity for actin 

monomers. It facilitates the exchange of ADP for ATP on actin monomers, promoting the 

availability of ATP-bound actin for filament elongation. It binds to barbed ends of the 

unpolymerized actin, hindering nucleation and elongation at pointed ends while allowing 

elongation at barbed ends. Additionally, profilin exhibits low binding affinity to ATP–actin on the 

barbed end of filaments, leading to rapid dissociation of the profilin–actin complex, releasing the 

end for subsequent elongation (324, 325). Nevertheless, high concentrations of unbound profilin 

can slow elongation and even promote dissociation of the terminal subunit. On the contrary to its 

nucleation prevention, profilin has the capacity to bind to polyproline sequences in elongation 

factors, such as formins and Ena/VASP to promote elongation of actin filament barbed ends.  

b. Thymosins are remarkably small proteins, with a size of approximately 5 kDa, that bind to actin 

monomers and essentially “sequester” actin, preventing it from nucleating or attaching to either 

end. In some cell types, thymosins have been found at higher concentrations than actin, while their 

role remains mysterious (326). Mammals possess at least three thymosins: thymosin β4 (encoded 

by the TMSB4 gene), the most extensively studied; thymosin β10 (TMSB10); and thymosin β15 

(TMSB15). 

1.6.3 Actin cytoskeleton regulators 

Nucleation-promoting factors (NPFs):A range of proteins within the Wiskott-Aldrich syndrome 

protein family can activate the Arp2/3 complex and initiate actin polymerization (327). This 

protein family currently encompasses 16 members, including well-known members such as 

WASp, N-WASp, WAVE1-3 (WASP family verprolin-homologous), WASH (Wiskott-Aldrich 

syndrome protein and SCAR homolog), and newer additions such as WHAMM (WASP homolog 
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associated with actin, membranes, and microtubules) and JMY (327-329). They share a conserved 

C-terminal domain, termed the VCA or WCA (WASP homology 2-Connector-Acidic) involved 

in Arp2/3 complex activation, and a unique N-terminal domain that governs their assembly into 

macromolecular complexes, subcellular localization, and interactions with regulatory proteins 

(327). Various proteins involved in cytoskeleton signaling pathways, such as Rho GTPase 

Cdc42/Rac, regulate NPFs, such as WAVE and WASp (315, 330). Conversely, some NPFs can 

self-regulate through intramolecular interactions of WCA and other upstream domains of the NPF 

(328, 331). Activation of the Arp2/3 complex occurs when it binds to NPFs via the central/acidic 

regions, leading to F-actin nucleation. This diversity allows for precise spatial and temporal 

regulation of branched F-actin formation within the cell. 

The WASp family proteins are also subject to different regulatory mechanisms. WASp and N-

WASp are initially auto-inhibited by intramolecular interactions and require activation by 

upstream proteins. In contrast, WAVE proteins remain constitutively active and their regulation 

downstream of Rac relies on the formation of protein complexes involving intermediary proteins. 

These distinct regulatory modes correspond to different biological roles of these proteins (331, 

332). For example, WAVEs are primarily involved in the creation of lamellipodial protrusions and 

circular ruffles (137, 333). In contrast, WASp and N-WASp play essential roles in the formation 

of specialized adhesive and invasive structures called podosomes or invadopodia, as well as in the 

initial stages of clathrin-dependent internalization and intracellular vesicle movement (327). 

1.6.4 Actin and mitochondria coming together: what we know so far 

Over the past two decades, there has been a substantial surge in interest concerning the relationship 

between actin and mitochondria. It is now well-established that actin plays a role in various aspects 

of mitochondrial biology, which we can categorize as follows: 

1.6.4.1 Actin Cytoskeleton and Mitochondrial Dynamics 

The role of actin in mitochondrial fission was first proposed almost 20 years ago (334).  In recent 

years, researchers have identified key molecular players in this process. Specifically, the ER-

anchored formin INF2 interacts with the actin nucleator Spire1C on the OMM, followed by 

polymerization of F-actin at the MERCs, causing pre-constriction of the OMM. This constriction 

is caused by the combined effects of ER, actin, and nonmuscular Myosin II. Actin polymerization 

mediated by INF2 is referred to as 'calcium-induced actin' because it is triggered by elevated levels 

of cytoplasmic calcium. Actin then stimulates the recruitment of DRP1 to mitochondria (136, 152, 

335). DRP1 binds to actin filaments, and actin collaborates with mitochondrial receptors like MFF, 

MiD49/51, or Fis1 to enhance DRP1's GTPase activity (336, 337). This leads to constriction and 
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division of mitochondria through GTP hydrolysis. Interestingly, human cellular models lacking 

ABPs like Spire1C, Myosin II, and cofilin have revealed abnormalities in mitochondrial structure 

and altered DRP1 recruitment to the OMM (134, 135, 320, 338), suggesting its dual role in both 

the pre-constriction of the OMM and the recruitment of proteins involved in mitochondrial fission 

at the MERCs. Furthermore, it is worth noting that two distinct modes of mitochondrial division 

have been identified under stress induced conditions: "midzone division," which depends on the 

presence of associated ER and INF2, and "peripheral division," which does not require these 

factors (156).  

1.6.4.2 Actin Cytoskeleton and Mitochondrial movement 

In neurons, long-distance mitochondrial transport (339, 340) involves the attachment of 

mitochondria to microtubule motor proteins, specifically kinesins and dyneins, and the formation 

of a motor complex with the OMM GTPase Miro and the adaptor protein Milton/TRAK, which 

mediate mitochondrial movement (341, 342). This mitochondrial transport is  regulated by 

intracellular calcium levels, where elevated calcium levels can hinder both kinesin -dependent 

forward and dynein-dependent backward movements (343). This regulatory mechanism is further 

influenced by the PINK1/Parkin pathway, which controls the turnover of Miro (344, 345), and 

nerve growth factor (NGF), resulting in the accumulation of mitochondria in the axon region and 

at the synapses. These processes involved PI3 kinase and actin (346). Recently, it was revealed 

that elevated cytoplasmic glucose levels also lead to post-translational modification of milton 

through N-acetylglucosamine (O-GlcNAcylation) (347). The modified milton subsequently 

recruits and binds to FHL2 (Four and a Half LIM Domains 2). Together, the Milton -FHL2 

complex promotes the formation of actin structures around mitochondria, leading to a cessation 

of the microtubule-based movement (347).  

Additionally, Miro play a pivotal role in recruiting and stabilizing the ABP Myosin19 (Myo19) in 

mitochondria (348, 349). In human cells, Myo19 regulates the equal distribution of mitochondria 

in daughter cells during mitosis (350). During interphase, Arp2/3 complex dependent actin 

filaments form ‘clouds’ around mitochondria, dynamically encircling around the cell. The 

presence of these clouds is associated with an increase in DRP1-dependent mitochondrial fission 

(351). Furthermore, during the mitotic phase, a distinct actin cloud emerges, characterized by a 

higher speed and increased actin density. This cloud completes a full revolution in 6 min, blocking 

mitochondrial motility (352). In a few instances, a mitochondrion manages to break free and 

propels away with an actin 'tail' (353). Although actin-driven motility does not play a critical role 

in achieving an overall symmetrical distribution of mitochondria during mitosis, it facilitates 
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mixing of mitochondrial populations. In yeast, the mitochondria undergo poleward movement 

before cell division, mirroring chromosome segregation. Actin-dependent mechanisms ensure 

equal segregation of mitochondria in both daughter cells (198, 354), leading to the process being 

called "mitokinesis (355). 

1.6.4.3 Actin Cytoskeleton on mtDNA Expression and Maintenance 

The 37 genes present in mtDNA genome are organized into dense DNA-protein complexes known 

as nucleoids (21). In yeast, the ERMES complex governs their stability and organization of 

mtDNA within nucleoids in an actin-dependent manner (354). In mammalian cells, MERCs, along 

with DRP1, are intimately linked to mitochondrial nucleoids, regulating their distribution (356), 

division, and active transport through microtubules (158). Although the presence of actin inside 

mitochondria has been debated, recent studies utilizing super-resolution microscopy have 

provided evidence of structures containing β-actin within the mitochondrial matrix (357). The 

absence of β-actin in human cells results in disruption of mtDNA mass and nucleoid organization 

due to stress induced by the loss of mitochondrial membrane potential (199). Additionally, Myosin 

II has been associated with purified mitochondrial nucleoids, and its suppression leads to mtDNA 

abnormalities (358). These findings imply that actin and actin-binding proteins are involved in the 

segregation of mitochondrial nucleoids and play a role in mtDNA transcription and maintenance. 

1.6.4.4 Actin cytoskeleton and Metabolism 

Actin filaments have also been identified as regulators of cellular metabolic pathways. For 

example, the direct binding of glycolytic enzymes, such as aldolase A or glyceraldehyde phosphate 

dehydrogenase, to F-actin can lead to their activation (359). Aldolase A remains inactive when 

trapped by the actin cytoskeleton, however, its release under PI3K signaling leads to its activation 

and increases aldolase activity, which in turn enhances glycolysis (360). Additionally, inducing 

damage to actin can drive glycolysis in normal, hypoglycemic and hypoxic (361) conditions. 

Cells cultured in stiff ECM are subjected to high levels of physical tension, which leads to 

remodeling of their actin cytoskeleton. F-actin bundling and stress fiber formation due to actin 

cytoskeleton modeling spatially sequester the E3 ligase TRIM21(Tripartite Motif-containing 

Protein 21), which reduces its access to substrates such as phosphofructokinase (PFK). 

Consequently, glycolysis remains high. However, when cells are transferred to soft ECM 

conditions, the actomyosin cytoskeleton relaxes, releasing the ligase and allowing for the 

degradation of PFK, which in turn reduces glycolytic rates (362). In contrast, cancer cells on a soft 

ECM have also been demonstrated to generate actin stress fibers that increased DRP1 dependent 

mitochondrial fission and redox activity (219). On the other hand, a stiff matrix regulates 
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cytoskeletal activity through mechanical means and is dependent on OXPHOS activity(363). 

Recent studies have demonstrated that changes in actin structure can affect mitochondrial 

OXPHOS. Specifically, the rearrangement of mitochondrial actin filaments (mtF-actin) facilitated 

by fascin has been found to enhance mitochondrial OXPHOS by boosting the production of 

respiratory Complex I. During metabolic stress, fascin is directly recruited to mitochondria to 

enhance the stability of mtF-actin. Fascin and mtF-actin jointly regulate the balance of mtDNA, 

facilitating the promotion of mitochondrial OXPHOS (364). Altogether the impact of actin on 

mitochondrial metabolism is evident, but its regulatory mechanisms require further exploration 

and study. 

1.6.4.5 Actin cytoskeleton in Apoptosis and Mitophagy 

As discussed previously, we know that mitochondria plays a key role in cellular apoptosis (357). 

Increased OMM permeabilization and disorganization of mitochondrial cristae triggers the release 

of pro-apoptotic factors, such as Cyt C or AIF (Apoptosis-Inducing Factor) from the IMS into the 

cytosol. This leads to the formation of an apoptosome protein complex, caspase activation, and 

chromatin fragmentation (365).  Actin is a caspase substrate, and its cleavage produces a 15-kDa 

fragment that can be N-myristoylated and targeted to mitochondria (366). This interaction 

regulates OMM permeabilization and ROS production. In yeast, monomeric actin interacts with 

voltage-dependent anion channels (VDAC) to modulate apoptosis (367, 368). Disruption of actin 

dynamics results in loss of mitochondrial ΔΨ, increased ROS, and cell death (369). 

During apoptosis, ABPs such as cofilin lose their actin-binding ability and translocate to 

mitochondria, promoting Cyt C release (370-372). This process may be mediated by interactions 

with DRP1 (373), although binding to G-actin is sufficient to induce mitochondrial translocation 

(374). Oxidized cofilin is also translocated to mitochondria under oxidative stress, triggering Cyt 

C release and apoptosis (375). Other ABPs, such as gelsolin and villin, together target 

mitochondria in the early steps of the apoptotic pathway, controlling the trafficking of anti- and 

pro-apoptotic signals (371). 

Furthermore, Peri-mitochondrial actin polymerization (N-WASP, Arp2/3 complex and formin(s) 

dependent) around damaged mitochondria leads to loss of Δψm (361, 376, 377) and prevent fusion 

of damaged mitochondria with healthy ones (376). Myosin VI-mediated actin cages isolate 

damaged mitochondria from neighboring populations (376) and the caged mitochondria are sealed 

for destruction in mitophagy (377). Therefore, actin closely function along with mitochondria in 

organizing apoptosis and mitophagy.  
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1.7 Summary 

From the literature, we have by now discussed the substantial contribution of the ECM to outside-

in signaling, particularly in its role as a regulator of the actin cytoskeletal pathway. This 

observation underscores the intricate and multifaceted interplay between the ECM and various 

cellular processes. 

Furthermore, as we delve deeper into research, it becomes increasingly apparent that the influence 

of the actin cytoskeleton extends beyond its established functions in cellular structure and motility. 

It also significantly impacts mitochondrial fission and their overall functional dynamics. This 

intricate relationship between the actin cytoskeleton and mitochondrial dynamics emerges as a 

central theme in our scientific inquiry. 

The complex cellular signaling is a mystery on its own. For our study, we wanted to understand 

how cells communicate with their environment or ECM in modulating their cell behavior through 

actin cytoskeletal pathways. Concurrently, the crucial role of the actin cytoskeleton in shaping 

mitochondrial dynamics and function, and the intricate nature of their interactions within the 

cellular context builds the interest of this study.  

1.8 Research Question: 

It is believed that actin cytoskeleton interacts with the mitochondria during mitochondrial fission 

(134, 152) and distinct types of actin filaments have been reported to be serving specific functions 

in mitochondrial dynamics and mitophagy. The abundance of actin protein types suggests the 

possibility of numerous interactions with organelles; however, the mechanisms governing these 

interactions remain unclear. Therefore, it would be informative to determine whether a specific 

signaling pathway exists to guide these interactions or if distinct pathways are employed 

organising various cellular activities. And how are extracellular signals transduced within the 

actin cytoskeletal frameworks to regulate organelle function? Since mitochondrial dynamics serve 

as indicators of cellular health, understanding the signaling mechanisms that enable 

communication from the cellular environment to mitochondria is of great interest. Hence, with 

this promising vision, our research aims to answer “how actin polymerisation pathway 

regulates mitochondrial dynamics and functions in response to ECM cues”. This has 

implications for understanding the physiological processes and developing treatments for diseases 

such as cancer.  

In the context of cancer research, recent focus has been on cancer stem cells (CSCs), a subset of 

cancer cells that play a crucial role in tumor initiation, metastasis, and chemotherapy resistance, 

owing to their ability to self-renew and generate various tumor cell lineages. The dynamic nature 
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of CSCs, capable of transitioning between the epithelial and epithelial-mesenchymal states, 

underscores their importance in both tumor growth and metastasis (378). Metabolic flexibility 

further complicates the targeting of their dependencies owing to environmental influences, 

nutrient availability, and energy demands. The tumor microenvironment (TME) has emerged as 

a critical factor, providing signals that shield CSCs from immune surveillance and enhance their 

recurrence potential. The TME, comprising specific stromal cells, extracellular matrix (ECM) 

proteins, and signaling factors, supports CSC self-renewal and survival (98, 100). Given the 

profound impact of the microenvironment on the metabolic functions of CSCs, understanding this 

interplay is highly beneficial, particularly in addressing the intricate relationship between the 

ECM and mitochondria. Therefore, our approach involves utilizing the breast cancer stem cell 

(BrCSC) system to study this interplay comprehensively and address the following objectives.  

Objective 1: To demonstrate the modifications in mitochondrial structure and function in 

response to varying microenvironments. For this demonstration, we will be utilizing Breast 

CSCs (MDA-MB 231 and MCF-7 cell lines) subjected to different culture conditions (Adherent, 

non adherent and ECM induced) mimicking changes in ECM and we will 

1. Analyze the potential alterations in their mitochondrial morphology using the 

Immunofluorescence technique and capturing images with confocal microscopy. 

2. Examine the changes in mitochondrial metabolism by performing Oxygen Consumption 

Rate (OCR) analysis using the Mitostress assay (by Seahorse analyser) and assess ATP and lactate 

levels by spectrophotometric assays 

3. Determine changes in the mitochondrial protein levels by western blot. 

Objective 2: To identify the potential mechanism by which the actin cytoskeleton interacts 

with mitochondria and affects their dynamics. Using the same cellular tools, we will 

1. Determine the changes in polymerized actin arrangement by Immunofluorescence and 

confocal microscopy. 

2. Investigate the impact of actin polymerization and depolymerization on mitochondrial 

dynamics using inhibitors and inducers, and analyzing structural changes through 

Immunofluorescence and confocal microscopy. 

3. Identify the integrin pathway activated by cellular attachment to ECM (fibronectin) that 

leads to actin polymerization by blocking the pathway at each step and study changes in actin and 

mitochondrial structures through Immunofluorescence and confocal microscopy. 

Objective 3: To illustrate the significant role played by the actin cytoskeleton in 

mitochondrial dynamics, with a particular emphasis on mitochondrial fusion. For this 
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objective we will use a primary human cell line derived from a healthy individual, owing to its 

larger size and ease in recording the mitochondrial movements under microscopy. To further 

simplify the imaging of actin localisation, we will utilize Actin chromobodies that specifically 

show signals for actin interacting regions on mitochondria and ER. These chromobodies were 

provided by our collaborator Prof. Uri Manor, UCSD, CA, United States. Hence using these 

plasmids, we will  

1. Examine the localization of the polymerized actin at sites of mitochondrial fusion and 

fission by performing live cell imaging under confocal microscopy. 

2. Investigate the impact of actin depolymerization (by treating with inhibitors, siRNA, and 

deACT probes) on mitochondrial fusion and fission. 

This study will define the pathway regulating mitochondrial dynamics in diverse 

microenvironments, specifically focusing on BrCSC metabolism. Additionally, it will provide a 

comprehensive insight into the potential mechanisms through which actin modulates both the 

structure and function of the mitochondria. 
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Abstract 

Mitochondria are crucial metabolic organelles that are regulated by both intracellular and 

extracellular cues. The extracellular matrix (ECM) is a key component of the cellular environment 

that controls cellular behavior and metabolic activity. Here, we determined how ECM signalling 

regulates mitochondrial structure and activity. To distinguish mitochondrial regulation from the 

general survival cues generated by the ECM, we used breast cancer-derived spheres 

(mammospheres) because of their ability to grow in suspension culture in the absence of ECM. 

Using this system, we demonstrate that the association of mammospheres with the ECM results 

in dramatic mitochondrial elongation, along with enhanced mitochondrial respiration and ATP 

production. This remodeling occurs independently of DRP1 activity, but relies on integrin 

signaling and actin polymerization. Therefore, our findings demonstrate that ECM-driven actin 

polymerization plays a crucial role in remodeling mitochondrial networks to promote OXPHOS, 

which represents a vital step for migrating cells to enhance cellular adhesion and facilitate cell 

growth. 

Key Words: Mitochondria, Actin polymerization, Metabolism, ECM, Cancer Stem Cells 

 

Introduction: 

Cells are highly responsive to their microenvironment, with cells grown in different environments 

exhibiting distinct phenotypic and functional characteristics (Baharvand et al., 2006, Baker et al., 

2010). Factors such as the extracellular matrix (ECM) and nutrient availability, shape cellular 

behavior and determine cellular fate (Hynes, 2009, Mierke, 2019). In this context, the ECM 

provides structural support and biochemical cues to cells, controlling their adhesion, migration, 

proliferation, and differentiation (Dzobo and Dandara, 2023). The attachment of cells to specific 

ECM components (collagen, laminin, fibronectin) regulates cell morphology, gene expression, 

and even stem cell fate (Frantz et al., 2010, Discher et al., 2009, Buxboim et al., 2010, Rais et al., 

2023). ECM properties, including stiffness (Romani et al., 2022, Baker et al., 2010), growth 

factors, nutrients and oxygen levels (Case and Waterman, 2015, Baker et al., 2010) thus have an 

important incidence on cell behavior.  

While the ECM alters cellular responses, mitochondria play a crucial role in the regulation of 

cellular metabolism and apoptosis. This in turn affects cellular behaviours including cell 

differentiation and stem cell maintenance (Kasahara and Scorrano, 2014, Liesa and Shirihai, 

2013). Mitochondrial activity is regulated through changes in mitochondrial structure, including 

changes in their length and connectivity (Ren et al., 2020). For example, mitochondria elongate in 

response to amino acid starvation to sustain cellular ATP levels (Gomes et al., 2011, Patten et al., 
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2014, Thomas et al., 2018, Endo et al., 2020, Rambold et al., 2011). These alterations in 

mitochondrial structure are controlled by the balance between mitochondrial fusion and fission, 

which are both dependent on large GTPases of the dynamin family. Mitochondrial fusion requires 

mitofusins (MFN1/2, outer membrane) and optic atrophy 1 (OPA1, inner membrane) (Chen et al., 

2007, Chen et al., 2010, Song et al., 2009, Ban et al., 2017, Cao et al., 2017, Qi et al., 2016), while 

mitochondrial fission is regulated by Dynamin-related protein 1 (DRP1) (Chakrabarti et al., 2018). 

Maintaining the balance between mitochondrial fusion and fission is crucial for content exchange 

(Chen et al., 2010, Dong et al., 2022, Adebayo et al., 2021), mitochondrial DNA (mtDNA) 

integrity (Sabouny and Shutt, 2021, Silva Ramos et al., 2019), removal of damaged mitochondria 

(Onishi et al., 2021) and ATP production (Yao et al., 2019, Yang et al., 2023, Hofmann et al., 

2023).  

Interestingly, recent studies have uncovered an intricate relationship between mitochondrial 

energy metabolism and the ECM. For example, downregulation of mtDNA-encoded respiratory 

chain subunits leads to altered ECM composition and stiffness (Bubb et al., 2021). In return, ECM 

stiffness affects mitochondrial length with softer ECM favoring shorter mitochondria  (Romani et 

al., 2022), and stiffer ECM inhibiting DRP1-dependent mitochondrial fission (Chen et al., 2021). 

This impacts oxidative phosphorylation (OXPHOS), glutamine metabolism (Papalazarou et al., 

2020) and glycolysis-related gene expression (Morris et al., 2016). As ECM stiffness depends on 

its composition and changes in response to the microenvironment (Yanes and Rainero, 2022), 

microenvironment alteration can significantly impact cell function, including mitochondrial 

activity.  

The complex interplay between cells and their environment is a key feature of tumours, where 

cancer cells alter and respond to the tumour microenvironment to promote their survival and 

immune suppression. A small subset of cancer cells, known as tumour-initiating cells (TICs) or 

cancer stem cells (CSCs), have stemness features such as self-renewal, clonal proliferation, 

regeneration, metastasis, and drug resistance (Aponte and Caicedo, 2017, Baharvand et al., 2006). 

These cells are thought to generate the bulk of the cancer cells within the tumour. Importantly, 

these cells can be isolated through their ability to form spheres when grown in suspension. 

Nevertheless, the characteristics of CSCs, including their metabolic profile, mitochondrial status 

and responses to their environment remains debated. 

Here, we demonstrate that breast cancer cells grown as spheres (mammospheres) alter their 

mitochondrial structure and metabolic state in an actin-dependent manner upon attachment to the 

ECM. Specifically, mammospheres exhibit fragmented mitochondria and lower ATP production, 

but dramatically elongate their mitochondria and increase OXPHOS upon ECM attachment. This 
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remodeling occurs independently of DRP1 activity, but relies on integrin signaling and actin 

polymerization as interfering with either process prevents it. Therefore, our findings demonstrate 

that ECM-driven actin polymerization plays a crucial role in remodeling mitochondrial networks 

to promote OXPHOS, which represents a vital step for migrating cells to enhance cellular adhesion 

and facilitate cell growth. 

Results: 

Breast cancer cells grown as mammospheres have a distinct mitochondrial structure 

Some cancer cells can be cultured both as monolayer and suspension cultures, where they adopt 

distinct metabolic and proliferative phenotypes. For example, a subset of cells within a cancer cell 

population can grow in suspension as spheres with stem-like properties. These CSCs or TICs have 

metabolic properties that are distinct from their parent cells, although their study have yielded 

conflicting results (Andrzejewski et al., 2017, Endo et al., 2020, Pasto et al., 2014). As ECM 

stiffness alters mitochondrial structure in adherent cells and CSCs are known to be metabolically 

flexible, we tested the possibility that the interaction between spheres and the ECM controls their 

metabolic state. 

To address this question, we used the aggressive metastatic breast cancer cells MDA-MB-231 

(triple negative) that can be grown as an adherent monolayer (AM) and as spheres in suspension 

(mammospheres, MS)(Wang et al., 2014). Compared to their counterpart grown as a monolayer, 

MDA-MB-231 mammospheres had decreased ATP and lactate levels (Figure 1A-B), consistent 

with these cells being less metabolically active (Chen et al., 2021b, Cheung and Rando, 2013). As 

mitochondrial structure is a key determinant of mitochondrial function, we then determined 

whether the metabolic differences we observed were associated with changes in mitochondrial 

structure. MDA-MB-231 cells grown as a monolayer or mammospheres were labelled with the 

mitochondrial outer membrane protein TOM20 and imaged by confocal microscopy. 

Mitochondrial morphology was then manually quantified as long, intermediate, or fragmented (see 

methods). MDA-MB-231 cells grown as an adherent monolayer displayed a mixed mitochondrial 

phenotype, with the majority of mitochondria exhibiting an intermediate phenotype (Figure 1C-

D). In contrast, mammospheres showed highly fragmented mitochondria (Figure 1C-D), 

correlating with the decrease in ATP levels.  

To gain further insights into the status of mitochondrial dynamics, we then quantified the 

expression of fission and fusion proteins. Consistent with the observed mitochondrial 

fragmentation in mammospheres, we noted a significant decrease in the expression of the fusion 

proteins MFN1 and OPA1 in these cells (Figure 1E). This was accompanied by a decrease in 
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OPA1 oligomerization, which is required for OPA1 fusion activity (Figure 1F). Nevertheless, 

mammospheres also exhibited low levels of the fission protein DRP1, both in its active 

phosphorylated state (pS616) and in terms of total protein levels (Figure 1E), suggesting an overall 

suppression of mitochondrial dynamics in these cells. 

 

Figure 1. Mammospheres have decreased metabolism and fragmented mitochondria. (A-B) 
Measure of ATP (A) and lactate (B) levels in MDA-MB-231 cells grown as an adherent monolayer 
(AM) or as mammospheres in suspension (MS). Each point represents an individual experiment. 
Bars show the average of 4 independent experiments  SD. *** p<0.001, ** p<0.01. Two-sided 
t-test (C-D) Mitochondrial fragmentation in mammospheres in suspension. MDA-MB-231 were 
grown as AM, MS or MS attached for 6 hours on glass coverslips, and their mitochondria were 
marked with an antibody against TOM20 (mitochondria, cyan; with nuclei stained with DAPI, 
yellow). Quantification of 3 independent experiments is shown in (C), with each point represents 
an individual experiment. Bars show the average  SD. *** p<0.001. Two-way ANOVA. 
Representative images are shown in (D). Scale bar 10 µm. (E-F) Western blot showing the 
expression of mitochondrial dynamics GTPases (E) or OPA1 oligomerization (F). Actin (E) or 
mtHSP70 (F, lower band – the upper band represents leftover OPA1 signal) were used as loading 
controls. 
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ECM attachment drives mitochondrial elongation 

The above data is consistent with mammospheres exhibiting a mitochondrial profile that is distinct 

from adherent monolayer cells. As one difference in culture conditions between adherent cells and 

mammospheres is the absence of attachment signals in the latter, we tested whether attachment 

alters mitochondrial dynamics in mammospheres. We thus let mammospheres attache onto 

coverslips for 6 hours while maintaining other culture parameters identical, and measured their 

mitochondrial structure. Compared to mammospheres in suspension, attached mammospheres 

exhibited elongated mitochondrial structures (Figure 1C-D). A similar pattern was also observed 

in the less invasive MCF-7 breast cancer cells (estrogen receptor-positive) (Supp Figure 1). 

Overall, these results indicate that attachment signals promote mitochondrial elongation in 

mammospheres. 

While mammospheres were attached directly onto glass coverslips in this experiment, cells 

normally interact with components of the ECM that promote their adhesion. We thus tested the 

impact of adhesion molecules on mitochondrial elongation using three conditions: 1) Direct 

attachment to an uncoated plate without ECM, 2) Attachment to a plate coated with the cationic 

polymer Poly-D-Lysine (PDL) as an ECM control (Lu et al., 2009) and 3) Attachment to a plate 

coated with the ECM component fibronectin. Mammospheres were transferred to these plates and 

mitochondrial length quantified over a 6-hour time course. While it took 6 hours of attachment to 

reach 50% of cells with elongated mitochondria in the absence of substrate, the presence of PDL 

reduced this time to 2 hours (Figure 2A). Importantly, the presence of the ECM adhesion molecule 

fibronectin significantly expedited mitochondrial elongation, with most cells showing elongated 

mitochondria within one hour of attachment (Figure 2A). Similar results were also observed in 

MCF-7 mammospheres upon attachment to fibronectin and PDL (Figure 2B). Attachment to the 

ECM thus triggers mitochondrial elongation in mammospheres.  

ECM attachment does not alter mitochondrial dynamins 

To define the mechanism through which attachment to the ECM triggers mitochondrial elongation, 

we first verified that this is not the result of changes in their stem-like properties. For this, we 

measured the expression of the stem cell marker SOX2, which is expressed at high levels in 

mammospheres (Liu et al., 2018). Consistent with this, SOX2 levels were high in mammospheres 

compared to adherent monolayer cells and, importantly, SOX2 expression was maintained upon 

attachment (Figure 2C), indicating that these attachment conditions do not alter the stem -like 

characteristics of mammospheres. 
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The dynamins MFN1/2 and OPA1 play a key role in the regulation of mitochondrial fusion. 

Nevertheless, the expression level of MFN1 and OPA1 did not increase upon attachment to 

fibronectin (Figure 2D). Similarly, attachment to fibronectin did not promote OPA1 

oligomerisation (Figure 2E), suggesting that ECM-dependent mitochondrial elongation is not 

caused by a rescue of MFN1 or OPA1 expression. Nevertheless, some processing of OPA1 to 

shorter isoforms did occur (Figure 2D), which has been linked to both mitochondrial fission and 

facilitated fusion of the inner mitochondrial membrane (Ban et al., 2017, Wang et al., 2021).  

It was recently suggested that changes in mitochondrial length triggered by alterations in ECM 

stiffness in adherent cells is dependent on the mitochondrial fission protein DRP1 (Romani et al., 

2022). As mammospheres grown in suspension versus attached could be functionally similar to a 

change from soft to stiff ECM, we then addressed the role of DRP1 in ECM-dependent 

mitochondrial elongation. Total DRP1 and its active phosphorylated version (pS616) remained 

very low following attachment to fibronectin (Figure 2D), and most cells had elongated 

mitochondria (Figure 2A). While this suggested that DRP1 is not involved in ECM-dependent 

mitochondrial elongation, we sought to confirm this by knocking down DRP1 using siRNA. 

Knockdown of DRP1 in adherent monolayer cells caused an elongated mitochondrial phenotype 

(Figure 2F-H), consistent with its role in promoting mitochondrial fission. In contrast, silencing 

of DRP1 had no effect on mitochondrial structure in mammospheres (Figure 2F-H), with most 

cells still exhibiting fragmented mitochondria. This suggested that ECM-triggered mitochondrial 

elongation in mammospheres operates through a DRP1-independent mechanism, implying the 

involvement of factors other than expression levels of fission/fusion dynamins in promoting 

mitochondrial elongation.  

Actin polymerization drives mitochondrial elongation 

Given that rearrangement of the actin cytoskeleton is a key event downstream of ECM attachment 

and that actin is required for mitochondrial fission (Chakrabarti et al., 2018, Hatch et al., 2014, 

Korobova et al., 2013, Li et al., 2015), we then tested whether actin regulates mitochondrial 

elongation in attached mammospheres. We first labeled MDA-MB-231 mammospheres in 

suspension with the filamentous actin (F-actin) stain phalloidin and the mitochondrial marker 

TOM20. Most mammospheres showed a faint/absent signal for F-actin, except for a small subset 

of cells displaying strong F-actin signal and elongated mitochondria compared to F-actin low cells 

(Figure 3A-B). In contrast, attached mammospheres exhibited a prominent F-actin signal (Figure 

3C). Specifically, PDL and fibronectin treatments resulted in rapid cell spreading accompanied by 

well-developed actin structures (Figure 3C) that correlated with the rapid changes in mitochondrial 

network that occur in these cells (Figure 2A). As MCF7 mammospheres did contain some cells 
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Figure 2. Cell attachment to the ECM promotes mitochondrial elongation. (A-B) 
Mitochondrial elongation in response to cellular attachment to ECM substrates. MDA-MB-231 
(A) and MCF7 (B) were spun down on coverslips either not coated or coated with poly-D-lysin  
(PDL) or fibronectin (FN) and incubated for the indicated times. mitochondria were marked with 
an antibody against TOM20 and mitochondrial length quantified in 3 independent experiments. 
Each point represents an individual experiment. Bars show the average  SD. (C-D) Western blot 
showing the expression of the stem cell marker SOX2 (C) and mitochondrial dynamics GTPases 
in MDA-MB-231 cells grown as AM, MS or MS attached for 6 hours on fibronectin. Actin (C) or 
GAPDH (D) were used as loading controls. Western blot showing the lack of OPA1 
oligomerization in MS cells in the absence or the presence of fibronectin. mtHSP70 was used as 
a loading control. (F-H) DRP1 knockdown does not affect mitochondrial structure in MDA-MB-
231 mammospheres. (F) Western blot showing the knockdown of DRP1 in MDA-MB-231 cells. 
(G) Representative images showing mitochondrial structure (marked with an antibody against 
TOM20) in MDA-MB-231 cells knocked down for DRP1. Scale bar 10 µm. Mitochondrial length 
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was quantified in 3 independent experiments (H) Each point represents an individual experiment. 
Bars show the average  SD. 

with intermediate mitochondria (Sup. Figure 1), we also assessed actin status in these cells. In 

contrast to MDA mammospheres, where actin was barely detectable in most cells, the majority of 

MCF7 cells in mammospheres had weak but clearly visible phalloidin signal that correlated with 

the presence of intermediate mitochondria (Figure 3A-B, images of MDA and MCF7 cells were 

taken together using the same settings, allowing comparisons).  

Given the correlation between actin polymerization and mitochondrial elongation, we then 

inhibited actin polymerization using Cytochalasin D (CytoD) and determine its effect on 

mitochondrial networks. Inhibiting actin polymerization efficiently prevented fibronectin-

activated mitochondrial elongation (Figure 3D) in attached mammospheres, consistent with an 

important role for actin in this process. However, CytoD did not significantly affect cells in 

adherent monolayers (Figure 3D), suggesting that actin is especially required during the elongation 

of the network (as opposed to steady-state maintenance).  

Mitochondrial Elongation is dependent on signalling downstream of integrins 

Cellular attachment to fibronectin is mediated by integrins, which subsequently activates Focal 

Adhesion Kinase (FAK) and Src, ultimately promoting actin polymerization (Sup. Figure 2A). 

Consistent with this, while levels of phophorylated FAK (pY397-FAK) were undetectable in 

mammospheres in suspension, its levels dramatically increased following one hour of attachment 

to fibronectin (Figure 4A). To ascertain whether FAK activation is required for mitochondrial 

elongation following cell attachment, we inhibited FAK using the small molecule inhibitor PF-

573228 (PF). Consistent with the role of FAK in cellular attachment and actin polymerization, 

FAK inhibition led to a significant decrease in cell adhesion to fibronectin coated plates (Figure 

4B) and impaired their ability to spread and form lamellipodia-like actin features (Figure 4C). 

Importantly, FAK inhibition caused a profound impairment of mitochondrial elongation in the 

cells that did attach to fibronectin-coated plates (Figure 4C-D), consistent with this pathway being 

required for fibronectin-driven mitochondrial elongation. Src is a tyrosine kinase found within the 

integrin adhesion complex that facilitates FAK activation and promotes maximal adhesion 

induced by FAK activation (Calalb et al., 1995). In fact, inhibition of Src in attached 

mammospheres using Src inhibitor-1 (SI-1) inhibited attachment and actin polymerization 

similarly to FAK inhibition (Figure 4B-C). More importantly, Src inhibition significantly inhibited 

mitochondrial elongation (Figure 4D), further supporting a role for integrin signalling in 

fibronectin-driven mitochondrial elongation.  
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Figure 3. Actin polymerization drives mitochondrial elongation. (A-B) F-Actin staining in 
MDA-MB-231 and MCF7 mammospheres in suspension. Cells were marked for F-Actin 
(phalloidin, red) and mitochondria (TOM20, cyan). Scale bar 10 µm. The number of cells with 
intermediate mitochondria was quantified in MDA-MB-231 cells with faint (B, left) or strong (B, 
middle) actin staining. As most MCF7 cells had similar F-Actin staining, they were all grouped 
together for mitochondrial length analysis (B, right). Each point represents an individual 
experiment. Bars show the average of 3 independent experiments  SD. (C) Representative images 
showing F-Actin structures (labelled with phalloidin) present in MDA-MB-231 mammospheres 
under different attachment conditions. Scale bar 10 µm. (D) Actin depolymerization prevents 
mitochondrial elongation in mammospheres. MDA-MB-231 cells were grown as an adherent 
monolayer (AM) or as mammospheres attached for 1 hour on fibronectin (MS-FN) in the absence 
or the presence of the actin depolymerizing agent Cyto D (0.1 μg/ml) and mitochondria were 
analysed as in (B). Each point represents an individual experiment. Bars show the average of 3 
independent experiments  SD. *** p<0.001. 

Rho GTPases such as RhoA, Cdc42, and Rac1 are the key signalling proteins that act downstream 

of FAK/Src to promote actin cytoskeleton organization. Among these, Rac1 regulates the 
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formation of lamellipodia-like actin structures (Horton et al., 2015, Price et al., 1998) and its 

expression is elevated in cancer stem cells (Ko et al., 2014, Sundberg et al., 2003). Consistent with 

this, inhibition of Rac1 (with Rac Inhibitor III) reduced attachment to fibronectin and actin 

rearrangements in the cells that did attach (Figure 4E-F, Sup. Figure 2B). Rac1 inhibition also 

completely prevented mitochondrial elongation upon attachment (Figure 4G), further supporting 

a crucial role for actin in promoting mitochondrial elongation. On the other hand, RhoA inhibition 

(with Rho Inhibitor I) did not significantly affect attachment or mitochondrial structure (Figure 

4E-G), suggesting that actin reorganization and mitochondrial elongation is mainly Rac-dependent 

in our experimental setting. 

 
Figure 4. Inhibition of the signalling pathway downstream of integrins prevents 
mitochondrial elongation. (A) Western blot showing FAK activation (pFAK-Y397) in response 
to attachment to fibronectin. Actin was used as a loading control. (B-D) Effect of the FAK inhibitor 
PF-573228 (PF, 10 μM) and the Src inhibitor Src Inhibitor-1 (SI-1, 10 μM) on mammosphere 
attachment to fibronectin-coated plates (1 hour) (B) formation of F-actin structures (C) and 
mitochondrial structure (D). Each point represents an independent experiment. Bars show the 
average  SD. *** p<0.001. (E-G) Effect of Rac1 (Rac Inhibitor III; 2 μM) and Rho (Rho Inhibitor 
I, 10μM) inhibition on mammosphere attachment to fibronectin-coated plates (1 hour) (E), 
formation of F-actin structures (F) and mitochondrial structure (G). Each point represents an 
independent experiment. Bars show the average  SD. *** p<0.001. One-way ANOVA (B, E), 
Two-way ANOVA (C, D, F, G). 
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While our results indicate that a signalling pathway downstream of integrins is required for 

mitochondrial elongation upon attachment to fibronectin, the partial inhibition of cell attachment 

caused by the inhibition of this pathway could potentially influence this conclusion. As an 

alternative, we thus directly activated Rho GTPases in mammospheres in suspension culture using 

a small molecule known to activate RhoA, Cdc42, and Rac1 (Rho/Rac/Cdc42 Activator I). 

Following activation, we visualized the cells by labeling mitochondria (with TOM20) and actin 

(with phalloidin). While control mammospheres contained only a few cells with strong actin 

staining, the majority of cells treated with the activator displayed an intense F-actin signal (Figure 

5A-B). More importantly, this was associated with an increase in the number of cells displaying 

elongated mitochondria (Figure 5A and C), further demonstrating that mitochondrial elongation 

occurs downstream of Rho family-driven actin polymerization. 

Rac1 promotes lamellipodia formation by activating the Wiskott -Aldrich syndrome family of 

proteins (WASP, N-WASP, and WAVE1/2) that, in turn, activates actin-polymerizing proteins 

including the Arp2/3 complex and formins. Consistent with this, inhibition of Arp2/3 (using 

CK666) or formins (using SMIFH2) significantly reduced mitochondrial elongation in attached 

mammospheres (Figure 5D). On the other hand, the effect of the inhibitors was limited in adherent 

monolayer cells, with only CK666 causing an increase in cells with fragmented mitochondria 

relative to those with intermediate mitochondria (Figure 5E). While this is in line with the lack of 

effect of CytoD in these cells (Figure 3D), it suggests that actin plays a more prominent role during 

widespread changes in mitochondrial structure in response to changes in cellular environment.  

Mitochondrial elongation promotes OXPHOS in mammospheres.  

Alterations in mitochondrial architecture exert a profound influence on mitochondrial function, 

with mitochondrial fusion or elongation being vital in preserving mitochondrial function during 

starvation (Adebayo et al., 2021). We thus investigated whether the observed alterations in 

mitochondrial dynamics during cellular attachment impact mitochondrial activity. We first 

determined whether the changes in mitochondrial structure were associated with alterations in the 

expression of electron transport chain (ETC) proteins that are required for OXPHOS. In contrast 

to the decrease in ATP production observed in mammospheres in suspension (Figure 1A), these 

cells exhibited higher expression of all ETC components tested relative to their parental cells 

grown as an attached monolayer (Figure 6A). Interestingly, the expression of ETC components 

was partially decreased upon attachment to fibronectin (Figure 6A), suggesting a direct 

relationship between mitochondrial structure and ETC component expression. Nevertheless, 
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mitochondrial membrane potential remained similar across conditions (Figure 6B), suggesting that 

they remain functional irrespective of their morphology.  

 
Figure 5. Actin polymerization promotes mitochondrial elongation. (A-C) Actin 
polymerization and mitochondria in mammospheres treated with a Rac activator (Rho/Rac/Cdc42 
Activator I, 10 μM, 1 hour). (A) Representative images of F-actin (phalloidin, red) and 
mitochondria (TOM20, cyan) in MDA-MB-231 mammospheres. Scale bar 10 µm. The 
quantification of 3 independent experiments is shown in (B) for F-actin and (C) for mitochondrial 
length. Each point represents an individual experiment. Bars show the average  SD. *** p<0.001. 
two-sided t-test (B), Two-way ANOVA (C). (D-E) Disruption of mitochondrial elongation in 
mammospheres treated with the Arp2/3 inhibitor CK666 (10 μM, 1 hour) or the formin inhibitor 
SMIFH2 (2 µm, 1 hour). Mitochondrial length was quantified in mammospheres attached to 
fibronectin (1 hour) (D) and attached monolayer cells (E). Each point represents an individual 
experiment. Bars show the average  SD of 3 independent experiments. ** p<0.01, * p<0.05. 
Two-way ANOVA. 

As previously noted, mammospheres are known to house a high proportion of CSCs, confirmed 

by the expression of the stem cell markers SOX-2 and ALDHIA1 in MDA-MB-231 and MCF-7 

mammospheres (Figure 6C). We explored the relevance of these findings in an in vivo context by 

isolating ALDH-positive breast CSCs (brCSCs) from mouse mammary tumors. Consistent with 
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the mammosphere data, brCSCs displayed reduced expression of the fission protein DRP1 (both 

total and pDRP1; Figure 6D). These cells also had increased levels of the mitochondrial fusion 

proteins OPA1 and MFN1 (Figure 6D), likely reflecting their long-term interaction with the ECM 

within the tumour environment. Importantly, brCSCs also showed increased expression of the 

ETC proteins NDUFA9 and UQCRC2, mirroring our in vitro data (Figure 6D).  

To better understand the consequences of ECM attachment on mitochondrial OXPHOS, we 

measured bioenergetic parameters (ATP and Lactate) in adherent monolayers, mammospheres, 

and attached mammospheres (FN-6 hours). Consistent with our previous results (Figure 1A-B), 

mammospheres exhibited lower ATP levels than adherent monolayer cells (Figure 6E). 

Importantly, attachment to fibronectin partially rescued ATP levels in mammospheres (Figure 

6E), in line with the mitochondrial elongation observed following attachment. We then assessed 

the mitochondrial contribution to ATP levels using the ATP synthase inhibitor oligomycin. 

Oligomycin had little effect on adherent monolayers or mammospheres (Figure 6E), indicating 

limited reliance on mitochondria-derived ATP. In contrast, oligomycin significantly reduced ATP 

levels in attached mammospheres, suggesting increased mitochondria dependence. This correlated 

with a significant reduction in lactate levels upon attachment (Figure 6F). This indicates that, 

following attachment to fibronectin, cells stimulate their mitochondrial metabolism, promoting 

their dependency on OXPHOS for ATP production. 

To further confirm that ECM attachment promotes mitochondrial dependency for energy 

production, we measured oxygen consumption rates (OCR). Consistent with mammospheres 

being less metabolically active, they showed lower basal OCR and minimal ATP-linked 

respiration compared to monolayer cells (Figure 6G-I). Importantly, attached mammospheres 

significantly increased both basal and ATP-linked OCR, consistent with mitochondrial elongation 

stimulating mitochondrial activity (Figure 6G-I). Altogether, our results indicate that the actin-

driven mitochondrial elongation that occurs upon attachment to fibronectin stimulates 

mitochondrial respiration in previously less metabolically active mammospheres.  

Discussion: 

The ECM plays a crucial role in the modulation of cell survival and function. Previous studies 

have also suggested links between ECM signaling and mitochondria (Bubb et al., 2021, Romani 

et al., 2022, Visavadiya et al., 2016, Cai et al., 2023, Tian et al., 2023). While these observations 

could mechanistically link the migration, proliferation, and survival roles of ECM signaling with 

metabolic needs, the complex links between these events makes it challenging to identify clear 

causal links in adherent cells requiring ECM signals for their survival. Here, we took advantage 

of the fact that a subset of cells within a tumor can be grown in suspension in the absence of ECM.  
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Figure 6. Mitochondrial elongation promotes OXPHOS in mammospheres. (A) Western blot 
showing the expression levels of ETC components in attached monolayer cells (AM), 
mammospheres (MS) and mammospheres attached to fibronectin for 1 hour (MS-FN). GAPDH 
was used as a loading control. (B) Mitochondrial membrane potential measured using TMRM in 
AM, MS and MS attached to fibronectin for 1 hour (MS-FN) in 3 independent experiments. Each 
point represents an individual experiment. Bars show the average  SD. (C) (C) Western blot 
showing the expression levels of the stem cell markers SOX2 and ALDH1A1 in MDA-MB-231 
and MCF7 cells grown as an adherent monolayer or as mammospheres in suspension. β-Tubulin 
was used as a loading control. (D) Western blot showing the expression levels of mitochondrial 
proteins in ALDH-negative and positive cells isolated from normal mammary gland and mammary 
tumour tissues. β-Tubulin was used as a loading control. (E-F) Metabolic changes in MDA-MB-
231 mammospheres upon attachment to fibronectin. Total ATP (E) and lactate (F) were measured 
in 3 independent experiments. Each point represents an individual experiment. Bars show the 
average  SD. *** p<0.001, ** p<0.01. one-way ANOVA, two-way ANOVA for (B). (G-I) 
Changes in Oxygen consumption in mammospheres upon attachment to fibronectin. (G) 
Representative oxygen consumption rate (OCR) curves. O, oligomycin; AA, antimycin A; Rot, 
rotenone. Basal OCR (H) and ATP-linked OCR (I) were calculated from 4 independent 
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experiments. Each point represents an individual experiment. Bars show the average  SD. ** 
p<0.01, * p<0.05. One-way ANOVA. 

These mammospheres have distinct metabolic properties and mitochondrial structure. As 

mitochondrial dynamics regulates mitochondrial activity, we used these cells to investigate how 

mitochondrial structure and function are regulated by the ECM. We show that even if 

mammospheres do not require an ECM for their survival, they modulate their mitochondrial 

structure and energy metabolism in response to ECM components. We also uncovered a key role 

for actin polymerization in this process.  

Some studies have reported that the ECM regulates mitochondrial morphology in response to 

ECM stiffness. Stiff ECM has been found to block mitochondrial fission (Chen et al., 2021a), 

while soft ECM promotes it (Romani et al., 2022). Stiff ECM activates β1-integrin/PINCH1-

kindlin-2 signaling, which inhibits DRP1 activity, thereby promoting mitochondrial elongation 

(Chen et al., 2021a). In contrast, soft ECM activates DRP1, leading to mitochondrial fission and 

metabolic alterations through the modulation of mitochondrial ROS and antioxidants (Romani et 

al., 2022). In contrast, the mitochondrial elongation we observed upon mammospheres attachment 

is unlikely to involve DRP1. Indeed, despite mammospheres in suspension (akin to soft ECM) 

having fragmented mitochondria and becoming elongated when plated on a fibronect in-coated 

adherent plates (stiff matrix), these mammospheres express very low levels of DRP1 compared to 

their parental adherent monolayer cells. Moreover, knockdown of DRP1, which typically causes 

mitochondrial elongation by blocking the fission process (Zhao et al., 2013, Kitamura et al., 2017), 

did not induce mitochondrial elongation in suspension cells. While it remains possible that DRP1 

is required to generate the fragmented phenotype of mammosphere mitochondria, our results 

suggest that DRP1 does not play a crucial role in the regulation of mitochondrial networks once 

mammospheres are established. Instead, we propose that these cells modulate mitochondrial 

fusion to control the morphology of their mitochondria in response to ECM cues.  

Cell attachment to the ECM component fibronectin stimulates integrin signaling (Buxboim et al., 

2010). This signaling pathway activates a series of downstream processes that may regulate 

mitochondria (Sup. Figure 2A). We show that signalling events proximal to integrin activation, 

including FAK and Src activation, are required for mitochondrial elongation  following 

mammosphere attachment. Further, downstream of FAK activation, the Rho GTPase Rac1 

activates Arp2/3-dependent actin polymerization (Ko et al., 2014). Importantly, inhibiting Rac1 

or Arp2/3 significantly disrupted mitochondrial elongation in attached mammospheres, supporting 

a key role for this pathway in the regulation of mitochondrial structure. Furthermore, activation of 
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Rac in suspension cells also leads to mitochondrial elongation, demonstrating a direct link between 

the two processes.  

Actin polymerization has previously been linked with mitochondrial fission (Moore et al., 2016), 

mitophagy (Onishi et al., 2021, Li et al., 2018) and mitochondrial motility (Boldogh et al., 2001). 

During fission, the actin-nucleating mitochondrial protein Spire1C (Manor et al., 2015), associates 

with ER-anchored Inverted formin 2 (INF2) (Chakrabarti et al., 2018), regulating membrane 

constriction and DRP1 oligomerization at the fission site. Arp2/3 complex has been also shown to 

influence mitochondrial division, but the mechanism is not yet defined (Li et al., 2015). Our study 

reveals an additional role of actin in mitochondrial dynamics, specifically in regulating 

mitochondrial elongation through Arp2/3-dependent actin polymerization. This is consistent with 

our work showing that Arp2/3-dependent actin polymerization on mitochondria is required for 

mitochondrial fusion (Gatti et al., 2023), and the presence of shorter mitochondria in adherent 

monolayer cells treated with the Arp2/3 inhibitor (Figure 5E). These different roles of actin in the 

regulation of mitochondria likely depend of the specific signalling pathways activated in response 

to distinct cellular environments. Overall, we propose here that ECM-induced mitochondrial 

elongation is dependent on Arp2/3-driven actin polymerisation. This alternate pathway functions 

independently of DRP1 activity.  

In cancer cells, ECM-dependent promotion of adhesion and migration involves a metabolic shift 

towards increased OXPHOS, corelating with mitochondrial elongation (Wu et al., 2021, Tian et 

al., 2019, Papalazarou et al., 2020). FAK and PAK, two Integrin-activated signaling proteins, can 

alter mitochondrial structure, function and energy production (Kanteti et al., 2016) (Visavadiya et 

al., 2016, Yang et al., 2021). Specifically, FAK inhibition results in the loss of mitochondrial 

membrane potential, leading to impaired mitochondrial function. Additionally, Src and FAK-

activated STAT3 can directly interact with mitochondria to stimulate OXPHOS activity.  

(Visavadiya et al., 2016, Djeungoue-Petga et al., 2019, Guedouari et al., 2021, Guedouari et al., 

2020, Lurette et al., 2022). In contrast, our results show that actin polymerization downstream of 

these signalling events is required to modulate mitochondrial structure in response to ECM cues 

in mammospheres. We thus propose that actin polymerization will have an executional role in 

regulating mitochondrial structure (elongation) and metabolism (OXPHOS) in response to ECM 

cues. This suggests that the somewhat conflicting description onthe role of the ECM and 

downstream signalling pathways that have been described could arise, at least in part, through 

differences in the actin signalling pathways activated under distinct experimental conditions. This 

would in turn affect mitochondrial dynamics and metabolic modulation. For instance, CSCs that 

require upregulation of macromolecule biosynthetic pathways during differentiation may 
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fragment and switch to glycolysis (Serasinghe et al., 2015, Shiraishi et al., 2015), while energy 

demanding CSCs will gain fused mitochondria and induce OXPHOS (Rivadeneira et al., 2015).  

The difference in mitochondrial usage between distinct cellular conditions could also possibly 

explain the discrepancy we observed between ETC components expression and OCR and ATP 

levels. As one possibility, we think that mammospheres could use their mitochondria to synthesize 

other metabolites. For example, metastatic migratory cancer cells require a high production of 

mitochondrial superoxide (Porporato et al., 2014), which is obtained by an exaggerated TCA 

cycling (Porporato et al., 2014, Porporato and Sonveaux, 2015). It is also suggested that breast 

cancer cells colonizing lungs utilize the proline cycle to obtain FADH2, which can be oxidized by 

ETC to produce mitochondrial ATP (Elia et al., 2017), or generate ATP synthesis by glycolysis 

and fatty acid-dependent OXPHOS, suggesting a selective rewiring of the energy substrate 

(Andrzejewski et al., 2017, Pascual et al., 2017).  

Overall, our study reveals the complex interplay between mitochondrial dynamics and ECM-

mediated actin regulation, providing insights into cellular adaptation process in changing 

environments. Further research is needed to comprehend actin's role in mitochondrial function, 

with potential implications for understanding cancer metastasis and guiding anti-cancer therapies. 

Material and Methods 

Cell culture and transfection: 

MDA-MB-231 and MCF-7 cells were purchased from American Type Culture Collection. Cells 

in adherent monolayers were cultured in DMEM supplemented with 10% fetal bovine serum 

(FBS, Hyclone, UT) at 37°C in a humidified 5% CO2 incubator. Mammospheres were grown in 

DMEM supplemented with B-27 (Gibco™, 17504044), human EGF (10 µg/ml) and bovine insulin 

(10 µg/ml) in low-attachment plates (Nunclon sphera, Thermo Scientific™ #174932) and 

maintained at 37°C in a humidified 5% CO2 incubator for 3 days before harvesting. For 

attachment experiments, these 3-day mammospheres were spun down (1500g, 10 min) on 

coverslips that were previously coated with Fibronectin (Corning™ Fibronectin, Human Fischer 

Scientific, #CB-40008A) or Poly D Lysine (Sigma-Aldrich #P6403) where indicated. Cells were 

then kept at 37°C in a humidified 5% CO2 incubator until they were fixed. The same procedure 

was followed for western blot except that cells were spun down on standard cell culture dishes for 

adherent cells. 

siRNA treatment: 

MDA-MB-231 cells were seeded onto 24-well plates and transfected with 15nM of DRP1 siRNA 

(Thermo Fisher Scientific, Silencer Select, #4390771) or negative siRNA (Thermo Fisher 
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Scientific, Silencer Select, #4390843) using siLenFect lipid reagent (Bio-Rad, #1703361). After 

24 hrs, cells were collected for either western blotting or seeded onto coverslips for 

immunofluorescence.  

Manipulation of actin polymerization: 

The following proteins were manipulated using chemical inhibitors/activators: F-Actin 

depolymerization, Cyto D (0.1 μg/ml Sigma Aldrich #C8273); FAK, small-molecule inhibitor PF-

573228 (10 μM; Sigma Aldrich #PZ0117); Src kinase, Src Inhibitor-1 (10 μM; Sigma Aldrich 

#S2075); Rho GTPase, Rho Inhibitor I (C3 Transferase from Clostridium botulinum covalently 

linked to a cell penetrating moiety; 10μM; Cytoskeleton, Inc #CT04-A); Rac GTPase, Rac 

Inhibitor III (2 μM; MilliporeSigma™ #55351310MG); Arp 2/3 complex, CK-666 (10 μM; Sigma 

Aldrich #182515); Formin, FH2 domain inhibitor SMIFH2 (2µM; Sigma-Aldrich #344092); Rac 

activation, Rho/Rac/Cdc42 Activator I (10 μM; Cytoskeleton, Inc #CN04-A). All treatments were 

applied for a duration of 1 hour prior to fixation with 4% PFA, followed by subsequent 

immunofluorescence and confocal imaging. 

Immunofluorescence: 

Cells were plated on glass coverslips (Fischer Scientific #12541000CA) and allowed to adhere 

overnight to establish monolayer cultures. Mammospheres, on the other hand, were anchored to 

coverslips through centrifugation at 3,000 rpm for 10 minutes, followed by incubation for a period 

ranging from 1 to 6 hours. Mammospheres in suspension were collected by centrifugation in a 

microtube. The cells were then fixed with 4% paraformaldehyde for 15 minutes at room 

temperature (RT). Cells were then permeabilized with 0.2% Triton X-100 in PBS and blocked 

with 1% BSA / 0.1% Triton X-100 in PBS. Cells were then incubated with a primary antibody 

against TOM20 (Rb,1:250; Abcam #ab186735,) followed by fluorescent-tagged secondary 

antibodies (1:500; Jackson Immunoresearch). Cells were co-stained with Rhodamine-phalloidin 

(1:250; Sigma Aldrich #P1951), and DAPI (1:100; Invitrogen, Thermo Fisher #D1306). 

Image processing and analysis:  

The images were acquired using a Leica TSC SP8 confocal microscope with a 63×/1.40 oil 

objective using the optimal resolution for the wavelength (determined using the Leica software). 

All image manipulation and analysis were done in Image J/Fiji. The images shown are from single 

focal planes unless stated otherwise. For mitochondrial length analysis, a cell was binned in a 

specific category if at least 70% of mitochondria within that cell had the following length: less 

than 0.2 µm for fragmented, between 0.2 and 0.6µm for intermediate and more than 0.6 µm for 

elongated. Cells where mitochondrial networks were not clearly identifiable were excluded from 

the analysis.  
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Analysis of OPA1 oligomers: 

OPA1 oligomerization within intact cells was done as described (Patten et al., 2014). Briefly, cells 

were treated with the cell-permeable cross-linking agent BMH (Thermo Scientific) at a 

concentration of 1 mM for 20 minutes at 37°C. Following the crosslinking procedure, BMH was 

quenched by rinsing twice using PBS containing 0.1% beta-mercaptoethanol (BME). 

Subsequently, the cells were collected and lysed in 10 mM Tris-HCl at pH 7.4, 1 mM EDTA, 150 

mM NaCl, and 1% Triton X-100 with 0.1% BME, and the lysate was subjected to Western blot 

on NuPAGE Novex 3–8% Tris-acetate gradient gels (Invitrogen™  # EA0375BOX), transferred 

to a nitrocellulose membrane and blotted against OPA1 (Anti-Mouse, BD Biosciences, #612606) 

and mtHsp70 (Anti-Mouse, Clone: JG1, Invitrogen MA3028) antibody. 

Western blots: 

Cells were lysed in 10 mM Tris-HCl, pH 7.4, 1mM EDTA, 150 mM NaCl, 1% Triton X-100, 

complemented with a protease inhibitor cocktail (Sigma-Aldrich #11836170001) and phosphatase 

inhibitors (Sigma-Aldrich), kept on ice for 10 min and centrifuged at 16,000 x g for 10 minutes. 

Protein supernatants were collected, and protein concentration was estimated by DC protein assay 

(BioRad). For SDS-PAGE, 30 µg of proteins were mixed with 1X Lammeli buffer containing β-

mercaptoethanol, then subjected to SDS-PAGE, transferred to a nitrocellulose membrane and 

blotted with the indicated antibodies (DRP1 (Anti-Mouse, 1:1000; BD Transduction Laboratories, 

#611112), Phospho-DRP1 (Ser616) (Anti-Rabbit, 1:1000; Cell signaling technology, (Clone 

D9A1) #4494S), MFN1 (Anti-Rabbit, 1:1000; Abcam, [EPR21953-74] #ab221661), OPA1(Anti-

Mouse, BD Biosciences, #612606), NDUFA9(Anti-Rabbit, 1:1000; Abcam #ab128744), OSCP 

(Anti-Mouse, 1:1000; Santa Cruz Biotechnology (clone A-8) #sc-365162) UQCRC2 ((Anti-

Mouse, 1:1000; Santa Cruz Biotechnology (clone G-10) #sc-390378) Phospho-FAKY397 (Anti-

Rabbit, 1:1000; ; Invitrogen, (clone 31H5L17) # 700255), FAK(Anti-Rabbit, 1:1000; ) TOM20 

(Anti-Rabbit, 1:1000; Abcam, ab186735), SOX-2 (Anti-Rabbit, 1:1000 #AB5603 ), ALDH1A1 

(Anti-Mouse, 1:1000, # SC-166362), HRP-tagged Actin (1:10,000). Membranes were then 

incubated with horseradish peroxidase-conjugated secondary antibodies (1:5000; Jackson 

Immunoresearch) and visualized by enhanced chemiluminescence (Thermo Fisher scientific) 

using a Bio-Rad imaging system. 

OCR measurements: 

Oxygen Consumption Rates (OCR) were measured using the Seahorse XF Cell Mito Stress Test 

Kit (Agilent, Cat. 103708-100) with a Seahorse XFe96 analyzer (Agilent), following the 

instructions provided by the manufacturer. For mammospheres attached to fibronectin, a total of 

40,000 cells from the 3D culture were placed onto a Seahorse XF96 culture plate coated with 
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fibronectin (10 µg/ml), in DMEM media supplemented with hEGF (10 ng/ml), insulin (10 µg/ml), 

and B-27 supplement (Dey et al., 2009). The cells were incubated for 6 hours at 37°C, 10% CO2 

promoting attachment of mammospheres. Following this, a transition to XF DMEM medium was 

carried out. Meanwhile, 40,000 AM and MS cells were seeded onto Seahorse XF96 plates in XF 

DMEM, supplemented as indicated by the manufacturer. AM cells were seeded and allowed to 

attach for 6 hours while MS were transferred at the time of the assay. The cells were then incubated 

at 37 °C without CO2 for 1 hour, before proceeding immediately to perform OCR and ECAR 

analyses. OCR was monitored by sequentially introducing oligomycin (1 μM), FCCP (0.25 μM), 

and rotenone/antimycin A (0.5 μM) and non-mitochondrial respiration was subtracted for the 

calculation of mitochondrial respiration. Basal OCR and ATP-linked OCR were calculated 

according to manufacturer instructions. 

ATP and Lactate assay: 

ATP assays were performed using CellTiter-Glo® Luminescent Cell Viability Assay Kit 

(Promega). Cells were seeded at a density of 20,000 cells per well in 96-well plates (transparent 

and opaque walled plates) and incubated overnight at 37ºC. For attached mammospheres, cells in 

suspension culture were seeded onto fibronectin-coated wells six hours prior to performing the 

assay. Where indicated, the cells in monolayer, mammospheres and mammosphere attached 

condition were then treated with Oligomycin (10 µM) for 1 hour before the end of the incubation 

period. CellTiter-Glo® Reagent was added to the cells in the opaque plates at a 1:1 ratio and 

incubated at room temperature for 10 minutes in a dark environment. The luminescence emitted 

was then measured at a 100% gain value in a plate reader.  

The transparent plate was used for both lactate and protein estimation. For lactate estimation, a 

portion of the medium (10 μl) from each well was transferred to fresh wells in duplicate and the 

volume adjusted to 50 µl with PBS. Subsequently, 50 μl of Lactate reagent from Promega (# 

J5021) was added and incubated for 10 minutes at room temperature. The resulting absorbance 

was recorded at a wavelength of 450 nm in a plate reader. The media from the transparent plates 

was removed leaving the cells at the bottom. The cells were rinsed with PBS and subsequently 

lysed (10 mM Tris-HCl (pH 7.4), 1mM EDTA, 150 mM NaCl, and 1% Triton X-100). The protein 

concentration in this lysate was estimated using the DC protein assay (BioRad) and used to 

normalize ATP and lactate values. 

TMRM experiments: 

Mitochondrial membrane potential was evaluated using the potentiometric dye tetramethyl 

rhodamine methyl ester (TMRM; Sigma Aldrich) at a final concentration of 10 nm. For the assay, 

3 x 105 cells/well of both adherent and suspension cells were seeded in a 6‐well microplate and 
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left overnight in an incubator (5% CO2, 37°C). Each experiment was performed in duplicate. The 

cells were then incubated 30 minutes with TMRM (10 nm) in DMEM. Note: for suspension cells, 

mammospheres were trypsinized to obtain single cells before TMRM treatment. Adherent cells 

were then washed with PBS, trypsinized, and brought to a single cell suspension. Suspension cells 

were collected and washed with PBS. The blank control cells untreated with TMRM were also 

collected. The cell pellets were then resuspended in PBS and analyzed using flow cytometry. The 

TMRM fluorescence was examined using a Cytoflex FACS analyzer (Beckman) with excitation 

at 514 nm and detection at 570 nm. 

Animals: 

All animal experiments adhered to the principles outlined in the guidelines of laboratory animal 

care (NIH publication no. 85-23, revised in 1985) and were conducted with the approval of the 

Institutional Animal Ethical Committee, Government of India (Registration Number 

885/ac/05/CPCSEA). The experimental procedures strictly followed the regulations specified in 

the Indian Laws of Animal Protection (ILAP). Female BALB/c mice, weighing 20 ± 2g, were 

obtained and housed under standard laboratory conditions, maintaining a temperature of 25 ± 2°C, 

relative humidity of 50 ± 15%, and a 12-hour light-dark cycle throughout the experiment. The 

mice were provided with food pellets, and water was given ad libitum to facilitate acclimatization 

to the laboratory environment. (Elia et al., 2017). 

Mice mammary tumor development: 

Mammary tumors were developed in female BALB/c mice (n=3). Viable triple negative mouse 

mammary carcinoma cells 4T1 (105 cells) suspended in 200 µl of PBS were injected into the 

inguinal 4th mammary fat pad of mice. Tumors were allowed to develop for 14 days. Normal mice 

received only 200 µl of PBS. Eventually, the normal mammary gland and the mice-mammary 

tumors were excised from the control and mammary tumor-bearing animals respectively. The 

tissues were then processed for subsequent experiments (Elia et al., 2017). 

Detection of ALDH+ population: 

The ALDH+ population was detected by assessing aldehyde dehydrogenase (ALDH) enzyme 

activity using the ALDEFLUOR™ kit from STEMCELL Technologies, following the 

manufacturers guidelines. Briefly, single cell suspensions at a concentration of 1 × 106 cells/mL 

were incubated in aldefluor assay buffer with 5µL of activated BODIPY-aminoacetaldehyde 

(BAAA), the ALDH reagent, for 45 minutes at 37 °C. To serve as a negative control, 5 µL of 

diethylaminobenzaldehyde (DEAB), a specific ALDH1 enzyme inhibitor, was added along with 

BAAA. The fluorescence intensity, indicative of ALDH activity, was measured using 

FACSAria™ III, BD Biosciences. Subsequently, both ALDH- and ALDH+ populations were 
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sorted and processed for protein extraction. Data analysis was performed using BD FACSDiva™ 

software. 

Data analysis and statistics: 

All graphs and statistical analysis were done using R. Immunofluorescence data were quantified 

and images representative of at least three independent experiments shown (exact “n” are in the 

quantification figures). Data is represented as average ± SD as specified in figure legends. 

Statistical significance was determined using Student’s t test (between 2 groups) or one-way 

ANOVA with a Tukey post hoc test (multiple comparisons).  
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Supplementary Figures 

 

Supplemental Figure 1: Mitochondrial fragmentation in MCF7 mammospheres in 
suspension. (A) MCF7 were grown as AM, MS or MS attached for 6 hours on glass coverslips, 
and their mitochondria were marked with an antibody against TOM20 (mitochondria, cyan; with 
nuclei stained with DAPI, yellow). (B) Representative images. Scale bar 10 µm. (C) 
Quantification of 3 independent experiments, with each point represents an individual experiment. 
Bars show the average  SD. *** p<0.001. Two-way ANOVA. 
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Supplemental Figure 2. Mitochondrial fragmentation in attached MS upon Rac inhibition.  
(A) Model for the ECM-induced cytoskeletal pathway regulating mitochondrial dynamics in 
mammospheres. (B) Representative images of mammospheres attached to fibronectin for 1 hour 
in the absence or the presence of the Rac1 (Rac Inhibitor III; 2 μM) and Rho (Rho Inhibitor I, 
10μM) inhibitors and marked for Actin (Phalloidin, Red) and nuclei (Dapi, Blue). Scale bar 10 
µm. 
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Abstract: 

Mitochondria play a crucial role in the regulation of cellular metabolism and signalling. 

Mitochondrial activity is modulated by the processes of mitochondrial fission and fusion, which 

are required to properly balance respiratory and metabolic functions, transfer material between 

mitochondria, and remove defective mitochondria. Mitochondrial fission occurs at sites of contact 

between the endoplasmic reticulum (ER) and mitochondria, and is dependent on the formation of 

actin filaments that drive mitochondrial constriction and the recruitment and activation of the 

fission GTPase DRP1. The requirement for mitochondria- and ER-associated actin filaments in 

mitochondrial fission remains unclear, and the role of actin in mitochondrial fusion remains 

entirely unexplored. Here we show that preventing the formation of actin filaments on either 

mitochondria or the ER disrupts both mitochondrial fission and fusion. We show that fusion but 

not fission is dependent on Arp2/3, whereas both fission and fusion are dependent  on INF2 formin-

dependent actin polymerization. Together, our work introduces a novel method for perturbing 

organelle-associated actin filaments, and demonstrates a previously unknown role for actin in 

mitochondrial fusion. 

Introduction: 

Mitochondria play a crucial role in the regulation of cellular metabolism and signalling, thereby 

controlling key cellular processes including apoptosis, cell fate decisions, and inflammation. 

These activities are regulated by mitochondrial dynamics, the process of fusion and fission which 

controls mitochondrial shape, size, and function. Mitochondrial dynamics allows for the exchange 

of components, such as lipids and proteins, and the removal of damaged or defective 

mitochondria, maintaining the overall function and quality of mitochondria1-5.  

Mitochondrial dynamics are controlled by dynamin-related GTPases: mitochondrial fission 

requires Dynamin Related Protein 1 (DRP1), while mitochondrial fusion depends on mitofusins 

(MFN1 and MFN2) for the fusion of the outer membrane and OPA1 for the fusion  of the inner 

membrane. In addition to this core machinery, mitochondrial fission requires specific contacts 

with the endoplasmic reticulum (ER), which marks fission sites6. These ER-mitochondria contact 

sites then work as platforms to recruit the fission machinery. One key event driving mitochondrial 

fission is the activation of the ER-anchored formin protein Inverted Formin 2 (INF2), resulting in 

actin polymerization at ER-mitochondria contacts7-9. These actin filaments have been proposed 

to further promote ER-mitochondria contacts in a Myo19-dependent manner 10 and are used by 

non-muscle myosin II to constrict the mitochondrion11,12. This partial constriction then allows the 

recruitment of the fission protein DRP1, followed by DRP1 GTPase-dependent scission of the 
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mitochondrion. Consistent with this, inhibiting actin polymerization, Myosin II activity, or INF2 

decreases DRP1 oligomerization on mitochondria, suggesting that actin and myosin are involved 

in the recruitment and activation of DRP113-16.  

Regulation of mitochondrial fusion is less well understood. Recent studies have demonstrated that 

the ER is present not only at mitochondrial fission sites but also at fusion sites17 where it was 

suggested to accelerate the fusion process18. Consistent with this, loss of ER-mitochondria contact 

sites decreases the number of fusion and fission events19. Nevertheless, the exact role of the ER 

in mitochondrial fusion remains to be elucidated. One possibility is that it acts as a platform to 

recruit the fusion machinery, similarly to what occurs during fission 6,7,17.  

Previous research supports important roles for mitochondria-associated actin (“mito-actin") aside 

from its role in mitochondrial fission. This includes mitochondria quality control20 and the 

regulation of mitochondrial transport21-24. Similarly, actin plays an important role in recruiting 

and activating dynamin family GTPases to various cell compartments25,26, and has been shown to 

act in concert with dynamin to promote cell-to-cell fusion27. As the ER likely acts as a platform 

to recruit the machinery for both mitochondrial fission and fusion, and ER-anchored INF2 and 

actin play crucial roles in GTPase-mediated mitochondrial fission, we hypothesize that mito- and 

ER-associated actin (“ER-actin”) is important for GTPase-mediated mitochondrial fission and 

fusion. 

Here, we uncover a previously unappreciated role for actin in the regulation of mitochondrial 

fusion, and provide new evidence for a role for both mito- and ER-actin in fission and fusion. 

Using fluorescent protein-tagged mitochondria- and ER-targeted actin nanobodies, we 

demonstrate that actin marks sites of mitochondrial fission and fusion. Importantly, we show that 

disrupting actin filaments specifically on mitochondria or the ER disrupts both mitochondrial 

fission and fusion. In addition, inhibiting the actin nucleation protein complex Arp2/3 or ER-

anchored INF2 differentially impact the balance between mitochondrial fission and fusion. Our 

work also reveals two mechanistically distinct types of fusion events (tip-to-tip vs. tip-to-side) 

based on their requirement for mitochondrial actin. We show that mito-actin is associated with 

the immobilized “receiving” mitochondrion during tip-to-side fusion. Together, our data reveals 

a key organizational and regulatory role for mito- and ER-actin in both mitochondrial fission and 

fusion. 

Results: 

Actin accumulates at sites of mitochondrial fusion 
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To monitor the presence of actin at the site of mitochondrial fusion, we used GFP-tagged actin 

nanobodies (termed Actin Chromobodies (AC)) targeted to the outer mitochondrial membrane 

with the c-terminal transmembrane domain of Fis1 (AC-mito)8. AC-mito moves freely within the 

mitochondrial membrane giving a diffused signal. However, when the AC probe binds to mito-

actin, it becomes immobilised, resulting in a higher intensity signal at the actin-associated site. 

We have previously used these probes to show the accumulation of actin at sites of mitochondrial 

fission8.  

We transfected primary human fibroblasts with AC-mito and a control mCherry construct targeted 

to mitochondria with the same Fis1 transmembrane domain as AC-mito (mCherry-mito) to label 

mitochondria (Figure 1A) and imaged them live with confocal microscopy. We then analysed the 

presence of the AC probe at the site of mitochondrial fission and fusion. Consistent with previous 

studies, we observed AC-mito accumulation at fission sites (Figure 1B), validating the approach. 

Importantly, we also observed AC-mito accumulation at fusion sites in most fusion events (Figure 

1A-B, video 1). To confirm AC-mito accumulation at fusion and fission sites, we measured its 

specific enrichment relative to adjacent mitochondria. We observed a 2-fold increase in 

enrichment of AC-mito signal at fusion (Fig.1C) and fission (Fig. 1D) events, which was absent 

when measured using the mCherry-mito signal, the latter consistently spreading evenly across 

mitochondrial surfaces (Fig. 1C-D). Our data thus clearly demonstrates that AC-mito is enriched 

at sites of mitochondrial fusion, indicating the presence of mito-actin at these sites.  

As sites of mitochondrial fusion are associated with actin, and fusion is mediated by the 

mitochondrial outer membrane dynamin-related GTPase MFNs, we asked whether promoting 

MFN-mediated fusion is sufficient to drive actin polymerization on mitochondria. To stimulate 

fusion, we overexpressed MFN1 in our primary fibroblasts. As predicted, MFN1 overexpression  

leads to clustering and fusion of mitochondria28,29 (Figure 1E). These changes were accompanied 

by a large increase in AC-mito signal (Figure 1E-F). Thus, promoting MFN1-mediated 

mitochondrial fusion is sufficient to stimulate actin association with mitochondria.  

Mitochondrial fusion occurs in two distinct ways: tip-to-tip fusion, where the end of one 

mitochondrion fuses with the end of another, and tip-to-side fusion, where the end of a 

mitochondrion fuses at the side of another mitochondrion 19 (Figure 2A). Notably, our data 

revealed that 75% of fusion events involved tip-to-side fusion (Figure 2B). Interestingly, actin was 

much more likely to be present at tip-to-side events (88%) than end-to end events (50%) (Fig. 2C), 

suggesting that actin predominantly favors tip-to-side fusion. We also observed that in most fusion 

events, one mitochondrion remains immobile while the other is mobile (Figure 2D, “Still”). This 
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was however not the case for tip-to-tip fusions, where both mitochondria involved were usually 

mobile (Figure 2E).  

 
Figure 1. Actin marks the site of mitochondrial fusion. (A) Representative fusion event 
showing the enrichment of AC-mito at the fusion site (arrowhead). Cells were transfected with 
mCherry-mito (mitochondria, magenta) and AC-mito (actin, green). Scale bar 2µm (B) 
Quantification of fission (Fis.) and fusion (Fus.) events positive for AC-mito. Each point 
represents an individual cell, with 10 cells quantified in 4 independent experiments. Bars show the 
average  SD. (C-D) AC-mito signal enrichment at fusion (C) and fission (D) sites in cells 
transfected as in A. Signal intensity at the event site relative to an adjacent site on the 
mitochondrial network was quantified for AC-mito (AC) and mCherry-mito (mCh). Each point 
represents an individual cell, with 8 cells quantified in 4 independent experiments. Bars show the 
average  SD. *** p<0.001. (E-F) Representative image showing AC-mito signal (green) in cells 
transfected with mCherry-Fis1 (Control) or MFN1-Myc. Cells were then fixed, and mitochondria 
labeled with an antibody against TOM20 (magenta). Quantification  of the AC-mito signal is 
shown in (F). Each point represents an individual cell, with 28 control and 32 MFN1-Myc cells 
quantified in 3 independent experiments. Bars show the average  SD. *** p<0.001. Scale bar 10 
µm. 
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Our subsequent objective was to identify which of the two fusing mitochondria recruited actin. 

Since most fusion events involved one immobile mitochondrion, we selected this subset for further 

analysis. We referred to the immobile mitochondrion as the "receiving mitochondrion" and the 

moving one as the "fusing mitochondrion". By examining the AC-mito enrichment at the receiving 

and fusing ends of the mitochondrion, we discovered that actin is present to a greater extent on the 

immobilized receiving mitochondrion than on the fusing mitochondrion and that the AC-mito 

signal persists until the end of the fusion event (Figure 2F). Altogether, our findings indicate 

mitochondria-associated actin acts as a marker for the sites of mitochondrial fusion. 

 
Figure 2. Actin is mainly associated with Tip-to-side mitochondrial fusion (A) Schematic 
representation of Tip-to-tip and Side-to-End fusion events. (B-C) Quantification of fusion events 
as end to-side (Side) or tip-to-tip (End)(B), and their corresponding association with AC-mito (C). 
Each point represents an individual cell, with 10 cells (E) quantified in 4 independent experiments. 
Bars show the average  SD. *** p<0.001. Total events from the quantified cells are shown in 
(C). (D-E) Quantification of fusion events containing one immobile mitochondrion (Still) or two 
mobile mitochondria (Mobile) (D) and their corresponding association with AC-mito (E). Each 
point represents an individual cell 8 cells quantified in 4 independent experiments. Bars show the 
average  SD. *** p<0.001. Total events from the quantified cells are shown in (E). (F) 
Quantification of AC-mito signal associated with each of the fusing mitochondria (the receiving 
mitochondrion (Rec) and the fusing mitochondrion (Fus)) as well as with the fusion site one frame 
post-fusion (Post). Each point represents an individual cell, with 9 cells quantified in 4 
independent experiments. Bars show the average  SD. * p<0.05, ** p<0.01 

Actin-associated mitochondrial fusion sites recruit the endoplasmic reticulum (ER) 

During mitochondrial fission, the ER acts as a platform to recruit actin-regulatory proteins (INF2) 

and actin-binding motor proteins (non-muscle myosin II) leading to mitochondrial constriction 

and DRP1-mediated scission of the mitochondrion6,7,11,13,15,30. To measure the presence of ER at 

fusion sites, we transfected primary human fibroblasts with mCherry targeted to the ER using the 

c-terminal domain of cytochrome b5 (mCherry-ER) and EGFP targeted to the mitochondrial 
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matrix (CCO-IRES), and imaged them live with confocal microscopy. Consistent with previous 

reports, most fusion and fission events were associated with the presence of ER (Figure 3A)10,17-

19. We then tested whether ER-actin was also recruited at mitochondrial fusion sites. To 

specifically label ER-actin, we used our previously reported variation of the AC probe targeted to 

the ER using the c-terminal domain of cytochrome b5 (AC-ER)8. We simultaneously transfected 

cells with AC-ER and mCherry-mito and assessed the recruitment of AC-ER at fusion sites 

(Figure 3B). Similar to AC-mito, most fusion and fission events were positive for AC-ER (Figure 

3C). The enrichment of AC-ER was confirmed at fusion (Figure 3D) and fission sites (Figure 3E) 

as for AC-mito. Like AC-mito, most receiving mitochondria were AC-ER-positive, while fusing 

mitochondria were less likely to show AC-ER signal (Figure 3F). Therefore, our results indicate 

that both mito- and ER-actin are present at mitochondrial fusion sites.  

During mitochondrial fission, mito-actin accumulates first at the fission site, followed by ER-

actin filaments prior to fission 8. We thus investigated the temporal relationship between the 

recruitment of AC-ER and AC-mito at fusion sites. To determine when mito- and ER-actin 

filaments are recruited to the mitochondrial fusion site, cells were co-transfected with AC-Mito, 

a halo-tagged version of AC-ER, and mCherry-mito. We then measured ER- and mito-actin 

recruitment relative to fusion events. Similar to what we observed for mitochondrial fission, we 

found that AC-mito was recruited first to the future fusion site, followed by AC-ER (Figure 3G, 

fusion occurs at timepoint 0). Specifically, AC-ER was recruited at the fusion site at an average 

of 100 seconds after AC-mito (Fig. 3H), suggesting that recruitment of actin on mitochondria, not 

the ER, is the primary event for mitochondrial fusion.  

Mitochondria-associated actin is required for fusion 

As our results show that actin is associated with mitochondrial fusion, we then asked whether it 

was required for fusion. Actin depolymerizing drugs impact many subcellular processes and 

signaling pathways, making it difficult to distinguish primary from secondary effects. Thus, the 

ability to selective remove actin from subcellular compartments of interest would be enormously 

valuable for the cell biology research community. To address this gap and selectively remove actin 

from mitochondria, we modified a recently described Disassembly-promoting, encodable Actin 

tool (DeAct), a ~120 amino acid domain of the actin-regulating protein Gelsolin (Gelsolin  

Segment 1 - aa 53-176 – GS1) that sequesters actin monomers 31. To specifically target GS1 to 

mitochondria or the ER, we fused it to the c-terminal transmembrane domain of Fis1 (DeAct-mito) 

or cytochrome b5 (DeAct-ER).  
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Figure 3. ER-associated actin is present at the site of mitochondrial fusion. (A) Quantification 
of fission (Fis.) and fusion (Fus.) events associated with ER. Each point represents an individual 
cell, with 15 cells quantified in 4 independent experiments. Bars show the average  SD. (B) 
Representative fusion event showing the enrichment of AC-ER at the fusion site (arrowhead). 
Cells were transfected with mCherry-mito (mitochondria, magenta) and AC-ER (actin, green). 
Scale bar 2 µm. (C) Quantification of fission (Fis.) and fusion (Fus.) events positive for AC-mito. 
Each point represents an individual cell, with 13 cells quantified in 3 independent experiments. 
(D-E) AC-ER signal enrichment at fusion (D) and fission (E) sites in cells transfected as in B. 
Signal intensity at the event site relative to an adjacent site on the ER network was quantified for 
AC-ER (AC) and mCherry-ER (mCh). Each point represents an individual cell, with 13 cells 
quantified in 3 independent experiments. Bars show the average  SD. *** p<0.001. (F) 
Quantification of AC-ER signal associated with each of the fusing mitochondria (the receiving 
mitochondrion (Rec) and the fusing mitochondrion (Fus)) as well as with the fusion site one frame 
post-fusion (Post). Each point represents an individual cell, with 13 cells quantified in 3 
independent experiments. Bars show the average  SD. * p<0.05, ** p<0.01. (G-H) Kinetics of 
recruitment of AC-mito and AC-ER at the fusion site showing AC-ER recruitment relative to AC-
mito (G) and recruitment of either marker relative to the time of fusion (H). Each point represents 
an individual event (20 events total in 4 cells within 3 independent experiments). *** p<0.001 



83 

After confirming the proper localisation of the constructs (Supp. Figure 1A-B), we first determined 

if organelle-targeted DeAct prevented actin accumulation on mitochondria by co-transfecting 

DeAct-mScarlet (mito or ER) with AC-mito or AC-ER. Consistent with the ability of DeAct to 

locally disrupt actin filaments, DeAct-mito significantly decreased AC-Mito signal intensity 

(Figure 4A-B), while AC-ER showed a steep decline when transfected with DeAct-ER (Figure 

4C, Sup. Figure 2). We also tested whether the organelle-targeted DeActs specifically affected 

their target organelle. DeAct-mito did not significantly affect AC-ER signal, highlighting the 

selectivity of the probe (Figure 4A-C). In contrast, DeAct-ER was also as efficient as DeAct-mito 

in preventing actin accumulation on mitochondria (Fig. 4A-B), possibly as a result of the ER 

making numerous contacts with mitochondria. Overall, both constructs remained selective for 

organelle-bound actin as no obvious alterations were found when actin filaments were labeled 

with phalloidin (Supp. Figure 1C). 

Having validated the DeActs, we then evaluated their effect on mitochondrial fusion and fission 

events. Consistent with the proposed role for ER-associated actin in mitochondrial fission, both 

DeAct-mito and DeAct-ER significantly decreased mitochondrial fission rates (Fig. 4D). 

Importantly, mitochondrial fusion was also significantly decreased by both DeActs (Figure 4E), 

indicating that mitochondria-associated actin is required for mitochondrial fusion. We then 

determined whether fusion or fission was more affected by DeActs by taking the ratio of fusion 

over fission for each condition. There was no significant difference in the ratio compared to control 

cells (mCherry-mito) (~1), suggesting that DeActs blocked both processes (Figure 4F). These data 

therefore demonstrate an essential role for actin in the regulation of not only mitochondrial fission 

but also mitochondrial fusion.  

As previously stated, the majority of fusion events that occurred in the presence of actin were of 

tip-to-side pattern (Figure 2A-C). We thus then asked whether one type of fusion event was more 

affected by DeActs. Consistent with tip-to-side events being mostly associated with actin, these 

were affected to a large extent by DeActs (Fig. 4G). In contrast, tip-to-tip events persisted in 

DeAct-mito and DeAct-ER transfected cells (Figure 4G), suggesting that the residual fusion 

observed with DeActs is largely the consequence of actin-independent tip-to-tip fusion events. 

Arp2/3-dependent actin polymerization is required for mitochondrial fusion 

Having demonstrated that actin is required for mitochondrial fusion, we next defined the role of 

actin-polymerizing proteins in this process. Most actin polymerization is regulated by one of two 

families of actin-regulatory proteins: Arp2/3 is responsible for the formation of branched actin 

filaments and actin patches, while formins promote the formation of parallel actin filaments.  
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Figure 4. Mitochondrial actin is required for both fission and fusion. (A) Representative 
images showing the loss of AC-mito signal (green) in cells transfected with DeAct-mito or DeAct-
ER (magenta). (B-C) Quantification of AC-mito (B) and AC-ER (C) signal in cells transfected as 
in (A). Each point represents an individual cell, with at least 8 cells quantified in 3 independent 
experiments for each condition. Bars show the average  SD. *** p<0.001, ** p<0.01. (D-F) 
Quantification of the number of fission (D) and fusion (E) events, as well as the fusion/fission 
ratio (F) in cells transfected with the indicated DeAct probe, AC-mito and mCherry-Fis1 (to label 
mitochondria). Each point represents an individual cell, with 11 (mCh), 8 (DeAct -mito) and 9 
(DeAct-ER) cells quantified in 3 independent experiments. Bars show the average  SD. ** 
p<0.01, * p<0.05. (G) Quantification of fusion events as end to-side (Side) or tip-to-tip (End). The 
total number of events for 8 cells in 3 experiments is shown for each condition.  

To study the role of Arp2/3 in mitochondrial fusion, we selectively inhibited this nucleation 

complex using CK-66632. Firstly, there was a notable loss of AC-mito signal following a 60 min 

CK666 treatment (Fig. 5A-B), supporting a role for Arp2/3 in the generation of mitochondrial 

actin. The CK-666-dependent loss of mitochondria-associated actin was also associated with a 
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significant decrease in the number of mitochondrial fusion events (Figure 5C). In contrast, CK-

666 did not significantly affect mitochondrial fission, resulting in a decrease in the fusion/fission 

ratio (Figure 5C). As the loss of mitochondrial actin due to the expression of DeAct-mito 

selectively inhibited tip-to-side fusion (Fig. 4H), we also examined the effect of CK-666 on tip-

to-tip and tip-to-side fusion. Consistent with the DeAct data, CK-666 selectively prevented tip-

to-side fusion (Fig. 5D). A similar decrease in mitochondrial fusion was also observed in the 

breast cancer line MDA-MB-231 following CK-666 treatment (Figure 5E). To further confirm 

our findings, we knocked down Arp2 in MDA-MB-231 cells (Figure 5F) and quantified 

mitochondrial fission and fusion. Consistent with the CK666 data, mitochondrial fusion was 

significantly reduced in cells where Arp2 was knocked down. In contrast, mitochondrial fission 

was not significantly affected, leading to a decrease in fusion/fission ratio (Figure 5G).  

To further demonstrate that the Arp2/3 complex is required for mitochondrial fusion, we used a 

mitochondrial fusion assay based on a mitochondria-targeted photoactivable GFP (PA-GFP). In 

this assay, diffusion of the activated GFP in a subpopulation of mitochondria following 

mitochondrial fusion leads to a decrease in GFP fluorescence over time (Figure 5H, Supp. Figure 

3). Consistent with Arp2/3 inhibition preventing mitochondrial fusion, PAGFP signal showed a 

lower rate of decrease in CK666-treated cells compared to control cells, leading to a significantly 

smaller decrease in GFP signal 3 minutes after activation (Figure 5H).  

Altogether, our data shows that inhibition of the Arp2/3 complex significantly impairs 

mitochondrial fusion, indicating that Arp2/3-dependent actin polymerization plays a crucial role 

in regulating mitochondrial fusion.  

Formin inhibition predominantly affects mitochondrial fission 

While our results demonstrate a role for Arp2/3 in mitochondrial fusion, formin proteins are also 

known to be important for actin dynamics and can both collaborate and compete with Arp2/3 in 

forming dynamic actin structures33-35. In addition, both Arp2/3 and formin proteins are known to 

be important for normal mitochondrial fission dynamics36-38. We thus asked whether formin-

mediated actin polymerization could also play a role in mitochondrial fusion. For this, we first 

used the Formin FH2 Domain Inhibitor (SMIFH2) to inhibit formin-mediated elongation of actin 

filaments. As with Arp2/3 complex inhibition, formin inhibition resulted in a significant loss of 

AC-mito signal, but this reduction in mitochondrial actin was less than for Arp2/3 inhibition 

(Figure 6A-C, Arp inhibition in 5A-B). Consistent with the role of formins in mitochondrial 

fission, fission was greatly affected by SMIFH2 (Fig. 6D). On the other hand, while SMIFH2 did 

reduce mitochondrial fusion, this effect was less important than for fission, leading to a significant 



86 

increase in the fusion/fission ratio (Fig. 6D). Nevertheless, as for Arp inhibition, SMIFH2 

selectively prevented tip-to-side fusion events (Fig. 6E), consistent with actin being predominantly 

required for this type of fusion event.  

 
Figure 5. The Arp2/3 complex regulates mitochondrial fusion. (A) Representative images 
showing the loss of AC-mito signal in primary fibroblasts transfected with AC-mito (green) and 
mCherry-Fis1 (magenta), and treated with the Arp2 inhibitor CK666. Scale bar 10 µm (B) 
Quantification of AC-mito signal in cells transfected as in (A). Each point represents an individual 
cell, with 12 control and 13 CK666 cells quantified in 3 independent experiments. Bars show the 
average  SD. *** p<0.001. (C) Quantification of the number of fusion (Left, blue) and fission 
(Middle, orange) events, as well as the fusion/fission ratio (Right) in cells transfected as in (A) 
and treated as indicated. Each point represents an individual cell, with 12 (control) and 9 (CK666) 
cells quantified in 3 independent experiments. Bars show the average  SD. ** p<0.01, * p<0.05. 
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(D) Quantification of fusion events as end to-side (Side) or tip-to-tip (End). The total number of 
events for 9 cells in 3 experiments is shown for each condition. (E) Quantification of the number 
of fusion (Left, blue) and fission (Middle, orange) events, as well as the fusion/fission ratio (Right) 
in MDA-MB-231 cells stably expressing mitochondria-targeted GFP and treated as indicated. 
Each point represents an individual cell, with 10 cells quantified for each condition in 3 
independent experiments. Bars show the average  SD. *** p<0.001, * p<0.05. (F) Western blot 
showing Arp2 expression in cells treated with a control siRNA (siCtrl) or a siRNA against ARP2 
(siARP2). Actin is used as a loading control. (G) Quantification of the number of fusion (Left, 
blue) and fission (Middle, orange) events, as well as the fusion/fission ratio (Right) in MDA-MB-
231 cells stably expressing mitochondria-targeted GFP transfected with siRNAs as in (F). Each 
point represents an individual cell, with 10 cells quantified for each condition in 3 independent 
experiments. Bars show the average  SD. *** p<0.001, ** p<0.01. (H) Mitochondrial fusion 
assay. Human primary fibroblasts were transfected with photoactivatable-GFP (PA-GFP), treated 
as indicated and imaged before (pre) and after activation with the 405 nm laser. Fluorescence 
traces (Left) and the quantification of the loss of fluorescence at 3 min relative to the initial time 
post-activation (Right) are shown. Each point (Right) represents an individual cell, with 14 ctrl 
and 16 CK666 cells quantified in 4 independent experiments. Bars show the average  SD. ** 
p<0.01 

The formin protein INF2 is the only known ER-anchored actin regulatory protein and is required 

for mitochondrial fission7,9. We thus specifically examined the role of INF2 in fusion by measuring 

fission and fusion events in U2OS cells lacking INF29. Consistent with our formin inhibitor data, 

INF2 deletion affected both fission and fusion (Figure 6F). However, contrary to the formin 

inhibitor, both processes were affected to a similar extent, resulting in a fusion/fission ratio that 

was similar between control and INF2 KO cells (Figure 6F). Importantly, as with our other 

manipulations of the actin cytoskeleton, INF2 deletion selectively affected tip-to-side fusion. 

Altogether, our results indicate that actin is required for tip-to-side events which constitute the 

majority of fusion events within cells, and that both Arp2/3 and INF2 play a role in this process.  

Discussion 

Actin plays a critical role in regulating organelle dynamics within cells, contributing to their 

movement, positioning, and organization39-41. Actin also plays an important role in mitochondrial 

fission, where it facilitates constriction of mitochondria, the recruitment of DRP1, and the 

activation of its GTPase activity 9,15,16,42. The recruitment of actin to fission sites was originally 

shown under fission-inducing conditions, but has recently been demonstrated under unstimulated 

conditions by the use of organelle-targeted actin chromobodies8. It was also proposed that the 

requirement for actin filaments for mitochondrial fission is context-dependent, with only ~50% of 

fission events coinciding with actin polymerization43. However, Schiavon et al, 2020 and this 

current study revealed a much higher incidence of actin filaments at fission sites, likely as a result 

of using the more sensitive organelle-targeted actin probes. 
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Figure 6. Formin-dependent regulation of mitochondrial fusion. (A) Representative images 
showing AC-mito signal in primary fibroblasts transfected with AC-mito (green) and mCherry-
Fis1 (magenta), and treated with the formin inhibitor SMIFH2. Scale bar 10 µm (B) Quantification 
of AC-mito signal in cells transfected as in (A). Each point represents an individual cell, with 12 
cells quantified in 3 independent experiments. Bars show the average  SD. *** p<0.001. (C) Loss 
of AC-mito signal caused by CK666 and SMIFH2 relative to control levels. CK666 data from 
Figure 5B, SMIFH2 data from panel (B) above. Individual points represent independent 
experiments. Bars show the average  SD. ** p<0.01. (D) Quantification of the number of fusion 
(Left, blue) and fission (Middle, orange) events, as well as the fusion/fission ratio (Right) in cells 
transfected as in (A) and treated as indicated. Each point represents an individual cell, with 12 
cells quantified in 3 independent experiments. Bars show the average  SD. *** p<0.001, ** 
p<0.01. (E) Quantification of fusion events as end to-side (Side) or tip-to-tip (End). The total 
number of events for 12 cells in 3 experiments is shown for each condition. (F-G) Quantification 
of the number of fusion (Left, blue) and fission (Middle, orange) events, as well as the 
fusion/fission ratio (Right) in U2OS cells in which INF2 has been deleted using CRISPR/Cas9. 
Each point represents an individual cell, with 12 cells quantified in 3 independent experiments. 
Bars show the average  SD. ** p<0.01. (G) Quantification of fusion events as end to-side (Side) 
or tip-to-tip (End). The total number of events for 12 cells in 3 experiments is shown for each 
condition. 
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In this study, we provide more direct evidence that ER- and mito-actin are required for both 

mitochondrial fission and fusion. Specifically, we used mitochondria- and ER-targeted AC probes8 

to show that mitochondria-associated actin is recruited to mitochondria at sites of both fusion and 

fission under unstimulated conditions. The ER and ER-actin were also present at fusion sites, but 

they were recruited just before or during fusion at pre-existing actin rich sites on mitochondria. 

Importantly, we showed that we can selectively disrupt organelle-associated actin filaments using 

our novel genetically-encoded DeAct-ER/mito tools. Disrupting mitochondria-associated actin 

with DeAct-mito expression disrupted mitochondrial fission and fusion, demonstrating the 

importance of mitochondria-associated actin in the regulation of both processes, and revealing a 

heretofore entirely unknown role for actin in fusion. 

Mitochondria-associated actin has previously been reported in a number of settings in addition to 

mitochondrial fission. For example, actin clouds assemble around depolarised mitochondria to 

isolate them for autophagy20 while mitochondrial actin comet tails promote mitochondrial 

redistribution during mitosis38. Distinct actin-polymerizing complexes are likely required 

depending on the cellular context. For example, two distinct populations of actin filaments have 

been suggested to regulate fission, the INF2-dependent pathway and a second, INF2-independent 

but Arp2/3-dependent pathway9,37. These mitochondria-associated actin polymerization processes 

differ in the cellular stimuli resulting in fission7,9,37. On the other hand, some studies showed that 

both formins and Arp2/3 are involved in complex-mediated actin assembly around 

mitochondria9,36,44. Overall, multiple mechanisms activated on either mitochondria or ER-

mitochondria contact sites likely cooperate to stimulate the formation of mitochondria-associated 

actin filaments. As mito-actin has multiple roles, these processes likely play overlapping but 

distinct roles. Here, as our results show that mito-actin marks the site of fusion prior to the 

recruitment of ER-actin and mitochondrial fusion, we propose that Arp2/3-dependent actin 

polymerization on mitochondria acts upstream of INF2-dependent polymerization of ER-actin 

during fusion.    

We also distinguished two types of mitochondrial fusion events with different requirements for 

actin. Tip-to-side fusion, which constitute the majority of fusion events and lead to the formation 

of branched mitochondria, predominantly occurred in the presence of actin. On the other hand, 

tip-to-tip fusion events, which elongates mitochondria, were much less likely to show actin 

recruitment. Importantly, disrupting actin polymerization significantly decreased the occurrence 

of tip-to-side fusion events, but not tip-to-tip events, demonstrating the selectivity of actin for tip-

to-side fusion. Interestingly, deletion of ABHD16A, an ER protein regulating the formation of 

fission and fusion nodes at ER-mitochondria contact sites, results in the loss of tip-to-side fusion19. 
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This suggests that actin could facilitate the formation of these nodes, therefore promoting tip-to-

side fusion. These observations may potentially serve as the basis for new insights into genetic 

and environmental conditions that result in altered branching in mitochondrial networks. 

Some studies have noted the presence of elongated mitochondria upon inhibition of actin-

polymerizing proteins. While this was seen as evidence for a loss of fission relative to fusion, our 

results suggest that this could be the result of the lack of requirement for actin during tip-to-tip 

fusion promoting mitochondrial elongation rather than branching. Another point to take into 

consideration is the dynamic nature of mitochondrial fission and fusion and the requirement for 

cells to maintain a balance between the two. For example, INF2 deletion decreased both fusion 

and fission events. Under these conditions (steady state loss of INF2), it is possible that a decrease 

in fission rates led to a secondary decrease in fusion events to maintain a proper mitochondrial 

network. On the other hand, we did observe fission events in cells where the Arp2/3 complex was 

acutely inhibited (one hour treatment). This observation is likely due to the promotion of INF2-

dependent fission events7,9,30,37.  

Changes in organelle architecture depend on both the inherent composition of membrane lipid 

bilayers45,46 and the external energy necessary to overcome membrane resistance. These external 

forces include pulling or pushing forces that are generated by cytoskeletal components47, including 

actin. For instance, branched actin assembled at the membrane exerts mechanical forces that alter 

its curvature48. Furthermore, actin-binding proteins containing a BAR (Bin-Amphiphysin-Rvs) 

domain can promote membrane curvature through direct membrane interaction and the formation 

of a scaffold that facilitates membrane curvature and shape cellular structures41,49. Consistent with 

this, recent studies have suggested that the actin cytoskeleton is crucial for maintaining the 

curvature of mitochondrial membranes23. We speculate that the interaction between the actin 

cytoskeleton and lipids could thus be crucial for the generation of membrane curvature required 

for tip-to-side fusion events.  

A second potential role of actin in mitochondrial fusion relates to mitochondrial movement. 

Previous studies have suggested that actin-enriched regions exhibit reduced motility7,9,50. In this 

context, actin could stabilize or hold the receiving mitochondria in place to enable fusion to occur. 

Besides, in yeast21,51 and higher plants22,52, actin filaments can interact with specific motor proteins 

to regulate short-distance mitochondrial movement, which could also serve to properly align the 

two fusing mitochondria. As the role of actin filaments in mitochondrial movement is likely 

context-dependent, both processes could control the position and stability of the receiving 

mitochondrion which might be crucial for efficient mitochondrial fusion. In this context, it is 
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interesting to note that both mito- and ER-actin are recruited to fusion sites, as these two pools of 

actin may act at different steps in the fusion process. 

A third potential role for actin in mitochondrial fusion relates to actin’s well-established role in 

promoting the GTPase activity of dynamin-related proteins. For example, the dynamic interaction 

between actin and dynamin promotes the bundling of Arp2/3-dependent actin filaments in a 

manner that is dependent on cycles of GTP hydrolysis by dynamin27. Interestingly, this activity is 

required for cell-to-cell fusion. The promotion of the GTPase activity of DRP1 is also relatively 

well-established in mitochondrial fission. However, more work must be done to clarify whether 

actin also facilitates MFN1/2 GTPase activity. Nevertheless, our data showing increased mito-

actin in cells overexpressing MFN1 certainly suggests some form of crosstalk between MFN1-

mediated fusion and mitochondria-associated actin. Future studies will be needed to clarify these 

results and further elucidate the mechanisms by which actin facilitates mitochondrial fusion. 

In summary, our findings emphasize the significant role of actin polymerization in organizing tip-

to-side fusion events. However, unlike during fission, where actin is known to form constrictions, 

the functional aspect of actin during fusion remains yet to be elucidated. Further research is needed 

to gain a better understanding of the role of actin in fusion and its localization. Our study highlights 

the multifunctionality of actin in regulating organelle dynamics, emphasizing the need for 

continued investigation in this area. 

Material and Methods 

Cell culture: 

Control Primary Human Fibroblasts were purchased from the Coriell institute and cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 

supplemented with Penicillin/Streptomycin (100 IU/ml/100µL/mL). MDA-MB-231 cells (triple 

negative breast cancer) were purchased from ATCC and cultured in DMEM supplemented with 

10% fetal bovine serum. These cells were stably transfected with mitochondria-targeted GFP 

(CCOeGFP, addgene, pLVX-EF1a-CCO-IRES, #134861) using Metafectene (Biontex). Cell 

culture reagents were obtained from Wisent. 

Plasmids and Transient transfection of primary cells: 

Primary cells were trypsinized and centrifuged at 5000rpm for 5 minutes. Cell pellets were 

suspended in 10µl of the Neon transfection buffer R (ThermoFisher Scientific, MPK1096). Cells 

were transiently transfected with EF1a-CCO-IRES (addgene #134861), mito-PAGFP (addgene, 

#23348), MFN1-Myc (addgene #23212), mCherry-Fis1, mCherry-Cytb5, Halo-Fis1 and all 

custom actin nanobody probes that we previously reported8 using the Neon transfection system 

(ThermoFisher Scientific, MPK5000) according to the manufacturer’s protocol. For all 
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experiments, 1 µg of total DNA concentrations were transfected per 10ul of 106cells/ml 

(individually or combined for co-transfection). DeAct-ER and DeAct-Mito constructs where 

generated utilizing the "Gelsolin Segment 1 (GS1)" sequence described in Harterink et al31. CMV-

DeAct-GS1 was a gift from Brad Zuchero (Addgene plasmid # 89445). The GS1 sequence was 

cloned into the pSIN vector under a CMV promoter, N-terminal to the mScarlet fluorescent protein 

sequence. Either a Cytb5ER or Fis1 localization sequence was fused to the mScarlet C-terminus 

to target expression to the ER (DeAct-ER) or mitochondrial outer membrane (DeAct-Mito), 

respectively. Cytb5ER and Fis1 targeting sequences are the same as those previously described in 

Schiavon et al.8 to target AC-ER and AC-Mito to the ER or mitochondrial outer membrane. 

siRNA treatment: 

MDA-MB-231 were seeded onto 6 well dishes to reach 30–40% density in 24 hours. Then the 

cells were transfected with 10 nM of Arp2 siRNA (Dharmacon reagents, ACTR2 Gene 10097) 

and control siRNA (Thermo Fisher Scientific, Silencer Select, 4390843) using siLenFect lipid 

reagent (Bio-Rad,1703361). After 24 hours, the cells were imaged live or collected for western 

blotting. 

Drug treatments: 

Cells were incubated with 10 µM CK-666 (CAS 442633-00-3 – Calbiochem) or Formin FH2 

Domain Inhibitor, SMIFH2 (CAS 340316-62-3 – Calbiochem) for 60 minutes to inhibit Arp2/3 

complex and formins, respectively.  

Immunofluorescence: 

Transfected cells were seeded onto glass coverslips (Fisherbrand, 1254580) and allowed to adhere 

overnight. Cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature (RT). 

Cells were then permeabilized with 0.2% Triton X-100 in PBS and blocked with 1% BSA / 0.1% 

Triton X-100 in PBS. The cells were then incubated with primary antibodies using following 

antibodies as per the experiment: TOM20 (Rb, Abcam, ab186735, 1:250), RTN4/NOGOA (Rb, 

Bio-Rad, AHP1799, 1:200), followed by with fluorescent tagged secondary antibodies (Jackson  

Immunoresearch, 1:500) and DAPI (Invitrogen, Thermo Fisher, D1306, 1:100). 

Live imaging and confocal microscopy: 

For Live cell microscopy imaging, cells were grown on glass bottom dishes in complete medium 

and stained for 30 min with 250 nM TMRM (Thermo fisher Scientific, T668) or 5 min with 100nM 

Mitotracker Deep Red (Thermo fisher scientific, M7512) where indicated. After staining, cells 

were washed 3 times with pre-warmed 1× phosphate buffered saline (PBS), and normal growth 

media was added prior to imaging. The plates were mounted onto Leica TSC SP8 confocal 

microscope fitted with a 63×/1.40 oil objective using the optimal resolution for the wavelength 
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(determined using the Leica software). Time-lapse images were acquired at a speed of (0.05-0.125 

frames/s) for 10 minutes. 

For the INF2 experiments, Wild-type and INF2 KO U2OS cells9 were maintained in DMEM 

supplemented with 10% FBS at 37C with 5% CO2. Cells were plated on 8-well no. 1.5 imaging 

chambers (Cellvis) coated with 10ug/mL fibronectin. Cells were stained with 50nM MitoTracker 

Deep Red for 30min, washed with PBS, then imaged in FluoroBright medium (Thermo Fisher) 

supplemented with 10% FBS. Cells were imaged with a C-Apochromat x40/1.2 NA W Korr FCS 

M27 objective on an inverted Zeiss 880 LSM Airyscan confocal microscope with the 

environmental control system supplying 37C, 5% CO2, and humidity for live-cell imaging. 

MitoTracker Deep Red was imaged with a 647-nm laser line at ~250nW laser power at optimal 

resolution (determined by Zen Black software). Time-lapses were acquired at a speed of 0.152-

0.357 frames/s for 5min. Following acquisition, images were Airyscan processed using auto-filter 

2D-SR settings in Zen Blue. 

Image processing and analysis:  

All image manipulation and analysis were done in Image J/Fiji. The images shown are from single 

focal planes unless stated otherwise. For mitochondrial area, the images were segmented in ImageJ 

using Filter/Median (1.0), then thresholding and adjusting the resulting image using Binary/Erode. 

Total mitochondria area was then measured using the measure function.  

Tracking of Fusion and Fission events: 

Quantification of fusion and fission events was done manually. The images were tracked frame 

by frame to record movement of mitochondria that resulted in fusion or fission. Stable separation 

of the mitochondrial marker was counted as a fission event. Fusion events were defined as follows: 

two fusing mitochondria must retain their fused state for the following 10 frames or more (i.e 

100sec). If there was a division at the fusion site within 10 frames, such an event is discarded. 

Also, the mean signal intensity of the mitochondrial marker at the site of fusion and a region 

elsewhere on mitochondria (basal) was recorded at the end of the 10 frames. If the ratio of signal 

intensity at the site of fusion and basal signal intensity was higher than 1, it was considered as an 

overlapping, not a fusion event. The presence of ER at the site of fusion or fission was also 

assessed manually, by looking for ER colocalizing with mitochondria at the site. 

Tracking of AC-mito and AC-ER at fusion sites: 

To identify when actin is accumulated on ER and mitochondria relative to a fusion event, we 

counted backwards from that fusion event to determine at which frame the AC probe accumulated 

on mitochondria and ER. Determining the time between the frames where AC-mito and AC-ER 
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appear at the fusion site gives us the information on the time taken by Actin to get accumulated 

on the organelle. 

AC probe ‘accumulation’ calculation: 

Using Fiji, a square selection was drawn around a region with obvious AC probe accumulation 

(0.8 µm2 for mitochondria and ER). The mean pixel intensity of AC-GFP and mCherry channels 

was measured within the selection. Another square of equal dimensions was drawn in an adjacent, 

control area with mCherry signal and mean pixel intensity was measured. The mean pixel intensity 

in the accumulated region was then divided by the mean pixel intensity in the control region.  

Mean AC Signal Intensity: 

The loss or gain of AC probe signal was determined in cells transfected with DeActs, MFN1 or 

upon treatment with inhibitors for Arp2/3 complex and formins. The integrated density of AC-

Mito/ AC- ER signal of individual cells was measured in Fiji. For AC-mito mean signal intensity, 

the integrated density signal was then divided by mitochondrial area. For AC-ER, the integrated 

density was divided by the cell area. The loss or gain of the AC probe signal was obtained by 

comparing the values to that of the control. The imaging parameters (laser intensity and gain 

values) were kept identical for control and test conditions for every experiment.  

mtPA-GFP-based Mitochondrial Fusion Assay: 

The photoactivation-based fusion assay53 was conducted by expressing Mito-PAGFP (Addgene 

#23348) in primary human fibroblasts. The cells were co-stained with TMRM to monitor 

mitochondrial membrane potential. Photoactivation was performed in selected ROIs using the 

405 nm laser with 100% power and 40 iterations. Upon activation of mito-PAGFP, a small portion 

of the mitochondrial network is photoactivated, and the spread or loss of the signal to the rest of 

the mitochondrial network was recorded in the ROIs. The signal of all ROIs with significant 

PAGFP activation within a cell was then averaged and normalized to the initial signal intensity 

post-activation. 

Western Blot: 

Cells were lysed in 10 mM Tris-HCl, pH 7.4, 1mM EDTA, 150 mM NaCl, 1% Triton X-100, 

complemented with a protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor 

(Sigma-Aldrich), kept on ice for 10 min and centrifuged at 13000rpm for 10 minutes. Protein 

supernatants were collected, and protein concentration was estimated by DC protein assay kit 

(BioRad). For SDS-PAGE, 30 µg of proteins were mixed with 1X Lammeli buffer containing β-

mercaptoethanol, then subjected to SDS-PAGE, transferred to a nitrocellulose membrane and 

blotted with the indicated antibodies (Arp2 (Santacruz, (E-12): sc-166103, 1:1000), HRP-tagged 

Actin (1:10,000). Membranes were then incubated with a 1:5000 dilution of horseradish 
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peroxidase-conjugated secondary antibodies (Jackson Immunoresearch) and visualized by 

enhanced chemiluminescence (Thermo Fisher scientific) using a Bio-Rad imaging system. 

Data analysis and statistics: 
All graphs and statistical analysis were done using R. Immunofluorescence data were quantified 

and images representative of at least three independent experiments shown (exact n are in the 

quantification figures). Data is represented as average ± SD as specified in figure legends. 

Statistical significance was determined using Student’s t test (between 2 groups) or one-way 

ANOVA with a tukey post hoc test (multiple comparisons). Individual experiments are noted as 

different colour shades in the graphs. 
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Supplemental Figures 

 
Supplemental Figure 1. Proper targeting of DeActs. (A) Representative images of primary 
human fibroblasts transfected with DeAct-mito (magenta) and marked with an antibody against 
TOM20 (mitochondria, green). The boxed area is shown enlarged below the main image. (B) 
Representative images of cells transfected with DeAct-ER (magenta) and marked with an antibody 
against RTN4 (ER, green). The boxed area is shown enlarged below the main image. (C) DeActs 
do not affect overall actin filaments. Cells were transfected as in (A-B) and stained with phalloidin 
(actin, green). Scale bar 10 µm, 2 µm for the enlarged images. 
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Supplemental Figure 2. DeAct-ER inhibits the polymerization of ER-associated actin. 
Representative images showing the loss of AC-ER signal (green) in cells transfected with DeAct- 
-ER (magenta).  

 
Supplemental Figure 3. Representative images of the fusion assay. Representative images of 
human primary fibroblasts transfected with photoactivatable-GFP (PA-GFP) were treated as 
indicated and imaged immediately after activation (post-activation) and 100 sec following a fusion 
event. Scale bar 2 µm. 
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Supplemental Figure 4. Graphical representation of mitochondrial fusion. 75% of 
mitochondria engage in tip-to-side fusions, wherein actin has a crucial role by localizing to the 
fusion site on mitochondria. Subsequently, the ER and ER-associated actin are recruited to this 
site. The second mitochondrion involved in the fusion process binds to this site, leading to the 
fusion of membranes. The remaining (25%) tip-to-tip fusion events occured independently without 
relying on actin. 
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CHAPTER IV 

DISCUSSION 

Mitochondria play a crucial role in the regulation of cellular metabolism and signaling. 

Mitochondrial fission and fusion control these processes by balancing respiratory and metabolic 

functions, transferring material between mitochondria, and removing defective mitochondria. 

Mitochondrial activity can be influenced by both internal and external signals. In this thesis, I 

investigated the role of the ECM, a key component of the cellular environment, in regulating 

mitochondrial structure and activity. We used breast cancer-derived spheres (mammospheres), 

which possess stem-like properties that enable them to proliferate in suspension culture without 

the need for ECM. Our observations revealed an astonishing phenomenon of mitochondrial 

elongation in these mammospheres upon interaction with ECM, which was accompanied by an 

increase in respiratory activity and ATP production. This remodeling occurred independently of 

DRP1 activity and relied on integrin signaling and actin polymerization. This thesis implies that 

actin has an additional role in regulating mitochondrial elongation, in other words, fusion. While 

the role of actin in mitochondrial fission is well established, it was unknown whether actin plays 

a role in the fusion process. Using specialized actin chromobody probes, we demonstrated for the 

first time that actin is recruited to both fission and fusion sites under unstimulated conditions and 

plays a key role in the fusion process by marking the fusion site. This adds an important role to 

actin in the context of mitochondrial dynamics suggesting that ECM-induced mitochondrial fusion 

is actin-dependent. In addition, the regulation of mitochondrial dynamics by actin may be a 

common phenomenon in cancer stem cells, enabling them to adapt and renew in response to new 

tumor microenvironments. In this discussion, I will further explore the relationship between actin 

and mitochondrial dynamics, as well as the factors that influence this relationship. Additionally, I 

will address the limitations of our research and highlight the questions and opportunities for further 

investigation in this field. 

4.1 The microenvironment as a regulator of mitochondrial dynamics 

The primary finding of this study was that mitochondria undergoes elongation upon cellular 

attachment to the ECM. Several factors might have caused such changes in mitochondrial 

structure. Recent research indicates that cellular conditions, such as nutrien t levels, can influence 
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mitochondrial structure, causing elongation or fragmentation (206). For instance, cells 

experiencing nutrient deprivation exhibit elevated cyclic AMP levels, resulting in the activation 

of protein kinase A (PKA). Subsequently, PKA phosphorylates DRP1, causing its retention in the 

cytoplasm, thereby promoting unopposed mitochondrial fusion (205). Similarly, in budding yeast, 

exposure to nonfermentable carbon sources, such as glycerol, results in complex mitochondrial 

structures with numerous branches (379). Such adaptability of the cell to environmental changes 

might involve intricate signaling pathways, including AMP-activated protein kinase (AMPK), 

which monitors cellular energy levels and regulates mitochondrial shape according to nutrient 

availability (380). However, in our experimental design, despite having identical nutrient 

conditions for both suspension culture and ECM-attached conditions, mammospheres displayed 

changes in mitochondrial structure, becoming elongated in ECM attached condition. To promote 

cell attachment, we centrifuged cells onto plates either with or without fibronectin coating. Both 

conditions resulted in elongation of the cells, although fibronectin-coated plates facilitated faster 

attachment.  Hence, nutrients were not a limiting factor that contributed changes in the 

mitochondrial morphology. 

In addition to nutrients, the mechanical environment of the ECM, within which cells proliferate 

and adhere, is another important factor that can influence mitochondrial dynamics (362). The 

resistance forces exerted by the ECM are sensed as mechanical cues by the cells through a process 

called mechanotransduction (256). This process involves receptors, such as integrins or ion 

channels, which capture and convert mechanical stress into signals that trigger biological 

responses (258, 297). Cells grown in softer ECM display fragmented mitochondria due to 

heightened DRP1 activity (219). Conversely, a stiffer matrix impedes DRP1 activation, thereby 

promoting mitochondrial elongation (381). Surprisingly, our data indicated that changes in 

mitochondrial structure resulting from ECM alterations can occur independently of DRP1 

expression. This is because mammospheres grown without ECM express very low levels of DRP1 

despite having fragmented mitochondria. Moreover, silencing of DRP1 did not induce 

mitochondrial elongation. However, the same mammospheres would show elongated 

mitochondria upon attachment to the ECM, with no effect on dynamic proteins. This suggests that 

the observed elongation of mitochondria in mammospheres upon ECM attachment was not 

dependent on DRP1 expression, as the expression level of DRP1 remained unchanged. Instead, 

other factors may be responsible for inducing mitochondrial elongation upon attachment. It is 

possible that the altered behavior observed in our study is specific to the breast cancer cell lines 

MDA MB 231 and MCF-7, and further investigation is required to determine the universality of 



104 

these findings. Moreover, most of the understanding from the literature is from the adherent cancer 

cells, unlike the spheres in suspensions. Therefore, an extensive assessment of a broader range of 

cell lines is necessary to gain a deeper understanding of the dynamic behavior in spheres as well 

as adherent cells.  While this represents a limitation of the study, the results emphasize that 

extracellular signals are sufficient to dictate changes in mitochondrial morphology. 

4.2 ECM-mediated Integrin pathway in Mitochondrial dynamics 

Our subsequent investigation aimed to determine the factors responsible for changes in 

mitochondrial structure upon attachment to the ECM. It is well established that cellular adhesion 

to fibronectin activates the integrin signaling pathway (242). Integrin-associated kinases (IACs) 

such as PAX, FAK, and Src are activated by integrins upon cellular adhesion (242, 244). In our 

study, attached mammospheres exhibited increased expression of phosphorylated and total FAK, 

indicating the activation of the integrin-driven FAK pathway. Moreover, when these attached 

mammospheres were treated with inhibitors targeting FAK/ Src, attachment-induced 

mitochondrial elongation was prevented. These results led us to infer that the integrin -driven FAK 

pathway plays a crucial role in the regulation of mitochondrial dynamics. Previous studies have 

presented conflicting findings, with some suggesting that FAK prevents DRP1 expression and 

promotes mitochondrial fusion (381), while others indicate that FAK-dependent DRP1 activation 

promotes mitochondrial fission (382). While it is uncertain whether FAK-dependent DRP1 

activity relies on the cellular environment to inhibit or activate it, we maintained a neutral stance. 

This is because we have already demonstrated that mitochondrial elongation in mammospheres is 

independent of DRP1. Therefore, FAK-induced elongation can occur independent of DRP1 

expression. 

Furthermore, FAK and Src activate downstream pathways that link integrins to the actin 

cytoskeleton (247, 248). The Rho family of small GTPases (Rho, Rac, and CDC42), activated by 

FAK, regulates actin polymerization in response to extracellular stimuli, supporting cell motility 

and morphology.  Activation of Rho in fibroblasts leads to the assembly of stress fibers and focal 

adhesions (296), whereas activation of Rac causes the extension of peripheral lamellipodia and 

assembly of small focal complexes (248).  Cdc42 regulates the formation of peripheral filopodial 

extensions (294, 295). Mammosphere attachment to fibronectin showed lamellopedia-like 

structures along with mitochondrial elongation. While the inhibition of Rho had no effect on cells, 

Rac-1 inhibition prevented the ability of the spheres to attach to the ECM and did not show 

lamellipodia-like structures. Moreover, Rac-1 inhibition prevented mitochondrial elongation in 

attached mammospheres, and its activation promoted actin polymerization and mitochondrial 
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elongation in non-ECM-attached cells. This finding highlights the importance of Rac-induced 

actin polymerization in mitochondrial elongation. While the specific rationale behind the 

involvement of Rac-induced actin has not been addressed in our study, it could be linked to the 

pro-survival role of Rac GTPase activity in preventing mitochondrial apoptosis (382). 

Alternatively, FAK-activated STAT3 (transcription factor) can directly interact with mitochondria 

to stimulate OXPHOS activity and is essential to prevent mitochondrial depolarization (383). The 

role of RAC has not yet been studied in this context. However, considering that the primary 

objective of the adapting cell is survival, it is highly plausible that FAK-Rac signaling collaborates 

to prevent apoptosis and induce mitochondrial elongation, thereby promoting OXPHOS for 

cellular energy 

4.3 Actin polymerization: regulator of mitochondrial dynamics 

A noteworthy finding is the complementary relationship between actin polymerization and 

mitochondrial elongation in attached mammospheres. Inhibiting pathways that trigger actin 

polymerization prevented mitochondrial elongation. This prompted the intriguing question of 

whether actin plays a role in inducing mitochondrial elongation. Abundant evidence exists 

establishing a connection between actin polymerization and mitochondrial dynamics, particularly 

in the context of fission. In mammals, fission events are mainly regulated at MERCS, where INF2 

localized on the ER (152) and spire1c on the mitochondria (134) form actin filaments around the 

mitochondrial membrane. Myosins are recruited to sites that cause mitochondrial constriction by 

applying tension on the actin network (355).  Actin filaments then recruit DRP1 to initiate fission 

(151, 152, 261). Additionally, other actin regulatory proteins such as Arp2/3, cortactin, and cofilin 

also affect mitochondrial fission (136, 355). Nevertheless, an alternative study has documented 

that cofilin downregulation enhances the accumulation of DRP1 on mitochondria but leads to 

mitochondria hyperfusion (383). This implies that accumulated DRP1 may be inactive or non-

functional, losing its ability to facilitate fission while still allowing for fusion activity. Our 

observations revealed that silencing DRP1 in mammospheres failed to induce fusion, likely due 

to the absence of polymerized actin. Moreover, Arp2/3 complex driven actin filaments have been 

noted to play a role in ensuring rapid mitochondrial fusion as an initial cellular survival response 

during starvation stress (384). This indicates that actin is not confined solely to the fission process 

but may also regulate the fusion process. 

Several studies on fission have suggested that lack of actin prevents fission and promotes fusion 

(136, 261, 334, 354, 355, 383), assumed based on mitochondrial length.  Many studies have 

implied that the disassembly of actin filaments hinders fission and induces fusion (217, 351). 
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However, the actual mechanism of action is poorly understood. We attribute this lack of 

knowledge to 1) The intricate structure of organelles, for example, actin filaments, are present as 

a dense meshwork throughout the cell. Hence, it is challenging to visualize the interaction signals 

between actin and mitochondria. 2) Necessity for high-resolution microscopy to enhance 

visualization 3) Difficulties in assessing mitochondrial dynamic events: Fission events are 

relatively straightforward to assess, involving mitochondria separating and moving away. 

However, determining fusion events is more challenging because they can be mistaken for overlap 

or close proximity without actual fusion. Identifying the exact fusion site requires specialized 

fusion assays. To overcome these limitations, we used fluorescent protein-tagged actin 

chromobodies (AC) developed by Schiavon et al. (385) to visualize sub-organellar actin dynamics 

with high spatiotemporal resolution. These ACs are fused to organelle membrane targeting 

sequences, allowing live cell imaging of actin-associated organelle dynamics. 

Remarkably, through the use of AC probes, we demonstrated the presence of actin at both fission 

and fusion sites. Prior to fusion, actin associated with the mitochondria marks the fusion site. 

Subsequently, ER and ER-associated actin are recruited to this site. The second mitochondria 

involved in the fusion process then binds to this actin enriched site on the first mitochondria, 

followed by the fusion of membranes. We observed two types of fusion events: tip-to-side and tip-

to-tip. 75% of the recorded events were tip-to-side fusions, which occurred at AC-accumulated 

mitochondrial sites. Conversely, the remaining tip-to-tip fusion events can occur even in the 

absence of actin. This suggests that actin is essential for the majority of fusion events, much like  

fission.  

Inhibiting actin polymerization using genetically encoded tools (DeAct -ER/mito) effectively 

disrupted organelle-associated actin filaments, leading to suppression of both fission and fusion 

processes. Additional inhibition of actin nucleation factors, such  as the Arp2/3 complex and 

formins suppressed tip-to-side fusion events. Furthermore, INF2 knockout (KO) significantly 

suppressed fission events, whereas the Arp2/3 complex had minimal effects on fission but strongly 

inhibited fusion. Building on our observation that mito-actin precedes ER-actin during fusion, we 

propose that mitochondrial-associated actin at fusion sites is Arp2/3 complex-dependent and acts 

upstream of INF2-dependent polymerization in the ER. 

It was recently found that the ER protein ABHD16A regulates the formation of fission and fusion 

nodes at MERCs and is necessary for promoting tip-to-side fusion (170). Therefore, it can be 

assumed that both ER-actin and Mito-actin contribute to the formation of these nodes, which 

promote tip-to-side fusion and might be essential for branched mitochondrial networks. It has been 
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suggested that tip-to-tip fusion results in complete fusion, allowing for the sharing of both soluble 

and membrane components, whereas tip-to-side fusions have partial sharing. In such cases, fusion 

events last for a shorter time and fission activity is promoted by DRP1 at the same site (197). 

Although we have not verified transient and complete fusion using the parameters mentioned here, 

our PaGFP fusion assay has shown that the majority of fusion events in a cell are tip-to-side, and 

are true fusions as confirmed by the sharing of matrix GFP. Nevertheless, we considered fusion 

events lasting >100 seconds, categorizing them as complete fusion (while transient fusion occurs 

within a minute). Overall, tip-side complete fusion was observed in the presence of actin. 

However, the significance of such fusion requires further investigation. Voeltz et al. proposed that 

both fusion and fission machinery localize to the MERCS to organize their activity (170). If fusion 

and fission occur at the same site, it is essential that they occur at the same MERCS. However, 

additional research is required to substantiate the coexistence of both types of machinery at these 

sites. As a continuation of this project, we are currently investigating whether actin, fusion, and 

fission proteins coexist at the same sites during each process. It is likely that they coexist but 

function alternatively based on the trigger received by the ER and actin, regulating calcium 

homeostasis, lipid metabolism, mitochondrial dynamics, and metabolic functions (168).  

As we demonstrate the presence of actin at the fusion site, what role does actin play in regulating 

fusion? One explanation that tip-to-side fusion will result in branching of mitochondria and it 

requires the formation of membrane curvature at the branch site. This is influenced by the 

composition of the membrane lipid bilayers and the external force required to overcome resistance. 

Such an external force can be provided by branched actin (386), and recent studies have shown 

that the actin cytoskeleton is significant in maintaining the curvature of mitochondrial membranes 

(387). Our observations of branched actin being present at the sites of tip-to-side fusion support 

the theory that actin forces may interact with membrane lipids, offering membrane curvature 

during the fusion process. Recent research has indicated that the actin cytoskeleton and its 

associated proteins play a role in regulating the structure of the mitochondrial cristae. Myosin 19 

(Myo19) actin motors have been observed localize to mitochondria and interact with the SAM–

MICOS supercomplex. Shi et al. (2022) discovered that Myo19 mediates the mechanical 

regulation of actin on cristae structure and affects mitochondrial metabolism, suggesting that the 

mechanical force generated by the Myo19 motor-actin tether contributes to the folding of cristae 

and maintains the cristae architecture (388). This finding supports the theory that membrane 

curvature is regulated by the actin structure, which is crucial during the fusion of membranes.  

Furthermore, through ongoing examination of actin's function, we are currently observing its 
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recruitment preceding that of fusion (MFN2) and fission (DRP1) proteins during dynamic events. 

This suggests that actin may serve as a scaffold for the recruitment of fusion and fission machinery 

(data not presented here). 

On the other hand, we believe that tip-to-tip fusions may function as a default mechanism in a 

small population of mitochondria that work independently of actin. Such fusions would result in 

elongated mitochondrial structures, rather than branched ones. Some studies have noted the 

presence of elongated mitochondria upon inhibition of actin-polymerizing proteins, as evidence 

for a loss of fission relative to fusion (351, 383). However, our results suggest that this could 

instead be due to a lack of requirement for actin during tip-to-tip fusion, which promotes 

mitochondrial elongation rather than branching. This may address common misinterpretations in 

various studies reporting that depolymerizing actin promotes mitochondrial fusion based on the 

presence of longer mitochondria. In fact, our data establishes that depolymerizing actin prevents 

fission and tip-to-side fusion. Live imaging of mitochondrial dynamics helped us reveal actual 

influence of actin on mitochondrial fusion and fission, without limiting our understanding based 

solely on the overall length of mitochondria. 

4.4 Polymerised Actin: Regulates GTPase activity of Dynamins 

Actin is widely recognized for its role in enhancing the GTPase activity of dynamin-related 

proteins (389).Specifically, the promotion of the GTPase activity of DRP1 is well-documented in 

the context of mitochondrial fission (136).  It has also been established that the interaction between 

actin and dynamin promotes the bundling of Arp2/3-dependent actin filaments in a manner 

dependent on cycles of GTP hydrolysis by dynamin (390). Interestingly, this activity is required 

for cell-to-cell fusion. Nevertheless, the actin-dependent GTPase activity of fusion proteins is yet 

to be demonstrated making it an area that warrants further investigation.  Moreover, we have 

shown that the mitochondrial elongation observed in mammospheres upon attachment to the ECM 

is independent of DRP1 activity. To maintain fission fusion balance, DRP1 silencing would 

promote unopposed fusion. But silencing of DRP1 had no effect on mitochondrial structure, 

certainly due to lack of basal DRP1 in mammospheres or due to lack of polymerized actin. 

However, attachment-induced signals promoted actin polymerization, and subsequent 

mitochondrial elongation. Although our data do not demonstrate whether actin facilitates MFN1/2 

GTPase activity (like that of DRP1 GTPase Activity during fission), we observed increased mito-

actin in cells overexpressing MFN1, suggesting some form of crosstalk between MFN1-mediated 

fusion and mitochondria-associated actin. Further studies are needed to clarify these results and 

elucidate the mechanisms by which actin might be facilitating mitochondrial fusion.  
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4.5 Actin dependent motility, a possible role in fusion: 

Mitochondrial dynamics involve the movement of mitochondria towards each other during fusion 

and away from each other during fission. This movement is dependent on the cytoskeletal network, 

with microtubules playing a significant role in long-distance transport (342). For shorter distances, 

actin may be utilized, as demonstrated in yeast, where mitochondria can bind to actin through 

outer membrane proteins and regulate mitochondrial transport and distribution (354). In mammals, 

actin-dependent mitochondrial transport has been observed in neuronal axons (269). Specific 

myosin motor proteins bind mitochondria to actin filaments to regulate short -distance movement 

(342, 349, 350). We speculated that this movement may facilitate the transport and alignment of 

the two fusing mitochondria. Meanwhile, in the majority of tip-to-side fusion events, we observed 

that one of the fusing mitochondria had an enriched actin site and remained stationary, while the 

second fusing mitochondrion moved towards this actin-rich site on the first mitochondrion for 

fusion. Given that actin-enriched regions exhibit reduced motility (347), we believe that actin may 

stabilize or anchor the receiving mitochondria to facilitate the fusion process. As the role of actin 

filaments in mitochondrial movement is likely context-dependent, both processes could control 

the position and stability of the receiving mitochondria, which might be crucial for efficient 

mitochondrial fusion.  

4.6  Actin in fine tuning fission-fusion balance 

The significance of maintaining a balance between mitochondrial fission and fusion for overall 

cellular health has been widely acknowledged. Research has shown that mutations in DRP1, 

inhibiting fission activity, lead to mitochondrial elongation due to sustained fusion (129, 132), and 

a lack of fusion proteins results in mitochondrial fragmentation, thereby countering the imbalance 

(155, 192). However, the precise mechanism by which this balance is achieved remains unclear. 

Our data suggests that actin, regulating both fission and fusion, emerges as a potential candidate 

for maintaining this equilibrium. Actin inhibition decreases the frequency of both fusion and 

fission, highlighting its essential role. While depolymerizing actin has been reported to cause 

mitochondrial elongation, our data imply that elongated mitochondria may result from tip-to-tip 

fusion in the absence of actin. This phenomenon may lead to an immediate survival response. In 

contrast, branched mitochondria resulting from tip-to-side fusion require actin. Under nutrient-

deprived conditions, it has been reported that Ubl4A (ubiquitin protein) promotes such 

mitochondrial fusion process via the Arp2/3 complex, promoting cell survival (384). This is 

consistent with our data, where ECM induced Arp2/3 actin polymerisation induces mitochondrial 

elongation and acute inhibition of the Arp2/3 complex prevents fusion but not fission, likely due 
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to the promotion of INF2-dependent fission events. However, deletion of INF2 resulted in a 

reduction in both fusion and fission events, suggesting that a decrease in fission rates may have 

led to a decrease in fusion events to preserve a desirable mitochondrial network. Therefore, actin 

may have a deciding role in balancing fusion and fission, with actin proteins maintaining 

equilibrium under unstimulated conditions. 

4.7  Cell-ECM induced regulation of Metabolism: The perspective of cancer  

Cell adhesion to the ECM is essential for sensing the mechanical properties of the cellular 

environment.  Cells typically depend on ECM adhesion for survival, and undergo cell death upon 

detachment. However, cancer stem cells (CSCs) are less sensitive to ECM detachment owing to 

oncogene activation, which enables their survival and contributes to metastasis (391). In in vitro 

conditions, cells cultured as mammospheres or spheroids exhibit loose connections with the ECM 

and extensive cell-cell contacts. A recent study revealed that cell detachment can lead to cadherin 

upregulation, promoting cell clump formation, and establishing a local hypoxic environment. This 

environment is associated with rewiring glutamine usage, indirectly supporting lactate and ATP 

production via glycolysis.  Accordingly, our study model, mammospheres in suspension culture, 

relied on glycolysis with very low metabolic activity. However, they underwent a metabolic shift 

to OXPHOS dependence upon attachment to the ECM. Here, actin polymerization -induced 

mitochondrial elongation triggered OXPHOS-dependent activity in ECM-attached 

mammospheres. This increased metabolic activity was associated with increased FAK activation, 

which has a crucial role in maintaining mitochondrial membrane potential and OXPHOS activity 

(381). Altered cellular metabolism in response to changes in the cellular environment has been 

reported in various cancers. However, the precise mechanisms through which these changes 

induce alterations in the mitochondria have not been thoroughly investigated.  Our study now 

provides evidence suggesting that ECM signaling triggering mitochondrial metabolism is 

regulated by the actin polymerization pathway. 

During metastasis, cancer cells encounter alterations in stiffness, transitioning from the rigid 

environment of primary tumors to softer sites of secondary metastases. Metastatic breast cancer 

cells exhibit varying ATP:ADP ratios based on collagen fiber density and orientation. Dense 

collagen matrices, which impede cell migration, show higher ATP:ADP ratios, whereas aligned 

collagen matrices, which promote migration, display lower ratios (392). This indicates the need 

for increased energy production to meet the demands of the cytoskeleton and focal adhesion 

remodeling in challenging environments. In pancreatic cancer cells, ECM stiffening induces a 

metabolic shift towards OXPHOS that promotes cell invasion and migration (51, 381). In BrCSCs, 
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Soft matrices promoted aerobic glycolysis, while stiffer substrates engaged in sustained ATP 

production through the TCA cycle and OXPHOS, which correlates with higher levels of reactive 

oxygen species (ROS). Increased ROS levels activate the transcription factor nuclear factor 

erythroid 2-related factor (NRF2), which exerts feedback control on ROS. The activation of DRP1 

in the soft ECM regulates ROS levels and enables cells to overcome oxidative stress, ultimately 

facilitating cell migration (219). 

The mechanical properties of the ECM, whether stiff or soft, play a crucial role in determining 

metabolic activity.  However, several studies have reported conflicting metabolic phenotypes in 

different environments. This variability in results depends on the cell type or technique used. The 

cells in our study were grown in the absence of ECM for suspension culture, resulting in a 

phenotype distinct from that associated with attachment to a soft ECM. While both conditions lead 

to a reduction in cellular tension, detachment from the ECM elicits distinct effects. Additionally, 

detachment cultures maintain CSC properties, which can be compromised by adherent cultu re-

induced differentiation. Because we wanted to study CSC behavior in changing environments, we 

chose these culture conditions for our study. A notable contrast between soft ECM and no ECM 

lies in DRP1 expression. While previous studies have reported increased DRP1 activity in cells 

cultured on soft ECM, we observed markedly low DRP1 expression in cells grown without ECM, 

and attachment to stiff ECM did not alter protein expression levels for up to 6 h. This disparity 

may stem from CSC behavior or distinct culture conditions. Furthermore, cells cultured in soft or 

stiff ECM may already have activated survival triggers, potentially influencing DRP1 expression  

over longer periods in soft ECM.  Numerous variables could influence outcomes; therefore, 

conducting experiments that compare mitochondrial responses to a specific environmental cue 

(such as No ECM to Soft ECM) across diverse cell types using standardized techniques would be 

beneficial. We were limited to studying the mechanisms activated upon attachment; however, 

these experiments open up promising avenues for future studies in cancer research. 

Cells can use multiple metabolic pathways to produce energy, antioxidant power, and 

intermediates for the biosynthesis of macromolecules. Cancer cells undergo metabolic 

reprogramming to support rapid growth, which involves various pathways beyond glucose and 

glutamine catabolism (31, 393). This reprogramming not only yields ATP but also furnishes 

building blocks for macromolecule biosynthesis and maintains redox homeostasis (31). In our 

study, we noticed increased expression of ETC proteins in mammmospheres despite their low 

ATP synthesis, suggesting a potential activity in metabolite production. Therefore, deriving these 

metabolites could have enhanced our understanding of CSC metabolism. This remains a limitation 
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of this study and presents a promising avenue for future research. The findings would provide 

additional proof on CSCs metabolic regulation. 

Overall, the metabolic reprogramming exhibited by CSCs proves to be advantageous, aiding their 

metastatic potential. This study effectively demonstrates that the regulation of this adaptation is 

orchestrated by the ECM-driven actin pathway, modulating mitochondrial structure and function 

according to the CSC survival needs. 

My PhD journey began with the exploration of the cellular adaptation pathways pursued by CSC. 

Along this journey, we discovered numerous pathways leading to actin, which plays a pivotal role 

in regulating both mitochondrial fusion and fission. This discovery holds significant importance 

in the realm of mitochondrial dynamics, and suggests a mechanistic role. We are optimistic about 

the future trajectory of mitochondrial dynamics, foreseeing an intricate and curated relationship 

between actin and mitochondria. 
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Figure 4.15: Proposed model for actin dependent mitochondrial fusion 
Graphical illustration depicting actin-dependent mitochondrial fusion. Floating mammospheres 
(CSCs) with fragmented mitochondria are characterized by low metabolic activity and reduced 
ATP levels. Upon attachment to the ECM, they display elongated mitochondria, leading to 
increased OXPHOS dependency. The cell-ECM interaction triggers the integrin signaling 
pathway, activating FAK-Rac and promoting Arp2/3 actin polymerization, which plays a crucial 
role in facilitating tip-to-side mitochondrial fusion. 
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CHAPTER V 

CONCLUSION 

The work presented in this thesis contributes to the constantly growing body of evidence on the 

importance of cell-matrix interactions in guiding mitochondrial dynamics. Breast mammospheres 

showed a metabolic switch from a metabolically weak glycolytic state to an OXPHOS-dependent state, 

depending on the availability of the ECM. This switch resembles the dynamic switch in mitochondrial 

structure upon elongation from the fragmented state (Figure 4.1). This shows that environmental cues 

can drive growth strategies by regulating integrin signalling pathways.  

We found that the integrin-mediated FAK-RAC actin polymerization pathway plays a crucial role in 

regulating mitochondrial dynamics, thereby regulating mitochondrial metabolism. This provides an 

answer to the long-standing question of metabolic plasticity in resistant CSC cells. We show that Rac- 

driven actin polymerisation was necessary to drive OXPHOS (Figure 4.1), hence representing potential 

targets for cancer therapy. 

Moreover, the specific role of actin polymerization in promoting mitochondrial elongation led us to 

question the possible role of actin in the regulation of mitochondrial fusion, which has implications in 

balancing the dynamic process. Based on this question, we have now added to the existing knowledge 

of mitochondrial dynamics that actin is an essential regulator of mitochondrial fusion. We have shown 

that mitochondria-associated actin is localized to the site of mitochondrial fusion and is necessary to 

organize tip-to-side fusions (Figure 4.1). Specifically, Arp2/3 dependent actin polymerisation plays a 

key role in regulating the fusion process, while INF2 is essential for both fusion and fission.  

In conclusion, the novel findings of this thesis revealed that CSCs acquire metabolic flexibility by 

regulating the actin polymerization pathway, promoting mitochondrial elongation, and enhancing 

OXPHOS to meet cellular energy demands. What adds an extra layer of significance to these findings 

is the robust evidence presented in this thesis, supporting the pivotal role of polymerized actin in 

mitochondrial fusion (Figure 4.1). This discovery unequivocally positions actin as the master regulator 

of mitochondrial dynamics. This thesis represents a significant advancement in our comprehension of 

the dynamic interplay between the ECM, cytoskeleton, and mitochondria, paving the way for exciting 

avenues in future research and potential therapeutic interventions. 
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