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Abstract

Mitochondria perform diverse functions in the cell and their roles during processes such as cell 

survival, differentiation and migration are increasingly being appreciated. Mitochondrial and actin 

cytoskeletal networks not only interact with each other, but this multifaceted interaction shapes 

their functional dynamics. The interrelation between mitochondria and the actin cytoskeleton 

extends far beyond the requirement of mitochondrial ATP generation to power actin dynamics, 

and impinges upon several major aspects of cellular physiology. Being situated at the hub of 

cell signaling pathways, mitochondrial function can alter the activity of actin regulatory proteins 

and therefore modulate the processes downstream of actin dynamics such as cellular migration. 

As we will discuss, this regulation is highly nuanced and operates at multiple levels allowing 

mitochondria to occupy a strategic position in the regulation of migration, as well as pathological 

events that rely on aberrant cell motility such as cancer metastasis. In this review, we summarize 

the crosstalk that exists between mitochondria and actin regulatory proteins, and further emphasize 

on how this interaction holds importance in cell migration in normal as well as dysregulated 

scenarios as in cancer.
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INTRODUCTION

Mitochondria are crucial organelles for energy production inside the cell, and therefore 

play critical role in energy-dependent biological processes (Noguchi & Kasahara, 2018; Xia 

et al., 2019). However, the functions of mitochondria extend far beyond their classical 

role as the powerhouse of the cell. These semi-autonomous organelles are important 

for thermogenesis, maintenance of cellular redox potential, calcium (Ca2+) homeostasis, 

reactive oxygen species (ROS) production, cell signaling, cellular apoptosis, amino acid 

biosynthesis, fatty acid oxidation (FAO) and macromolecular metabolism (Corbet & Feron, 
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2017; Ernster & Schatz, 1981; Vakifahmetoglu-Norberg, Ouchida, & Norberg, 2017). 

Mitochondria interact with cytoskeletal (actin cytoskeleton, microtubules, and intermediate 

filaments) components in cells, a feature that is conserved from lower eukaryotes (yeast) 

all the way up to higher vertebrates. Cytoskeletal interaction plays a key role in dynamic 

changes in morphology and cellular distribution of mitochondria, eventually modulating 

their function (Boldogh & Pon, 2006; Boldogh et al., 2001; Ligon & Steward, 2000; 

Loveless, Qadota, Benian, & Hardin, 2017; Moore & Holzbaur, 2018; Morris & Hollenbeck, 

1995; Ordonez, Lee, & Feany, 2018; Stürmer, Baumann, & Walz, 1995). The overall 

goal of this comprehensive review is to discuss the bidirectional communication between 

mitochondrial network and specifically the actin cytoskeletal system. First, we provide a 

brief general introduction of mitochondrial dynamics and function. Next, we discuss how 

components and molecular regulators of actin cytoskeleton and mitochondria reciprocally 

regulate each other’s function. Finally, we analyze the connection between the actin 

cytoskeleton and mitochondria specifically during cell migration in pathophysiological 

contexts.

A PRIMER ON MITOCHONDRIAL DYNAMICS AND FUNCTION

Mitochondria are highly dynamic organelles that undergo cycles of fission and fusion in 

order to maintain their function and cellular distribution. Mitochondrial fission takes place 

by membrane remodeling event initiated by the recruitment of the GTPase Dynamin-related 

protein 1 (Drp1) requiring the action of endoplasmic reticulum (ER)-associated filamentous 

actin (F-actin) network, and completed by the action of other dynamin-family proteins 

such as dynamin-2 (J. E. Lee, Westrate, Wu, Page, & Voeltz, 2016). During mitochondrial 

fusion, Outer Mitochondrial Membrane (OMM) is fused by the actions of mitofusins1 and 

2 (Mfn1/2), followed by optic atrophy 1 (Opa1)-mediated fusion of the Inner Mitochondrial 

Membrane (IMM) (Tilokani, Nagashima, Paupe, & Prudent, 2018) (Fig 1). Impediment of 

mitochondrial network dynamics not only affect their function, but mitochondrial stress 

and dysregulation also triggers the intrinsic apoptotic cascade via cytochrome-c (cyt-c) 

release from the mitochondrial permeability transition pore (mPTP) (Kroemer, Galluzzi, 

& Brenner, 2007; Leung & Halestrap, 2008; Tait & Green, 2010). Given the crucial 

importance of mitochondria in cell survival, quality control of mitochondria is an important 

aspect of cellular function. In fact, damaged mitochondria undergo constant turnover 

through mitochondria-selective autophagy (a process known as mitophagy), requiring 

PINK1 (PTEN-associated kinase 1)-mediated mitochondrial recruitment of E3 ubiquitin 

ligase protein Parkin (Bingol & Sheng, 2016) (Fig 1).

Mitochondrial function is highly diverse ranging from bioenergetics and biosynthesis (Fig 1) 

to regulation of important intracellular signaling pathways through signaling intermediate 

control (Fig 2). Therefore, mitochondrial activity impinges on virtually all biological 

processes including metabolism, cell migration/invasion, cell proliferation, differentiation, 

inflammatory response and neovascularization. The following section provides a brief 

summary of major aspects of mitochondrial functions.
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Energy production.

Mitochondria are the major source of cellular ATP via the process of oxidative 

phosphorylation (OxPhos). Across the IMM, electron transport chain (ETC) complexes I-IV 

generate an electrochemical gradient (mitochondrial membrane potential, MMP) that drives 

ATP production by Complex V (Fernie, Carrari, & Sweetlove, 2004; Spinelli & Haigis, 

2018).

Regulation of biosynthesis.

Several important biosynthetic pathways involve mitochondria at a central position in their 

regulation (Spinelli & Haigis, 2018). For example, mitochondria act as a hub for amino 

acid synthesis and heme metabolism (Cassago et al., 2012; Hancock, Liu, Alvord, & 

Phang, 2016; Sullivan et al., 2015). Mitochondria also provide the precursors for fatty acid 

synthesis and are indispensable for fatty acid oxidation (FAO) (Aon, Bhatt, & Cortassa, 

2014; Mayr, 2015; Wanders, Ruiter, IJLst, Waterham, & Houten, 2010). In addition to 

providing the building blocks for cytosolic nucleotide synthesis, studies have also pointed 

that maintenance of nuclear genome integrity is also sensitive to mitochondrial nucleotide 

synthesis (M.-H. Lee, Wang, & Chang, 2014; Liya Wang, 2016).

Regulation of Cell Signaling.

Mitochondria receive, integrate and transmit many key signals in the intracellular milieu 

(Goldenthal & Marín-García, 2004; Zolotukhin et al., 2016) by several different mechanisms 

(illustrated in Fig 2). First, mitochondria are a major source for generating ROS (mtROS) 

which acts as a signaling intermediate to modulate a broad range of downstream 

signaling pathways and cellular activities (Zorov, Juhaszova, & Sollott, 2014). Examples 

of downstream actions of mtROS include: 1) ERK1/2-MAPK-mediated control of cell 

proliferation and growth (Weinberg et al., 2010), 2) PI3K/Akt-mediated regulation of 

angiogenesis (Connor et al., 2005; Sedding et al., 2013), 3) induction of Hypoxia-induced 

factor-1α (HIF-1α) signaling promoting cancer cell invasion (Hamanaka & Chandel, 2009; 

Shida et al., 2016), 4) modulation of JAK/STAT signaling and neurodegeneration (Monroe & 

Halvorsen, 2009), 5) AMP-kinase (AMPK)-dependent cellular energy sensing to control cell 

growth and metabolism (Choi et al., 2001; Hinchy et al., 2018; Jiang et al., 2019; J. Kim, 

Yang, Kim, Kim, & Ha, 2016; Mihaylova & Shaw, 2011; M. Quintero, Colombo, Godfrey, 

& Moncada, 2006; S. Wang, Song, & Zou, 2012; Wu, Viana, Thirumangalathu, & Loeken, 

2012), and 6) regulation of Notch activation for Wnt-β-catenin signaling, a key pathway for 

cell fate and differentiation control (Hamanaka et al., 2013).

Second, mitochondria manage the levels of the ubiquitous second messenger Ca2+. 

Specifically, mitochondria associate with the ER as mitochondria-associated membranes 

(MAMs) that are required for Ca2+ homeostasis (van Vliet, Verfaillie, & Agostinis, 

2014). Mitochondrial calcium (mtCa2+) control has been linked to the regulation of 

multiple signaling pathways including Akt/HIF-1α (Divolis, Mavroeidi, Mavrofrydi, & 

Papazafiri, 2016; Tosatto et al., 2016), calcineurin-mediated control of Notch signaling 

(Kasahara, Cipolat, Chen, Dorn, & Scorrano, 2013), CaMKII/ERK/FAK signaling (Sun 

et al., 2018) and p38-MAPK-dependent control of metabolic reprogramming via PGC-1 
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(Peroxisome proliferator-activated receptor-gamma coactivator-1alpha), a master inducer of 

mitochondrial biogenesis (Austin & St-Pierre, 2012; Gu et al., 2019).

Third, mitochondrial respiration can also regulate intracellular signaling. For example, the 

PI3K/Akt signaling pathway has been shown to be triggered by mitochondrial respiration 

(Pelicano et al., 2006). Mitochondrial stresses such as mitochondrial DNA (mtDNA) 

depletion and OxPhos inhibition can activate Ca2+-dependent kinases (PKC, JNK, MAPK 

and CaMKIV) and induce the NF-κB pathway (Biswas, Guha, & Avadhani, 2005). OxPhos 

dysfunction also affects the activity of JAK-STAT pathway through AMPK activation (D.-Y. 

Kim, Lim, Suk, & Lee, 2020). Furthermore, uncoupling proteins (UCP) that are localized 

on the IMM to regulate OxPhos activity (Brand & Esteves, 2005), have also been shown to 

be involved in regulating NF-κB/FAK/β-catenin signaling axis (Yu, Shi, Lin, Lu, & Zhao, 

2020).

Fourth, mitochondrial metabolites (NAD+, acetyl-CoA, 2-hydroxyglutarate and succinate) 

post-translationally modify proteins to reciprocally regulate intracellular signaling (example: 

reciprocal regulation of AMPK-mTOR pathway and protein acetylation by acetyl-coA 

(Vancura et al., 2018), as well as contribute to mitochondria-to-nucleus retrograde signaling 

and epigenetic changes (Chandel, 2014; Chowdhury et al., 2011; M. Yang, Soga, & 

Pollard, 2013). We advise the reader to refer to several excellent articles that detail the 

role of mitochondrial metabolites and retrograde signaling in regulating cellular pathways 

(Castegna, Iacobazzi, & Infantino, 2015; Vyas, Zaganjor, & Haigis, 2016; D. Yang & Kim, 

2019).

Fifth, mitochondria can also regulate cell signaling by acting as a physical platform to 

recruit other signaling molecules. For example, important protein kinases (e.g. PKA and Src) 

are recruited to OMM via AKAP scaffold proteins (Protein A‐kinase anchoring proteins), 

turning mitochondria into a potential structural platform to spatially regulate cell signaling 

(Livigni et al., 2006; Lucero, Suarez, & Chambers, 2019; Merrill & Strack, 2014).

BI-DIRECTIONAL COMMUNICATION BETWEEN MITOCHONDRION AND 

ACTIN CYTOSKELETON

Actin-dependent mitochondrial regulation

The existence of a connection between the actin cytoskeleton and mitochondria is known 

for several decades now. Electron microcopy observations of pig Leydig cells first showed 

that an actin envelope exists in direct contact with the mitochondria to immobilize 

them at a particular cytosolic location (Aguas, 1981). Experiments using ultra-purified 

mitochondrial fractions from mammalian cells further discovered the presence of actin 

in mitochondrial matrix and on the inner surface of the IMM (Etoh et al., 1990). 

Subsequent studies in yeast showed that defects in actin organization lead to defects in 

mitochondrial organization (Drubin, Jones, & Wertman, 1993). These findings are consistent 

with experimental evidence for actin-binding activity of mitochondria and the dependence 

on actin dynamics for mitochondrial motility (Boldogh et al., 2001; Lazzarino, Boldogh, 

Smith, Rosand, & Pon, 1994), as well as a direct correlation between mitochondrial 
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function (ATP synthesis) and the functional state of the actin cytoskeleton (Stozharov, 1985). 

Although in higher eukaryotes, microtubule is the dominant player in directed movement 

of mitochondria, actin-mitochondria association is still important for short range transport, 

anchoring and cellular distribution of mitochondria (Kremneva, Kislin, Kang, & Khiroug, 

2013; Saxton & Hollenbeck, 2012). Studies show that β-actin associates with mtDNA 

and its absence leads to impairment of mtDNA transcription, OxPhos activity and altered 

mitochondrial morphology (Reyes et al., 2011; Xie, Venit, Drou, & Percipalle, 2018). 

In vascular smooth muscle cells (VSMCs), actin organization and tension in the actin 

network alter mitochondrial network morphology and OxPhos activity (Bartolák-Suki et 

al., 2015). In human umbilical vascular endothelial cells, disruption of the actin network 

leads to decreased mtROS generation suggesting disrupted mitochondrial function (Ali, 

Pearlstein, Mathieu, & Schumacker, 2004). Collectively, these studies underscore the general 

importance of actin cytoskeleton in proper mitochondrial function. Since actin cytoskeletal 

organization is dynamically regulated by the actions of a wide range of actin-binding 

proteins (ABPs), we now review the involvement of individual ABPs in the regulation 

of mitochondrial function (Fig 3 provides a graphical summary of the main take home 

messages presented in this section). We break down the following section based on broad 

functional categories of major ABPs.

Actin nucleation promoting factors (ANPFs): The three well-studied actin nucleating 

factors are Arp2/3 complex, formin and SPIRE. The Arp2/3 complex is a conserved 

assembly of 7 proteins that nucleates new actin branches from existing parent filaments 

(Pollard, 2016). It can associate to the OMM and is required for mitochondrial motility 

and maintenance of morphology in yeast (Boldogh et al., 2001). Arp2/3 complex is also 

required for F-actin’s association to mitochondria and localized mitochondrial fission 

via Drp1, and abrogation of Arp2/3-mediated actin cycling impairs cellular balance of 

mitochondrial fission-fusion (S. Li et al., 2015; Moore, Wong, Simpson, & Holzbaur, 2016). 

Although experiments involving formin inhibitor SMIFH2 in the latter study suggested a 

possible co-operation between formin and Arp2/3 complex in maintenance of mitochondrial 

network equilibrium, off-target inhibitory effects of SMIFH2 on other ABPs (such as 

myosin) (Y. Nishimura, Shi, Zhang, et al., 2021) warrant a direct molecular validation for 

collaboration between Arp2/3 and formin in this process in future studies. Arp2/3 complex 

has also been recently implicated in the process of mitophagy (Kruppa et al., 2018). The 

formation of Arp2/3-nucleated F-actin cages is essential for the segregation of damaged 

mitochondria to prevent their re-fusion with the network, suggesting importance of Arp2/3 

in the maintenance of a healthy mitochondrial network. Consistent with the critical role 

of Wiskott-Aldrich Syndrome protein (WASp) family of ABPs in signal-induced activation 

of Arp2/3 complex (Pollard, 2016), loss-of-function studies expectedly demonstrated the 

importance of WASp proteins in F-actin cage formation around damaged mitochondria and 

mitophagy (Kruppa et al., 2018), non-selective autophagy and OxPhos metabolic function 

of mitochondria (Danial et al., 2003; Rivers et al., 2020). Interestingly, the formation of a 

complex between WAVE1 (WASp-family verprolin homology protein 1) and mitochondrial 

apoptosis regulator Bad further indicated its involvement in modulating the mitochondrial 

apoptosis pathway. Therefore, WAVE1 might be a coordinator for mitochondrial metabolism 

and cell death signaling (J. Yang, Li, Wang, & Zhang, 2010).
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Formins constitute a diverse family of proteins that can both nucleate and elongate 

actin filaments. Mammalian diaphanous 1 (mDia1- a major formin isoform) is involved 

in regulating short-range mitochondrial motility by anchoring mitochondria to the actin 

cytoskeleton (Minin et al., 2006) and mitochondrial morphology (D. Li, Dammer, Lucki, 

& Sewer, 2013; D. Li & Sewer, 2010). Since formins also interact with microtubules, 

long distance mitochondrial transport is also sensitive to perturbation of formins (Gaillard 

et al., 2011). Mass-spectrometric analysis has shown that mDia1 interacts with several 

components of the mitochondrial OxPhos complexes-I, -II, -III, -IV and –V, and influences 

mitochondrial biogenesis (Saleh, Subramaniam, Raychaudhuri, & Dhawan, 2019). Although 

mDia1 strongly associates with prohibitin 2 (Phb2 – an important regulator of mitochondrial 

bioenergetics) (Signorile, Sgaramella, Bellomo, & De Rasmo, 2019), the experimental 

evidence for mDia1’s involvement in mitochondrial OxPhos regulation is currently lacking 

in the literature. Functional association between formin and mitochondria has been most 

convincingly demonstrated in the context of mitochondrial fission, a process that requires 

bending of ER membrane around mitochondria and induction of a pre-constriction step to 

allow Drp1 recruitment (Friedman et al., 2011). ER-anchored inverted formin-2 (INF-2) 

promotes actin assembly around the mitochondria, a step critical for Drp1-mediated 

mitochondrial fission (Hatch, Ji, Merrill, Strack, & Higgs, 2016; Korobova, Ramabhadran, 

& Higgs, 2013). INF2-mediated actin polymerization also presumably drives mitochondrial 

fission in a Drp1-independent manner through promoting ER-to-mitochondria Ca2+ transfer, 

elevating mtCa2+ level and in turn resulting in IMM constriction (Chakrabarti et al., 2018). 

Recently, loss-of-function studies in keratinocytes also suggested INF2’s potential role 

as a mediator of mitochondria-involving intrinsic apoptotic pathway (Chen et al., 2019). 

However, whether INF2 mediates apoptosis directly or indirectly through its involvement in 

mitochondrial fission (a pre-requisite for mitochondria-driven apoptotic cascade) needs to be 

further scrutinized.

SPIRE belong to a third class of actin nucleating proteins that are operative at cell 

membranes and essential for vesicular trafficking inside the cells (Pylypenko et al., 2016). 

Spire-1C, a highly conserved isoform of Spire-1, localizes to the OMM and promotes 

actin filament assembly on the mitochondrial membrane independently of its formin-

interaction. However, binding to INF2 formin appears to be required for Spire-1C-facilitated 

mitochondrial fission via ER-mediated mitochondrial constriction (Manor et al., 2015). 

Additionally, Spire-1C’s association with myosin-V at the OMM aids Drp1 recruitment 

(Araujo et al., 2019). Since mitochondrial motility is increased and decreased upon loss- 

and gain-of-functions of Spire-1C, respectively, Spire-1C likely plays a role in mitochondrial 

anchoring rather than stimulating motility. Given prior evidence for myosin-V in stalling 

vesicular trafficking in axons (Janssen et al., 2017), one can speculate that Spire-1C utilizes 

myosin-V’s interaction for its mitochondrial anchoring action.

Actin Elongating Factors (AEFs): Formin (already discussed in the previous section) 

and Ena (enabled)/Vasodilator-stimulated phosphoprotein (VASP) proteins are the two major 

classes of AEFs that strongly influence the overall cytoskeletal architecture of cells. VASP 

knockdown affects cristae organization in the IMM and mitochondrial distribution in cells 

(Ying Wang et al., 2015). At the functional level, VASP function has been also linked to 
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various metabolic regulations including mitochondrial fatty acid oxidation (Tateya et al., 

2019, 2013; X. Wang, Pluznick, Settles, & Sansom, 2007). Whether these changes are due 

to VASP-dependent global cytoskeletal disturbances or other specific mechanisms remain 

unclear.

Actin depolymerizing factor (ADF): Cofilin is a major F-actin depolymerizing and 

severing protein, targeted mutations of which results in altered mitochondrial OxPhos 

activity, mtROS generation, fatty acid oxidation as well as mitochondrial biogenesis in yeast 

(Kotiadis et al., 2012). Interestingly, cofilin-dependent changes in mitochondrial phenotypes 

were observed not only in mutants with altered actin cytoskeleton, but also in select mutants 

where mutations were introduced in residues with no role in actin regulation and involved 

post-transcriptional upregulation of mitochondrial function. The role of cofilin-dependent 

actin dynamics in regulating mitochondrial function was also established in mammalian 

contexts through demonstration of serum-response factor (SRF)-stimulated mitochondrial 

fusion and ATP production in neurons through cofilin inactivation (Beck et al., 2012). 

This is further supported by experimental observation of impaired Drp1 accumulation 

to the OMM and reduced mitochondrial fission in mouse embryonic fibroblasts (MEFs) 

upon cofilin downregulation (S. Li et al., 2015), a phenotype that is related to its actin 

depolymerizing function (Rehklau et al., 2017). Cofilin has also been shown to be important 

for mitophagy (G.-B. Li et al., 2018). Of further interest, post-translational modification 

(oxidation and dephosphorylation of select cysteine and serine residues) and mitochondrial 

translocation of cofilin is an early step in inducing mitochondrial swelling, cyt-c release and 

triggering mitochondria-mediated apoptosis in the setting of oxidative cellular injury that 

occurs independently of pro-apoptotic Bax activation (Chua et al., 2003; Klamt et al., 2009). 

However, there is also indication for cofilin-dependent regulation of mitochondria-initiated 

apoptosis through modulation of Bcl-2 proteins (Posadas, Pérez-Martínez, Guerra, Sánchez-

Verdú, & Ceña, 2012). Overall, these observations suggest a possible role of cofilin as a 

stress-sensor during oxidative cellular injury where cofilin might be discharged from its role 

in actin dynamics and translocated to the mitochondria to mediate mitochondrial responses 

(Hoffmann, Rust, & Culmsee, 2019). Indeed, under stressed conditions, cofilin-mediated 

actin turnover is suppressed reducing ATP hydrolysis (Bernstein, Chen, Boyle, & Bamburg, 

2006; Munsie, Desmond, & Truant, 2012).

G-actin-binding proteins: Thymosin and profilin are the two major classes of G-actin 

binding proteins that determine the monomeric actin availability for polymerization. 

Thymosin-β4, a ubiquitously expressed actin monomer sequestering protein that inhibits 

actin polymerization, has been shown to stimulate mitochondrial anti-oxidant enzymes 

and downregulate ROS levels (Ho et al., 2008). Conversely, knocking down thymosin-

β4 leads to increased mtROS production. Thymosin-β4 suppression leads to widespread 

mitochondrial defects including a decrease in mtDNA copy number, loss of mitochondrial 

membrane permeability, degeneration of cristae morphology and a metabolic shift to the 

glycolytic pathway (Tang & Su, 2011). Profilin, a nucleotide-exchange factor for actin that 

generally promotes actin polymerization utilizing its interaction with various poly-proline 

domain-bearing actin-assembly factors (e.g. formin and Ena/VASP), has also been shown 

to be important for maintenance of mitochondrial integrity and function (Wen, McKane, 
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Stokasimov, & Rubenstein, 2011). Deletion of the Pfn1 (the major form of profilin) gene 

in hematopoietic stem cells also increases mtROS levels and alters mitochondrial membrane 

permeability (Zheng et al., 2014), phenotypes that are attributed to the loss of actin and 

poly-proline interactions of Pfn1.

Motor proteins: The myosin superfamily of actin-based motor proteins in mammals is 

estimated to have 25–30 structurally and functionally distinct classes. Earlier studies in 

yeast showed that the Myo2 (belonging to myosin V class) motor links mitochondria to 

the actin-cytoskeleton and enables mitochondrial motility (Boldogh & Pon, 2006). Further, 

Myo2 also mediates proper inheritance of mitochondria into daughter cells during yeast 

cytokinesis (Eves, Jin, Brunner, & Weisman, 2012). Similar findings were extended related 

to Myo19 in human cells (O. A. Quintero et al., 2009; Rohn et al., 2014). Other forms 

of myosin (myosin II, V and VI) have also been functionally linked to mitochondrial 

anchoring (Kelleher et al., 2000; Pathak, Sepp, & Hollenbeck, 2010; Straub et al., 2020), 

and acto-myosin force generation and mitochondrial fission through concerted actions with 

other ABPs (e.g. formin, SPIRE) (Araujo et al., 2019; DuBoff, Götz, & Feany, 2012; 

Y. Nishimura, Shi, Li, Bershadsky, & Viasnoff, 2021; C. Yang & Svitkina, 2019). There 

is also experimental evidence for the role of myosins in mitochondrial quality control 

by mitophagy. For example, Myo19 degradation and decoupling of mitochondria from 

actin-based motility are crucial steps to prevent refusion of damaged mitochondria during 

mitophagy (López-Doménech et al., 2018). Myosin VI (interacts with Parkin) is involved 

in Parkin-mediated mitophagy upon CCCP-induced mitochondrial damage (Kruppa et al., 

2018).

Other ABPs: In addition to the ABPs listed above, several studies have linked the 

activities of actin cross-linking, severing and other polymerization-promoting proteins to the 

modulation of mitochondrial morphology and/or function. For example, actin cross-linking 

protein Filamin A interacts with the GTPase domain of Drp1 to accelerate its activity 

leading to mitochondrial hyperfission in hypoxic setting (A. Nishimura et al., 2018). F-actin 

bundling protein transgelin binds to p53 and induces mitochondria-mediated apoptosis 

pathway in a p53-dependent manner (Zhang, Yang, Zheng, & Chen, 2010). Transgelin 

knockdown alters the cellular distribution of mitochondrial network and elevates ROS 

levels (L. Yang et al., 2019). The actin-severing protein villin localizes to mitochondria 

and blocks apoptosis progression utilizing its actin-severing activity (Y Wang, George, 

Srinivasan, Patnaik, & Khurana, 2012). Suppression of villin-mediated actin dynamics 

leads to damaged mitochondrial morphology and renders cells sensitive to apoptosis 

(Roy et al., 2018). Cortactin (promotes actin polymerization) is one of the ABPs that 

is accumulated on mitochondrial surface along with F-actin when fission is blocked, 

and furthermore suppression of cortactin expression inhibits experimentally-induced 

mitochondrial fragmentation suggesting that cortactin’s action is important for maintenance 

of mitochondrial fission-fusion balance (S. Li et al., 2015). Finally, zyxin, a focal-adhesion 

associated protein that also promotes actin assembly, localizes to mitochondria and binds to 

mitochondrial anti-viral signaling protein (MAVS) on the OMM to regulate anti-viral innate 

immune responses (Kouwaki et al., 2017).
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In summary, it is abundantly clear that the actin cytoskeleton and its regulatory proteins have 

an extensive involvement in regulating various aspects of mitochondrial physiology.

Mitochondrial Function Modulates Actin Dynamics

The previous section documents how actin cytoskeleton and its regulatory proteins are 

extensively involved in regulating various aspects of mitochondrial biology. In this section, 

we discuss our current understanding of how mitochondrial function influences actin 

cytoskeletal dynamics.

First, actin polymerization is an energy-demanding process, and actin dynamics is greatly 

impaired when mitochondrial ATP synthesis is blocked (Atkinson, Hosford, & Molitoris, 

2004; Bernstein & Bamburg, 2003; Sablin et al., 2002) suggesting that the most evident 

way mitochondria influence actin cytoskeleton is through their role in supplying ATP. 

Mitochondrial ATP also fuels myosin light chain (MLC) of the myosin motors during 

vesicle trafficking and force generation across the cell (Bartolák-Suki et al., 2015; 

Verstreken et al., 2005). Second, proteomics analyses have shown that oxidative stress 

and OxPhos inhibition alters the expression levels of actin and many actin cytoskeleton-

related proteins (Annunen-Rasila, Ohlmeier, Tuokko, Veijola, & Majamaa, 2007; Gielisch & 

Meierhofer, 2015). Third, proteins that regulate mitochondrial network dynamics can induce 

changes in F-actin organization. For example, Miro-1, a protein that tethers mitochondria to 

the cytoskeleton and enables organelle motility, leads to inhibition of myosin activity and 

defects in actin polymerization when silenced in expression (Morlino et al., 2014). Likewise, 

loss-of-function of mitochondrial fission protein Drp1 alters actin cytoskeleton through 

disrupting Ca2+ homeostasis (Ponte et al., 2020) and inhibition of the Rho/ROCK pathway 

(M. Yin et al., 2016). It is also possible that since in the absence of Drp1, mitochondria 

become incompetent to divide, they cannot be efficiently trafficked to the regions of active 

F-actin remodeling. Deletion of mitochondrial fusion protein Mfn2 also introduces changes 

in actin organization partly through affecting the activation status of Rac GTPase (W. Zhou 

et al., 2020). Fourth, ROS has well-established role in regulating actin dynamics (Moldovan, 

Irani, Moldovan, Finkel, & Goldschmidt-Clermont, 1999; Muliyil & Narasimha, 2014; Xu 

& Chisholm, 2014). Altered mitochondrial function and mtROS levels can impact actin 

cytoskeleton either by direct chemical modification of actin itself (affects polymerization 

ability of actin as well as the stability of actin filaments) or indirectly through altering 

the activities of select ABPs (Wilson & González-Billault, 2015). For example, cofilin and 

gelsolin activities are sensitive to cellular redox environment and mtROS levels (Bernstein 

et al., 2006; J.-S. Kim, Huang, & Bokoch, 2009; Minamide, Striegl, Boyle, Meberg, & 

Bamburg, 2000; Mittal, Siddiqui, Tran, Reddy, & Malik, 2014; Popova et al., 2010).

In summary, the crosstalk between mitochondria and actin is a highly coordinated process 

that shapes the dynamics of both the networks.

THE ACTIN -MITOCHONDRIA CROSSTALK IN CELL MIGRATION

Actin-based cell migration is fundamental to development, wound healing, immune response 

and neovascularization. It is a tightly regulated and energetically expensive cellular process 

that involves sequential steps of membrane protrusion at the leading edge, formation of focal 
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adhesions, forward translocation of the cell body, and finally, cell detachment from the rear 

end (Schaks, Giannone, & Rottner, 2019). In this section, we discuss how the interplay of 

mitochondria with structural and regulatory components of actin cytoskeleton regulates cell 

migration in physiological and pathological (specifically related to cancer) contexts (Fig 4 

provides a graphical summary of the main take home messages presented in this section).

Mitochondria, actin cytoskeleton and normal cell migration

Lamellipodial protrusion, the initiating step of cell migration, is driven by cycles of 

actin polymerization and depolymerization at the leading edge. Since this process requires 

ATP, mitochondrial OxPhos is critical for protrusive activities as experimentally supported 

by decreased F-actin polymerization and impairment in lamellipodia formation and cell 

migration when OxPhos is blocked (Zhao et al., 2013). Localized energy production at 

the sites of actin remodeling is facilitated by mitochondrial trafficking to the leading 

edge in response to local AMPK activation (Cunniff, McKenzie, Heintz, & Howe, 2016). 

Inhibition of mitochondrial trafficking to the leading edge by depletion of mitochondrial 

transport adaptor Miro leads to defects in mitochondrial coupling to actin cytoskeleton, actin 

polymerization, formation and turnover of adhesions, and cell migration (both single cell 

and collective) underscoring the importance of mitochondrial trafficking in cell migration 

(López-Doménech et al., 2018; Morlino et al., 2014; Schuler et al., 2017). Mitochondrial 

ATP synthesis is also involved in cell detachment from the substratum during migration. 

At the trailing edge, mitochondrial ATP generation powers MLC phosphorylation and is 

required for the relocation of cellular organelles during migration (Campello et al., 2006). 

Further, mitochondrial energy synthesis is closely linked to its fission-fusion dynamics. 

Migratory stimulation of VSMCs increases mitochondrial localization and Drp1 activity 

prior to cell migration (Li Wang et al., 2015). Drp1-mediated mitochondrial fragmentation 

is critical for the establishment of cell polarity, lamellipodia formation and efficient cell 

migration (H. J. Kim et al., 2015). Interestingly, the energy demand for cell migration 

can also dictate mitochondrial structural dynamics. For example, a microenvironment that 

requires less energy for cell migration (such as ameboid cell migration through less dense 

3D extracellular matrix) promotes mitochondrial fragmentation lowering OxPhos resulting 

in higher AMPK activation. This can in turn elevate acto-myosin contractility (a key 

driver of ameboid cell migration) through stimulating myosin activity (via inhibition of 

myosin phosphatase) and actin remodeling (Crosas-Molist et al., 2021). Collectively, these 

observations suggest the existence of a complex sensory feedback loop between energy 

demand, mitochondrial dynamics and trafficking, and ATP-dependent cytoskeletal control 

during cell migration.

In addition to providing the energy demand for cell migration, mitochondria can also 

influence cell migration by acting as an important controller of secondary messengers, in 

particular Ca2+ and ROS. mtCa2+ homeostasis signals to the actin cytoskeleton to regulate 

cell migration. For example, in developing zebrafish embryos, silencing of mitochondrial 

calcium uniporter (MCU – responsible for mtCa2+ uptake) impairs F-actin remodeling 

leading to defects in cell migration (Prudent et al., 2013). Similar phenotypes were also 

observed in human cells where silencing of MCU led to changes in stiffness in actin 

cytoskeleton, loss of cell polarity, and reduced focal adhesion turnover resulting in impaired 
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cell migration. At the molecular level, these phenotypes were correlated with reduced ER 

and cytosolic Ca2+ levels and suppression of Rho-GTPase activation and activity of calpain 

(a Ca2+-activated protein that is important for focal adhesion turnover) but were independent 

of intracellular energy levels (Prudent et al., 2016). Mitochondrial activity has been also 

linked to Ca2+ homeostasis and F-actin dynamics in in vivo wound healing models in C. 
elegans (Ponte et al., 2020; Xu & Chisholm, 2014). Wound-triggered Ca2+ influx also causes 

local production of mtROS which is an important signaling molecule. Depletion of mtROS 

blocks actin-based cell migration and wound healing through modulating Rho-GTPase 

activity, underscoring the importance of ROS as a downstream mediator of mitochondria-

dependent control of cell migration (Xu & Chisholm, 2014). A recent mouse model study 

also corroborates the importance of mtROS signaling in cell migration during wound healing 

through an additional role of regulating α-smooth muscle actin (α-SMA) expression (S. 

Yang, Xu, Meng, & Lu, 2020).

Finally, mitochondrial metabolites also interplay with the actin cytoskeleton to control cell 

migration. For example, succinate produced from the TCA cycle can upregulate human 

mesenchymal stem cell migration through PKC activation (Ko et al., 2017). Succinate 

also promotes an increase in ATP production and mtROS generation to influence actin 

cytoskeleton. NADH is another mitochondrial metabolite that controls cell migration, (van 

Horssen et al., 2013; H. Yin et al., 2012). At the molecular level, intracellular NADH 

levels control the activity of MICAL (Microtubule-associated monooxygenase, calponin 

and LIM domain containing), a redox-sensitive protein that promotes actin cytoskeletal 

disassembly (Vanoni, Vitali, & Zucchini, 2013) and modulates cell migration (Y Wang et al., 

2018). Thus, mitochondria-controlled intracellular NAD/NADH ratio is likely an important 

parameter to control the state of actin cytoskeleton and cell migration.

Mitochondria, actin cytoskeleton and cancer Cell Migration

Dysregulated migration promotes the dissemination of tumor cells and is a hallmark of 

malignant progression of cancer. We present several lines of key experimental evidence that 

support the role of actin-mitochondria crosstalk in cancer cell migration and metastasis.

First, transcriptomic analyses show evidence for dysregulated OxPhos and actin 

cytoskeleton signaling in metastatic circulating tumor cells (CTCs) (LeBleu et al., 2014). 

In fact, upregulation of PGC-1α-mediated mitochondrial metabolism confers increased 

invasive ability to CTCs. Second, mitochondrial translocation to the cortical actin 

cytoskeleton with promotion of cell motility has been shown to be a key mechanism of 

how tumor cells can readapt to therapeutic inhibition of oncogenic PI3K/Akt signaling 

(a pro-migratory pathway) regaining their invasive potential (Caino et al., 2015). Third, 

certain malignant cancer cells (breast and thyroid) are known to overexpress mitochondrial 

fission protein Drp1 and display more fragmented mitochondria than their non-metastatic 

counterparts (Ferreira-da-Silva et al., 2015; Zhao et al., 2013). Furthermore, silencing Drp1 

or overexpression of Mfn1 (leads to elongated mitochondria) suppresses chemoattractant-

induced recruitment of mitochondria in the lamellipodial region, formation of lamellipodia 

and breast cancer cell migration. Treatment with mitochondrial uncoupling agent or 

ATP synthesis inhibitor also induces a similar cell migration defect (Zhao et al., 2013). 
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Contradicting these findings, migration of hepatocellular carcinoma cells (HCC) is in 

fact promoted by mitochondrial fission utilizing a Ca2+/CaMKII/FAK/ERK downstream 

signaling pathway (Sun et al., 2018). These apparently contradictory findings could 

either mean context-specific effect of mitochondrial dynamics on cell migration and/or 

an optimum range of mitochondrial fragmentation being most conducive for productive 

cell motility as excessive mitochondrial fragmentation could severely compromise its 

bioenergetic functionality thereby adversely affecting cell migration. Nonetheless, these 

observations support a causal relationship between mitochondrial dynamics/activity and 

tumor cell migration.

Fourth, as previously discussed in the context of normal cell migration, mtROS is a 

major player in regulating mitochondria-actin crosstalk in cancer scenarios. However, the 

effect of mtROS on cancer cell migration appears to be cell-line-specific. For example, 

downregulation of mtROS in certain cervical cancer cell lines (siHa and Ca-ski) led 

to formation of actin stress-fibers and circumferential F-actin ring suppressing their 

migration-promoting epithelial-to-mesenchymal transition ability (Shagieva et al., 2017). 

These findings are consistent with mtROS upregulation secondary to knockdown of actin-

binding protein transgelin associated with increased migration and metastatic ability of 

breast cancer cells (L. Yang et al., 2019). However, in Hela cervical cancer cell line, 

suppression of mitochondrial complex-I (which also reduced mtROS production) led to 

enhanced cell adhesion and migration/invasion, a phenotype that was attributed to ROS-

dependent alteration in the expression of certain ECM molecules (He et al., 2013). 

Although the reasons underlying this apparent discrepancy are unclear, it is possible that 

mitochondrial complex 1 inhibition could elicit pro-migratory response through unique 

metabolic reprograming.

Fifth, there is increasing appreciation of the role of mitophagy in controlling cancer 

cell migration and metastasis through regulation of actin cytoskeleton dynamics (Yigang 

Wang et al., 2020). Mitophagy has been suggested to directly modulate cell migration by 

altering F-actin and microtubule formation (H. Zhou et al., 2017). In pancreatic cancer 

cells, mammalian STE20-like kinase 1 (Mst1) of the Hippo signaling pathway upregulates 

mitophagy to promote cell migration and metastasis (Hu et al., 2020). In gastric cancer cells, 

knockdown of Hippo pathway effector Yes-associated protein (YAP) reduced mitophagy and 

F-actin level through excessive ROS production blunting lamellipodial dynamics and cell 

motility (Yan et al., 2018). Contrasting these pro-migratory effects of mitophagy, induction 

of Parkin-mediated autophagy inhibited the migratory ability of myeloma cells (Fan et 

al., 2020). Although mitophagy is generally viewed to improve the functionality of the 

mitochondrial network by eliminating dysfunctional mitochondria, in certain physiological 

setting mitophagy has been demonstrated to eliminate functional mitochondria as well (Twig 

& Shirihai, 2011), and this may explain study-specific differences with regard to the effect 

of perturbation of mitophagy on cancer cell migration

Clinical Significance of the Mitochondria-Actin/ABP Crosstalk

Metabolic changes as a consequence of altered mitochondrial function lie at the heart of 

progression of many diseases including cancer (Porporato, Filigheddu, Pedro, Kroemer, 
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& Galluzzi, 2018). In the foregoing sections, we discussed how mitochondria and actin 

cytoskeleton regulate each other ultimately impacting cellular morphology, migration/

invasion, and other aspects (e.g. cell survival, EMT) relevant for cancer progression. 

Oncogene-induced alteration in actin cytoskeletal structure is a hallmark of cancer cells. 

Although beyond the scope of this review, there is abundance of literature documenting 

dysregulated expressions of various ABPs causally linked to increased tumor aggressiveness 

in human cancer. However, ABPs have rarely been considered as therapeutic targets in 

cancer. With increasing evidence for structural and functional changes in mitochondria 

in cancer cells upon molecular perturbations of various ABPs (G. Li et al., 2015; Lin 

et al., 2019; C. Wang, Zhou, Vedantam, Li, & Field, 2008; Yao et al., 2013), targeting 

some of those ABPs that are important for regulating tumor progression, and amenable to 

pharmacological inhibition (Arp 2/3, formins and Pfn1 as a few examples) may offer dual 

benefits of at least partially achieving cytoskeletal and mitochondrial normalization. These 

types of proof-of-concepts should be explored in future studies. If successful, such strategies 

could pave the way for conceptually novel therapeutic directions in cancer. Furthermore, 

given the importance of mitophagy as a protective mechanism in the settings of cardiac 

ischemia and myocardial injury (Tan et al., 2020; J. Wang & Zhou, 2020; Yue Wang et al., 

2021; H. Zhou, Ren, Toan, & Mui, 2021), and role of several ABPs in regulating mitophagy 

as we previously discussed, targeting actin-mitochondria crosstalk may have therapeutic 

potential in cardiovascular diseases.

CONCLUDING REMARK

The mitochondria exist as a complex and dynamic organelle network that bi-directionally 

communicates with actin cytoskeletal network to regulate many cellular functions including 

cell migration. This communication extends far beyond the classical paradigm of 

mitochondria supplying ATP to power actin polymerization during cell migration. While 

spatiotemporal controls of mitochondrial fission/fusion dynamics and their localization to 

the sites of actin remodeling through trafficking are important aspects for cell motility, the 

underlying molecular details of how motility-inducing signals couple to dynamic control of 

mitochondrial structure and localization are still not clear, and should be topics of interest 

for future studies. The interplay between the mitochondrial and actin cytoskeletal networks 

also holds importance in cancer cell metastasis. Given that the metabolic underpinnings of 

different cancer types are being increasingly appreciated, the plasticity that mitochondria 

bestow during cancer progression is set to become clearer with our better understanding of 

the actin-mitochondria crosstalk through future studies.
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ABBREVIATIONS

ABP Actin-binding proteins

ADF Actin depolymerizing factor

AEF Actin elongating factors

AKAP Protein A-kinase anchoring proteins

AMPK AMP-kinase

ANPF Actin nucleation promoting factors

Arp2/3 Actin-related protein 2/3

Cyt-c Cytochrome-C

Drp1 Dynamin-related protein1

Ena/VASP Enabled/vasodilator-activated phosphoprotein

ER Endoplasmic reticulum

ETC Electron transport chain

FAO Fatty acid oxidation

IMM Inner mitochondrial protein

MAM Mitochondrial Associated Protein

mDia Mammalian diaphanous

Mfn11/2 Mitofusin 1 and 2

MICAL Microtubule-associated monooxygenase, calponin and LIM domain 

containing

mtROS Mitochondrial reactive oxygen species

OMM Outer mitochondrial membrane

Opa1 Optic atrophy 1

Pfn Profilin

ROS Reactive oxygen species

WASp Wiskott-Aldrich syndrome protein
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WAVE1 WASp-family verprolin homology protein 1
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Fig 1: Diverse mitochondrial functions in the cell:
Mitochondrial network undergoes constant steady-state dynamics and are involved in key 

cellular processes. The cellular gradients of mtROS and mtCa2+ are responsible for shaping 

the cytosolic environment.
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Fig 2: Mitochondria act as a signaling hub:
Mitochondria perform various functions in the cell and coordinate diverse signaling 

pathways. These prominently involve fundamental pathways that control cell proliferation, 

differentiation, and migration as shown above.
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Fig 3: The crosstalk between mitochondrial function and ABP-mediated actin dynamics:
ABPs and the actin cytoskeleton can associate with the mitochondria to regulate their 

dynamics, biogenesis and mitophagy. Moreover, mitochondrial ATP, ROS and Ca2+ directly 

influence the activity of ABP-mediated actin dynamics.
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Fig. 4: Mitochondria-actin cytoskeleton crosstalk in cell migration:
During cell migration, the actin cytoskeleton and mitochondrial network interact closely 

to carry out lamellipodia-based motility. To sustain actin dynamics, mitochondria are 

strategically trafficked to the leading edge; where they modulate ABPs such as MICAL 

and Rho GTPases to directly affect actin-mediated cell migration.
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