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Summary 

 

Mitochondria are essential organelles that execute and coordinate various metabolic 

processes in the cell. Mitochondrial dysfunction severely affects cell fitness and 

contributes to disease. Proper organellar function depends on the biogenesis and 

maintenance of mitochondria and its > 1000 proteins, and as a result the cell has 

evolved mechanisms to coordinate protein and organellar quality control, such as the 

turnover of proteins via mitochondria-associated degradation, the ubiquitin-proteasome 

system and mitoproteases, as well as the elimination of mitochondria through 

mitophagy. Specific quality control mechanisms are engaged depending upon the 

nature and severity of mitochondrial dysfunction, which can also feedback to elicit 

transcriptional or proteomic remodeling by the cell. Here, we will discuss the current 

understanding of how these different quality control mechanisms are integrated and 

overlap to maintain protein and organellar quality and how they may be relevant for 

mitochondrial and cellular health. 

 

 

Introduction 

Mitochondria are specialized organelles that act as metabolic hubs and signaling 

platforms, involved in an array of essential cellular processes such as ATP production 

through oxidative phosphorylation (OXPHOS), fatty acid oxidation, calcium buffering, 

phospholipid synthesis, reactive oxygen species generation and maintenance, iron-

sulfur cluster biosynthesis, and innate immune signaling (Spinelli and Haigis, 2018). In 

contrast to the 13 mitochondrial DNA (mtDNA) encoded proteins, more than 1200 

nuclear-encoded mitochondrial proteins (NUMPs) are first synthesized in the cytosol 

and then targeted to various sub-mitochondrial compartments; the outer mitochondrial 

membrane (OMM), intermembrane space (IMS), inner mitochondrial membrane (IMM) 

or the mitochondria matrix. It is imperative that these proteins be properly processed, 

folded, and localized (Wiedemann and Pfanner, 2017), as interference at any point 
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along this chain of events is detrimental to the cell. Accordingly, various overlapping and 

interconnected safeguard mechanisms have evolved to mitigate mitochondrial damage 

that can occur as a result of external insults such as nutrient deprivation, hypoxia and 

OXPHOS uncoupling,  or as a consequence of aberrant mitochondrial proteostasis. 

These include protein quality control checkpoints, acting prior to mitochondrial protein 

import, such as mitochondria associated degradation (MAD) and other processes linked 

to the Ubiquitin (Ub)-Proteasome system (UPS). Inside mitochondria, mitochondrial 

proteases (mitoproteases) regulate the quality and function of imported proteins and 

mtDNA-encoded gene products. Finally, organellar quality control checkpoints that 

involve the segregation, removal, and turnover of mitochondrial fragments in 

mitochondria derived vesicles (MDV) or entire organelles (mitophagy) and nuclear 

transcriptional responses (unfolded protein response of the mitochondria (UPRmt)) are 

engaged in response to various mitochondrial and cellular signals. Here, we will review 

these quality control systems and responses (Figure 1) and discuss how the molecular 

mechanisms of organellar and protein quality control are connected and coordinated. 

 

Quality control of mitochondrial protein import 

 

The mitochondrial proteome is estimated to contain 1200 proteins in humans (Rath et 

al., 2020) and around 900-1000 proteins in yeast (Morgenstern et al., 2017, Vögtle et 

al., 2017). Virtually all mitochondrial proteins are nuclear-encoded and synthesized in 

the cytosol prior to their targeting and import to mitochondria in a coordinated and 

regulated manner (Bykov et al., 2020). Cytosolic mitochondrial precursor proteins are 

kept unfolded by the Hsp70 and Hsp90 family of cytosolic chaperones prior to their 

delivery to the mitochondria. These precursor proteins often possess a short N-terminal 

mitochondrial targeting peptide, composed of hydrophobic and positively charged amino 

acids, facilitating interaction with negatively charged residues on the cytosolic surface of 

the translocase of outer mitochondrial membrane (TOM) complex (Wiedemann and 

Pfanner, 2017), the primary import channel for mitochondrial proteins. However, in  

yeast, precursor proteins can prematurely fold or stall during translocation, as seen 

when mitochondrial membrane potential is lost (Weidberg and Amon, 2018), leading to 
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their accumulation on the OMM or aberrantly elsewhere in the cell, which makes them 

accessible to the quality control systems in the cytosol (Figure 2).  

One such system, MAD is analogous to the endoplasmic reticulum (ER) quality control 

mechanism called ER-associated degradation (ERAD) (Hwang and Qi, 2018), and 

facilitates OMM protein ubiquitination and turnover. During MAD, the type II AAA+ 

ATPase VCP/p97 (Cdc48 in yeast) hydrolyses aberrant proteins from the mitochondrial 

membrane to facilitate their membrane extraction for degradation by the proteasome 

(Figure 2, MAD) (Xu et al., 2011), indicating an important role of MAD in mitochondrial 

homeostasis. Substrates for MAD include factors involved in the maintenance of 

mitochondrial morphology (Fzo1 in yeast (Cohen et al., 2008), Mitofusins and Mcl-1 in 

mammals (Tanaka et al., 2010), ER-mitochondrial contact sites (Mdm34p) (Wu et al., 

2016b) and protein import (Msp1p, Tomm70p) (Wu et al., 2016b). VCP/p97 and Cdc48 

are also capable of removing stalled nascent peptides from cytosolic ribosomes, thus 

facilitating their degradation by the proteasome (Verma et al., 2013, Defenouillère et al., 

2013, Brandman et al., 2012). Cdc48 is recruited to mitochondria in response to 

oxidative stress (Heo et al., 2010) and its cofactor Doa1 is necessary for the association 

of the Cdc48 complex to ubiquitinated proteins (Wu et al., 2016b), including IMS and 

matrix proteins (Liao et al., 2020), although it is unclear how and when these substrates 

may become ubiquitinated. Interestingly, MAD, but no other quality control mechanism 

tested, protected yeast cells from paraquat-induced oxidative stress, indicating that 

MAD is the main player in the clearance of oxidized damaged mitochondrial proteins 

(Liao et al., 2020).  

 

In yeast, several pathways are involved in the removal of stalled precursor proteins that 

accumulate in import channels and on the surface of the OMM, promoting their 

degradation by the cytosolic UPS. Mitochondrial protein translocation-associated 

degradation (MitoTAD) (Mårtensson et al., 2019) facilitates removal of precursor 

proteins whose import through the IMM is stalled upon mitochondria depolarization, 

following treatment with the protonophore CCCP, leading to their accumulation in the 

TOM complex. Such precursor arrest promotes the interaction between the Ub-like 

(UBX)-domain-containing protein 2 (Ubx2) and the TOM complex, leading to recruitment 



5 
 

of Cdc48 and its co-factor Ufd1 to remove arrested precursor proteins and maintain 

TOM complex function (Mårtensson et al., 2019) (Figure 2, mitoTAD). Ubx2 further 

interacts with the Cdc48 adaptor protein Vms1, which is itself involved in ribosome-

associated quality control to remove nascent chains from stalled ribosomes (Izawa et 

al., 2017, Verma et al., 2018, Zurita Rendón et al., 2018), suggesting that the function of 

Ubx2 expands beyond the surveillance of the TOM complex and highlights the 

coordination between protein synthesis and import.  

 

The mitochondrial compromised protein response (MitoCPR) (Weidberg and Amon, 

2018) involves removal and UPS degradation of stalled precursors destined for the IMS. 

Such precursors contain an N-terminal mitochondrial targeting signal followed by a 

hydrophobic “stop-transfer” sequence that facilitates their localization to the IMS. This 

bipartite signal is removed by proteolytic cleavage, leading to their release into the IMS, 

thus preventing their further translocation into the mitochondrial matrix (Neupert and 

Herrmann, 2007). When bipartite protein import is inhibited, precursor proteins 

accumulate on the mitochondria surface and in mitochondrial translocases, leading to 

activation of mitoCPR to induce the expression of Cis1 through the transcription factor 

Pdr3, which in turn recruits the AAA-ATPase Msp1 to the TOM complex to extract non-

imported precursor proteins from the OMM surface (Weidberg and Amon, 2018) (Figure 

2, mitoCPR). Msp1 is believed to associate with the cytosolic part of translocating 

precursor proteins to unfold early folded precursors, and if unsuccessful, to target these 

for proteasomal degradation (Wang et al., 2020). Msp1 is also capable of extracting 

mistargeted tail-anchored proteins from the OMM, which then get reinserted on the ER 

membrane, where they are extracted by Cdc48 and sent to the proteasome for 

degradation (Matsumoto et al., 2019). The mechanisms involved in the mitoTAD and 

mitoCPR pathways have mainly been elucidated under artificial protein import stress 

induction in yeast cells and whether these quality control pathways exist in metazoans 

and can be triggered by physiological stimuli is not known.  

 

Vms1 is also a central component of the ribosome quality control pathway for 

mitochondrial polypeptides (mitoRQC) in yeast that rescues ribosome-stalled 



6 
 

polypeptides (Izawa et al., 2017). Vms1, together with E3 ligase Ltn1 and Rqc2, directly 

bind to 60S ribosomes at the mitochondria surface to facilitate protein import and 

removal of stalled mitochondrial peptides on cytosolic ribosomes (Izawa et al., 2017). 

Some mitochondrial proteins are translocated during translation and such co-

translocation can result in formation of ribosome-stalled polypeptides that are 

inaccessible to the UPS. Such aggregation on the mitochondria involves the addition of 

C-terminal alanyl/threonine residues (CAT-tails) (Shen et al., 2015) that are generated 

by Rqc2 and are ultimately toxic to the cell. Vms1 associates with the 60S ribosome to 

dissociate Rqc2 and prevent CAT-tailing (Su et al., 2019), thus allowing transport of the 

nascent polypeptide into the mitochondria, where it can be folded or be exposed to the 

other mitochondrial quality control mechanisms like mito-proteases (see below). 

Conversely, Ltn1 ubiquitinates C-terminal lysine residues of the stalled polypeptide 

chain, which then become extracted by Cdc48 for proteasomal degradation (Izawa et 

al., 2017) (Figure 2, mitoRQC). mitoRQC has not yet been described in mammals, but it 

is interesting to note that loss of the human homolog of Vms1, ankyrin repeat and zinc-

finger domain-containing 1 (ANKZF1), decreased mitochondrial integrity, and that 

ANKZF1 was able to rescue Vms1 deficient yeast cells (van Haaften-Visser et al., 

2017), suggesting that ANKZF1 is involved in RQC of mitochondrial surface associated 

ribosomes, in addition to its well-established roles in global RQC (Verma et al., 2018, 

Kuroha et al., 2018, Yip et al., 2019). Further supporting this link, ANKZF1 has been 

shown to translocate to the mitochondrial surface upon H2O2-induced cellular stress 

(van Haaften-Visser et al., 2017).  

 

The UPRam is a pathway in yeast that alleviates proteotoxic stress caused by 

mislocalized mitochondrial proteins by activation of the proteasome and inhibition of 

protein synthesis (Wrobel et al., 2015) (Figure 2, UPRam). While cytoplasmic protein 

aggregates typically inhibit the proteasome (Bennett et al., 2005), mitochondrial 

precursor protein accumulation in the cytosol stimulates proteasomal activity and 

inhibits protein synthesis in order to reduce the burden of cytosolic precursor proteins 

(Wrobel et al., 2015). The reason behind the differential influence of cytosolic and 

mitochondrial proteins on the proteasome is not fully understood. Accumulation of 
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cytosolic unfolded precursor proteins can also elicit a much more detrimental response 

through a yeast apoptotic signaling pathway called the mitochondrial precursor 

overaccumulation stress (mPOS) (Wang and Chen, 2015) (Figure 2). Interestingly, IMS 

proteins such as Cox12 and Pet191 have been reported to be retro-translocated to the 

cytosol through the TOM40 channel (Bragoszewski et al., 2015), which could function to 

increase the mitochondrial protein abundance in the cytosol in order to initiate UPRam 

or mPOS. Another cell death mechanism called Mitochondrial stress induced 

translational termination impairment and protein carboxy terminal extension 

(MISTERMINATE), described in Drosophila and mammalian cells, is activated during 

mitochondrial stress, leading to reduced translation termination of nuclear encoded 

mRNA by impairment of the ribosome recycling ATPase ABCE1 and release factor 

eRF1. Reduction of ABCE1 and eRF1 activity leads to non-mRNA encoded extension at 

the C-terminal of mitochondrial proteins such as the complex I subunit NDUFS3, which 

when accumulated inhibits OXPHOS and is toxic to cells (Wu et al., 2019). Indeed, 

mitochondrial dysfunction caused by rotenone and CCCP prompted the impairment of 

translation termination of mitochondrial transcripts through the loss of eRF1 and ABCE1 

(Wu et al., 2019). Proteasomal degradation of ABCE1 could possibly be an initiating 

step in MISTERMINATE, as ABCE1 is K48-polyubiquitinated upon mitochondrial 

damage (Wu et al., 2018).  

 

The ubiquitin proteasome system in OMM protein quality control 

 

Mitochondrial protein ubiquitination allows the organelle to respond rapidly to 

mitochondrial and cellular insults. Ub is a small protein of 76 amino acids that is 

conjugated to lysine (K) residues or a wide range of target proteins in a process that 

involves Ub-activating enzymes (E1), Ub-conjugating enzymes (E2) and Ub ligases 

(E3), often forming poly-Ub chains (Deol et al., 2019). When conjugated, Ub can alter 

the function of a protein and can function as binding sites for other proteins with Ub-

binding domains. One of the main functions of Ub is to act as a degradation signal, 

since proteins tagged with K29- and K48-linked polyUb chains are destined for 

degradation by the proteasome, while proteins linked by K63-linked polyUb chains are 
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targeted for degradation by autophagy (discussed below), signal transduction and 

endocytosis. 

 

Proteins on the cytosolic face of the OMM are under the scrutiny of the UPS. The E3 

Ub-ligase MARCH5 (also known as MITOL) facilitates ubiquitination of misfolded 

proteins on the OMM to initiate their proteasomal degradation (Yonashiro et al., 2009, 

Sugiura et al., 2011). Additionally, MARCH5 was recently shown to regulate 

mitochondrial protein import by ubiquitination of mitochondrial precursor proteins on 

their C-terminal region, thereby facilitating their aggregation and subsequent 

proteasomal degradation (Phu et al., 2020). This process is counter-regulated by the 

mitochondrial deubiquitinase USP30, as the depletion of USP30 led to the accumulation 

of ubiquitinated mitochondrial proteins in the cytosol (Phu et al., 2020). In addition to 

generating K63-linked polyUb chains during mitophagy, the E3 Ub ligase Parkin also 

promotes protein import by non-canonical K11 ubiquitination of the TOM complex and 

may possibly function to re-establish mitochondrial protein transport after mitochondrial 

damage (Jacoupy et al., 2019).  

 

While mitochondrial membranes physically separate the UPS in the cytosol from most 

mature mitochondrial proteins, it is interesting to note that ubiquitinated matrix and IMM 

proteins have been identified in HeLa cells (Lavie et al., 2018), mouse heart (Jeon et al., 

2007) and isolated mitochondria from yeast (Lehmann et al., 2016). How and when 

these proteins become accessible for ubiquitination is not clearly understood - it is 

possible that proteins are ubiquitinated prior to their mitochondrial import, although it is 

unclear whether large Ub moieties would sterically inhibit translocation across import 

channels. Ub-conjugating enzymes have been observed in mitochondria (Schwartz et 

al., 1992, Patil et al., 2019), suggesting they might contribute to the ubiquitination of 

proteins in organello. Mitochondrial function also appears to be regulated by the UPS, 

as mitochondrial proteins related to energy production, including components of all four 

complexes of the OXPHOS machinery and the ATP-synthase, are substrates for 

ubiquitination (Jeon et al., 2007, Lavie et al., 2018). The implication of Ub-conjugation 

on the OXPHOS machinery is not fully elucidated, but it appears that succinyl 
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dehydrogenase subunit A (SDHA) is K48 polyubiquitinated and degraded by the UPS 

during times of low mitochondrial metabolism (Lavie et al., 2018). Extrapolated, we can 

expect other components of the OXPHOS machinery to also be regulated by the UPS 

depending on mitochondrial metabolic status. 

 

Mitochondrial Proteases  

 

Upon transport into the mitochondrion, proteins remain under the surveillance of 

proteases that are tasked with both quality control and regulatory proteolysis, residing 

within the different sub-compartments of the mitochondrion (Figure 3). Historically 

known as surveyors of protein quality, mitoproteases have been regarded as the first 

line of defense in mitochondrial quality control (Leonhard et al., 1999). Beyond aberrant 

protein turnover, mitoproteases regulate proteolysis (cleavage or degradation) of 

substrates involved in mitochondrial dynamics, mitophagy, apoptosis, lipid biosynthesis, 

calcium buffering, OXPHOS, and protein import (Deshwal et al., 2020). A number of 

regulatory inputs can modulate the activities of mitoproteases, while conversely, 

disruption of mitoproteases signals the engagement of other mitochondrial and cellular 

quality control responses (Shpilka and Haynes, 2018). There are 18 catalytically 

proficient mitoproteases that exclusively localize to the mitochondria and whose 

bacterial origins can be traced from structural, topological, and functional perspectives 

(Deshwal et al., 2020). Of these, we will focus on the best-studied ATP-dependent 

proteases of which there are 4 that employ ATP hydrolysis through their AAA+ domains 

to execute both quality control and regulatory proteolysis: LONP, CLPXP, the m-AAA 

protease, and the i-AAA protease, all of which form homo- or hetero-oligomeric ring-like 

structures comprised of an internal ATP-dependent proteolytic chamber (Deshwal et al., 

2020), and the mitochondrial rhomboid protease PARL (Presenilin-associated 

rhomboid-like protein). 

 

LONP1 forms a homo-hexameric complex in the matrix and regulates mitochondrial 

gene expression, mtDNA maintenance, and OXPHOS. LONP1 degrades oxidatively 

damaged Aconitase, an enzyme of the Krebs cycle (Bota and Davies, 2016). It also 
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regulates turnover of TFAM (Matsushima et al., 2010), a core mtDNA nucleoid protein 

required for the packaging (Kaufman et al., 2007), maintenance (Gustafsson et al., 

2016), and expression (Litonin et al., 2010) of mtDNA (Figure 3, mtDNA maintenance). 

Furthermore, it is required for the maturation of several proteins involved in 

mitochondrial gene expression (SLIRP, MTERFD3 and FASTKD2), mtDNA replication 

(SSBP) and the ATP-dependent mitoprotease CLPX (Zurita Rendón and Shoubridge, 

2018, Lagouge et al., 2015) (Figure 3, mtDNA expression). Finally, it degrades COX4-1 

under hypoxic conditions to promote the assembly of COX4-2, a  structural subunit of 

the terminal electron transport chain (ETC) enzyme cytochrome c oxidase, thereby 

optimizing electron transfer and oxygen consumption (Hao et al., 2018) (Figure 3, 

OXPHOS complexes). Given the crucial role of LONP1 in mitochondrial function, it is 

not surprising that patients harboring mutations in LONP1 exhibit OXPHOS deficiencies 

observed in other mitochondrial diseases (Peter et al., 2018). LONP1 mutations cause 

CODAS syndrome, manifested by cerebral, ocular, dental, auricular, and skeletal 

anomalies. Further exemplifying its importance, homozygous deletion of Lonp1 leads to 

embryonic lethality, likely due to the inability to meet the energy demands of embryonic 

development (Quirós et al., 2014). On the other hand, overexpression of Lon is 

associated with improved cardiac function in mice and increased lifespan in podospora 

(Luce and Osiewacz, 2009). Whether phenotypes observed in vivo reflect defects in 

regulatory cleavage and/or quality control of LONP1 substrates is unknown.   

 

The Caseinolytic mitochondrial matrix peptidase (CLPXP) evolved from the bacterial 

orthologue ClpP (Bross et al., 1995), and is composed of seven CLPP subunits and six 

CLPX subunits. Similar to the protein quality control role of its bacterial ancestor, 

CLPXP is also reported to participate in selectively removing and degrading damaged 

subunits of Complex I (Szczepanowska et al., 2020) and Complex II (Seo et al., 2016) 

(Figure 3, OXPHOS complex), thereby preserving bioenergetic capacity, obfuscating 

the need to reassemble large macromolecular complexes from scratch. Additionally, 

CLPXP is implicated in the regulation of mitochondrial gene expression by controlling 

key factors required for mitochondrial RNA (mtRNA) stability (Matsushima et al., 2017) 

and protein synthesis (Szczepanowska et al., 2016) via the regulatory proteolysis of 
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ERAL1, a negative regulator of mitoribosome assembly (Chatzispyrou et al., 2017) 

(Figure 3, mtDNA expression). Notably, disruption of either CLPXP (Jenkinson et al., 

2013) or ERAL1 (Chatzispyrou et al., 2017) are associated with Perrault syndrome, a 

disease characterized by ovarian dysgenesis, sensorineural hearing impairment and is 

sometimes accompanied by progressive cerebellar ataxia and intellectual deficit. In 

mice, whole-body deletion of Clpp recapitulates the primary features of Perrault 

syndrome accompanied by inflammation and T cell activation (Gispert et al., 2013). 

Interestingly, dominant mutations in CLPXP can also cause Erythropoietic 

protoporphyria (Yien et al., 2017) manifesting in photosensitivity and macrocytic 

anemia. The molecular basis for phenotypic variation is unclear.   

 

The m-AAA protease is an IMM-embedded ATP-dependent protease responsible for the 

proteolysis of resident matrix proteins and integral IMM proteins facing the matrix. It 

forms a homo- or hetero-hexameric complex, comprised of either SPG7 and/or AFG3L2 

and further assembles into a complex with Prohibitin 1 (PHB1) and -2 (PHB2) of the 

SPFH (stomatin, prohibitin, flotillin, HflC/K) superfamily of membrane anchored scaffold 

proteins (Osman et al., 2009). In mice, an additional subunit Afg3l1 can substitute for 

either Spg7 or Afg3l2 in hetero-oligomeric complexes. In addition to its quality control 

function by turnover of misfolded or damaged proteins to ensure OXPHOS functionality 

(König et al., 2016), the m-AAA protease has been shown to maintain energy 

production by regulating the assembly of the mitoribosome via its substrate MrpL32, an 

essential subunit of the large mitochondrial ribosome (Nolden et al., 2005) (Figure 3, 

mtDNA expression). Additionally, mitochondrial calcium uptake is controlled via 

proteolysis of the regulatory subunit of the mitochondrial calcium uniporter (MCU) 

(Sancak et al., 2013), executed by the m-AAA protease (Figure 3, Calcium 

homeostasis). In the absence of proteolytic regulation, Essential MCU regulator (EMRE) 

accumulates and assembles with MCU to form a constitutively active uniporter complex 

that overloads mitochondria with calcium, which triggers the opening of the 

mitochondrial permeability transition pore (mPTP) in the IMM and programmed cell 

death (König et al., 2016). 
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The i-AAA protease, like the m-AAA protease, evolved from the bacterial orthologue 

FtsH and is composed of 6 subunits of Yme1 (for Yeast mitochondrial DNA escape -1), 

known as YME1L1 in humans (Wai and Langer, 2013). The i-AAA protease is imbedded 

in the IMM in a proteolytic complex anchored by the scaffold protein Stomatin-like 

protein 2 (SLP2), which also anchors the mitochondrial processing peptidases, OMA1 

and PARL. Just as the PHB complex regulates the proteolytic activity of the m-AAA 

protease, so does SLP2 influence the proteolytic regulation of its interacting proteases 

(Wai et al., 2016). The i-AAA protease degrades damaged and misfolded proteins 

(Leonhard et al., 1999) and performs regulatory cleavage of a growing number of IMS 

and IMM resident proteins that are directly required for mitochondrial dynamics, lipid 

transfer, and protein import (MacVicar et al., 2019). In mammals, YME1L is one of two 

processing peptidases that cleave OPA1 from a long (L-OPA1) to a short (S-OPA1) 

form, thereby regulating the balance between mitochondrial fusion and fission 

(MacVicar and Langer, 2016) (Figure 3, Mitochondrial dynamics). OMA1 is also a 

substrate under the purview of YME1L (Rainbolt et al., 2016). OMA1, initially named for 

its overlapping activity with the m-AAA protease, is a metalloprotease that is 

hyperactivated under a number of stress conditions, but also executes the cleavage of 

IMS and IMM substrates under basal conditions. In yeast, Oma1 is involved in the 

turnover of mutant MT-CO1, which is encoded by mtDNA (Bohovych et al., 2014, 

Khalimonchuk et al., 2012). In mammals, OMA1 cleaves L-OPA1 to S-OPA1 to regulate 

mitochondrial dynamics, yet when challenged with depolarizing agents (Baker et al., 

2014, Head et al., 2009, Ehses et al., 2009), inhibitors of the respiratory chain, or 

mutations in mitochondrial disease genes affecting the i-AAA protease (Anand et al., 

2014, Hartmann et al., 2016, Song et al., 2007) like m-AAA protease (Ehses et al., 

2009), Acyl Glycerol Kinase (Vukotic et al., 2017) and HTRA2 (Oláhová et al., 2017), 

OMA1 activity is increased leading to proteolysis and degradation of L-OPA1, thereby 

blocking mitochondrial fusion. YME1L is also involved in the proteomic remodeling of 

the inner membrane proteome, in part through the turnover of  structural components of 

the TIM23 protein import complex of the IMM (MacVicar et al., 2019), TIMM17A 

(Rainbolt et al., 2015, Rainbolt et al., 2013) and ROMO1, a partner of TIM23 (Richter et 

al., 2019) (Figure 3, Protein import). Finally, the i-AAA protease controls the regulatory 



13 
 

turnover of the phospholipid transfer protein PRELID1, which shuttles the cardiolipin 

(CL) lipid precursor phosphatidic acid (PA) from the OMM to the IMM (Figure 3, Lipid 

metabolism). PRELID1 defects result in CL deficiency, mitochondrial fragmentation and 

apoptotic sensitivity (Potting et al., 2013), highlighting the importance of maintaining a 

defined phospholipid composition in the IMM for mitochondrial integrity. Recent 

proteomic studies from the Langer group have uncovered a number of IMS and IMM 

proteins as putative substrates of YME1L, including proteins involved in solute 

transport, protein import, lipid metabolism, OXPHOS, and cell death (MacVicar et al., 

2019). Mutations in YME1L cause a neurodevelopmental disease characterized by 

developmental delay, hearing loss, and brain and optic atrophy (Hartmann et al., 2016). 

Like LONP1, Yme1l deletion is embryonic lethal, yet conditional mouse models are 

initially viable. However, neuron-specific deletion of Yme1l causes axon degeneration 

and ocular dysfunction (Sprenger et al., 2019) while cardiomyocyte-specific deletion in 

mice causes cardiomyopathy and heart failure (Wai et al., 2015). Mitochondrial 

fragmentation can be suppressed by additional ablation of Oma1, which rescues 

cardiac function in the heart specific Yme1l KO mice and argues for an importance of 

mitochondrial morphology for cardiac function. However, Oma1 ablation in brain-specific 

Yme1l KO mice improves mitochondrial morphology, but fails to prevent axon 

degeneration and locomotor dysfunction, highlighting tissue-specific importance of 

mitochondrial dynamics regulation. In vivo, Oma1 deletion protects against 

neurodegeneration (Korwitz et al., 2016), acute kidney injury (Xiao et al., 2014), and 

cardiomyopathy (Acin-Perez et al., 2018, Wai et al., 2015), supporting the notion that 

rebalancing mitochondrial dynamics is beneficial for organ function. Recently, Oma1 

was identified as a critical regulator of DELE1, a mitochondrial protein whose cleavage 

promotes its export from mitochondria to orchestrate ATF4-mediated stress responses 

(Guo et al., 2020, Fessler et al., 2020). Under stress conditions, OMA1 is also involved 

in the proteolytic cleavage of PGAM5 (Wai et al., 2016), a mitochondrial 

serine/threonine phosphatase linked to programmed cell death, mitochondrial dynamics, 

and inflammation (Kang et al., 2015, He et al., 2017, Sekine et al., 2016, Wang et al., 

2012). 
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The serine protease, PARL localizes to the IMM where it integrates into the SPY 

complex (consisting of SLP2, PARL and YME1L) (Wai et al., 2016). Rhomboid 

proteases perform intermembrane cleavage using a catalytic dyad composed of serine 

and histidine that are contributed by different transmembrane domains.  As such, the 

yeast orthologue of PARL, Pcp1 is required for the proteolytic maturation of Mgm1 

(Opa1 in mammals) and is essential for mitochondrial membrane fusion and respiration 

(Herlan et al., 2003, McQuibban et al., 2003). PARL expression is able to rescue Pcp1 

mutant cell defects, implying functional homology, despite significant substrate 

specificity divergence.  In mammals, PARL does not cleave OPA1 (which is processed 

by YME1L or OMA1) and is required for the proteolytic cleavage of a number of 

substrates involved in  lipid transfer (STARD7) (Yang et al., 2017), mitophagy (PINK1) 

(Deas et al., 2010), apoptosis (SMAC/diablo) (Saita et al., 2017), necroptosis (PGAM5) 

(Sekine et al., 2012) (Figure 3, Cell death regulation), and complex III of the respiratory 

chain (TTC19) (Spinazzi et al., 2019). Whole-body Parl knockout mice are born normal, 

yet suffer from growth retardation, and atrophy of muscle, spleen and thymus, 

highlighted by increased apoptosis of immune cells (Cipolat et al., 2006). Brain-specific 

Parl deletion causes encephalomyopathy and neuronal necrosis, accompanied by 

defects in Complex III and altered processing of PGAM5 and PINK1 (Spinazzi et al., 

2019). Still, it remains to be determined which of the known PARL substrate(s), if any, 

are causal for the manifestation of these phenotypes, since deletion of either PINK1 or 

PGAM5 does not affect the PARL-deficient phenotypes in vivo. 

 

Mitophagy 

 

Autophagy is a conserved process that involves sequestration of cytosolic cargo into 

double-membrane vesicles (autophagosomes) that eventually fuse with lysosomes, 

leading to the degradation of the sequestered material. Autophagosome biogenesis 

involves a cascade of signaling and recruitment events that can be initiated by an array 

of conditions, such as starvation, hypoxia and ER stress (Dikic and Elazar, 2018). In 

mammals, such stressors generally activate the ULK1 complex (consisting of ULK1, 

ATG13, FIP200 and ATG101), to initiate the pathway leading to lipid conjugation of 
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ATG8 proteins that line the autophagosome membrane. Quality control at the organelle 

level can be achieved by selective autophagy of mitochondria, in a process commonly 

referred to as mitophagy (Lemasters, 2005) (Figure 4). Mitophagy is important to 

maintain the quality of the mitochondrial pool and for regulation of mitochondrial 

abundance in response to environmental cues such as hypoxia (Quinsay et al., 2010, 

Tracy et al., 2007), oocyte fertilization (Shitara et al., 2000), erythroid cell maturation 

and stem cell pluripotency (Takano-Ohmuro et al., 2000, Diwan et al., 2007, Ho et al., 

2017). Several gene products required for mitophagy have been found to be mutated in 

neurodegenerative diseases such as Parkinson disease (PD) (Kitada et al., 1998, 

Valente et al., 2004), Huntington disease (Khalil et al., 2015) and Alzheimer disease (Ye 

et al., 2015), as well as cancer (Bernardini et al., 2017), giving rise to the notion that 

dysregulation of mitophagy contributes to disease. During mitophagy, mitochondria are 

specifically sequestered into autophagosomes via receptor proteins that link 

mitochondria to the autophagy membrane (Dikic and Elazar, 2018). Such autophagy 

receptors can either interact with ubiquitinated OMM proteins or themselves be 

integrated into the OMM, but have in common the ability to bind to ATG8 homolog 

proteins of the LC3 and GABARAP subfamilies in the autophagy membrane via a 

specific LC3 interacting region (LIR) (Johansen and Lamark, 2020). In mammals, 

mitophagy is generally divided into two main functionally distinct groups, based the 

requirement for the kinase PINK1 and the Ub E3 ligase Parkin, often referred to as 

PINK1/Parkin-dependent and PINK1/Parkin-independent mitophagy. The PINK1/Parkin-

dependent pathway can be initiated by a loss of mitochondrial membrane potential 

(Narendra et al., 2008), while PINK1/Parkin-independent mitophagy does not require 

loss of the mitochondrial membrane potential (Allen et al., 2013). PINK1/Parkin-

dependent and -independent pathways utilize different sets of autophagy receptors. It is 

assumed that the autophagy receptors involved in PINK1/Parkin-dependent mitophagy 

are cytosolic proteins that interact with ubiquitinated OMM proteins via Ub-binding 

domains, while receptors involved in PINK1/Parkin-independent mitophagy are integral 

mitochondrial proteins that interact directly with ATG8 family proteins. While there are 

clear differences between the PINK1/Parkin-dependent and -independent pathways, 

crosstalk between the two pathways has been reported. An example illustrating this is 
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the E3 ubiquitin ligase ARIH1 that requires PINK1 to regulate Parkin-independent 

mitophagy (Villa et al., 2017). 

 

PINK1/Parkin-dependent mitophagy 

In healthy, import-competent mitochondria harboring a negative membrane potential, 

PINK1 is constantly translocated into the mitochondria where it is cleaved by the 

mitochondrial processing peptidases MPP (Greene et al., 2012) and PARL (Jin et al., 

2010, Deas et al., 2010) in the matrix and subsequently retro-translocated to the cytosol 

to be degraded by the N-end rule pathway (Yamano and Youle, 2013) (Figure 4a). In 

contrast, PINK1 accumulates on the OMM upon depolarization of the mitochondrial 

membrane potential, when translocation of precursors into the mitochondria is stalled 

(Figure 4b), allowing the formation of a TOM-PINK1 complex (Lazarou et al., 2012) that 

promotes the recruitment of Parkin, which in turn ubiquitinates OMM proteins. MARCH5 

ubiquitylates OMM proteins to form the “seeding” Ub chains for Parkin recruitment 

(Koyano et al., 2019). Thereafter, PINK1 phosphorylates Ub chains to further stimulate 

the mitochondrial recruitment of Parkin (Shiba-Fukushima et al., 2014, Okatsu et al., 

2015, Wauer et al., 2015) and its E3 Ub ligase activity (Kane et al., 2014). Interestingly, 

the autophagy receptor p62/SQSTM1 was recently shown to recruit an E3 Ub ligase 

complex, consisting of Keap1 and Rbx1 to promote mitochondrial ubiquitination in the 

absence of Parkin in the liver of mice (Yamada et al., 2018). The generation of 

phosphorylated poly-Ub chains on OMM proteins leads to the recruitment of autophagy 

receptors that contain Ub binding domains, such as OPTN (Wong and Holzbaur, 2014) 

and NDP52 (also known as CALCOCO2) (Lazarou et al., 2015) to the mitochondrial 

surface. Using HeLa cells, lacking all five sequestosome-like receptors (SLRs) 

(TAX1BP1, NDP52, NBR1, p62/SQSTM1 and OPTN) as a template for rescue 

experiments, it was found that only NDP52 and OPTN were absolutely required for 

PINK1/Parkin-dependent mitophagy (Lazarou et al., 2015). However, other reports have 

implicated p62 in mitophagy in macrophages (Zhong et al., 2016) and leukemia cells 

(Nguyen et al., 2019), suggesting different cell or tissue specificities with regards to 

essential mitophagy receptors. Equally important, 4-Nitrophenylphosphatase domain 

and non-neuronal SNAP25-like protein homolog 1 (NIPSNAP1) and 2 (NIPSNAP2) 



17 
 

were recently shown to be required for PINK1/Parkin-dependent mitophagy by 

facilitating mitochondrial recruitment of the SLRs, the autophagy-linked FYVE protein 

(ALFY) and human ATG8 proteins (Princely Abudu et al., 2019). Similar to PINK1, 

NIPSNAP1/2 accumulate on the OMM upon mitochondria depolarization, thus acting as 

a “eat me” signal  for mitophagy by interacting with mitophagy receptors such as NDP52 

and p62 to induce PINK1/Parkin mitophagy (Princely Abudu et al., 2019).  

 

Most of our understanding of the PINK1/Parkin-dependent mitophagy pathway 

originated from studies where harsh depolarizing agents were used to trigger 

mitophagy. However, such chronic depolarization of mitochondria observed with the use 

of protonophores (e.g. FCCP, CCCP) or OXPHOS inhibitors (e.g. Oligomycin, Antimycin 

A) poorly mimic physiological or pathophysiological situations. Indeed, the importance of 

PINK1 and Parkin for in vivo mitophagy is less clear, with differences observed across 

species, tissues, and cell lines. Depletion of PINK1 and Parkin does not affect basal 

mitophagy in Drosophila (Lee et al., 2018a, Kim et al., 2019) or mice (McWilliams et al., 

2018). Moreover, PINK1 is dispensable for Parkin activation upon mitochondrial 

depolarization in cardiac myocytes from mice (Kubli et al., 2015) and acute exercise-

induced mitophagy in mice does not require the stabilization of PINK1 on the 

mitochondria (Drake et al., 2019). On the contrary, PINK1 and Parkin were required for 

hypoxia induced mitophagy in the wing discs of L3 larvae (Kim et al., 2019), highlighting 

possible tissue or organism specific influences on mitophagy. Furthermore, 

mitochondrial stress leads to elevated levels of DAMPs in the form of mtDNA and 

subsequent induction of STING-mediated type I interferon response  in mice lacking 

PINK1 or Parkin, indicating that PINK1 and Parkin are required in vivo to remove 

damaged mitochondria and to regulate innate immunity (Sliter et al., 2018). 

Nevertheless, all these point towards the possibility of alternative mechanisms, parallel 

to the PINK1/Parkin-dependent mitophagy pathway in whole organisms.   

 

PINK1/Parkin-independent mitophagy  

PINK1/Parkin-independent mitophagy is induced through receptors that are anchored 

on the cytosolic face of the OMM such as BNIP3 (Quinsay et al., 2010), BNIP3L 
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(Sandoval et al., 2008, Schwarten et al., 2009), BCL2-L13 (Murakawa et al., 2015), 

FUNDC1 (Liu et al., 2012, Chen et al., 2016) and FKBP8 (Bhujabal et al., 2017) in 

humans and Atg32 (Okamoto et al., 2009) in yeast (Figure 4d). In yeast, the OMM 

protein Atg32 (yeast homologue of BCL2L13) interacts with Atg8 and Atg11 to mediate 

mitophagy (Okamoto et al., 2009). The expression of membrane receptors like BNIP3L 

and BNIP3 are upregulated upon the stabilization of HIF1α, during hypoxia (Bellot et al., 

2009) and iron depletion (Allen et al., 2013). Mitophagy receptors can also be regulated 

by phosphorylation on their LIR motifs, as seen for FUNDC1 (Wu et al., 2014, Liu et al., 

2012, Chen et al., 2014), BNIP3L (Rogov et al., 2017) and BNIP3 (Zhu et al., 2013), 

which controls their affinities towards ATG8 proteins. BCL2-L-13 is the mammalian 

homologue of yeast Atg32 that is involved in mitochondrial fragmentation and 

mitophagy (Murakawa et al., 2015), and is able to substitute Atg32 to a limited extent by 

promoting mitophagy in otherwise mitophagy-deficient yeast cells lacking ATG32 

(Murakawa et al., 2015). Atg32 is proteolytically cleaved by the mitoprotease Yme1 (i-

AAA protease), thereby regulating its interaction with Atg11 to induce mitophagy (Wang 

et al., 2013), illustrating the importance of mitoproteases in the regulation of organelle 

quality control.  Yet in mammals, there is no evidence to suggest that YME1L impacts 

mitophagy. Both membrane-anchored and cytosolic mitophagy receptors associate to 

the cytosolic face of the OMM. However, should the integrity of the OMM be disrupted 

such that the IMS is exposed the cytosol, proteins and lipids within the IMS can also 

associate with the autophagy machinery. The IMM scaffold protein PHB2 (Wei et al., 

2017) and the IMM enriched phospholipid CL (Chu et al., 2013, Shen et al., 2017) are 

elements of the IMM that are both capable of direct interaction to LC3 and consequently 

function as autophagy receptors in the IMM (Figure 4e), possibly upon OMM rupture.  

 

Mitophagosome biogenesis 

The membrane origin of the autophagosome has been a long-standing issue. While 

early autophagic structures seem to originate from ER membranes that are closely 

associated to the mitochondria at regions referred to as mitochondria associated 

membrane (MAMs) during starvation-induced autophagy (Hamasaki et al., 2013, Ylä-

Anttila et al., 2009), the origin of the mitophagosome membrane has been less well 
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understood. Recent evidence suggests that the autophagosome membrane also forms 

at MAMs following induction of mitophagy (Gelmetti et al., 2017, Zachari et al., 2019), in 

a manner involving de novo membrane formation around the mitochondrion to be 

degraded (Vargas et al., 2019). This is supported by observations of recruitment of the 

autophagy-initiating kinase ULK1 to the mitochondria during hypoxia and protonophore-

mediated mitophagy (Wu et al., 2014), as well as recruitment of early core autophagy 

proteins (ULK1, ATG14 and DFCP1) to depolarized mitochondria (Itakura et al., 2012). 

Surprisingly, mitophagy can still occur in the absence of Atg13 in yeast (Okamoto et al., 

2009) despite it being an essential member of the yeast Atg1 complex (the mammalian 

orthologue of ULK1) required for starvation-induced autophagy. In contrast, a recent 

report found that ATG13, but not ULK1/2 is necessary for the induction phase of 

mitophagosome formation in mammalian cell lines (Zachari et al., 2019). Thus, 

activation of the Atg1/ULK1 complex seems to differ depending on the type of 

autophagy and model organism being studied. It was recently shown that the mitophagy 

receptors NDP52 and OPTN1, in addition to interacting with ubiquitinated OMM proteins 

and ATG8 proteins, facilitate recruitment of the early autophagy machinery required for 

de novo synthesis of the autophagosome membrane at the mitochondria  (Lazarou et 

al., 2015, Vargas et al., 2019, Yamano et al., 2020)  . NDP52 interacts with the ULK1 

complex subunit Focal Adhesion Kinase Family interacting protein of 200kDa (FIP200) 

(Vargas et al., 2019) and OPTN1 binds ATG9A (Yamano et al., 2020). ATG8 proteins 

facilitate further ubiquitin-independent recruitment of OPTN and NDP52 to the growing 

autophagosome membrane (Padman et al., 2019), thereby amplifying mitophagosome 

formation. It is interesting to note that de novo autophagosome biogenesis around the 

mitochondria can occur in cells lacking LC3 and GABARAP proteins, but these proteins 

are required for fusion of mitophagosomes with lysosomes (Vargas et al., 2019, Nguyen 

et al., 2016). Notably, mitochondria in neurons are quickly sequestered into non-acidic 

organelles where they remain for hours before finally fusing with the lysosome to be 

degraded, suggesting that while mitophagy sequestration into autophagosomes is 

efficient, the rate limiting step of mitophagy lies in the acidification of the lysosomes 

(Evans and Holzbaur, 2020). 
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It is difficult to imagine how elongated mitochondria can be encapsulated in 

autophagosomes of a limited size. Indeed, it was previously observed that mitochondria 

can be turned over in piecemeal fashion whereby small Parkin-positive mitochondrial 

fragments are delivered to the autophagosome at ER-Mitochondria contact sites (Yang 

and Yang, 2013). Corroborating this, proximity labelling with apex-tagged human ATG8 

proteins revealed that the OMM protein MTX1 directly interacts with LC3C and p62 to 

recruit mitochondrial fragments to the autophagosome in a piecemeal manner in the 

absence of external mitophagy stimuli (Le Guerroué et al., 2017) (Figure 4e). While 

piecemeal mitophagy and MDVs (discussed below) both involve the delivery of 

mitochondrial cargo in vesicles to the lysosomes in a DRP1-independent manner, the 

enrichment of oxidized mitochondrial proteins in LC3C vesicles was not observed, and 

thus cargo differences may distinguish piecemeal mitophagy from oxidative stress 

induced MDV formation (Le Guerroué et al., 2017). 

 

Mitochondrial derived vesicles (MDVs) 

 

MDVs are small vesicles of 70-100 nm in diameter that originate from the OMM and 

selectively incorporate mitochondrial cargo. They were first identified as vesicles that 

transport Mitochondrial E3 Ubiquitin Protein Ligase 1 (MUL1, also referred to as MAPL), 

to peroxisomes (Neuspiel et al., 2008, Braschi et al., 2010), but we now know that there 

are diverse MDV subpopulations containing distinct cargo, being selectively delivered to 

different destinations including multivesicular bodies or lysosomes (Soubannier et al., 

2012a). Reflecting this, MDVs are made up of either single or double membranes of 

OMM or both OMM and IMM origin (Figure 1f), possibly containing different, functionally 

distinct cargos (Sugiura et al., 2014). A subset of MDVs contains MUL1/MAPL but lack 

ΔΨ, and another subset that maintain ΔΨ but did not have MUL1/MAPL, while yet 

another subset contained TOMM20 but not MUL1/MAPL (Neuspiel et al., 2008). MDVs 

are formed under normal conditions and can be upregulated in response to stress 

induced by the complex III inhibitor Antimycin A, the cytostatic chemotherapeutic 

doxorubicin, H2O2 (Cadete et al., 2016) and hypoxia (Li et al., 2020), and may affect 

different cellular functions such as peroxisome biogenesis and antibacterial defense 
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(Abuaita et al., 2018). MDVs form in a DRP1-independent manner (Neuspiel et al., 

2008) suggesting that fission events are not a prerequisite for MDV formation. However, 

it appears that MDV formation and mitophagy initiation may share some regulators, as 

PINK1 and Parkin are involved in the biogenesis of MDVs destined for the lysosomes 

(McLelland et al., 2014, Ryan et al., 2020). Moreover, the autophagy related SNARE 

protein Syntaxin17 is also required for the fusion of MDVs to endolysosomes and is 

itself present on the mature MDV surface (McLelland et al., 2016). Nevertheless, MDVs 

are formed and delivered to the lysosomes independently of the autophagy genes Atg5 

and Becn1, supporting the notion that the MDV pathway is distinct from mitophagy 

(McLelland et al., 2014). Whether mitophagy and MDVs are functionally redundant 

(even partially) in the context of organellar or protein quality control remains unexplored, 

but it is assumed that MDVs occur at baseline housekeeping levels while mitophagy is 

stimulated upon stress (Sugiura et al., 2014). MDV-like structures, referred to as 

mitochondrial-derived compartments (MDCs) have been described in yeast (Hughes et 

al., 2016). Selected mitochondrial proteins, such as Tom70 and Cox7 are sorted into 

MDCs in a Dnm1-dependent manner. However, in contrast to MDVs, MDC formation 

require the autophagy proteins Atg5 and Vam3 (Hughes et al., 2016). 

 

Electron tomography revealed an upregulation in the formation of MDVs in isolated 

mouse heart perfused with chloroquine and Antimycin A, indicating that MDVs are 

rapidly upregulated in response to mitochondrial insults (Cadete et al., 2016). Elegant 

electron and light microscopy imaging revealed the presence of MDVs in the cells of rat, 

mice, Drosophila and planarian neurons, further representing physiological evidence for 

the presence of MDVs in different organisms (Yao et al., 2020). The biological 

significance of MDVs is not completely understood, but current evidence points towards 

a mito-protective role. In cell-free mitochondrial budding experiments, MDVs formed 

upon mitochondrial stress were enriched with oxidized proteins (Soubannier et al., 

2012b), indicating that MDVs can function as an apparatus for the removal of damaged 

oxidized proteins without whole-sale turnover of the entire organelle. Indeed, proteomic 

studies in mice using heavy water labeling of cardiac or hepatic mitochondrial 

proteomes have revealed dramatic differences in half-lives of proteins belonging to the 
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same macromolecular complexes or submitochondrial compartments, which cannot be 

explained by turnover of entire organelles under basal conditions (Kim et al., 2012). 

Whether MDVs and/or mitochondrial proteases are responsible for this heterogeneity is 

unknown. In cardiomyocytes, MDV formation is stimulated by hypoxia, possibly as a 

mechanism to alleviate mitochondrial damage during ischemic myocardial damage as 

MDV formation was found to be inversely correlated with myocyte apoptosis (Li et al., 

2020). Further supporting the protective properties of MDVs, exogenous 

supplementation of MDVs mitigated hypoxia induced apoptosis by increasing Bcl-2 

protein levels (Li et al., 2020). While still a relatively early field of mitochondrial 

research, MDVs are proving themselves to be important players in mitochondrial biology 

and quality control.  

 

Regulation of mitochondrial morphology 

 

Mitochondria morphology is influenced by an array of factors such as respiratory status, 

apoptosis induction, and proteotoxic stress, possibly in order to adapt mitochondria to 

cellular challenges. Mitochondrial morphology vary widely across cell types, reflecting 

the different metabolic demands and structural constraints of these cells and tissues 

(Vafai and Mootha, 2012). A number of structural and functional parallels can be drawn 

between membrane dynamics of mitochondria and bacteria (Pernas and Scorrano, 

2016) and the early genetic regulation of mitochondrial dynamics was first worked out in 

yeast (Shaw and Nunnari, 2002). At the molecular level, mitochondrial morphology is 

defined by opposing events of fission and fusion of mitochondrial membranes (Figure 

5). In mammals, mitochondrial fusion is mediated by dynamin-like GTPases: Mitofusin 1 

and 2 (MFN1 and MFN2, respectively) on the OMM, and optic atrophy 1 (OPA1) on the 

IMM (Chen et al., 2003, Cipolat et al., 2004, Olichon et al., 2003). While IMM fusion is 

coordinated with OMM fusion, these processes are functionally separable (Chen et al., 

2003, Cipolat et al., 2004, Frezza et al., 2006). 

 

OMM fusion in mammals is performed by MFN1 and MFN2, which have partially 

overlapping functions and exist at contact sites between two adjacent mitochondria in 
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homo or heterotypic complexes (Giacomello et al., 2020) (Figure 5b). In yeast, a single 

mitofusin, Fzo1, catalyzes OMM fusion. Mfn1 knockout in mouse embryonic fibroblasts 

(MEF) induces mitochondrial fragmentation, while Mfn2 knockout MEFs exhibits swollen 

spherical mitochondria. This difference can be explained by the fact that MFN1 has a 

greater guanosine triphosphate (GTP)-dependent membrane tethering activity (Ishihara 

et al., 2004). Beyond mitochondrial fusion, MFN2 has been proposed to be a key 

regulator of the mitochondria-ER contact sites tethering (de Brito and Scorrano, 2008), 

although this claim has been challenged (Naon et al., 2016, Naon et al., 2017).   

 

IMM fusion occurs downstream of OMM fusion and is mediated by OPA1 (Figure 5b). 

OPA1 is functionally dependent on MFN1 since OPA1 overexpression can rescue 

mitochondrial fragmentation caused by the loss of MFN2, but not MFN1. Indeed, 

genetic loss of OPA1 leads to mitochondrial fragmentation its overexpression induces 

mitochondria elongation (Cipolat et al., 2004). OPA1 is the mammalian orthologue of 

Mgm1p, the dynamin-like GTPase originally described in baker’s yeast as an essential 

fusion protein (Sesaki et al., 2003) and like Mgm1p, is inserted into the IMM with its N-

terminus in the matrix followed by a transmembrane domain, exposing the majority of 

the protein to the IMS (Faelber et al., 2019). OPA1 harbors sites for proteolytic cleavage 

by mitoproteases that are essential for its maturation and activities in mitochondrial 

fusion (Anand et al., 2014, Song et al., 2007), cristae shaping (Cipolat et al., 2004, Lee 

et al., 2017, Olichon et al., 2003), and mitochondrial DNA maintenance (Elachouri et al., 

2011). 

OMM fission (Figure 5c) is a multi-step process beginning with DRP1 (Dnm1 in yeast), a 

large GTPase that is recruited from the cytosol to OMM foci that accumulate at 

respective constriction sites (Labrousse et al., 1999, Pitts et al., 1999). The importance 

of DRP1 in membrane fission is exemplified by the drastic elongation of both 

mitochondria and peroxisomes in DRP1 depleted cells (Koch et al., 2003). DRP1 does 

not bind membrane phospholipids directly and its OMM binding requires metazoan-

specific adaptor proteins such as mitochondrial fission factor (MFF) (Gandre-Babbe and 

van der Bliek, 2008) and mitochondrial dynamics proteins 49 and 51 (MiD49 and 
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MiD51) (Palmer et al., 2011, Losón et al., 2013). First discovered in yeast, Dnm1 

(Otsuga et al., 1998) requires adaptors Mdv1 and Caf4, which bind directly to Fis1 to 

promote mitochondrial division (Griffin et al., 2005, Tieu et al., 2002). In humans, FIS1 

was initially proposed to be an adapter for DRP1, yet a number of subsequent, 

conflicting studies regarding its relevance for mitochondrial fission in mammals have 

called into question its true function for mitochondrial dynamics (Jacobi et al., 2015, 

Losón et al., 2013, Onoue et al., 2013, Osellame et al., 2016, Palmer et al., 2011, Yu et 

al., 2019).   

Organellar contacts with mitochondria are important platforms for mitochondrial fission. 

Cryo-EM studies in yeast and mammalian cells showed ER tubules encircling the 

mitochondria at so-called ER-mitochondrial contact sites, causing pre-constriction 

around the mitochondrion involving ER resident protein INF2 and Spire1C on the OMM, 

both of which can bind actin and induce its polymerization. Loss of either INF2 or 

Spire1C caused a drastic elongation of the mitochondrial network, accompanied by a 

reduction in mitochondrial DRP1 (Korobova et al., 2013, Manor et al., 2015). DRP1 and 

its adaptors MFF and MiD49/51 are also specifically recruited to these mitochondria–ER 

contact sites, prior to mitochondrial division (Friedman et al., 2011). Finally, trans-Golgi 

network (TGN) derived vesicles are recruited to ER-induced mitochondrial constriction 

sites to terminate membranes scission downstream of DRP1 recruitment and activity 

(Nagashima et al., 2020). Mitochondrial dynamics are also regulated by mitochondria to 

lysosome tethering. Mitochondrial fission events appear to initiate at these contact sites 

and are dependent on active lysosome bound RAB7 (Wong et al., 2018, Peng et al., 

2020). 

The molecular events of IMM fission are less well-defined. Replicating mtDNA has been 

spatially associated at mitochondria–ER contacts and constrictions, marking future 

mitochondrial fission sites (Lewis et al., 2016), allowing mtDNA distribution to the two 

newly generated mitochondria. This new observation describes mtDNA replication as 

one of the first steps of mitochondrial division, which occurs at the inner membrane. 

Studies have suggested that IM constriction is Ca2+-dependent (Lee et al., 2018b). 

Mitochondrial calcium uptake lowers mitochondrial membrane potential leading to the 
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activation of OMA1 and the processing of L-OPA1 to S-OPA1 which drives 

mitochondrial fission in a GTPase dependent fashion (Anand et al., 2014). Finally, 

MTFP1 (also known as MTP18) is an integral IMM protein proposed to be involved in an 

early step of mitochondrial division, upstream of DRP1 activity. Indeed, MTP18 loss 

induces mitochondrial hyper-fusion and a deregulation of DRP1 phosphorylation in a yet 

unknown mechanism (Tondera et al., 2004, Tondera et al., 2005) while its over-

expression causes mitochondrial fragmentation. However, MTP18 lacks catalytic or 

dynamin-like motifs, making it unlikely to be the executer of inner membrane fission.  

Mitochondrial dynamics in quality control 

 

Mitochondrial fusion has been proposed to preserve cellular integrity (Gomes et al., 

2011, Tondera et al., 2009), increase ATP production, and maintain mitochondrial DNA 

levels (mtDNA) (Chen et al., 2010, Elachouri et al., 2011) (Figure 5). Fusion is believed 

to benefit mitochondrial function by allowing the spreading of metabolites, proteins and 

mtDNA throughout the mitochondrial network, allowing functional complementation by 

diffusion and maximizing bioenergetic capacity. However, experimental evidence 

supporting a direct role of content mixing as an argument for increased mitochondrial 

activity is limited (Chen et al., 2010, Nakada et al., 2001). Recent imaging studies 

demonstrating compartmentalization of ETC function in individual cristae of fused 

mitochondrial networks therefore calls into question the validity of this theory (Wolf et 

al., 2019).   

 

Mitochondrial elongation can be observed during stress-induced mitochondrial 

hyperfusion (SiMH), a cytoprotective response that occurs in response to exogeneous 

cellular insults including protein synthesis inhibition, ER stress, and nutrient and oxygen 

deprivation (Gomes et al., 2011, Khacho et al., 2014, Rambold et al., 2011, Tondera et 

al., 2009). SiMH is characterized by an elongation of the mitochondrial network resulting 

from unopposed fusion that requires OPA1 and MFN1 (but not MFN2) and the inner 

membrane proteolytic scaffold protein SLP2 (Tondera et al., 2009, Wai et al., 2016). At 

the molecular level, there are clear differences between the essential components for 
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OMM and IMM fusion, and those for SiMH: SLP2 is dispensable for mitochondrial 

morphology under basal conditions, but its depletion prevents the induction of SiMH due 

to the hyperactivation of OMA1 by a variety of stressors (Wai et al., 2016, Baker et al., 

2014). On the other hand, MFN2 and PHB2, while essential for normal mitochondrial 

morphology, are functionally dispensable for SiMH (Tondera et al., 2009). It is 

noteworthy that both PHBs and SLP2 act as proteolytic hubs in the IMM: PHBs interact 

with the m-AAA protease to regulate its proteolytic activities while SLP2 forms a 

complex with the i-AAA protease YME1L and the rhomboid protease PARL, whose 

substrates are themselves involved in the control of mitophagy, mitochondrial dynamics, 

stress responses, and programmed cell death. Given the interconnection of these 

factors and overlapping processes of quality control, it is unclear how to clearly define 

the individual, biological importance of SiMH. Nevertheless, starvation-induced SiMH 

has been proposed to be a way of protecting mitochondria from degradation by forming 

elongated structures that are less accessible for engulfment by mitophagy (Rambold et 

al., 2011, Gomes et al., 2011).  However, more recent work from the Sonenberg and 

McBride groups demonstrated that mTORC1 inhibition drives mitochondrial elongation 

caused by the repression of MTFP1 translation. This phenomenoncan be reverted by 

ectopic expression of MTFP1, without impacting autophagy, indicating that the 

hyperfusion may not necessarily confer protection against mitophagy (Morita et al., 

2017). Mitochondrial dynamics has also been shown to regulate cell death. The fission 

protein, DRP1 is SUMOylated by MAPL to enhance Mitochondria-ER contacts to recruit 

activated BAX to promote cytochrome c release, which in turn induces apoptosis 

(Prudent et al., 2015, Braschi et al., 2009). 

 

Early evidence points towards mitochondrial fission being important for mitophagy 

(Tanaka et al., 2010, Rambold et al., 2011, Abeliovich et al., 2013, Mao et al., 2013, 

Kageyama et al., 2014, Ikeda et al., 2015). The Youle lab demonstrated that induction 

of mitochondrial dysfunction using the uncoupling agent CCCP leads to the 

fragmentation and elimination of depolarized mitochondria through the PINK1/Parkin-

dependent pathway (Narendra et al., 2008), thus suggesting a link between 

mitochondrial dynamics and mitophagy. Moreover, it was found that newly derived 
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daughter mitochondria with lowered membrane potential are more likely to undergo 

mitophagy post division (Twig et al., 2008). However, these studies do not distinguish 

whether fragmentation is required for mitophagy or whether lowered membrane 

potential alone was sufficient. Initially, mitochondrial fragmentation was thought to be 

required to generate mitochondria of suitable size for their engulfment in 

autophagosomes of a restricted size (Baba et al., 1994). In support of this, DRP1 

ablation reduced CCCP-induced PINK1/Parkin-dependent mitophagy in INS1 cells 

(Twig et al., 2008). Furthermore, mitochondria in Opa1 depleted MEFs get degraded 

during starvation, which has been interpreted as an indication that mitochondrial 

elongation is protective against mitophagy (Gomes et al., 2011). Although depletion of 

Opa1 causes defects beyond mitochondrial fusion, including impaired respiration, 

mtDNA depletion, and cristae dysmorphology, making it challenging to conclude that 

mitochondrial elongation per se is protective against mitophagy (Giacomello et al., 

2020). Comparably, in yeast, deletion of Dnm1 or genes involved in mitochondrial 

fission such as Fis1, Mdc1, and Caf4 were found to inhibit mitophagy (Kanki and 

Klionsky, 2008, Mao et al., 2013). However, contradicting reports challenge the notion 

that mitochondrial fission is a prerequisite for mitophagy. Drp1 impairment by the 

expression of a dominant-negative Drp1 variant and by depletion of Drp1 did not impair 

mitophagy in yeast (Mendl et al., 2011, Bernhardt et al., 2015). Furthermore, temporal 

analysis of both mitochondrial division and mitophagy revealed that division and 

autophagosome formation occurs independently of DRP1 mediated mitochondrial 

fission (Yamashita et al., 2016). Surprisingly, while the fission protein DRP1 is not 

required for mitophagy, it is required to confer selectivity as evidenced by  its 

requirement for the clearance of protein aggregate foci on the mitochondria (Burman et 

al., 2017). The loss of DRP1 led to the increased distribution of Parkin along the 

mitochondrial surface away from protein aggregate foci and thereby increased 

unselective turnover of mitochondria (Burman et al., 2017). Nevertheless, 

dephosphorylation of the mitophagy receptor FUNDC1 promotes its binding to DRP1 

and DRP1-dependent mitochondrial fragmentation (Chen et al., 2016, Wu et al., 2016a), 

illustrating yet another interconnection between organelle quality control and balanced 

mitochondrial dynamics. However, the LIR-containing cytosolic portion of FUNDC1 is 
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sufficient to induce mitophagy even in the absence of mitochondrial fragmentation 

(Kuang et al., 2016), indicating that PINK1/Parkin-independent mitophagy can be 

uncoupled from mitochondrial morphology. Indeed, mitophagy still occurs in the 

absence of DRP1 in the presence of other mitophagy inducers (hypoxia, iron chelation, 

proteotoxic stress) (Burman et al., 2017, Yamashita et al., 2016). In such cases, vesicle-

like budding of the mitochondria has been proposed to contribute to the generation of 

small mitochondrial fragments that can be engulfed for mitophagy (Yamashita and 

Kanki, 2017).  

 

Mitochondrial shape responds to cellular and extracellular cues both in vitro and in vivo, 

and is known to trigger other cellular quality control mechanisms (Arruda et al., 2014, 

Gomes et al., 2011, Jacobi et al., 2015, Khacho et al., 2014, Twig et al., 2008). This 

rapid response is orchestrated by post-translational modifications (PTMs) such as 

phosphorylation, ubiquitination, SUMOylation, and acetylation of mitochondrial shaping 

proteins (Sabouny and Shutt, 2020). For example, MFF phosphorylation by (AMP)-

activated protein kinase (AMPK) promotes the recruitment of DRP1 to mitochondria to 

induce mitochondrial fission and fragmentation (Toyama et al., 2016). DRP1 is itself a 

kinase-substrate for PKA (Cribbs and Strack, 2007), Glycogen synthase kinase-3β 

(GSK3β) (Loh et al., 2015, Yan et al., 2015), ERK1/2 (Cai et al., 2016, Prieto et al., 

2016), and PIM1 (Din et al., 2013) to either promote or inhibit mitochondrial recruitment 

based upon the phosphorylation site (Sabouny and Shutt, 2020). Interestingly, MFN1 is 

also phosphorylated by ERK1 to regulate its fusion activity (Pyakurel et al., 2015) while 

MFN2 contains a PKA phosphorylation site (Zhou et al., 2010) and is also 

phosphorylated by mitogen-activated protein kinase 8 (MAPK8 also known as JNK) 

(Leboucher et al., 2012). Additionally, PINK1 phosphorylates MFN2 to promote the 

recruitment of Parkin to depolarized mitochondria (Chen and Dorn, 2013). Equally 

important, fusion and fission protein turnover are regulated by the UPS. The E3 Ub 

ligase Parkin is known to ubiquitinate MFN1 and MFN2 upon mitophagy induction 

(Gegg et al., 2010, Chen and Dorn, 2013). Furthermore, Parkin-mediated ubiquitination 

of MFN2 triggers the disassembly of a MFN2-dependent ER-mitochondria tethering 

complex, which is regulated by p97 (McLelland et al., 2018). Disassembly of this 
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complex has been proposed to free up additional OMM proteins for their ubiquitination, 

including VDAC (McLelland et al., 2018). Thus, ubiquitination not only serves an eat me 

signal, but is also important for the functional tethering of mitochondria to ER (Basso et 

al., 2018). MUL1/MAPL is an E3 SUMO/Ubiquitin ligase that acts on OMM proteins 

including DRP1 (Prudent et al., 2015) and the mitofusin orthologue in flies (Marf), to 

regulate mitochondrial morphology and mitophagy (Yun et al., 2014). Notably, this 

pathway functionally overlaps with PINK/Parkin-dependent mitophagy and is induced by 

metabolic reprogramming (Cilenti et al., 2020). However, both MUL1/MAPL and Parkin 

are necessary to remove paternal mitochondria from mouse embryos via mitophagy to 

ensure maternal mitochondrial inheritance (Rojansky et al., 2016), suggesting that 

multiple Ub pathways might exist in parallel to serve metabolic niches or tissue-specific 

responses. The mitochondrial Ub ligase MITOL/MARCH5 interacts with and 

ubiquitinates proteins of the fission-fusion machinery such as DRP1, FIS1 and MFN2 

(Nagashima et al., 2014), leading to aggregation of DRP1 at foci. Exemplifying the role 

of MARCH5 in mitochondrial dynamics, its deletion causes mitochondrial 

hypertubulation, which is reversed by ectopic expression of DRP1 (Karbowski et al., 

2007, Park et al., 2010). MITOL/MARCH also regulates ER tethering to mitochondria by 

activating MFN2 on mitochondria via K192 ubiquitination (but not ER-bound MFN2) 

(Sugiura et al., 2013). MFN2 oligomerization depends on ubiquitination, demonstrating 

a regulatory role of MITOL/MARCH5 in the tuning of mitochondrial fusion and/or 

membrane contacts while also regulating protein quality control of substrates including 

mutant SOD1 (Yonashiro et al., 2009). 

 

The physiological importance of mitochondrial shaping proteins is undeniable. Mutations 

in MFN2 cause the neurodegenerative disease Charcot Marie Tooth Syndrome Type 

2A, characterized by peripheral neuropathy and, in a subset of patients, adipose tissue 

dysfunction and lipomatosis (Capel et al., 2018, Rocha et al., 2017, Züchner et al., 

2004). The majority of patients with dominant mutations in OPA1 manifest isolated optic 

atrophy, but a subgroup develops a more severe disseminated neurological phenotype 

as part of a dominant optic atrophy (DOA+) phenotype, including early-onset Behr-like 

syndrome (Carelli et al., 2015, Delettre et al., 2000). Mutations in DRP1 or its receptors 
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can manifest in severe neurological disorders with or without multiple organ involvement 

(Bartsakoulia et al., 2018, Gerber et al., 2017, Koch et al., 2016, Shamseldin et al., 

2012, Waterham et al., 2007). In addition, mutations affecting the mitoproteases that 

regulate mitochondrial dynamics are also associated with neurodegenerative diseases 

(Casari et al., 1998, Di Bella et al., 2010, Hartmann et al., 2016). Yet, it has been 

challenging to ascertain whether imbalanced mitochondrial dynamics resulting from 

pathogenic mutations in these genes is in fact causal, given the pleiotropic nature of 

these proteins.   

 

Transcriptional responses and mitochondrial proteostasis 

 

Upon the accumulation of aberrant proteins, mitochondria can respond by inducing 

nuclear transcriptional changes aimed at decreasing the mitochondrial protein burden. 

One such process is the UPRmt, which involves signaling cascades that mediate 

upregulation of nuclear transcribed chaperones and proteases (Figure 6a). UPRmt is 

best described in C.elegans and appears to be somewhat similar to the human UPRmt 

(Mottis et al., 2019). In C.elegans, the UPRmt is carried out by the transcription factors 

ATFS-1 and DVE-1 (homologue to the human SATB2). ATFS-1 contains both a 

mitochondrial targeting sequence and a nuclear localization signal that forms the basis 

for its mitochondrial surveillance activity (Haynes et al., 2010). Under normal conditions, 

ATFS-1 translocates from the cytosol into the mitochondria where it is degraded by the 

LONP protease (Nargund et al., 2012). However, when mitochondria are rendered 

import incompetent, newly synthesized ATFS-1 is redirected to the nucleus where it 

functions as a transcription factor to upregulate the expression of mitochondrial 

chaperones and metabolic genes (Nargund et al., 2015, Aldridge et al., 2007, Nargund 

et al., 2012). Similar to ATFS-1, DVE-1 activation is also dependent on its translocation 

into the nucleus after mitochondrial stress in a process that requires the mitoprotease 

ClpP and complex formation with the Ub-like protein 5 (Ubl-5) (Haynes et al., 2007). 

Peptides generated by ClpP are released through the matrix peptide exporter HAF-1 to 

activate ATFS-1 (Haynes et al., 2010). Interestingly, human SATB2 is also able to 

interact with Ubl5, suggesting that SATB2 may have conserved functions in relation to 
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DVE-1 (Haynes et al., 2007). Indeed, SATB2 was recently shown to be required for 

UPRmt gene expression upon Antimycin A treatment (Shao et al., 2020), indicating that 

SATB2 is most likely the functional equivalent of DVE-1 in mammals. These factors are 

regulated by SUMOylation: the yeast Ub-like-specific protease 4 (ULP-4) removes 

inhibitory SUMO-tags from ATFS-1 (at K326) and DVE-1 (at K327) upon mitochondrial 

stress to stabilize and activate ATFS-1, and at the same time promote the nuclear 

translocation of DVE-1 in order to activate mitochondrial protective genes (Gao et al., 

2019). SATB2 can also be SUMOylated to alter its subnuclear localization (Dobreva et 

al., 2003). 

 

In mammals, the UPRmt is a segment of the integrated stress response pathway (ISR). 

The ISR is a signaling pathway that leads to selective inhibition of a set of genes, while 

at the same time favoring the expression of stress response genes leading to global 

gene, protein and metabolic reprogramming (Figure 6b). The ISR is initiated by the 

eukaryotic initiation factor (eIF2α) kinases, consisting of heme-regulated inhibitor (HRI), 

PKR-like ER kinase (PERK), general control non-depressible 2 (GCN2) and protein 

kinase R (PKR), which are activated upon cellular stress, specific for each of the 

kinases, to phosphorylate a serine residue on eIF2α (Costa-Mattioli and Walter, 2020). 

Phosphorylated-eIF2α results in a global decrease in translation to decrease protein 

burden while simultaneously upregulating the expression of genes that will contribute to 

reestablish homeostasis. Among the genes upregulated by phosphorylated-eIF2α are 

genes of the activating transcription factor (ATF) family. ATFs are bZIP transcription 

factors that are capable of forming homo- and/or hetero-dimers with other bZIP 

transcription factors and have been implicated in a variety of cellular stress responses. 

While the ATF family consists of 8 different members, ATF4 and ATF5 are the 

functional homologs of ATFS-1 in humans (Fiorese et al., 2016, Quirós et al., 2017). 

ATF5 induces a similar transcriptional response compared to ATFS-1, and was 

remarkably able to rescue UPRmt signaling in C.elegans lacking atfs-1 (Fiorese et al., 

2016), indicating that the UPRmt is conserved between C.elegans and mammals. 

Mitochondrial stress is relayed through OMA1-dependent cleavage of the inner 

mitochondrial protein DAP3-binding cell death enhancer 1 (DELE1) (Guo et al., 2020, 



32 
 

Fessler et al., 2020) and DELE1 cleavage leads to its export to the cytosol where it 

interacts with HRI to phosphorylate eIF2α, leading to activation of ATF4 (Guo et al., 

2020, Fessler et al., 2020). Similarly, ATF5 is itself transcriptionally upregulated in 

response to eIF2α phosphorylation in response to proteasome inhibition and 

mitochondrial dysfunction induced by arsenite treatment (Zhou et al., 2008), and this is 

dependent on the upstream binding of ATF4 to the ATF5 promoter (Teske et al., 2013). 

Interestingly, the expression of the transcription factor ATF3 of the ATF family is also 

induced during mammalian UPRmt (Münch and Harper, 2016), suggesting that other 

members of the ATF family are also involved in UPRmt. 

 

In addition to the UPRmt, mitochondria-to-nucleus signaling also occurs through the 

SiRT3-FOXO3A axis. Specifically, misfolded protein accumulation leads to stabilization 

of the mitochondrial deacetylase SiRT3 which in turn induces mitophagy and antioxidant 

defense mechanism through the deacetylation and activation of magnesium superoxide 

dimutase (MnSOD) and the transcription factor Forkhead box O3 (FOXO3A) (Papa and 

Germain, 2014). FOXO3A deacetylation by SiRT3 stimulates its nuclear translocation 

and FOXO3A dependent transcription of the antioxidant encoding genes like MnSOD 

and Catalase in order to reduce oxidative stress in the mitochondria (Sundaresan et al., 

2009).  

Peroxisomal proliferator-activated receptor Gamma Coactivator 1 alpha (PGC1α) is the 

master regulator of mitochondrial biogenesis that regulates metabolic rewiring in the 

face of different environmental cues and metabolic demand (reviewed elsewhere (Rius-

Pérez et al., 2020)). Parkin is able to induce activation of PGC1α through ubiquitination 

of Parkin interacting substrate (PARIS), a transcriptional repressor of PGC1α, with K48-

linkages, leading to its degradation by the proteasome. Thus, upon  activation by 

mitochondrial damage, Parkin activation leads to UPS-mediated degradation of PARIS 

which relieves the repression of PGC1α expression, and stimulates mitochondrial 

biogenesis to restore normal mitochondrial function (Shin et al., 2011). In breast cancer 

(BCa) cells, the accumulation of proteins in the IMS leads to a novel pathway of UPRmt 

activation that involves the Estrogen receptor alpha (ERα). In short, proteotoxic stress in 

the IMS leads to a signaling cascade involving reactive oxygen species (ROS) and AKT, 
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which results in phosphorylation and activation of ERα. This facilitates its ligand-free 

translocation into the nucleus to upregulate the transcription of the mitochondrial 

proteases? HTRA2 and NRF1 (Papa and Germain, 2011), possibly allowing BCa cells 

to overcome excessive mitochondrial damage ,which in turn, increases cell survival and 

confers the ability to persist through estrogen depleted conditions.  

 

Mitochondrial transfer 

 

A relatively new and unexplored concept put forth is the secretion of mitochondria from 

cells. Interestingly, proteins of mitochondrial origin have been observed in the proteome 

of the exosome (Mathivanan et al., 2012). The biological function of these extracellular 

mitochondria is not fully explored, nor do we know how mitochondria are loaded into 

extracellular vesicles. While extracellular mitochondria have been implicated in 

inflammatory signaling (Puhm et al., 2019, Boudreau et al., 2014), recent reports have 

proposed that expulsion of mitochondria from cells function as a novel quality control 

mechanism for removal of damaged mitochondria. Supporting this idea, mitochondria in 

C.elegans have been reported to extrudefrom the cell in 4µm large vesicles called 

exophers upon the induction of proteotoxic stress, caused by hampering chaperone 

activity, inhibition of the proteasome or knockdown of autophagy proteins (Melentijevic 

et al., 2017). Recent reports also describe the release of exophers containing defective 

mitochondria from mammalian cardiomyocytes that are captured by cardiac-resident 

macrophages for degradation (Nicolás-Ávila et al., 2020). In humans, cell-free 

respiratory competent mitochondria have been observed in the blood (Al Amir Dache et 

al., 2020), however the biological significance underlying their release is not well 

understood.  Extracellular vesicles secreted from melanoma-tissue cells were found to 

be enriched in mitochondrial membrane proteins (Jang et al., 2019). Additionally, small 

extracellular vesicles from PD patients contained lower amounts of the tetraspanins, 

CD9 and CD63, and the mitochondrial proteins ATP5A, NDUFS3, and SDHB (Picca et 

al., 2020) suggesting that mitochondria are differently secreted in disease states. This 

led to speculations that unique mitochondrial protein signatures in extracellular vesicles 

may provide diagnostic or prognostic value as biomarkers for diseases like PD and 
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cancer. Mitochondrial release to the extracellular microenvironment might contribute to 

the debilitated mitochondrial function often seen in diseases. Indeed, mitochondria 

transfer through tunneling nanotubes (TNTs) promoted survival and invasiveness in 

prostate cancer (Wang and Gerdes, 2015) and bladder cancer cells (Lu et al., 2017). 

TNTs are nanotubular structures of around 50 – 200 nm in diameter that are able to 

mediate the transfer of cytosolic material (including organelles) between cells (Rustom 

et al., 2004). TNT mediated mitochondria transfer appears to promote mesenchymal 

stem cell (MSC) repair after rotenone-induced mitochondrial dysfunction (Ahmad et al., 

2014). MSCs were also able to mediate mitochondria transfer through nanotubes to 

decrease apoptosis and enhance the aerobic capacity in HUVEC cells after damage 

caused by simulated ischemia-reperfusion injury (Liu et al., 2014). Ischemia also led to 

the transfer of astrocytic mitochondria into neurons and was correlated with increased 

neuroprotection in mice (Hayakawa et al., 2016). Thus, it appears that receiving 

external mitochondria may be beneficial for neighboring cells. Interestingly, 

mitochondria from retinal ganglion cells were found to be associated to lysosomes of 

adjoining glial cells where they are degraded (Davis et al., 2014). This raises the 

question if cells necessarily degrade their own mitochondria or if neighboring cells can 

take over this task. This will have significance for diseases that are often characterized 

by mitochondrial dysfunction and are dependent on autophagy of neighboring cells such 

as cancer (Katheder et al., 2017). Overall, the amount of mitochondria or mitochondrial-

derived cargo circulating or transferred to other cells and tissues in most of these 

studies represents a fraction of the mitochondrial content of acceptor cells and tissues, 

and thus makes it unlikely that incoming mitochondria provide significant bioenergetic 

benefits and may rather, if true, reflect signaling function(s) of the organelle (Chandel, 

2015). 

 

Concluding remarks and perspectives 

 

As we continue to push the boundary of our understanding of the various mitochondrial 

quality control mechanisms, it is important to keep in mind the pleiotropy of the different 

players. Core proteins in a given quality control mechanism are also involved in the 
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other quality control pathways and thus the true overall picture of mitochondrial quality 

control resembles a tangled web rather than individual, independent pathways. 

Illustrating this, DRP1, while best known for its role in mitochondrial fission (Smirnova et 

al., 2001), also influences different independent and downstream processes such as 

calcium homeostasis (Favaro et al., 2019), DNA damage response (Qian et al., 2012), 

OXPHOS (Bras et al., 2007), apoptosis (Frank et al., 2001) and mitophagy (Kageyama 

et al., 2014) as well as peroxisomal fission (Waterham et al., 2007). Another example, 

Parkin, is a protein well studied for its role in mitophagy, but is also involved in 

proteasome-dependent protein degradation (Yoshii et al., 2011), mitochondrial fission 

(Buhlman et al., 2014), regulation of mitochondrial mRNA translation and localization 

(Gehrke et al., 2015), MDV formation (McLelland et al., 2014) and apoptosis (Carroll et 

al., 2014). Thus, it is problematic to make broad conclusions based on the outcome of 

manipulations of a single member of a pathway that is also involved in other regulatory 

processes. As such, it is crucial to understand how different quality control mechanisms 

are interconnected, if there is a scale, threshold or type of mitochondrial damage that 

elicits the different responses, if these processes occur simultaneously or in hierarchical 

sequence, and if they are dependent or independent of each other. Investigation into 

the spatiotemporal relationship between the different mechanisms may reveal 

dependencies and inter-regulation of the different pathways. Despite the recent 

advances in our understanding of mitochondrial quality control, much remains to be 

discovered, especially with regards to the relationship between different quality control 

mechanisms and how they are regulated under various pathophysiological conditions. 
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Figure 1: Organellar and protein quality control mechanisms of mitochondria. a. 

The Ubiquitin Proteasome System (UPS): mitochondrial proteins are conjugated with 

polyubiquitin chains (in purple) by E3 ubiquitin ligases like MARCH5 and are targeted 

for degradation by the proteasome. b. Precursor-associated degradation involves the 

removal of aberrant proteins synthesized on cytosolic ribosomes (60s) on the OMM and 

on mitochondrial translocases with/without the assistance of the AAA+ ATPase Cdc48. 

c. Mitochondrial proteases carry out both quality control and regulatory functions. d. 

Mitochondrial morphology is regulated by fission and fusion events (green circles). e. 

Mitophagy: mitochondrial fragments destined for degradation are first engulfed in 

autophagosomes that eventually fuse with lysosomes. f. Mitochondrial-derived vesicles 

(MDVs) are small vesicles formed from the OMM and at times IMM, and contain select 

mitochondrial proteins that are destined for the peroxisomes or lysosomes. g. The 

Unfolded Protein Response of the mitochondria (UPRmt) induces chaperone and 

protease gene expression in response to mitochondrial stress through activation of 

transcription factors such as ATFS-1.  
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Figure 2: Extramitochondrial protein quality control. Mitochondria associated 

degradation (MAD): Aggregates on the OMM are ubiquitinated, removed and delivered 

by Cdc48 to the proteasome for degradation. Mitochondrial protein translocation-

associated degradation (mitoTAD): Ubx2 recruits Cdc48 to assist in the removal of 

stalled peptides in the TOM complex for degradation by the proteasome. Mitochondrial 

compromised protein import response (mitoCPR): Cis1 bridges the TOM complex and 

Msp1, which facilitates the extraction of stalled peptides for degradation at the 

proteasome. Mitochondria ribosomal quality control (mitoRQC): In the Vms1 arm (left), 

Vms1 inhibits Rqc2 mediated CAT-tailing at the 60s ribosome, to allow transport of the 

peptide into the matrix where it is degraded by mitoproteases. In the Ltn1 arm (right), 

the CAT-tailed peptide (in red) is ubiquitinated, which promotes its extraction by Cdc48 

to be degraded by the proteasome. Unfolded protein response activated by mistargeting 

of proteins (UPRam): Accumulation of unimported precursors in the cytosol induces 

proteasome assembly and suppress cytosolic translation. Mitochondria precursor 

overaccumulation stress (mPOS): The accumulation of toxic precursors in the cytosol 

triggers cell death.  

 



61 
 

 
 
Figure 3: Mitochondrial proteases. Proteins in green boxes represent mitoprotease 

substrates. Protein import: Translocase proteins, such as TIMM17A and ROMO1, are 

substrates for YME1L-mediated turnover. Mitochondrial dynamics: YME1L and OMA1 

regulate fission/fusion through the processing of L-OPA1. Precursor cleavage: MPP 

removes the pre-sequence from most precursors. Cell death regulation: Proteolytic 

processing of SMAC by PARL and PGAM5 by OMA1 promotes apoptosis and 

necroptosis, respectively. Lipid metabolism: YME1L regulates the turnover of the 

phosphatidic acid transport protein PRELID1. Calcium homeostasis: m-AAA protease 

degrades EMRE which otherwise assembles with MCU to form an active Ca2+ channel. 

Mitophagy: PARL cleaves the mitophagy related PINK1 kinase under normal 

conditions to stimulate its retro- translocation and subsequent proteasomal degradation. 

OXPHOS complexes: Components of the OXPHOS machinery are substrates for 

proteolytic turnover by CLPX, i-AAA and m-AAA. mtDNA expression: LONP regulates 

the maturation of mitochondria translation associated proteins (SLIRP, MRPL32 and 

FASTKD2), while the m-AAA mediated processing of MRPL32 promotes mitoribosome 

assembly, and CLPX degrades the negative regulator of mitoribosome assembly 

EARL2. mtDNA maintenance: LONP regulates turnover of the mtDNA nucleoid protein 

TFAM. 
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Figure 4: Mitophagy pathways. a. Under basal conditions, PINK1 is translocated into 

the mitochondrial matrix where it is cleaved into a smaller fragment by PARL and 

subsequently released into the cytosol where it is degraded by the proteasome. b. The 

PINK1/Parkin-dependent pathway: when mitochondria are depolarized, PINK1 interacts 

with the TOM complex to phosphorylate ubiquitin and recruit Parkin, which in turn 

ubiquitinates OMM proteins (ubiquitin in purple). In the absence of Parkin, p62 can 

recruit KEAP1 which in turn recruits the E3 ubiquitin ligase Rbx1 to ubiquitinate OMM 

proteins. Autophagy receptors represented here by NDP52 and OPTN are recruited to 

the ubiquitinated OMM proteins where they link mitochondria to the autophagosome 

membrane through interactions with LC3. Similarly, NIPSNAP1 and NIPSNAP2 are 

stabilized on the OMM when mitochondria are depolarized, where they recruit 

mitophagy receptors such as NDP52 and p62, as well as the scaffolding protein ALFY, 

which interact with ATG8 proteins on the autophagosome membrane. c. Mitochondria 

are engulfed in double membrane vesicles called autophagosomes which fuse with 

lysosomes to mediate mitochondria turnover. d. PINK1/Parkin-independent mitophagy: 

OMM bound mitophagy receptors, such as BNIP3L and FKBP8 interact with LC3 on the 

autophagosome membrane. CL and PHB2 in the IMM are also capable of binding to 

LC3 to mediate recruitment of mitochondria to the autophagosome. e. Piecemeal 
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mitophagy: the OMM protein MTX1 interacts with LC3C and p62 to deliver MTX1 

positive mitochondrial vesicles to the autophagosome.  

 

 

 

 

 

 
 
Figure 5: Mitochondrial morphology regulation. a. mitochondrial morphology is 

maintained by a balance between mitochondrial fission and fusion.  Inhibition of 

mitochondrial fission (via DRP1 KO) results in hypertubulated mitochondria, while 

inhibition of mitochondrial fusion (via OPA1 KO) results in fragmented mitochondria. 

Mitochondria (green) and nuclei (blue) labeled in fibroblasts imaged by confocal 

microscopy.  b. Mitochondrial fission: DRP1 binds to its receptors MFF or MiD49/51 at 

the OMM at sites of contact with the endoplasmic reticulum (ER) and actin. Trans-golgi 

network (TGN) completes mitochondrial fission downstream of DRP1.  At the IMM, 

MTFP1 contributes to IMM fission, which occurs coincident with mtDNA replication 

mediated by TFAM and POLG2.  S-OPA1 accumulation generated by OMA1 

accelerates fission. c. Mitochondrial fusion: Dynamin-like GTPases MFN1/2 and OPA1 

(L-OPA1) execute OMM and IMM fusion, respectively, and are regulated by post-

translational modification by ubiquitination (MARCH5, p97, Parkin) or deubiquitination 

(USP30), phosphorylation (PINK1) or proteolytic cleavage by OMA1 and YME1L 

(mitoproteases). FIS1 antagonizes fusion at the OMM.   
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Figure 6. Mitochondria-to-Nucleus stress response. a. Mitochondrial Unfolded 

Protein Response (UPRmt): The transcription factor ATFS-1 is normally transported 

into the mitochondria where it is degraded by the mitoprotease LONP in C.elegans. 

Aberrant proteins are degraded by CLPP-1 and the resulting peptide fragments are 

released to the cytosol through the matrix peptide exporter, HAF-1. These peptides, 

together with mitochondrial import impairment promote the nuclear translocation of 

ATFS-1, UBL5 and DVE-1 to initiate transcription of chaperones, proteases and 

transport proteins. b. Integrated Stress Response (ISR): In mammals, mitochondrial 

DELE1 is cleaved by OMA1, and subsequently translocates into the cytosol where it 

interacts with and activates HRI. HRI phosphorylates eIF2a to inhibit cytosolic protein 

translation and to activate the transcription factors CHOP, ATF4 and ATF5 to initiate 

stress response gene expression. 

 
 


