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Mitochondria are dynamic organelles engaged in quality control and aging processes. 
They constantly undergo fusion, fission, transport, and anchoring events, which empower 
mitochondria with a very interactive behavior. The membrane remodeling processes 
needed for fusion require conserved proteins named mitofusins, MFN1 and MFN2  in 
mammals and Fzo1  in yeast. They are the first determinants deciding on whether 
communication and content exchange between different mitochondrial populations should 
occur. Importantly, each cell possesses hundreds of mitochondria, with a different severity 
of mitochondrial mutations or dysfunctional proteins, which potentially spread damage 
to the entire network. Therefore, the degree of their merging capacity critically influences 
cellular fitness. In turn, the mitochondrial network rapidly and dramatically changes in 
response to metabolic and environmental cues. Notably, cancer or obesity conditions, 
and stress experienced by neurons and cardiomyocytes, for example, triggers the 
downregulation of mitofusins and thus fragmentation of mitochondria. This places 
mitofusins upfront in sensing and transmitting stress. In fact, mitofusins are almost entirely 
exposed to the cytoplasm, a topology suitable for a critical relay point in information 
exchange between mitochondria and their cellular environment. Consistent with their 
topology, mitofusins are either activated or repressed by cytosolic post-translational 
modifiers, mainly by ubiquitin. Ubiquitin is a ubiquitous small protein orchestrating multiple 
quality control pathways, which is covalently attached to lysine residues in its substrates, 
or in ubiquitin itself. Importantly, from a chain of events also mediated by E1 and E2 
enzymes, E3 ligases perform the ultimate and determinant step in substrate choice. Here, 
we review the ubiquitin E3 ligases that modify mitofusins. Two mitochondrial E3 enzymes—
March5 and MUL1—one ligase located to the ER—Gp78—and finally three cytosolic 
enzymes—MGRN1, HUWE1, and Parkin—were shown to ubiquitylate mitofusins, in 
response to a variety of cellular inputs. The respective outcomes on mitochondrial 
morphology, on contact sites to the endoplasmic reticulum and on destructive processes, 
like mitophagy or apoptosis, are presented. Ultimately, understanding the mechanisms 
by which E3 ligases and mitofusins sense and bi-directionally signal mitochondria-cytosolic 
dysfunctions could pave the way for therapeutic approaches in neurodegenerative, 
cardiovascular, and obesity-linked diseases.
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INTRODUCTION

Mitochondria were considered as static and isolated bean-shaped 
organelles for a long time, being labeled “power house of the 
cell” given the assumption that ATP production by oxidative 
phosphorylation (OXPHOS) was their main function (Mcbride 
and Neuspiel, 2006). However, as soon as researchers started to 
look into it by live imaging, it was quickly perceptible the existence 
of a high dynamism (Bereiter-Hahn and Voth, 1994; Nunnari 
et  al., 1997), later proved to be  associated with many new 
mitochondrial functions (Westermann, 2010). Mitochondria possess 
proteins that enable plastic responses, depending on the cellular 
conditions, by fusion, fission, and transport processes (Friedman 
and Nunnari, 2014). Another hallmark in the field was the 
awareness of the importance of mitochondrial transport and 
positioning within the cell and thereby interaction with other 
cellular compartments surrounding it. Pioneering studies unraveling 
physical tethering between mitochondria and the endoplasmic 
reticulum (ER; Kornmann et al., 2009) paved the way for subsequent 
discoveries on several other mitochondrial contact sites (Eisenberg-
bord and Schuldiner, 2017; Cohen et  al., 2018). These contacts 
coordinate a continuous communication of mitochondria with 
other organelles to support important cellular functions. Finally, 
the functional impact of mitochondrial interaction with soluble 
components present in the cytoplasm, like ubiquitin, revealed 
another layer of the integrative behavior of these organelles 
(Escobar-Henriques and Langer, 2014; Bragoszewski et al., 2017).

Ubiquitylation is a post-translational modification (PTM) 
that occurs through the addition of a ubiquitin moiety to 
substrates (Yau and Rape, 2016; Kwon and Ciechanover, 2017). 
Ubiquitin is required for many cellular pathways, and the 
discovery of its regulatory functions is constantly increasing 
(Rape, 2018). Consistently, ubiquitin targets at mitochondria 
are associated with several distinct and important cellular 
processes, mainly with cellular quality control functions 
(Escobar-Henriques and Langer, 2014).

Here we  present the current knowledge on the E3 ligases 
modifying mitochondrial proteins, focusing on the mitochondrial 
fusion factors Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2). 

Mitofusins appear to be preferred targets, constituting a cellular 
hub in response to metabolic needs of the cell (Chan et al., 2011; 
Sarraf et  al., 2013; Bingol et  al., 2014).

Ubiquitylation
Ubiquitylation of proteins is one of the cellular PTMs, which 
allow diversifying the coding capacity of genes by covalent 
modifications, mostly enzyme-catalyzed, of nascent or folded 
proteins. Therefore, PTMs create a bigger pool of protein 
diversity (Walsh et al., 2005). The most common small PTMs 
are phosphorylation, acetylation, glycosylation, carboxylation, 
methylation, nitrosylation, and S-glycation, which are 
characterized by the addition of the respective chemical 
moieties to proteins (Walsh et al., 2005). Moreover, ubiquitin 
and ubiquitin-like modifiers constitute a set of additional 
PTMs: ubiquitylation, sumoylation, rubylation, lipidation, 
ISGylation, and FATylation (Cappadocia and Lima, 2017). 
Interestingly, ubiquitin itself was shown to be  post-
translationally modified by phosphorylation and acetylation 
(Herhaus and Dikic, 2015; Swatek and Komander, 2016).

Ubiquitin is a small highly conserved eukaryotic protein 
and ubiquitylation is the process by which ubiquitin molecules 
are added to a substrate (Ciechanover, 2005) (Figure 1). It 
occurs via an enzymatic cascade involving three elements: an 
E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating 
enzyme, and an E3 ubiquitin ligase. First, the E1 enzyme activates 
ubiquitin and transfers it to the E2 enzyme, in an ATP-dependent 
manner. Subsequently, the ubiquitin molecule is transferred 
from the E2 enzyme to a specific target substrate. This requires 
substrate recognition by an E3 ligase, which either actively 
receives ubiquitin from the E2 and then covalently binds it to 
the substrate (HECT, RBR) or serves as a binding platform 
between the E2 and the substrate (RING) (Komander and Rape, 
2012; Yau and Rape, 2016). E3 ligases are of extreme importance 
in this enzymatic cascade, since they select the specific substrates 
to be  modified (Zheng and Shabek, 2017). Importantly, 
ubiquitylation is a reversible process, where deubiquitylases 
are  able to remove the ubiquitin moiety from a substrate, 
resulting in free ubiquitin (Mevissen and Komander, 2017; 
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FIGURE 1 | Ubiquitylation cascade. Ubiquitylation of substrates requires a cascade of events involving three enzymes: an E1 ubiquitin-activating enzyme, an E2 
ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase. First in this cascade, the E1 enzyme activates ubiquitin and transfers it to the E2 enzyme in an ATP-
dependent manner with which ubiquitin is conjugated. Afterward, the ubiquitin molecule is transferred from the E2 enzyme to the specific target substrate by the E3 
ligase enzymes, which either actively receives ubiquitin from E2 and then transfers it to the substrate or serves as a binding platform between the E2 and the 
substrate. Finally, on the target substrate, mono, mono-multi, or polyubiquitylation can occur.
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Clague  et  al.,  2019). Ubiquitin can be  present in substrates in 
the form of one ubiquitin moiety (mono-ubiquitylation) or 
several moieties (multi-monoubiquitylation). Moreover, poly-
ubiquitin chains of different topologies can also form, via any 
of the seven internal lysine residues in ubiquitin (Lys6, Lys11, 
Lys27, Lys29, Lys33, Lys48, and Lys63; Komander and Rape, 
2012; Yau and Rape, 2016). Due to their different surfaces, 
these ubiquitin chains attract diverse effectors, giving origin to 
a variety of functions (Kwon and Ciechanover, 2017). For 
example, Lys48-linked chains are mostly known to mark proteins 
for proteasomal degradation via the ubiquitin-proteasome system 
(UPS), whereas Lys63-linked chains are mainly associated with 
regulatory functions (Kwon and Ciechanover, 2017).

Mitochondria and Mitofusins
Mitochondria are double membrane organelles composed by 
the outer mitochondrial membrane (OMM) and the inner 
mitochondrial membrane (IMM), which are separated by the 
intermembrane space (IMS; Figure 2; Pfanner et  al., 2019). 
The IMM encloses the mitochondrial matrix and forms 
invaginations called cristae (Frey et  al., 2002). The OXPHOS 
system locates along the cristae and provides the mitochondrial 
membrane potential, necessary for the production of energy 
in the form of ATP (Nunnari and Suomalainen, 2012). Besides 
oxidative phosphorylation, mitochondria perform several other 
important functions, such as phospholipid synthesis and 
assembly of iron-sulfur clusters (Braymer and Lill, 2017; 
Tatsuta and Langer, 2017; Cardenas et  al., 2018). In addition, 
mitochondria are important for cellular responses, such as 
calcium (Ca2+) buffering (Marchi et al., 2017; Xie et al., 2018), 
mitophagy (Harper et  al., 2018; Pickles et  al., 2018), and 
regulation of programmed cell death (Xie et  al., 2018; 
Sedlackova  and Korolchuk, 2019).

The functional plasticity of mitochondria is intimately 
linked to its morphology (Friedman and Nunnari, 2014; 
Tilokani et  al., 2018). Fusion and fission events are majorly 
important for the regulation of mitochondrial morphology, 

whereas mitochondrial transport is of particular importance 
in cells with high-energy demands, such as neurons (Knott 
and Bossy-Wetzel, 2008; Rakovic et al., 2011). The dynamics 
between mitochondrial fusion and fission may result in 
several possible morphological outcomes, from a tubular 
mitochondrial network, sometimes massively interconnected, 
to several fragments. This plasticity is fundamental for the 
maintenance of proper mitochondrial function and to assist 
mitochondria in response to several stress situations (Liesa 
and Shirihai, 2013; Schrepfer and Scorrano, 2016; Chen and 
Chan, 2017). For example, loss of membrane potential and 
nutrient excess have been shown to induce mitochondrial 
fragmentation (Yu et  al., 2006), whereas nutrient starvation 
was shown to shift the balance toward a tubular mitochondrial 
network (Tondera et  al., 2009; Gomes et  al., 2011; Rambold 
et al., 2011). These membrane remodeling events are mediated 
by conserved large dynamin-like GTPase proteins (Praefcke 
and McMahon, 2004). Drp1 is responsible for fission (Dnm1 in 
yeast), MFN1/MFN2 for OMM fusion (Fzo1  in yeast), and 
Opa1 for IMM fusion (Mgm1  in yeast; Youle and van der 
Bliek, 2012). They are main targets of PTMs, being either 
activated or repressed in order to push the morphology 
toward a fused or a fragmented state (Figure  2; Escobar-
Henriques and Langer, 2014; Macvicar and Langer, 2016; 
Mishra and Chan, 2016).

Mitofusins are OMM proteins, with the GTPase domain 
locating at the N-terminal, followed by one hydrophobic 
heptad repeat (HR1), the transmembrane anchor(s) and 
finally possessing a second protein-protein interaction 
domain, HR2 (Figure 3). First, it was proposed that both 
N- and C-terminus face the cytosol, connected by two 
transmembrane domains and a short loop in the IMS (Rojo 
et  al., 2002). This topology is in agreement with fusion-
compatible structural information from both MFN1 and 
the bacterial homologue BDLP (Low and Löwe, 2006; Low 
et  al., 2009; Qi et  al., 2016; Cao et  al., 2017). However, 
an alternative topology for MFN1 and MFN2 was proposed, 

FIGURE 2 | Mitochondrial roles and post-translational modifications of mitochondrial dynamic proteins. Mitochondria are involved in several cellular processes 
other than ATP production, such as calcium (Ca2+) buffering, phospholipid biosynthesis, iron-sulfur clusters (Fe-S) assembly from iron (Fe2+), regulation of 
programmed cell death via cytochrome c (Cytc c) release, and mitophagy. Mitochondrial proteins known for their role in mitochondrial dynamics, such as Drp1, 
Mfn1/2, and Opa1, are a target for several post-translational modifications, which differently regulate their level and, hence, function. Drp1, on the OMM, can 
be modified by sumoylation, phosphorylation, acetylation, ubiquitylation, and S-nitrosylation. Mitofusins, also on the OMM, can be a target for phosphorylation, 
ubiquitylation, or acetylation. Opa1, in the IMM, can suffer processing or be modified through acetylation.
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with a single spanning-membrane domain, instead of two, 
therefore placing the C-terminus in the IMS (Mattie et  al., 
2018). Further studies will be  necessary to elucidate which 
topology of mitofusins reflects fusion-dependent or perhaps 
fusion-independent roles of mitofusins. MFN1 and MFN2 
proteins are 62% identical and 77% similar to each other 
(Zorzano and Pich, 2006). Interestingly, despite being 
extremely similar, depletion of each mitofusin has different 
effects on mitochondrial morphology. While depletion of 
MFN1 leads to highly fragmented mitochondria, in the 
shape of small fragments, depletion of MFN2 leads to bigger 
mitochondrial fragments that aggregate into clusters 
(Figure 4; Chen et al., 2003). Strikingly, homozygous knockout 
of either MFN1 or MFN2  in mice was shown to be  lethal, 
with death occurring in midgestation (Chen et  al., 2003). 
Additionally, MFN2 depleted mice presented placental defects 
within the giant cell layer, with a reduced number of giant 
cells and a reduced number of nuclei on the few cells still 
observed. However, no placental developmental defects were 
observed in MFN1 mutants. This suggests that MFN1 and 
MFN2 may have distinct functions, perhaps independent 
of their roles in mitochondrial fusion (Loiseau et  al., 2007; 
Guillet et  al., 2010; Codron et  al., 2016; Beręsewicz et  al., 
2017; El Fissi et  al., 2018; Zhou et  al., 2019). For example, 
a correlation observed between the levels of MFN2 and 
oxidative phosphorylation was suggested to be  dependent 
on coenzyme Q deficiency, independently of the fusion 
capacity of MFN2 (Pich et  al., 2005; Segalés et  al., 2013; 
Mourier et  al., 2015).

CELLULAR PROCESSES AFFECTED BY 
UBIQUITYLATION OF MITOFUSINS

Ubiquitylation of both MFN1 and MFN2 has been reported 
and associated with diverse cellular processes. First, responses 
directly affecting mitochondria themselves were described, either 
by changing their morphology or by extending mitochondrial 
contacts to the ER. Second, effects on mitophagy or apoptosis 
are the most described effects. Nonetheless, links of mitofusin 
ubiquitylation with hypoxic and genotoxic stress have also 
been made.

Mitochondrial Morphology
Ubiquitylation of mitofusins is promptly observed in yeast, 
flies, and mammals (Cohen et  al., 2008; Ziviani et  al., 2010; 
Rakovic et  al., 2011). Interestingly, it plays a dual role in 
mitochondrial morphology either by addressing mitofusins 
for proteasomal turnover or by activating mitofusins and 
therefore promoting membrane merging. It was first suggested 
that the steady-state levels of Fzo1 are regulated (Fritz et al., 
2003), and it was later shown that the turnover of this 
protein is proteasome-dependent in response to mating factor 
(Neutzner and Youle, 2005). Moreover, it was shown that 
the AAA protein and ubiquitin-selective chaperone VCP/
p97/Cdc48 is required for proteasomal-dependent degradation 
of mitofusins (Tanaka et  al., 2010; Kim et  al., 2013; Zhang 
et  al., 2017). This results in mitochondrial fragmentation, 
due to ongoing fission events. Moreover, it is associated with 

B C

A

FIGURE 3 | Structure and topology models of mitofusins. (A) Linear structure of mitofusin, with the GTPase domain locating at the N-terminal, one hydrophobic 
heptad repeat (HR1), the transmembrane anchor(s), and a second hydrophobic heptad repeat (HR2). (B) Crystal structure of MFN1 and MFN2 modeled on BDLP 
and mini-MFN1, according to the first topology proposed, with two transmembrane domains and both the N- and C-terminus facing the cytosol (Rojo et al., 2002; 
Low and Löwe, 2006; Low et al., 2009; Qi et al., 2016; Cao et al., 2017). (C) Structural scheme of MFN1 and MFN2 according to the second topology proposed 
with a single spanning-membrane domain, instead of two, and the C-terminus residing in the IMS and not facing the cytosol (Mattie et al., 2018).
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stress responses, mediated by several E3 ligases, as outlined 
later. This induces different outcomes, either regulating 
mitochondria-ER contact sites or affecting mitophagy and 
apoptosis. On the other hand, pro-fusion ubiquitylation of Fzo1 
occurs constitutively and is tightly controlled by deubiquitylases 
and Cdc48 (Anton et  al., 2013; Yue et  al., 2014; 
Simões et  al., 2018).

ER-Mitochondria Contacts
Mitochondria are responsible for a number of cellular and 
subcellular processes. Consistently, mitochondria form a dynamic 
network with several other organelles. For example, the junctions 
formed with the ER are known as the mitochondria-associated 
ER membrane (MAM) sites and can cover up to 5% of mitochondria 
(Wu et  al., 2018). These junctions are of extreme importance 
for several processes such as lipids biosynthesis, mitochondrial 
dynamics, and Ca2+ transfer (Figure 5; Szabadkai et  al., 2006; 
Friedman et al., 2011; Rowland and Voeltz, 2012; Kojima et al., 2016; 
Wu et  al., 2018; Doghman-Bouguerra and Lalli, 2019).

The majority of enzymes necessary for lipid biosynthesis 
are found on the ER membrane. However, synthesis of 
phosphatidylethanolamine (PE) and phosphatidylcholine (PC), 
the two most abundant phospholipids, requires lipid trafficking 
between mitochondria and ER, due to the localization of the 

required enzymes (Rowland and Voeltz, 2012; Kojima et  al., 
2016; Tatsuta and Langer, 2017). PE is produced from 
phosphatidylserine (PS), which is synthetized on the ER 
membrane. In turn, the enzyme phosphatidylserine decarboxylase, 
which is responsible for the majority of PE biosynthesis, locates 
mostly at the IMM of mitochondria (Tatsuta and Langer, 2017; 
Friedman et  al., 2018). Therefore, PS must be  transferred to 
mitochondria. In turn, to produce PC, PE must be  transferred 
back to the ER, again requiring lipid transfer events. In 
conclusion, the biosynthesis of both PE and PC demonstrates 
the importance of ER-mitochondria contact sites in lipid 
biosynthesis (Figure 5).

Interestingly, the ER was shown to be  an active regulator of 
mitochondrial dynamics. ER tubules that contact with mitochondria 
were found to correlate with the presence of the mitochondrial 
fission factor Drp1 (Friedman et  al., 2011). In agreement with 
the idea that ER-mitochondria contacts might regulate mitochondrial 
division, they correlated with the presence of constricted 
mitochondria, prior to Drp1 recruitment (Figure  5; Friedman 
et  al., 2011). In addition, MFN2 was suggested to be  present at 
the ER, in MAM sites, directly acting as a tether between these 
two organelles (De Brito and Scorrano, 2008). However, whether 
ER-mitochondria juxtaposition is promoted (De Brito and Scorrano, 
2008; Naon et al., 2016; Basso et al., 2018; McLelland et al., 2018) 

FIGURE 4 | Mitochondrial morphology upon knockout of Mitofusin 1 or 2 and its disease-associated roles. Although extremely similar in their sequence and 
structure, each mitofusin ablation leads to strikingly different mitochondrial morphologies. Mitofusin 1 knockout gives origin to a highly fragmented mitochondrial 
network composed of many small fragments, whereas depletion of Mitofusin 2 leads to a network where mitochondrial fragments are found enlarged and 
aggregated in clusters, commonly perinuclearly organized. Several diseases have been associated with knockout of Mitofusin 1 or 2. Homozygous knockout of 
Mitofusin 1 or 2 leads to embryonic defects such as defective giant cell layer and leads, ultimately, to lethality. While Mitofusin 1 only appears to have an effect at the 
embryonic level, knockout of its homologue protein, Mitofusin 2, has been shown to relate to several other defects. Animal models depleted for Mitofusin 2 display 
severe cardiac defects such as cardiomyocyte dysfunction, rapid progressive dilated cardiomyopathy, and final heart failure. Moreover, Mitofusin 2 mutations are the 
primary cause of the incurable neuropathy Charcot-Marie Tooth Type 2A for which no disease-underlying functions have been yet identified. Additionally, links with 
other neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases have been made, although the molecular mechanisms underlying it are not fully 
understood. Low levels of Mitofusin 2 were also shown to have a strong positive correlation with diabetes type 2 and obesity.
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or inhibited (Cosson et  al., 2012; Filadi et  al., 2015; Wang et  al., 
2015) by MFN2 is controversially discussed, depending perhaps 
on the cellular growth conditions. Interestingly, a role in 
ER-mitochondria contacts in inhibiting mitophagy was recently 
shown (Basso et  al., 2018; McLelland et  al., 2018).

One of the most well-characterized processes where 
ER-mitochondria contacts are indispensable is Ca2+ buffering 
(Marchi et  al., 2017). Ca2+ is transferred from the ER through 
the inositol 1, 4,5-triphosphate receptor (I3PR) to the voltage-
dependent anion-selective channel (VDAC) on the OMM 
(Figure  5; Rizzuto et  al., 1998; Szabadkai et  al., 2006). In turn, 
Ca2+ influx to the mitochondrial matrix occurs via the 
mitochondrial calcium uniporter (MCU; Kirichok et  al., 2004; 
Baughman et  al., 2012). The transfer of Ca2+ to mitochondria 
is required for several mitochondrial proteins or processes, 
including the TCA cycle enzymes (Bustos et  al., 2017).  
In addition, mitochondrial division has been shown to be affected 
by Ca2+ levels, in a Drp1-dependent manner (Friedman et al., 2011). 

In fact, some factors required for mitochondrial division and 
found in MAM sites are regulated by Ca2+ binding, as for example 
MIRO, a protein mainly required for mitochondrial trafficking 
(Saotome et  al., 2008). Finally, Ca2+ transferring at the 
ER-mitochondria contacts was also shown to activate apoptosis 
(Doghman-Bouguerra and Lalli, 2019). Ca2+ influx to mitochondria 
is able to open the mitochondrial permeability transition pore, 
leading to the release of cytochrome c and further apoptosis 
induction (Scorrano et  al., 2003).

Apoptosis
Apoptosis is a highly regulated programmed form of cell death 
that occurs in response to stress. The apoptotic cascade can 
be activated via the extrinsic or the intrinsic pathway depending 
on whether the stress signals are extra or intracellular, 
respectively (Elmore, 2007; Galluzzi and Vitale, 2018). Both 
pathways culminate with the activation of caspases, the final 
effectors of apoptosis. The extrinsic pathway is initiated with 

Mitochondrial Fission Phospholipids Synthesis

Ca2+

Ca2+

I3PR

VDAC

Ca2+

Ca2+

Ca2+

PS PE

PCPEPS
PA

PA CL

CL

Drp1

Calcium Bu�ering

FIGURE 5 | Roles of mitochondria-ER contacts. The physical contacts established between mitochondria and ER are responsible for several cellular processes such 
as mitochondrial fission, calcium buffering, and phospholipid synthesis. During mitochondrial fission, ER tubules are found in contact with mitochondria in the future 
fission sites. Drp1 is recruited to these sites and, together with ER tubules, promotes constriction and fission of mitochondria. Calcium (Ca2+) is transported from the 
ER to mitochondria via transporters in each membrane. On the ER membrane, Ca2+ is exported via the inositol 1,4,5-triphosphate receptor (I3PR) to the voltage-
dependent anion-selective channel (VDAC) on the mitochondrial outer membrane. For the synthesis of some phospholipids, the required enzymes are found in the 
mitochondria and not in the endoplasmic reticulum (ER). This implies the transfer of precursor forms of phospholipids from the ER to mitochondria where they can 
be modified and then re-transferred to the ER. For example, the production of the mitochondrial phospholipid cardiolipin (CL) depends on precursor lipids present at 
the ER. Phosphatidic acid (PA) is transferred from the ER, across the IMS to the IMM, where it is enzymatically modified to form CL, which is further transported to the 
OMM. An example of a bidirectional movement of lipids between the ER and mitochondria is the production of phosphatidylethanolamine (PE) and phosphatidylcholine 
(PC). Phosphatidylserine (PS) is first produced on the ER membrane and then translocated to the OMM. On the OMM, PS is transferred to the IMM where it is 
enzymatically modified to form PE. Finally, in order to produce PC, the precursor PE must be transferred back to the ER where specific enzymes modify it into PC.
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the binding of an extracellular death ligand to a cell-surface 
death receptor. In turn, internal death stimuli are, for example, 
DNA damage, oncogene activation, the absence of certain 
growth factors/hormones, or viral infection. The apoptotic 
intrinsic pathway is mediated by mitochondria (and therefore 
also known as mitochondrial pathway). It occurs through the 
release of pro-apoptotic molecules from the IMS to the cytosol, 
for example, cytochrome c or SMAC/DIABLO (Figure 6; 
Xiong et  al., 2014; Ugarte-Uribe and García-Sáez, 2017).

The major players in the apoptotic mitochondrial pathway 
are proteins belonging to the Bcl-2 family, which can be divided 
into pro-survival, pro-apoptotic, or apoptosis initiators (Xiong 
et  al., 2014). Within the pro-apoptotic Bcl-2 proteins, BAX and 
BAK are the two main regulators (Wei et al., 2001; Ugarte-Uribe 
and García-Sáez, 2017). BAX is a cytosolic protein that translocates 
to mitochondria upon apoptotic stimuli, where it oligomerizes 
(Antonsson et  al., 2001). Simultaneously, BAK, which locates 
to mitochondria, undergoes conformational changes and 
oligomerization upon death stimuli (Griffiths et al., 1999). Although 
not completely understood how, both BAX and BAK form pores 
on the OMM, enabling the release of pro-apoptotic molecules 
from the IMS to the cytosol (Wang and Youle, 2009). Once in 
the cytosol, cytochrome c binds to the apoptotic protease activating 
factor 1 (Apaf-1) (Liu et  al., 1996), forming the apoptosome. 
This complex cleaves and activates the pro-caspase 9, followed 
by the activation of effector caspases (Xiong et  al., 2014).

Interestingly, BAX and BAK can interact with mitofusins and 
Drp1, thus placing apoptosis in close relation with mitochondrial 
dynamics (Karbowski et  al., 2002; Brooks et  al., 2007). However, 
the impact of mitochondrial dynamics and morphology on apoptosis 
is still controversially discussed (Xie et  al., 2018). On one hand, 

mitochondrial fragmentation was suggested to induce cell death, 
because fragmented or clustered mitochondria correlated with 
increased apoptosis, whereas Drp1 loss-of-function prevented 
apoptosis (Frank et al., 2001; Huang et al., 2007). BAX was shown 
to translocate to specific sites on mitochondria during the early 
stages of apoptosis, which subsequently become mitochondrial 
fission sites (Karbowski et  al., 2002), Consistently, Drp1 was able 
to permeabilize the OMM by BAX recruitment to mitochondria 
(Montessuit et  al., 2010). Moreover, a pro-apoptotic role of Drp1 
by stabilizing ER-mitochondria contact sites was recently shown 
(Prudent et  al., 2015; Prudent and Mcbride, 2017). On the other 
hand, caspase-3 activation and enhanced apoptosis could 
be observed in Drp1-deficient mice or derived colon cancer cells, 
attributing an anti-apoptotic role to mitochondrial fragmentation 
(Wakabayashi et  al., 2009; Inoue-yamauchi and Oda, 2012). 
Reciprocally, a role of BAK and BAX in the regulation of 
mitochondrial fusion was proposed (Brooks et  al., 2007; Hoppins 
et  al., 2011). First, a role of BAK in promoting mitochondrial 
fragmentation during apoptosis was suggested, along with the 
disassociation from MFN2 and association with MFN1 (Brooks 
et al., 2007). Second, under non-apoptotic conditions, soluble BAK 
activated mitochondrial fusion via MFN2 (Hoppins et  al., 2011). 
In conclusion, the reciprocal relation between mitochondrial 
dynamics and apoptosis is complex and context-specific.

Mitophagy
Mitochondria are kept in vigilance by a multi-layered  
quality control system that protects it against all sorts of 
stress, ensuring maintenance of healthy mitochondria  
(Harper et al., 2018; Pickles et al., 2018). Upon extreme stress, 
such as loss of membrane potential, failure of mitochondrial 

Death stimuli

BAX recruitment
Membrane pore 

formation
Cytochrome release

and caspases activation

Cyt cBAX Caspase

FIGURE 6 | Apoptotic intrinsic pathway mediated by mitochondria. The programmed and regulated cell death, apoptosis, can occur via two different pathways—
intrinsic or extrinsic—according to the origin of the death stimuli, whether it is intrinsic or extrinsic to the cell. Upon intrinsic death stimuli, such as, for example, DNA 
damage or oncogene activation, the intrinsic apoptotic pathway is activated, which is mediated by mitochondria. Intrinsic stimuli induce the oligomerization of a 
pro-apoptotic BcL-2 protein—BAX. These oligomers are able to permeabilize the mitochondrial membrane by pore formation on the OMM. Membrane 
permeabilization allows the release of pro-apoptotic molecules from the IMS, importantly, cytochrome c. In a complex together with other pro-apoptotic proteins, 
cytochrome c activates caspases, the effectors of apoptosis.
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channels, or severe mitochondrial dysfunction, the quality 
control mechanism activated is mitophagy. Mitophagy is a 
selective form of macroautophagy that eliminates damaged 
mitochondrial proteins, or portions of damaged mitochondrial 
network. It occurs via their engulfment by autophagosomes, 
which subsequently fuse with the lysosome, where degradation 
occurs (Figure 7).

Mitophagy requires the presence of specific receptors 
linking the autophagosome membrane to the mitochondrial 
portion destined for degradation, and it can be either dependent 
or independent on ubiquitin. Moreover, in most cases, 
mitophagy is also dependent on the ubiquitin-like modifier 
Atg8 (yeast)/LC3 (mammals), whose lipidated and active 
form (LC3-II) integrates in the autophagosome membrane. 
However, LC3-independent mitophagy has also been reported 
(Nishida et  al., 2009; Saito et  al., 2019). In Saccharomyces 
cerevisiae, mitochondria are targeted via the OMM protein 
receptor Atg32, its binding to Atg8, and, consequently, the 
activation of mitophagy (Kanki et  al., 2009; Okamoto et  al., 
2009). In mammals, the homologue of Atg32, Bcl2-L-13, 
was reported to bind LC3-II on the autophagosome membrane 
and to be  required for mitophagy induction (Otsu et  al., 
2015). Furthermore, other OMM proteins containing an LC3 
interacting (LIR) motif, such as BNIP3, NIX and FUNDC1, 
were also described to target mitochondria for mitophagic 
destruction (Novak et  al., 2010; Rikka et  al., 2011; Liu et  al., 
2012; Wu et  al., 2014).

The mostly described factors mediating ubiquitin-dependent 
regulation of mitophagy are the kinase PINK1 and the E3 
ligase Parkin (Figure 7). Upon loss of membrane potential, 
PINK1 accumulates at the OMM and recruits Parkin to the 
mitochondria. Once at the OMM, Parkin is phosphorylated 
by PINK1 and thereby activated (Shiba-Fukushima et  al., 
2012). Activated Parkin initiates ubiquitylation of several 
OMM proteins, including MFN1 and MFN2, which immediately 
leads to loss of fusion events and to mitochondrial 
fragmentation, characteristic of mitophagy (Gegg et al., 2010; 

Poole et  al., 2010; Tanaka et  al., 2010; Ziviani et  al., 2010). 
Furthermore, the poly-ubiquitin chains on surface proteins 
get bound to LC3-II via several adaptors, such as optineurin, 
NDP52, and p62 (Geisler et  al., 2010; Narendra et  al., 2010b; 
Lazarou et  al., 2015; Khaminets et  al., 2016; Mcwilliams and 
Muqit, 2017), thus allowing the association of mitochondria 
to the autophagosomes (Geisler et  al., 2010).

In addition to Parkin, the E3 ligase Gp78 also activates 
mitophagy upon mitochondrial depolarization (Fu et  al., 2013). 
Moreover, other ligases were reported to induce mitophagy as 
a response to other stress factors, for example, MARCH5, upon 
disruption of oxygen homeostasis (Daskalaki et al., 2018; Ferrucci 
et  al., 2018; Shefa et  al., 2019). In fact, deficiency of O2 causes 
hypoxic stress, but excess of O2 may lead to excessive reactive 
oxygen species, both with toxic consequences for the cells. 
Consequently, eukaryotes have developed complex systems to 
maintain their oxygen homeostasis. Not surprisingly, hypoxic 
stress was shown to induce mitophagy, dependent on the receptor 
FUNDC1 (Liu et al., 2012; Lampert et al., 2019) and its ubiquitin-
dependent regulation by MARCH5 (Chen et  al., 2017).

E3 LIGASES ACTING ON MITOFUSINS

Various E3 ligases, soluble or membrane embedded and either 
located to the cytoplasm, the OMM, or the ER, have  
been shown to regulate either one or both mitofusins, as a 
response to various physiological or stress-induced conditions  
(Figures 8, 9A,B). The OMM E3 MARCH5 was implicated in 
the regulation of mitochondrial morphology, apoptosis, and 
ER-mitochondria contacts and in responses to toxic stress, via 
both MFN1 and MFN2. In turn, ubiquitylation of MFN2 by 
the OMM E3 MUL1 is linked to mitochondrial morphology, 
mitophagy, and neurodegeneration (Cilenti et  al., 2014;  
Yun et  al., 2014; Tang et  al., 2015). The ER-located E3  
Gp78 affected mitophagy and ER-mitochondria contacts, 
via ubiquitylation of both mitofusins (Fu et  al., 2013;  

FIGURE 7 | Mitochondrial clearance via the ubiquitin-mediated pathway. Upon mitochondrial depolarization, a cascade of events is initiated, which targets 
damaged mitochondria, or portions of it, for degradation by the autophagy machinery. In a first step, the kinase PINK1 accumulates at the mitochondrial outer 
membrane and initiates phosphorylation (P) and recruitment of the E3 ligase Parkin. Activated Parkin ubiquitylates (U) several outer mitochondrial membrane 
proteins such as Mitofusins 1 and 2. Additional phosphorylation of ubiquitin generates a positive feedback loop increasing Parkin recruitment and further 
ubiquitylation. The formation of ubiquitin chains on mitochondrial surface proteins promotes its binding to lipidated LC3, an autophagosome receptor, via the 
mitochondrial receptors (R) such as optineurin, NDP52, or p62. From this point, the mitochondria, or its fragments, meant to be degraded are surrounded by the 
autophagosome, which finally fuses with the lysosome for final destruction.
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Wang et  al., 2015). Interestingly, the cytosolic E3 MGRN1 was 
proposed to coordinate the balance between mitochondrial fusion 
and mitophagy, via Gp78 (Mukherjee and Chakrabarti, 2016a,b). 
Constitutively, MGRN1 promotes a stabilizing ubiquitylation on 
MFN1, concomitant with a destabilizing ubiquitylation on Gp78, 
thus preventing mitophagy and instead promoting fusion. By 
contrast, stress prevented MGRN1-dependent ubiquitylation and 
turnover of Gp78, consequently leading to MFN1 turnover, 
mitochondrial fragmentation, and induction of mitophagy. 
Ubiquitylation of mitofusins by another cytosolic E3, HUWE1, 
is linked to both genotoxic stress and mitophagy (Leboucher 
et  al., 2012; Di Rita et  al., 2018). Finally, the cytosolic E3 Parkin 
was shown to be  recruited to mitochondria under stress, thus 
ubiquitylating mitofusins and promoting mitophagy, but was also 
suggested to regulate ER-mitochondria contact sites, both in 
mammals and in Drosophila (Narendra et  al., 2008; Gegg et  al., 
2010; Poole et  al., 2010; Tanaka et  al., 2010; Ziviani et  al., 2010; 
Glauser et  al., 2011; Rakovic et  al., 2011).

MARCH5
The E3 ligase Human membrane-associated RING-CH-V 
(MARCH5, also named MARCHV or MITOL) is an integral 
OMM protein with four membrane-spanning segments and a 
RING-finger domain at its N-terminus (Nakamura et  al., 2006; 
Yonashiro et  al., 2006). MARCH5 is associated with the 
ubiquitylation and degradation of proteins regulating mitochondrial 
dynamics. It was shown that its overexpression increased 
mitochondrial tubulation and that its depletion or the presence 
of a RING-inactive mutant leads to mitochondrial fragmentation 
(Nakamura et  al., 2006; Yonashiro et  al., 2006). These results 
supporting a “pro-tubulation” role of MARCH5, meaning either 

promoting fusion or via inhibition of mitochondrial fission, the 
later suggested by Xu et  al. (2016). However and by contrast, 
downregulation or RING-inactive mutants of MARCH5 were also 
shown to induce abnormal elongation of mitochondria (Karbowski 
et al., 2007; Park et al., 2010). In fact, depending on the circumstances, 
MARCH5 ubiquitylates or interacts with both fission and fusion 
components, suggesting a plastic role in the regulation of 
mitochondrial morphology, as a response to different stimuli.

Consistent with a plastic role of MARCH5, this ligase was 
reported to control a fine balance of MFN1 levels and 
mitochondrial fusion, in order to avoid cellular senescence (Park 
et  al., 2014). First, MARCH5 downregulation led to intense 
elongation of mitochondria, a pro-survival effect (Park et  al., 
2010). However, persistent downregulation caused aggregation 
of mitochondria, progressive cellular enlargement and flattening 
as well as increased senescence (Park et  al., 2010). Consistently, 
the same authors showed that upon mitochondrial stress, caused 
by Antimycin A (an inhibitor of complex 3 of the respiratory 
chain), mitochondria first elongate along with increased levels 
of MFN1. However, excessive MFN1 leads to mitochondrial 
aggregation and cellular senescence, which is counteracted by 
MARCH5. MARCH5 interacts with MFN1 (Park et  al., 2010), 
preferentially binding to acetylated MFN1 on K491 (Park et  al., 
2014), which is conserved in yeast but not in MFN2. Then, 
MARCH5 assembles K-48-linked ubiquitin chains on MFN1, 
addressing it for proteasomal degradation (Park et  al., 2014). 
Moreover, cellular senescence of MARCH5 depleted cells could 
be  rescued by further knockdown of MFN1, especially under 
Antimycin A induced stress (Park et  al., 2014). This suggests 
an important pro-survival role of MARCH5 upon mitochondrial 
stress via MFN1, concomitant with increased acetylation of 
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FIGURE 8 | E3 ligases that modify mitofusins and cellular processes associated. MARCH5, Parkin, and Gp78 regulate both mitofusins, whereas MGRN1 affects 
MFN1 and HUWE1 and MUL1 affect MFN2.
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MFN1, rendering it a preferential substrate for MARCH5-
dependent degradation (Park et  al., 2014).

A link of MARCH5 with cell death, mediated by ubiquitylation 
of MFN1, was observed upon the addition of CGP37157 (CGP), 
an inhibitor of mitochondrial calcium efflux, thus an enhancer 
of apoptosis (Choudhary et  al., 2014). Induction of cell death in 
prostate cancer cells with CGP led to ubiquitylation and degradation 
of MFN1. MFN1 turnover was dependent on MARCH5, suggesting 
that it could directly modify MFN1. Moreover, MFN1 depletion 
in prostate cancer cells increased the cell death response to CGP. 
Therefore, a pro-apoptotic role of MARCH5 and the potential 
therapeutic benefits of MFN1 inhibition are suggested (Choudhary 
et al., 2014). Consistently, in induced pluripotent stem cells (iPSCs), 
a decrease in cell viability and ATP content, as well as mitochondrial 
fragmentation, was observed with tributyltin (TBT; 
Yamada et al., 2016), an endocrine disruptor that causes neurotoxicity 

and immunotoxicity (Kotake, 2012). TBT led to a decrease in 
MFN1 levels, which depended on MARCH5, presumably via 
direct ubiquitylation of MFN1 (Yamada et  al., 2016).

The apparent contradictory observations of a pro- and anti-
survival role of MARCH5 upon Antimycin A or CGP/TBT 
treatment, respectively, could be  explained by the extension 
of MFN1 overexpression achieved by each stress. Consistently, 
the levels of acetylated MFN1 probably regulate a fine-tuned 
balance of fusion activity as well. Indeed, the ubiquitin binding 
deacetylase HDAC6, mostly cytosolic, was shown to interact 
with MFN1, mainly under glucose deprivation (Lee et  al., 
2014). Interestingly, HDAC6 also bound to MFN2, but its 
acetylation or interaction with HDAC6 was not altered under 
glucose deprivation (Lee et  al., 2014). Importantly, acetylation 
of MFN1 at K222 was shown to inhibit its fusogenic activity. 
Moreover, HDAC6-dependent deacetylation of MFN1 ameliorated 

A

B

FIGURE 9 | Residues, E3 ligases, and processes regulating MFN1 (A) MFN2 (B). Representation of the triggers identified to modify mammalian mitofusins by 
ubiquitylation, phosphorylation, and acetylation. The enzymes evolved in each case, and the cellular outcome is also depicted. The vertical bar on each side of the 
structure denotes that the residues modified by ubiquitylation in MFN1 or MFN2 are not known. See text for details.
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ROS production during glucose starvation, supporting a role 
of MFN1-mediated fusion to cope with metabolic stress  
(Lee et al., 2014). Therefore, HDAC6 promotes MFN1-dependent 
hyperfusion, observed both upon glucose starvation in  
cells and upon fasting in mice (Lee et  al., 2014). 
In conclusion, various stress conditions lead to MARCH5-
dependent ubiquitylation and degradation of MFN1.

In addition to MFN1, MARCH5 and HDAC6 regulate stress-
induced MFN2 turnover (Kim et  al., 2015). MARCH5 interacts 
with MFN2 (Nakamura et  al., 2006), which occurs between the 
C-terminal domain of MARCH5 and the HR1 domain of MFN2 
(Sugiura et  al., 2013). Moreover, MARCH5 was shown to 
be responsible for ubiquitylation and degradation of MFN2 under 
hypoxic stress, provoked by adding deferoxamine (DFO), in cells 
lacking HDAC6 (Kim et  al., 2015). However, HDAC6 bound 
strongly to MFN2 in the presence of DFO, thus inhibiting MFN2 
turnover and preventing mitochondrial fragmentation (Kim et al., 
2015). Therefore, HDAC6 can protect mitochondria and activate 
adaptive mitochondrial fusion under hypoxic stress (via deacetylation 
of MFN2) and under starvation (via deacetylation of MFN1). In 
both cases, deacetylation of mitofusins induced their fusogenic 
capacity by preventing ubiquitylation and degradation by MARCH5.

The regulation of MFN1 and MFN2 by MARCH5 was also 
observed in the absence of external stress, being instead either 
linked to cell cycle, via MFN1, or linked to ER-mitochondria 
exchanges, via MFN2. Cell cycle transitions are accompanied 
by alterations in mitochondrial morphology, which are actively 
regulated by both fusion and fission proteins (Mitra, 2013; Horbay 
and Bilyy, 2016). During the G2/M phase, mitochondria fragment; 
then, after cellular division, they fuse again (Mitra, 2013). 
Consistent with the fragmentation, it was shown that MARCH5 
ubiquitylates MFN1 at G2/M, addressing it for proteasomal 
degradation (Park and Cho, 2012). By contrast, a non-proteolytic 
role of MARCH5 acting on MFN2 was demonstrated, through 
the addition of K63-linked polyubiquitin chains at K192, located 
on the GTPase domain and not conserved in MFN1 (Sugiura 
et  al., 2013). Despite the suggestion that MFN2 also locates to 
the ER, MARCH5 only ubiquitylated MFN2 present at the 
mitochondria, not ER-associated MFN2. This created a 
non-proteolytic tag, instead promoting the formation of MFN2 
higher oligomers, important to maintain ER-mitochondria contacts 
(Sugiura et al., 2013). Consistently, MARCH5 knockdown caused 
MFN2 decrease at MAM sites as well as reduced co-localization 
of mitochondria and ER, which was rescued upon re-expression 
of MARCH5. Moreover, a decrease in mitochondrial Ca2+ uptake 
could be observed, suggesting a functional role of MFN2-mediated 
contact sites, dependent on MARCH5 ubiquitylation of MFN2 
(Sugiura et  al., 2013).

HUWE1
HUWE1 is a multifunctional E3 ligase belonging to the HECT-
domain E3 ligase family, therefore forming a ubiquitin-thioester 
intermediate with ubiquitin, before transferring it to the substrate 
(Bernassola et al., 2008). HUWE1 is composed by an ubiquitin-
associated domain, a WWE domain (involved in proteolysis), 
a BH3 domain (common to the family), and two N-terminal 
domains. Finally, the HECT domain is found in its C-terminus 

(Kao et  al., 2018). HUWE1 mediates not only K48- and K63- 
linked poly-ubiquitylation (Adhikary et al., 2005; Zhao et al., 2008) 
but also mono-ubiquitylation (Parsons et  al., 2009) and K11-/
K6-linked ubiquitylation (Michel et  al., 2017), therefore being 
suggested to assemble a powerful ubiquitin combination for 
proteasomal turnover (Meyer and Rape, 2014). This E3 ligase 
is majorly known for regulation of proliferation, differentiation, 
and apoptosis, being therefore associated with cancer and 
metastasis (Kao et  al., 2018).

MFN2 was recently shown to be  modified in a HUWE1-
dependent manner with K6-linked polyubiquitin chains (Michel 
et  al., 2017). Moreover, it was demonstrated that HUWE1 
ubiquitylates MFN2  in response to genotoxic stress (Leboucher 
et  al., 2012) and upon induction of mitophagy (Di Rita et  al., 
2018), thereby addressing MFN2 for proteasomal degradation. 
First, in sarcoma cells, HUWE1 ubiquitylated MFN2 upon activation 
of the c-Jun N-terminal kinase (JNK) pathway, by the addition 
of Doxorubicin, a genotoxic stressor well known for inducing 
apoptosis (Leboucher et al., 2012). Doxorubicin led to mitochondrial 
fragmentation and to MFN2 ubiquitylation and phosphorylation 
at serine 27, signaling proteasomal-dependent loss of MFN2. The 
authors identified the JNK as the stress-activated kinase 
phosphorylating MFN2. In addition, MFN2 bound to the BH3 
domain of HUWE1, suggesting a role in apoptosis. Consistently, 
knockdown of HUWE1 prevented apoptosis, which was restored 
upon further knockdown of MFN2. In summary, this study 
proposes that phosphorylation of MFN2 by JNK leads to recruitment 
of the E3 ligase HUWE1 to phosphorylated MFN2 and subsequent 
acceleration of its degradation by the proteasome. Consequently, 
degradation of MFN2 leads to enhanced mitochondrial 
fragmentation and apoptosis (Leboucher et  al., 2012).

Second, a role of HUWE1  in mitophagy induction was 
recently identified. This was observed upon the addition of 
Oligomycin (an inhibitor of complex 5 of OXPHOS) and 
Antimycin A, by a pathway mediated by AMBRA1 (Di Rita 
et  al., 2018). AMBRA1 is an inducer of autophagy and a 
regulator of mitophagy, involved in both PINK1/Parkin-
dependent and independent pathways, through binding to LC3 
(Strappazzon et  al., 2015). HUWE1 interacted with AMBRA1, 
especially under mitophagy conditions, and translocated to 
mitochondria. Moreover, both HUWE1-dependent ubiquitylation 
and proteasomal-dependent degradation of MFN2 were observed. 
Importantly, HUWE1 depletion impaired AMBRA1-mediated 
mitophagy (Di Rita et  al., 2018).

Gp78
Glycoprotein 78 (Gp78) is an ER membrane-anchored E3 
ubiquitin ligase (Nabi and Raz, 1987). Gp78 is inhibited by 
the ubiquitous cytokine autocrine motility factor (AMF) and 
was first identified as the autocrine motility factor receptor 
(AMFR), for its role in a signaling cascade regulating  
cancer cell motility and metastasis (Nabi et  al., 1990; 
Silletti et  al., 1991). Gp78 regulates protein quality control 
via the ER-associated degradation machinery (ERAD; Fang 
et  al., 2001). ERAD is responsible for the degradation of 
misfolded or functionally denatured proteins from the ER, 
occurring via proteasomal degradation after their 
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retro-translocation to the cytosol (Mehrtash and Hochstrasser, 
2018). This E3 ligase possesses a G2BR domain, for E2-binding, 
has five N-terminal transmembrane domains, and, in its 
C-terminus, has the RING-Finger and VIM domain facing 
the cytosol (Joshi et  al., 2017). The E3 ligase activity of Gp78 
is associated with cell signaling and motility, metabolism, 
neurodegeneration, and cancer/metastasis (Liottaab et al., 1986; 
Watanabes et  al., 1991; Nabi et  al., 1992; Luo et  al., 2002).

Regarding mitofusins, a role of Gp78 was observed for 
mitophagy (Fu et  al., 2013) and ER-mitochondria contact sites 
(Wang et  al., 2015). First, overexpression of Gp78 was shown 
to induce mitochondrial fragmentation, dependent on its E3 
ligase activity (Fu et  al., 2013). Moreover, mitochondrial loss 
was observed, further aggravated upon mitochondrial uncoupling 
with CCCP, but rescued by Gp78 downregulation, pointing to 
its role in mediating mitophagy. Consistently, Gp78 expression 
was shown to partially recruit LC3 to the ER, co-localizing 
with Gp78 itself (Fu et  al., 2013). Moreover, recruitment of 
LC3 to Gp78-positive ER domains was dramatically increased 
upon CCCP treatment, supporting a direct role of Gp78 for 
clearance of damaged mitochondria. Concomitantly, decreased 
levels of MFN1 and MFN2 were observed, especially in the 
presence of CCCP, an effect prevented by proteasomal inhibition 
(Fu et al., 2013). Moreover, Gp78 interacted with both mitofusins 
(Fu et al., 2013) and its inhibitor, AMF, prevented Gp78-induced 
degradation of both MFN1 and MFN2 (Shankar et  al., 2013). 
However, knockdown of MFN1, but not of MFN2, inhibited 
induction of mitophagy, suggesting that albeit degraded, MFN1 
is required for mitophagy. In summary, the role of Gp78  in 
mitophagy appears to be  specifically dependent on MFN1.

In addition to mitophagy, Gp78 promoted contact sites between 
the ER and mitochondria, which were functional in calcium 
transfer (Wang et al., 2015). However, despite Gp78 being mostly 
localized to smooth-ER (Benlimame et  al., 1998), it specifically 
affected contacts of mitochondria to rough ER, in fibrosarcoma 
cancer cells (Wang et  al., 2015). Moreover, in this case, the 
selective regulation of rough ER by Gp78 depended specifically 
on the presence of MFN2. Given that MFN2 levels increased 
upon downregulation of Gp78, the role of the ligase in promoting 
rough ER-mitochondria contacts might occur via ubiquitylation 
and subsequent degradation of MFN2 (Wang et  al., 2015). By 
contrast, although the levels of MFN1 also increased in the 
absence of Gp78, MFN1 knockdown did not affect rough 
ER-mitochondria contacts. Instead, MFN1 knockdown inhibited 
the contacts between mitochondria and smooth ER, which were 
not affected by Gp78 knockdown or by the addition of its inhibitor 
AMF. In summary, both MFN1 and MFN2 behaved as inhibitors 
of ER-mitochondria contact formation, albeit through different 
mechanisms and at different ER sites (Wang et  al., 2015).

MGRN1
The E3 ligase Mahogunin Ring Finger-1 (MGRN1) was first 
discovered to be  the gene mutated in a color-coat mutant 
mice, mahoganoid (Phan et al., 2002; He et al., 2003; Upadhyay 
et  al., 2016). MGRN1 is a soluble E3 ligase, however, locating 
to the cytoplasm, plasma membrane, endosomes, and nucleus 
(Bagher et  al., 2006).

Interestingly, a relation between MGRN1 and both Gp78 and 
MFN1 was suggested, affecting both mitophagy and mitochondrial 
fusion. First, the levels of Gp78 itself were negatively regulated 
by MGRN1, an effect observed in the absence of external stress 
(Mukherjee and Chakrabarti, 2016a,b). Depletion of MGRN1, 
or deletion of the RING-finger domain, caused perinuclear 
clustering of mitochondria and increased oxidatively modified 
proteins, indicative of ROS (Mukherjee and Chakrabarti, 2016a,b). 
Moreover, MGRN1-dependent ubiquitylation of Gp78 addressed 
it for proteasomal degradation. Thus, by repressing Gp78, MGRN1 
indirectly prevented mitophagy, MFN1 turnover, and perinuclear 
clustering. However, depolarization conditions compromised 
ubiquitylation of Gp78 by MGRN1, thus rescuing the levels of 
Gp78 and favoring mitophagy of damaged mitochondria 
(Mukherjee and Chakrabarti, 2016b). Indeed, cells expressing 
the Ring-Finger mutant MGRN1 reveal higher propensity for 
mitophagy: they displayed higher levels of LC3-positive 
mitochondria and presented increased co-localization of 
mitochondria with p62-positive autophagic vesicles.

Second, MGRN1 also preserved MFN1 stability by directly 
interacting with it. Moreover, expression of a RING-finger 
mutant impaired higher oligomerization of MFN1 and 
mitochondrial fusion (Mukherjee and Chakrabarti, 2016a). Thus, 
MGRN1 was suggested to actively promote mitochondrial fusion 
via non-degradative ubiquitylation of MFN1, consistent with 
previous observations (Yue et  al., 2014). This is reminiscent 
of the E3 ligase SCFMdm30 that modifies the yeast mitofusin 
Fzo1 (Fritz et  al., 2003; Escobar-henriques et  al., 2006; Cohen 
et  al., 2008, 2011; Anton et  al., 2011) with a stabilizing 
ubiquitylation (Anton et al., 2013; Simões et al., 2018). Indeed, 
a dual and interdependent balance between constitutive/
non-degradative ubiquitylation of MFN1 vs. stress-induced/
degradative ubiquitylation resembles the regulation of Fzo1  in 
yeast (Anton et  al., 2013; Simões et  al., 2018).

Parkin
Parkin, an E3 ligase associated with Parkinson’s disease (Kitada 
et  al., 1998), belongs to the RING-between-RING family of E3 
ligases (Smit and Sixma, 2014; Walden and Rittinger, 2018): it 
has an N-terminal Ub-like (UBL) domain, a zinc-binding domain 
(RING0, unique to Parkin), a RING domain (RING1, a canonical 
domain), and two linear zinc-binding folds (IBR and RING2; 
Panicker et  al., 2017). Importantly, Parkin recruitment to the 
mitochondria requires PINK1 (Geisler et  al., 2010; Matsuda 
et  al., 2010; Vives-Bauza et  al., 2010; Narendra et  al., 2010a), 
namely its kinase activity and localization at the mitochondrial 
surface (Okatsu et  al., 2012; Shiba-Fukushima et  al., 2012). 
Moreover, crystal structures revealed that Parkin assumes an 
auto-inhibited conformation that is activated by undergoing 
major structural rearrangements, which require PINK1-dependent 
phosphorylation at serine 65 of its UBL domain. In addition, 
it requires binding of ubiquitin itself, also phosphorylated by 
PINK1 at serine 65 (Riley et  al., 2013; Spratt et  al., 2013;  
Wauer and Komander, 2013; Caulfield et al., 2014; Kane et al., 2014; 
Kazlauskaite et  al., 2014; Koyano et  al., 2014; Swatek and 
Komander, 2016; Wauer et  al., 2016; Kumar et  al., 2017; 
Mcwilliams et  al., 2018; Gladkova et  al., 2019). Parkin is able 
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to ubiquitylate itself as well as a large variety of both cytosolic 
and OMM proteins. Mono-ubiquitylation and K63-, K48-, K11-, 
and K6-linked poly-ubiquitylation have been reported for this 
E3 ligase (Cunningham et al., 2015; Seirafi et al., 2015; Mouton-
liger et  al., 2017). Despite its diverse functions (Scarffe et  al., 
2014), the extensive body of literature regarding Parkin and its 
E3 ligase activity is mainly gathered from its role on mitochondrial 
clearance (Harper et  al., 2018; Pickles et  al., 2018), whereby 
mitofusins are ubiquitylated. Nevertheless, Parkin has also been 
shown to act on mitofusins for the regulation of ER-mitochondria 
contact sites (Basso et  al., 2018; McLelland et  al., 2018).

Among the E3 ligases acting on mitofusins, Parkin is definitely 
the most well studied. Parkin was initially shown to translocate 
from the cytoplasm to depolarized mitochondria in mammalian 
cells (Narendra et al., 2008). This study led to the development 
of the hypothesis that Parkin not only is responsible for the 
ubiquitylation of proteins, leading to their subsequent degradation 
by the UPS, but also acts on the selective elimination of 
impaired mitochondria. Strikingly, this dramatically raised the 
interest of many researchers. Shortly after, several mitochondrial 
ubiquitylation targets of Parkin were identified (Chan et  al., 
2011). These included dMfn (MARF) in Drosophila (Poole 
et  al., 2010; Ziviani et  al., 2010) and MFN1 and MFN2  in 
murine and mammalian cells (Gegg et  al., 2010; Tanaka et  al., 
2010; Glauser et  al., 2011; Rakovic et  al., 2011), as well as 
other OMM proteins like VDAC1, Fis1, or Tom20 (Chan et al., 
2011). The ubiquitylation of several mitochondrial proteins by 
Parkin precedes mitophagy and is accomplished by the 
proteasome, independently of autophagy (Chan et  al., 2011; 
Sarraf et al., 2013). Furthermore, this was shown to be essential 
for mitophagy, since inhibition of the 26S proteasome fully 
abrogated Parkin-mediated mitophagy (Tanaka et  al., 2010; 
Chan et  al., 2011). In conclusion, upon mitochondrial 
depolarization, Parkin mediates ubiquitylation of both mitofusins, 
thus addressing them for proteasomal turnover. However, whether 
mitofusins are actively required for Parkin-mediated mitophagy 
is still controversial (Narendra et  al., 2008; Chan et  al., 2011; 
Chen and Dorn, 2013), as discussed later.

Interestingly, a direct role of MFN2 in preventing mitophagy 
dependent on PINK1/Parkin, by keeping mitochondria tethered 
to the ER, was recently demonstrated (Basso et  al., 2018; 
McLelland et  al., 2018). First, depolarization impaired the 
connection between mitochondria and the ER, a process that 
depended on proteasomal turnover and was further exacerbated 
by overexpression of Parkin (McLelland et  al., 2018). In fact, 
turnover of both mitofusins is a very early event after the 
addition of CCCP (Chan et  al., 2011; Sarraf et  al., 2013; 
McLelland et  al., 2018). MFN2 was phospho-ubiquitylated, as 
expected, and its subsequent degradation contributed to the 
recruitment of Parkin to mitochondria, thus activating the 
general ubiquitylation of other outer membrane proteins and 
accelerating mitophagy (McLelland et  al., 2018). Consistently, 
the Parkin-resistant MFN2 HR1 mutants K406R, K416R and 
K420R failed to induce mitophagy, a specific effect since their 
capacity to promote mitochondrial fusion was not affected.

Second, in contrast, Parkin-mediated ubiquitylation of 
mitofusins, also at K416, promoted ER-mitochondria contact 

sites (Basso et  al., 2018). Indeed, downregulation of Parkin in 
Drosophila or mouse embryonic fibroblast (MEF) cells led to 
decreased ubiquitylation of mitofusins, concomitant with a 
significant decrease in ER-mitochondria contacts. Moreover, 
the ubiquitin dead mutant of dMFN, corresponding to K416R 
in mammals, was also deficient in establishing ER-mitochondria 
contacts and in mitochondrial Ca2+ uptake (Basso et al., 2018). 
These results suggest that ubiquitylation of dMfn at “lysine 
416” regulates physical and functional ER-mitochondria contacts 
in Drosophila. Finally, expressing an ER-mitochondria synthetic 
linker rescued locomotor deficits associated with Parkinson’s 
disease. In conclusion, although somehow contradictory, both 
studies suggest an active role of MFN2 in preventing mitophagy 
by tethering mitochondria to the ER. It is possible that in 
the absence of external stress mild MFN2 ubiquitylation by 
Parkin keeps the two organelles together. Then, upon 
depolarization, excessive ubiquitylation occurs instead targeting 
MFN2 for proteasomal turnover, again reminiscent of findings 
in yeast (Anton et  al., 2013; Simões et  al., 2018).

MUL1/MULAN/MAPL/GIDE
Like MARCH5, the E3 ligase MUL1 is an integral outer 
membrane protein regulating mitochondrial dynamics. MUL1/
MULAN was first identified as an NF-κB activator with E3 
ligase activity (Matsuda et  al., 2003). Later, this E3 ligase was 
identified as a mitochondrial protein, being also known as 
mitochondria-anchored protein ligase (MAPL) or growth 
inhibition and death E3 (GIDE) ligase (Li et al., 2008; Neuspiel 
et al., 2008; Zhang et al., 2008). MUL1 has two transmembrane 
domains, with its RING-finger domain facing the cytosol, whose 
overexpression induces fragmentation and perinuclear clustering 
of mitochondria (Li et  al., 2008; Neuspiel et  al., 2008). A clear 
role of MUL1/MAPL as a SUMO E3 ligase was demonstrated 
(Braschi et  al., 2009). For example, MUL1/MAPL acts in the 
formation of mitochondria-derived vesicles addressed to 
peroxisomes (Neuspiel et  al., 2008; Sugiura et  al., 2014), in 
inflammation (Barry et  al., 2018), and in innate immunity 
(Doiron et al., 2017). In addition, other SUMO-dependent roles 
were shown, in the regulation of mitochondrial fission (Braschi 
et  al., 2009) and activation of apoptosis, by stabilizing 
ER-mitochondria contact sites via Drp1 SUMOylation (Prudent 
et  al., 2015). Consistently, Zhang et  al. (2008) reported MUL1/
GIDE as a pro-apoptotic enzyme. However, in what regards 
the regulation of mitofusins by MUL1, so far only ubiquitin 
ligase activity was shown (Yun et  al., 2014; Tang et  al., 2015).

MUL1 was suggested to compensate for PINK1 and Parkin 
deficiencies, for example, by ubiquitylating mitofusin in 
Drosophila, dMfn/MARF (Yun et  al., 2014), and MFN2  in 
mammals (Tang et al., 2015), thus contributing to mitochondrial 
integrity by promoting mitophagy. In the fly, overexpression 
of dMfn aggravated the lethality and neurodegeneration 
phenotypes seen upon PINK1/Parkin deficiency (Yun et  al., 
2014). Moreover, these deficiencies could be  compensated by 
MUL1-dependent ubiquitylation and proteasomal degradation 
of dMfn. Consistently, loss of MUL1 resulted in an increase 
in dMfn levels. Importantly, increased levels of dMfn, observed 
in dopaminergic neurons and muscle of PINK1/Parkin mutant 
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flies, could be  rescued upon MUL1 overexpression. Moreover, 
HeLa cells exposed to cycloheximide presented decreased MFN1 
and MFN2 levels, which could be  stabilized upon MUL1 
silencing (Yun et  al., 2014). Consistently, in the mouse model 
for neurodegeneration, mnd2, where MUL1 accumulated, the 
levels of MFN2 decreased and mitophagy was enhanced (Cilenti 
et  al., 2014). Moreover, a role of MUL1  in the degradation 
of MFN2 was suggested in the context of dopaminergic (DA) 
neuronal loss (Tang et  al., 2015), closely related to Parkinson’s 
and Alzheimer’s diseases. Indeed, Parkinson’s-linked mutations 
of VPS35, a retromer component for endosomal trafficking, 
correlated with increased ubiquitylation and decreased levels 
of MFN2, dependent on the proteasome (Tang et  al., 2015). 
In addition, these neurons presented mitochondrial 
fragmentation, along with impaired OXPHOS, pointing to 
mitochondrial dysfunction. Finally, MUL1 inhibition re-increased 
MFN2, suggesting that MUL1 directly ubiquitylates MFN2, 
signaling its degradation by the proteasome (Tang et al., 2015). 
Together, these results indicate that MUL1 compensates for 
Parkinson’s phenotypes, caused by the loss of PINK1/Parkin 
or VSP35, by decreasing MFN2.

MITOFUSINS: PRO- OR ANTI-
MITOPHAGIC PROTEINS?

During mitophagy induction, mitofusins are clearly among the 
first substrates to be ubiquitylated by Parkin (Chan et al., 2011; 
Sarraf et  al., 2013; McLelland et  al., 2018). However, it was 
first reported that the absence of both mitofusins did not 
affect mitophagy (Narendra et  al., 2008; Chan et  al., 2011). 
Nevertheless, mutations or modifications of MFN1 and MFN2, 
either by ubiquitylation, acetylation, or phosphorylation, have 
also been proposed to directly affect mitophagy (Figure 10). 
As detailed below, whether mitophagy is enhanced or instead 
repressed by mitofusins and their ubiquitylation is still 
controversially discussed.

Pro-mitophagic Role
An active and essential role of MFN2 for mitophagy was 
proposed under diverse mitophagy induction conditions and 
different cell lines, tissues, and animal models. First, MFN2-
phosphorylation by PINK1 was required for recruiting Parkin 
to damaged mitochondria (Chen and Dorn, 2013). This study 
could show that Parkin binds to MFN2  in a PINK1-dependent 
manner after which PINK1 phosphorylates MFN2. Phosphorylated 
MFN2 further promotes ubiquitylation of other OMM proteins 
by Parkin, targeting mitochondria for degradation. This model 
was supported by the observation that MFN2 depletion from 
murine cardiomyocytes prevented Parkin translocation to 
mitochondria upon membrane depolarization and, consequently, 
decreased mitophagy levels (Chen and Dorn, 2013). Consistently, 
depletion of MFN1 and MFN2 caused accumulation of defective 
mitochondria, but no increase in mitophagy levels was observed 
(Song et  al., 2015). These results suggest that ablation of both 
mitofusins interferes with a step in the mitophagic process, 
stopping defective mitochondria from being degraded and leading 
to their accumulation, pointing, thereby, to the fact that both 
MFN1 and MFN2 are required for mitochondrial clearance in 
the murine cardiac system. However, it is important to note 
that other studies have reported that mitophagy still occurs in 
the absence of MFN1 or MFN2, pointing to the existence of 
other proteins that serve as Parkin receptors upon mitophagy 
induction (Narendra et  al., 2008; Chan et  al., 2011).

Further supporting a pro-mitophagic role, MFN1-knockdown 
inhibited mitophagy that was caused by overexpression of Gp78. 
(Fu et  al., 2013). Induction of mitophagy by Gp78 and MFN1 
was Parkin-independent (Fu et  al., 2013). Moreover, MFN2 was 
also not required. However, MFN2 was reported as a central 
player in autophagosome-lysosome formation in human 
cardiomyocytes (Zhao et  al., 2012). Deletion of MFN2  in 
cardiomyocytes led to the extensive accumulation of 
autophagosomes, in response to ischemia-reperfusion stress, a 
condition that induces mitophagy (Zhao et al., 2012). Nevertheless, 
both autophagosome and lysosome formation remained unaltered 

FIGURE 10 | Pro- and anti-mitophagic roles of mitofusins. Mitofusins are reported to induce and inhibit mitophagy through a variety of processes. Pro-mitophagic 
roles of mitofusins can be promoted by (1) phosphorylation of MFN2 by PINK1, and subsequent recruitment of Parkin to mitochondria, (2) Gp78-mediated 
ubiquitylation of MFN1, and (3) SIRT1-mediated deacetylation of MFN2. Anti-mitophagic roles have been described for Mitofusin 2 via (1) MULAN-mediated 
ubiquitylation, (2) increase of ER-mitochondria contacts directly mediated by MFN2, and (3) mutations in MFN2 associated with Charcot-Marie-Tooth Type 2A 
(CMT2A) neuropathy.
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(Zhao et  al., 2012). Instead, autophagosome accumulation was 
due to marked retardation of the fusion step between 
autophagosomes and lysosomes, in the absence of MFN2, a 
phenotype rescued by re-expression of MFN2 (Zhao et al., 2012).

Additional evidences for a pro-mitophagic role of MFN2 
were provided in murine skeletal muscle, in the context of 
aging (Sebastián et al., 2016). Aging in mice was accompanied 
by a decrease in MFN2 levels and, consistently, MFN2 depletion 
generated aging signatures (Sebastián et al., 2016). In parallel, 
MFN2 ablation impaired autophagy and led to excessive 
mitochondrial dysfunction (Sebastián et al., 2016). In conclusion, 
during aging MFN2 levels decreased, consequently impairing 
mitophagy. Also in the context of aging, MFN2 was reported 
to induce mitophagy in aged human liver cells upon ischemia/
reperfusion (I/R) injury (Chun et al., 2018). This study reported 
a pro-mitophagic role of MFN2, not promoted by the canonical 
Parkin-dependent ubiquitylation of MFN2, but by another 
type of PTM: deacetylation via sirtuin 1 (SIRT1). Overexpression 
of either MFN2 or SIRT1 alone failed to rescue I/R injury, 
mitochondrial dysfunction, and cell death. However, their 
co-expression promoted autophagy in aged hepatocytes (Chun 
et al., 2018). Furthermore, the authors showed that deacetylation 
of MFN2 by SIRT1 occurs at K655 and K662 residues, located 
in the C-terminus, and directly linked these modification to 
an increase in autophagy (Chun et  al., 2018).

Finally, supporting pro-mitophagic evidences were shown 
in primary cultured neurons, where I/R injury phenotypes were 
ameliorated by MFN2 expression and aggravated by its 
downregulation (Peng et  al., 2018). In fact, MFN2 expression 
led to increased autophagosome formation and fusion with 
lysosomes (Peng et al., 2018), suggesting once again an important 
role of MFN2 factor for mitochondrial clearance.

Anti-mitophagic Role
In the context of the neuropathy Charcot-Marie-Tooth Type 
2A (CMT2A), which is caused by dominant-negative mutations 
in MFN2, it was suggested that MFN2 behaves as an inhibitor 
of mitophagy (Rizzo et  al., 2016). Indeed, motor neurons 
derived from iPSCS generated from CMT2A fibroblasts had 
an increased autophagic flux (Rizzo et  al., 2016). This suggests 
an anti-mitophagic role of mutant MFN2  in CMT2A patients. 
Consistently, in the CD4+ T immune system cells, and in the 
presence of several stimuli such as rapamycin, ionomycin, or 
starvation, overexpression of MFN2 led to an impairment in 
autophagy (Ying et  al., 2017).

Moreover, an inhibitory effect of MFN2 toward mitophagy 
was also suggested in the context of its function as an 
ER-mitochondria tether. ER-mitochondria contacts are destroyed 
during mitochondrial clearance process, and, consistently, a 
reduction in these contacts leads to an increase in mitochondrial 
degradation (McLelland et al., 2018). Importantly, MFN2 directly 
promoted contacts between mitochondria and ER, therefore 
preventing mitophagy (McLelland et  al., 2018). Moreover, 
degradation of MFN2 was necessary for mitophagy to occur. 
In fact, ubiquitylated MFN2 was suggested to be  the active 
form of MFN2 in promoting ER-mitochondria tethering (Basso 
et  al., 2018). Finally, another anti-mitophagic role of MFN2 

was proposed, upon compromised PINK1/Parkin, which 
depended on ubiquitylation of MFN2 by MUL1, followed by 
proteasomal degradation (Yun et  al., 2014).

DISEASE-ASSOCIATED ROLES OF MFN2

A broad spectrum of disorders has been linked to mutations 
or altered levels in MFN2, underlining its physiological relevance 
(Figure 4). MFN2 correlation with disease also supports the 
idea that MFN2, more than MFN1, is involved in several 
other disease-relevant roles besides mitochondrial fusion.

First, MFN2 mutations cause a rare neurodegenerative disease. 
In addition, a link of MFN2 to the most common neuropathies 
has also been suggested. Importantly, so far no cure is possible 
for these diseases, being only symptomatic treatments available. 
Second, a role of MFN2  in mitophagy or ER-contact sites 
preventing heart failure was proposed. Finally, MFN2 is also 
linked to diabetes, an aspect of crucial importance in our 
present society.

Neurodegeneration
The major causal link between MFN2 dysfunction and disease 
lies with the CMT2A neuropathy (Züchner et al., 2004; Verhoeven 
et  al., 2006). CMT2A is a subtype of an incurable neuropathy, 
Charcot-Marie-Tooth (CMT), characterized by progressive distal 
weakness, muscular atrophy, and sensory abnormalities, affecting 
1  in 2,500 people (Tazir et  al., 2013, 2014; El-abassi et  al., 
2014; Stuppia et  al., 2015; Stojkovic, 2016; Barbullushi et  al., 
2019). CMT is one of the most common inherited neurological 
diseases, usually inherited as an autosomal dominant trait but 
sometimes as autosomal recessive and X-linked trait. CMT2A 
subtype presents an earlier onset, with motor symptoms mainly 
affecting the lower limbs. More than hundred MFN2 mutations 
are described as causative of CMT2A, comprising one-fifth of 
all CMT2A cases (Stojkovic, 2016; Dohrn et al., 2017). Strikingly, 
MFN2 mutations account for approximately 90% of the most 
severe cases of CMT (Feely et  al., 2011).

To date, the disease-underlying functions of MFN2 have 
not been identified. Recent studies with CMT2A-associated 
mutations highlighted the importance of carefully addressing 
membrane potential, apoptosis, ER-mitochondria contacts, and 
mitophagy in CMT2A, further suggesting fusion-independent 
roles of Mitofusin 2 (Saporta et  al., 2015; Rizzo et  al., 2016; 
Bernard-Marissal et  al., 2018; Larrea et  al., 2019). Two very 
recent studies support a pathogenic role of reduced 
ER-mitochondria contacts caused by MFN2 mutants associated 
with CMT2A. First, the presence of the most common CMT2A 
disease mutant MFN2R94Q in patient-derived fibroblasts, primary 
neurons, and in vivo motor neurons of CMT2A mouse model, 
impaired ER-mitochondria contacts (Bernard-Marissal et  al., 
2018). Importantly, ER stress, Ca2+ defective uptake, and 
alteration in the axonal transport of mitochondria, could also 
be  observed. Second, the extent of ER-mitochondria contacts 
also diminished with three different CMT2A variants: MFN2R364W, 
MFN2M376V, and MFN2W740S (Larrea et  al., 2019). Moreover, 
phospholipid synthesis and trafficking were affected in cells 
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expressing these pathogenic mutants, further supporting the 
functional relevance of ER-mitochondria contact sites for 
MFN2-related neurodegeneration.

In addition to CMT, links have been made between MFN2 
dysregulation and both Parkinson’s and Alzheimer’s diseases 
(Han et  al., 2011). Indeed, the frontal cortex of Alzheimer’s 
disease patients displays a reduction in MFN2 levels, as well 
as the hippocampal neurons of post-mortem patients (Wang 
et  al., 2009; Manczak et  al., 2011), which is recapitulated in 
Alzheimer’s disease models. In fact, production of amyloid 
β-peptide (aβ), the main component of amyloid plaques causative 
of Alzheimer’s disease, was found to be decreased upon knockdown 
of MFN2 (Leal et  al., 2016). Furthermore, silencing of MFN2 
led to an increase in ER-mitochondria contacts, characteristic 
of Alzheimer’s (Hedskog et  al., 2013). However, contradictory 
results suggest that overexpression of MFN2 leads instead to 
reduction of aβ-mediated neuronal cell death (Park et al., 2015). 
In addition to ER-mitochondria contacts, a protective role of 
mitophagy has also been suggested (Kerr et  al., 2017; Fang 
et  al., 2019). Indeed, neurons affected in Alzheimer’s disease 
presented compromised mitophagy and accumulated defective 
mitochondria, consistent with the mitochondrial dysfunction 
characteristic of Alzheimer’s disease. Importantly, mitophagy 
induction diminished aβ as well as tau hyperphosphorylation, 
two hallmarks of Alzheimer’s disease (Fang et al., 2019). Supporting 
this idea, mitophagy induction prevented cognitive impairment 
in an Alzheimer’s disease mouse model and reversed memory 
impairment in both transgenic tau nematodes and mice (Fang 
et  al., 2019). Regarding Parkinson’s disease, the link originates 
from MFN2 being a target of Parkin. First, loss of function 
mutations in the genes encoding for Parkin or PINK1 is found 
at the origin of early-onset PD (Kitada et  al., 1998; Valente 
et  al., 2004; Corti et  al., 2011). In fact, Parkin mutations are 
primarily associated with autosomal recessive Parkinson’s disease 
and are the most known cause for this neuropathy. PD is 
characterized by progressive loss of dopaminergic neurons within 
substantia nigra, which attributes to Parkin an extremely important 
neuroprotective role. Second, the E3 ligase Parkin ubiquitylates 
MFN2 (Tanaka et  al., 2010), and other OM proteins (Sarraf 
et  al., 2013), being mitofusins rapidly degraded, among other 
Parkin targets (Chan et  al., 2011; Sarraf et  al., 2013). However, 
causative evidence for a role of MFN2-dependent mitophagy 
via PINK1/Parkin in Parkinson’s disease is still missing.

Cardiac Dysfunction
A link between cardiac dysfunction and mitofusin impairment 
has been established over the years (Hall et  al., 2014). First, 
ablation of mitofusins in cardiomyocytes, Drosophila, and mice 
caused cardiomyocyte dysfunction, rapid progressive dilated 
cardiomyopathy, and finally heart failure (Chen et al., 2011; Dorn 
et  al., 2011; Papanicolaou et  al., 2012; Song et  al., 2017). 
Furthermore, heart phenotypes present in the fly were rescued 
upon expression of human mitofusins, supporting evolutionary 
conserved roles of mitofusins in the heart (Dorn et  al., 2011). 
Interestingly, MFN2 was found to have an essential role in mice 
heart, in the metabolic shift from carbohydrates to fatty acids 
as the substrate preference, which occurs during perinatal period 

(Gong et al., 2015). An MFN2 mutant that cannot be phosphorylated 
by PINK1 and, therefore, inhibits Parkin-mediated mitophagy, 
prevented this mitochondrial metabolic maturation, and the 
respective hearts maintained the fetal metabolic signature (Gong 
et  al., 2015). The authors suggested that mitochondria in fetal 
cardiomyocyte undergo MFN2-dependent mitophagy in order 
to allow their replacement by mature mitochondria. This places 
MFN2 as a central player in this essential metabolic shift. In 
fact, an active role of MFN2 for mitophagy of cardiac mitochondria 
had previously been suggested (Chen et  al., 2011). Consistently, 
depletion of MFN1 and MFN2  in cardiomyocytes caused 
accumulation of defective mitochondria (Song et al., 2015, 2017). 
Moreover, no increase in mitophagy levels was observed, suggesting 
that ablation of both mitofusins interferes with a step in the 
mitophagic process required for the degradation of defective 
mitochondria (Song et al., 2015, 2017). In fact, despite the existence 
of fusion events in cardiac mitochondria (Weaver et  al., 2014), 
they are discrete organelles rather than the continuous networks 
observed in other cell types, perhaps explaining the particular 
importance of mitophagy (Dorn, 2018).

Type 2 Diabetes
A critical role of MFN2 for integrative physiology of whole 
body energy and glucose metabolism has been proposed, in 
neurons expressing orexigenic neuropeptide agouti-related 
protein  (Agrp) and neurons expressing anorexigenic pro- 
opiomelanocortin (POMC; Ozcan, 2013; Dietrich et al., 2014; 
Schneeberger et al., 2014; Timper and Brüning, 2017). Moreover, 
MFN2 has been linked with diabetes and obesity, which are, 
per se, intimately related (Zorzano et  al., 2009). MFN2 is 
found decreased in skeletal muscle from both obese and 
type 2 diabetic patients (Bach et  al., 2005), in line with 
increased mitochondrial fission and reduced mitochondrial 
size, which are characteristic hallmarks of diabetes type 2 
(Kelley et  al., 2002; Toledo et  al., 2006). Interestingly, body 
weight loss in obese subjects increased the expression of 
MFN2  in skeletal muscle and rescued mitochondrial size 
and number (Bach et al., 2005; Toledo et al., 2006). However, 
in adipose tissues of mice subjected to high-fat diet, the 
levels of MFN2 were increased, suggesting tissue-specific 
responses (Boutant et al., 2017). Moreover, ablation of MFN2 in 
adipocytes was beneficial, as it conferred better tolerance to 
glucose and protected against high-fat induced insulin resistance 
(Boutant et  al., 2017; Mahdaviani et  al., 2017). Interestingly, 
a concomitant decrease in mitochondria-lipid droplet 
interaction was observed, which decreased the lipolytic response 
of adipose tissues (Boutant et  al., 2017). Lipid droplets are 
organelles present in adipose tissues responsible for the storage 
of lipid molecules. Upon specific metabolic conditions, these 
organelles release the lipid molecules, which can be  further 
used for ATP production (Londos et  al., 1999). Interestingly, 
the excessive storage of lipids in these organelles was shown 
to underlie metabolic disorders such as diabetes and obesity. 
These results suggest an interesting role of MFN2  in 
mitochondria-lipid droplets interaction, which had been 
previously described (Pidoux et  al., 2011; Rambold et  al., 
2015). Consistently, lack of MFN2  in mice and Drosophila 
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impairs lipid droplet formation and morphology (Sandoval 
et al., 2014; Mcfie et al., 2016). Interestingly, enzymes necessary 
for specific lipids biosynthesis commonly stored in lipid 
droplets are found enriched at MAM sites, where human 
MFN2 was also found to be enriched (De Brito and Scorrano, 
2008). The nature of this relation is still poorly understood 
but might depend on a role of MFN2  in ER-mitochondria 
contacts, shown to be  altered in different models of obesity 
and insulin resistance (Sebastián et  al., 2012; Schneeberger 
et  al., 2014; Filadi et  al., 2017).

CONCLUDING REMARKS

The importance of mitochondrial morphology for cellular fitness 
is increasingly clear. Moreover, the role of mitofusins as a 
response hub to different metabolic or stress states, by their 
selective recognition and modification has also been demonstrated. 
Ubiquitylation by E3 ligases and also phosphorylation or 
acetylation modulate a myriad of activating or repressing states 
in mitofusins. Further studies are required to elucidate 
controversial results and decipher the pathophysiological impact 
of mitofusin modifications in not only neurodegeneration and 
cardiac diseases but also energy expenditure-related diseases, 
such as obesity and diabetes.

AUTHOR CONTRIBUTIONS

Both authors wrote the manuscript. MJ drew the figures. ME-H 
coordinated the study.

FUNDING

This work was supported by a Otto-Bayer fellowship from 
the Bayer foundation to MJ and by grants of the Deutsche 
Forschungsgemeinschaft (DFG; ES338/3-1, CRC 1218 TP A03; 
to ME-H), the Fritz-Thyssen foundation (10.15.1.018MN, to 
ME-H), the Center for Molecular Medicine Cologne (CMMC; 
CAP14, to ME-H), funded under the Institutional Strategy 
of the University of Cologne within the German Excellence 
Initiative (ZUK 81/1, to ME-H), and benefited from funds 
of the Faculty of Mathematics and Natural Sciences, attributed 
to ME-H.

ACKNOWLEDGMENTS

We are grateful to V. Anton for the structure modeling presented 
in Figures 3, 9 and to T. Simões and S. Altin for critical 
reading of the manuscript.

 

REFERENCES

Adhikary, S., Marinoni, F., Hock, A., Hulleman, E., Popov, N., Beier, R., et al. 
(2005). The ubiquitin ligase HectH9 regulates transcriptional activation by 
Myc and is essential for tumor cell proliferation. Cell 123, 409–421. doi: 
10.1016/j.cell.2005.08.016

Anton, F., Dittmar, G., Langer, T., and Escobar-Henriques, M. (2013). Two 
deubiquitylases act on mitofusin and regulate mitochondrial fusion along 
independent pathways. Mol. Cell 49, 487–498. doi: 10.1016/j.molcel.2012.12.003

Anton, F., Fres, J. M., Schauss, A., Pinson, B., Praefcke, G. J. K., Langer, T., 
et al. (2011). Ugo1 and Mdm30 act sequentially during Fzo1- mediated 
mitochondrial outer membrane fusion. J. Cell Sci. 124, 1126–1135. doi: 
10.1242/jcs.073080

Antonsson, B., Montessuit, S., Sanchez, B., Martinou, J., and Oligomerization, B. 
(2001). Bax is present as a high molecular weight oligomer/complex in the 
mitochondrial membrane of apoptotic cells. J. Biol. Chem. 276, 11615–11623. 
doi: 10.1074/jbc.M010810200

Bach, D., Naon, D., Pich, S., Soriano, F. X., Vega, N., Rieusset, J., et al. (2005). 
Expression of Mfn2, the Charcot-Marie-Tooth neuropathy type 2A gene, in 
human skeletal muscle. Diabetes 54, 2685–2693. doi: 10.2337/diabetes.54.9.2685

Bagher, P., Jiao, J., Owen Smith, C., Cota, C. D., and Gunn, T. M. (2006). 
Characterization of Mahogunin Ring Finger-1 expression in mice. Pigment 
Cell Res. 19, 635–643. doi: 10.1111/j.1600-0749.2006.00340.x

Barbullushi, K., Abati, E., Rizzo, F., Bresolin, N., Comi, G. P., and Corti, S. 
(2019).  Disease Modeling and Therapeutic Strategies in CMT2A: State of 
the Art. Mol. Neurobiol. doi: 10.1007/s12035-019-1533-2

Barry, R., John, S. W., Liccardi, G., Tenev, T., Jaco, I., Chen, C., et al. (2018). 
SUMO-mediated regulation of MLRP3 modulates inflammasome activity. 
Nat. Commun. 9, 1–14. doi: 10.1038/s41467-018-05321-2

Basso, V., Marchesan, E., Peggion, C., Chakraborty, J., von Stockum, S., Giacomello, M., 
et al. (2018). Regulation of endoplasmic reticulum-mitochondria contacts by 
Parkin via Mfn2. Pharmacol. Res. 138, 43–56. doi: 10.1016/j.phrs.2018.09.006

Baughman, J. M., Perocchi, F., Girgis, H. S., Plovanich, M., Belcher-Timme, C. A., 
Sancak, Y., et al. (2012). Integrative genomics identifies MCU as an essential 
component of the mitochondrial calcium uniporter. Nature 476, 341–345. 
doi: 10.1038/nature10234

Benlimame, N., Le, P. U., and Nabi, I. R. (1998). Localization of autocrine 
motility factor receptor to caveolae and clathrin-independent internalization 
of its ligand to smooth endoplasmic reticulum. Mol. Biol. Cell 9, 1773–1786.

Bereiter-Hahn, J., and Voth, M. (1994). Dynamics of mitochondria in living 
cells: shape changes, dislocations, fusion, and fission of mitochondria. Microsc. 
Res. Tech. 27, 198–219. doi: 10.1002/jemt.1070270303

Beręsewicz, M., Boratyńska-Jasińska, A., Charzewski, Ł., Kawalec, M.,  
Kabzińska, D., Kocha, A., et al. (2017). The effect of a novel c. 820C > T 
(Arg274Trp) mutation in the mitofusin 2 gene on fibroblast metabolism and clinical 
manifestation in a patient. PLoS One 12, 1–25. doi: 10.1371/journal.pone.0169999

Bernard-Marissal, N., van Hameren, G., Juneja, M., Pellegrino, C., Louhivuori, L., 
Bartesaghi, L., et al. (2018). Altered interplay between endoplasmic reticulum 
and mitochondria in Charcot-Marie-Tooth type 2A neuropathy. Proc. Natl. 
Acad. Sci. USA 116, 2328–2337. doi: 10.1073/pnas.1810932116

Bernassola, F., Karin, M., Ciechanover, A., and Melino, G. (2008). The HECT 
family of E3 ubiquitin ligases: multiple players in cancer development. Cancer 
Cell 14, 10–21. doi: 10.1016/j.ccr.2008.06.001

Bingol, B., Tea, J. S., Phu, L., Reichelt, M., Bakalarski, C. E., Song, Q., et al. 
(2014). The mitochondrial deubiquitinase USP30 opposes parkin-mediated 
mitophagy. Nature 510, 370–375. doi: 10.1038/nature13418

Boutant, M., Kulkarni, S. S., Joffraud, M., Ratajczak, J., Valera-alberni, M., 
Combe, R., et al. (2017). Mfn 2 is critical for brown adipose tissue thermogenic 
function. EMBO J. 36, 1543–1558. doi: 10.15252/embj.201694914

Bragoszewski, P., Turek, M., and Chacinska, A. (2017). Control of mitochondrial 
biogenesis and function by the ubiquitin – proteasome system. Open Biol. 7. 
doi: 10.1098/rsob.170007

Braschi, E., Zunino, R., and McBride, H. M. (2009). MAPL is a new mitochondrial 
SUMO E3 ligase that regulates mitochondrial fission. EMBO Rep. 10,  
748–754. doi: 10.1038/embor.2009.86

Braymer, J. J., and Lill, R. (2017). Iron – sulfur cluster biogenesis and trafficking 
in mitochondria. J. Biol. Chem. 292, 12754–12763. doi: 10.1074/jbc.R117.787101

Brooks, C., Wei, Q., Feng, L., Dong, G., Tao, Y., Mei, L., et al. (2007). Bak 
regulates mitochondrial morphology and pathology during apoptosis by 
interacting with mitofusins. Proc. Natl. Acad. Sci. USA 104, 11649–11654. 
doi: 10.1088/1757-899X/270/1/012007

Bustos, G., Lovy, A., and Cárdenas, C. (2017). Endoplasmic reticulum – 
mitochondria calcium communication and the regulation of mitochondrial 

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/j.cell.2005.08.016
https://doi.org/10.1016/j.molcel.2012.12.003
https://doi.org/10.1242/jcs.073080
https://doi.org/10.1074/jbc.M010810200
https://doi.org/10.2337/diabetes.54.9.2685
https://doi.org/10.1111/j.1600-0749.2006.00340.x
https://doi.org/10.1007/s12035-019-1533-2
https://doi.org/10.1038/s41467-018-05321-2
https://doi.org/10.1016/j.phrs.2018.09.006
https://doi.org/10.1038/nature10234
https://doi.org/10.1002/jemt.1070270303
https://doi.org/10.1371/journal.pone.0169999
https://doi.org/10.1073/pnas.1810932116
https://doi.org/10.1016/j.ccr.2008.06.001
https://doi.org/10.1038/nature13418
https://doi.org/10.15252/embj.201694914
https://doi.org/10.1098/rsob.170007
https://doi.org/10.1038/embor.2009.86
https://doi.org/10.1074/jbc.R117.787101
https://doi.org/10.1088/1757-899X/270/1/012007


Escobar-Henriques and Joaquim Gatekeeper Roles of Mitofusin Ubiquitylation

Frontiers in Physiology | www.frontiersin.org 18 May 2019 | Volume 10 | Article 517

metabolism in cancer: a novel potential target. Front. Oncol. 7, 1–8. doi: 
10.3389/fonc.2017.00199

Cao, Y., Meng, S., Chen, Y., Feng, J., Gu, D., Yu, B., et al. (2017). Mfn1 
structures reveal nucleotide-triggered dimerization critical for mitochondrial 
fusion. Nature 542, 372–376. doi: 10.1038/nature21077

Cappadocia, L., and Lima, C. D. (2017). Ubiquitin-like protein conjugation: 
structures, chemistry, and mechanism. Chem. Rev. 118, 889–918. doi: 10.1021/
acs.chemrev.6b00737

Cardenas, M., Afroditi, R., and Kostas, C. (2018). Iron – sulfur clusters: from 
metals through mitochondria biogenesis to disease. J. Biol. Inorg. Chem. 
23, 509–520. doi: 10.1007/s00775-018-1548-6

Caulfield, T. R., Fiesel, F. C., Moussaud-Lamodière, E. L., Dourado, D. F. A. R., 
Flores, S. C., and Springer, W. (2014). Phosphorylation by PINK1 releases 
the UBL domain and initializes the conformational opening of the E3 
ubiquitin ligase Parkin. PLoS Comput. Biol. 10:e1003935. doi: 10.1371/journal.
pcbi.1003935

Chan, N. C., Salazar, A. M., Pham, A. H., Sweredoski, M. J., Kolawa, N. J., 
Graham, R. L. J., et al. (2011). Broad activation of the ubiquitin-proteasome 
system by Parkin is critical for mitophagy. Hum. Mol. Genet. 20, 1726–1737. 
doi: 10.1093/hmg/ddr048

Chen, H., and Chan, D. C. (2017). Mitochondrial dynamics in rgulating the 
ubique phenotypes of cancer ans stem cells. Cell Metab. 26, 39–48. doi: 
10.1016/j.cmet.2017.05.016

Chen, H., Detmer, S. A., Ewald, A. J., Griffin, E. E., Fraser, S. E., and Chan, D. C. 
(2003). Mitofusins Mfn1 and Mfn2 coordinately regulate mitochondrial 
fusion and are essential for embryonic development. J. Cell Biol. 160, 
189–200. doi: 10.1083/jcb.200211046

Chen, Y., and  Dorn, G. W. II (2013). PINK1-phosphorylated mitofusin 2 is 
a Parkin receptor for culling damaged mitochondria. Science 340, 471–475. 
doi: 10.1126/science.1231031

Chen, Z., Liu, L., Cheng, Q., Li, Y., Wu, H., Zhang, W., et al. (2017). Mitochondrial 
E 3 ligase MARCH 5 regulates FUNDC 1 to fine-tune hypoxic mitophagy. 
EMBO Rep. 18, 495–509. doi: 10.15252/embr.201643309

Chen, Y., Liu, Y., and  Dorn, G. W. II (2011). Mitochondrial fusion is essential 
for organelle function and cardiac homeostasis. Circ. Res. 109, 1327–1331. 
doi: 10.1161/CIRCRESAHA.111.258723

Choudhary, V., Kaddour-Djebbar, I., Alaisami, R., Kumar, M. V., and Bollag, W. B. 
(2014). Mitofusin 1 degradation is induced by a disruptor of mitochondrial 
calcium homeostasis, CGP37157: a role in apoptosis in prostate cancer cells. 
Int. J. Oncol. 44, 1767–1773. doi: 10.3892/ijo.2014.2343

Chun, S. K., Lee, S., Flores-Toro, J., Rebecca, Y. U., Yang, M. J., Go, K. L., et  al. 
(2018). Loss of sirtuin 1 and mitofusin 2 contributes to enhanced ischemia/
reperfusion injury in aged livers. Aging Cell 17, 1–16. doi: 10.1111/acel.12761

Ciechanover, A. (2005). Proteolysis from the lysosome to ubiquitin and the 
proteasome. Nat. Rev. Mol. Cell Biol. 6, 79–86. doi: 10.1038/nrm1552

Cilenti, L., Ambivero, C. T., Ward, N., Alnemri, E. S., Germain, D., and 
Zervos, A. S. (2014). Inactivation of Omi/HtrA2 protease leads to the 
deregulation of mitochondrial Mulan E3 ubiquitin ligase and increased 
mitophagy. Biochim. Biophys. Acta Mol. Cell Res. 1843, 1295–1307. doi: 
10.1016/j.bbamcr.2014.03.027

Clague, M. J., Urbé, S., and Komander, D. (2019). Breaking the chains: 
deubiquitylating enzyme specificity begets function. Nat. Rev. Mol. Cell Biol. 
doi: 10.1038/s41580-019-0099-1

Codron, P., Chevrollier, A., Kane, M. S., Echaniz-laguna, A., Latour, P., Reynier, P., 
et al. (2016). Increased mitochondrial fusion in a autosomal recessive CMT2A 
family with mitochondrial GTPase mitofusin 2 mutations. J. Periphral Nerv. 
Syst. 21, 365–369. doi: 10.1111/jns.12192

Cohen, M. M., Amiott, E. A., Day, A. R., Leboucher, G. P., Pryce, E. N., 
Glickman, M. H., et al. (2011). Sequential requirements for the GTPase 
domain of the mitofusin Fzo1 and the ubiquitin ligase SCF Mdm30  in 
mitochondrial outer membrane fusion. J. Cell Sci. 124, 1403–1410. doi: 
10.1242/jcs.079293

Cohen, M. M. J., Leboucher, G. P., Livnat-Levanon, N., Glickman, M. H., and 
Weissman, A. M. (2008). Ubiquitin-proteasome-dependent degradation of 
a mitofusin, a critical regulator of mitochondrial fusion. Mol. Biol. Cell 19, 
2457–2464. doi: 10.1091/mbc.E08–02–0227

Cohen, S., Valm, A. M., and Lippincott-schwartz, J. (2018). Interacting organelles. 
Curr. Opin. Cell Biol. 53, 84–91. doi: 10.1016/j.ceb.2018.06.003

Corti, O., Lesage, S., and Brice, A. (2011). What genetics tells us about the 
causes and mechanisms of Parkinson’s disease. Physiol. Rev. 91, 1161–1218. 
doi: 10.1152/physrev.00022.2010

Cosson, P., Marchetti, A., Ravazzola, M., and Orci, L. (2012). Mitofusin-2 
independent juxtaposition of endoplasmic reticulum and mitochondria: an 
ultrastructural study. PLoS One 7, 1–5. doi: 10.1371/journal.pone.0046293

Cunningham, C. N., Baughman, J. M., Phu, L., Tea, J. S., Yu, C., Coons, M., 
et al. (2015). USP30 and parkin homeostatically regulate atypical ubiquitin 
chains on mitochondria. Nat. Cell Biol. 17, 160–171. doi: 10.1038/ncb3097

Daskalaki, I., Gkikas, I., and Tavernarakis, N. (2018). Hypoxia and selective 
autophagy in cancer development and therapy. Front. Cell Dev. Biol. 6, 
1–22. doi: 10.3389/fcell.2018.00104

De Brito, O. M., and Scorrano, L. (2008). Mitofusin 2 tethers endoplasmic 
reticulum to mitochondria. Nature 456, 605–610. doi: 10.1038/nature07534

Di Rita, A., Peschiaroli, A., D’Acunzo, P., Srobbe, D., Hu, Z., Gruber, J., et al. 
(2018). HUWE1 E3 ligase promotes PINK1/PARKIN-independent mitophagy 
by regulating AMBRA1 activation via IKKα. Nat. Commun. 9, 1–18. doi: 
10.1038/s41467-018-05722-3

Dietrich, M. O., Liu, Z.-W., and Horvath, T. L. (2014). Mitochondrial dynamics 
controlled by mitofusins regulate Agrp neuronal activity and diet-induced 
obesity. Cell 155, 188–199. doi: 10.1016/j.cell.2013.09.004.Mitochondrial

Doghman-Bouguerra, M., and Lalli, E. (2019). ER-mitochondria interactions: 
both strength and weakness within cancer cells. BBA  - Mol. Cell Res. 1866, 
650–662. doi: 10.1016/j.bbamcr.2019.01.009

Dohrn, M. F., Glöckle, N., MUlahasanovis, L., Heller, C., Mohr, J., Bauer, C., 
et al. (2017). Frequent genes in rare diseases: panel-based next generation 
sequencing to disclose causal mutation in hereditary neuropathies. J. Neurochem. 
143, 507–522. doi: 10.1111/jnc.14217

Doiron, K., Goyon, V., Coyaud, E., Rajapakse, S., Raught, B., and Mcbride, H. M. 
(2017). The dynamic interacting landscape of MAPL reveals essential functions 
for SUMOylation in innate immunity. Sci. Rep. 7, 1–11. doi: 10.1038/
s41598-017-00151-6

Dorn, G. W. II (2018). Cardiac-specific research platforms engender novel 
insights into mitochondrial dynamism. Curr. Opin. Physiol. 3, 110–115. doi: 
10.1016/j.cophys.2018.03.006

Dorn, G. W. II, Clark, C. F., Eschenbacher, W. H., Kang, M., Engelhard, J. T., 
Warner, S. J., et al. (2011). MARF and Opa1 control mitochondrial and 
cardiac function in Drosophila. Circ. Res. 108, 12–17. doi: 10.1161/
CIRCRESAHA.110.236745

Eisenberg-bord, M., and Schuldiner, M. (2017). Mitochatting – if only we could 
be  a fly on the cell wall. BBA  - Mol. Cell Res. 1864, 1469–1480. doi: 
10.1016/j.bbamcr.2017.04.012

El-abassi, R., England, J. D., and Carter, G. T. (2014). Charcot-Marie-Tooth 
disease: an overview of genotypes, phenotypes, and clinical management 
strategies. Am. Acad. Phys. Med. Rehabil. 6, 342–355. doi: 10.1016/j.
pmrj.2013.08.611

Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicol. 
Pathol. 35, 495–516. doi: 10.1080/01926230701320337

Escobar-Henriques, M., and Langer, T. (2014). Dynamic survey of mitochondria 
by ubiquitin. EMBO Rep. 15, 231–243. doi: 10.1002/embr.201338225

Escobar-henriques, M., Westermann, B., and Langer, T. (2006). Regulation of 
mitochondrial fusion by the F-box protein Mdm30 involves proteasome-
independent turnover of Fzo1. J. Cell Biol. 173, 645–650. doi: 10.1083/
jcb.200512079

Fang, S., Ferrone, M., Yang, C., Jensen, J. P., Tiwari, S., and Weissman, A. M. 
(2001). The tumor autocrine motility factor receptor, gp78, is a ubiquitin 
protein ligase implicated in degradation from the endoplasmic reticulum. 
Proc. Natl. Acad. Sci. USA 98, 14422–14427. doi: 10.1073/pnas.251401598

Fang, E. F., Hou, Y., Palikaras, K., Adriaanse, B. A., Kerr, J. S., Yang, B., et  al. 
(2019). Mitophagy inhibits amyloid-beta and tau pathology and reverses 
cognitive deficits in models of Alzheimer’s disease. Nat. Neurosci. 22,  
401–412. doi: 10.1038/s41593-018-0332-9

Feely, S. M. E., Siskind, C. E., Sottile, S., Davis, M., Gibbons, V. S., Reilly, M. M., 
et al. (2011). MFN2 mutations cause severe phenotypes in most patients 
with CMT2A. Neurology 76, 1690–1696. doi: 10.1212/WNL.0b013e31821a441e

Ferrucci, M., Biagioni, F., Ryskalin, L., Limanaqi, F., Gambardella, S., Frati, A., 
et al. (2018). Ambiguous effects of autophagy activation following 
hypoperfusion/ischemia. Int. J. Mol. Sci. 19, 1–24. doi: 10.3390/ijms19092756

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.3389/fonc.2017.00199
https://doi.org/10.1038/nature21077
https://doi.org/10.1021/acs.chemrev.6b00737
https://doi.org/10.1021/acs.chemrev.6b00737
https://doi.org/10.1007/s00775-018-1548-6
https://doi.org/10.1371/journal.pcbi.1003935
https://doi.org/10.1371/journal.pcbi.1003935
https://doi.org/10.1093/hmg/ddr048
https://doi.org/10.1016/j.cmet.2017.05.016
https://doi.org/10.1083/jcb.200211046
https://doi.org/10.1126/science.1231031
https://doi.org/10.15252/embr.201643309
https://doi.org/10.1161/CIRCRESAHA.111.258723
https://doi.org/10.3892/ijo.2014.2343
https://doi.org/10.1111/acel.12761
https://doi.org/10.1038/nrm1552
https://doi.org/10.1016/j.bbamcr.2014.03.027
https://doi.org/10.1038/s41580-019-0099-1
https://doi.org/10.1111/jns.12192
https://doi.org/10.1242/jcs.079293
https://doi.org/10.1091/mbc.E08–02–0227
https://doi.org/10.1016/j.ceb.2018.06.003
https://doi.org/10.1152/physrev.00022.2010
https://doi.org/10.1371/journal.pone.0046293
https://doi.org/10.1038/ncb3097
https://doi.org/10.3389/fcell.2018.00104
https://doi.org/10.1038/nature07534
https://doi.org/10.1038/s41467-018-05722-3
https://doi.org/10.1016/j.cell.2013.09.004.Mitochondrial
https://doi.org/10.1016/j.bbamcr.2019.01.009
https://doi.org/10.1111/jnc.14217
https://doi.org/10.1038/s41598-017-00151-6
https://doi.org/10.1038/s41598-017-00151-6
https://doi.org/10.1016/j.cophys.2018.03.006
https://doi.org/10.1161/CIRCRESAHA.110.236745
https://doi.org/10.1161/CIRCRESAHA.110.236745
https://doi.org/10.1016/j.bbamcr.2017.04.012
https://doi.org/10.1016/j.pmrj.2013.08.611
https://doi.org/10.1016/j.pmrj.2013.08.611
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1002/embr.201338225
https://doi.org/10.1083/jcb.200512079
https://doi.org/10.1083/jcb.200512079
https://doi.org/10.1073/pnas.251401598
https://doi.org/10.1038/s41593-018-0332-9
https://doi.org/10.1212/WNL.0b013e31821a441e
https://doi.org/10.3390/ijms19092756


Escobar-Henriques and Joaquim Gatekeeper Roles of Mitofusin Ubiquitylation

Frontiers in Physiology | www.frontiersin.org 19 May 2019 | Volume 10 | Article 517

Filadi, R., Greotti, E., Turacchio, G., Luini, A., Pozzan, T., and Pizzo, P. (2015). 
Mitofusin 2 ablation increases endoplasmic reticulum – mitochondria coupling. 
Proc. Natl. Acad. Sci. USA 112, E2174–E2181. doi: 10.1073/pnas.1504880112

Filadi, R., Theurey, P., and Pizzo, P. (2017). The endoplasmic reticulum-
mitochondria coupling in health and disease: molecules, functions and 
significance. Cell Calcium 62, 1–15. doi: 10.1016/j.ceca.2017.01.003

El Fissi, N., Rojo, M., Aouane, A., Karatas, E., Poliacikova, G., David, C., et  al. 
(2018). Mitofusin gain and loss of function drive pathogenesis in Drosophila 
models of CMT 2 A neuropathy. EMBO Rep. 19, 1–16. doi: 10.15252/
embr.201745241

Frank, S., Gaume, B., Bergmann-Leitner, E. S., Leitner, W. W., Robert, E. G., 
Catez, F., et al. (2001). The role of dynamin-related protein 1, a mediator 
of mitochondrial fission, in apoptosis. Dev. Cell 1, 515–525. doi: 10.1016/
S1534-5807(01)00055-7

Frey, T. G., Renken, C. W., and Perkins, G. A. (2002). Insight into mitochondrial 
structure and function from electron tomography. Biochim. Biophys. Acta 
Bioenerg. 1555, 196–203. doi: 10.1016/S0005-2728(02)00278-5

Friedman, J. R., Kannan, M., Toulmay, A., Jan, C. H., Weissman, J. S., Prinz, W. A., 
et al. (2018). Lipid homeostasis is maintained by dual targeting of the 
mitochondrial PE biosynthesis enzyme to the ER. Dev. Cell 44, 261–270. 
doi: 10.1016/j.devcel.2017.11.023

Friedman, J. R., Lackner, L. L., West, M., DiBenedetto, J. R., Nunnari, J., and 
Voeltz, G. K. (2011). ER tubules mark sites of mitochondrial division. Science 
334, 358–362. doi: 10.1126/science.1207385

Friedman, J. R., and Nunnari, J. (2014). Mitochondrial form and function. 
Nature 505, 335–343. doi: 10.1038/nature12985

Fritz, S., Weinbach, N., and Westermann, B. (2003). Mdm30 is an F-box protein 
required for maintenance of fusion-competent mitochondria in yeast. Mol. 
Biol. Cell 14, 2303–2313. doi: 10.1091/mbc.E02

Fu, M., St-Pierre, P., Shankar, J., Wang, P. T. C., Joshi, B., and Nabi, I. R. 
(2013). Regulation of mitophagy by the Gp78 E3 ubiquitin ligase. Mol. Biol. 
Cell 24, 1153–1162. doi: 10.1091/mbc.E12-08-0607

Galluzzi, L., and Vitale, I. (2018). Molecular mechanisms of cell death: 
recommendations of the Nomenclature Committee on Cell Death 2018. 
Cell Death Differ. 25, 486–541. doi: 10.1038/s41418-017-0012-4

Gegg, M. E., Cooper, J. M., Chau, K. Y., Rojo, M., Schapira, A. H. V., and 
Taanman, J. W. (2010). Mitofusin 1 and mitofusin 2 are ubiquitinated in 
a PINK1/parkin-dependent manner upon induction of mitophagy. Hum. 
Mol. Genet. 19, 4861–4870. doi: 10.1093/hmg/ddq419

Geisler, S., Holmström, K. M., Skujat, D., Fiesel, F. C., Rothfuss, O. C., Kahle, P. J., 
et al. (2010). PINK1/Parkin-mediated mitophagy is dependent on VDAC1 
and p62/SQSTM1. Nat. Cell Biol. 12, 119–131. doi: 10.1038/ncb2012

Gladkova, C., Maslen, S., Skehel, J. M., and Komander, D. (2019). Mechanism 
of Parkin activation by PINK1. Nature 559, 410–414. doi: 10.1038/
s41586-018-0224-x.Mechanism

Glauser, L., Sonnay, S., Stafa, K., and Moore, D. J. (2011). Parkin promotes 
the ubiquitination and degradation of the mitochondrial fusion factor 
mitofusin 1. J. Neurochem. 118, 636–645. doi: 10.1111/j.1471-4159.2011.07318.x

Gomes, L. C., Di Benedetto, G., and Scorrano, L. (2011). During autophagy 
mitochondria elongate, are spared from degradation and sustain cell viability. 
Nat. Cell Biol. 13, 589–598. doi: 10.1038/ncb2220.During

Gong, G., Song, M., Csordas, G., Kelly, D. P., Matkovich, S. J., and Ii, G. W. D. 
(2015). Parkin-mediated mitophagy directsperinatal cardiac metabolic 
maturation. Science 350, 1–20. doi: 10.1126/science.aad2459

Griffiths, G. J., Dubrez, L., Morgan, C. P., Jones, N. A., Whitehouse, J., 
Corfe, B. M., et al. (1999). Cell damage-induced conformational changes 
of the pro-apoptotic protein bak in  vivo precede the onset of apoptosis. J. 
Cell Biol. 144, 903–914. doi: 10.1083/jcb.144.5.903

Guillet, V., Gueguen, N., Verny, C., Ferre, M., Homedan, C., Loiseau, D., et  al. 
(2010). Adenine nucleotide translocase is involved in a mitochondrial coupling 
defect in MFN2 -related Charcot–Marie–Tooth type 2A disease. Neurogenetics 
11, 127–133. doi: 10.1007/s10048-009-0207-z

Hall, A. R., Burke, N., Dongworth, R. K., and Hausenloy, D. J. (2014). Mitochondrial 
fusion and fission proteins: novel therapeutic targets for combating 
cardiovascular. Br. J. Pharmacol. 171, 1890–1906. doi: 10.1111/bph.12516

Han, X.-J., Tomizawa, K., Fujimura, A., Ohmori, I., Nishiki, T., Matsushita, M., 
et al. (2011). Regulation of mitochondrial dynamics and neurodegenerative 
diseases. Acta Med. Okayama 65, 1–10. doi: 10.18926/AMO/43824

Harper, J. W., Ordureau, A., and Heo, J. M. (2018). Building and decoding 
ubiquitin chains for mitophagy. Nat. Rev. Mol. Cell Biol. 19, 93–108. doi: 
10.1038/nrm.2017.129

He, L., Lu, X. Y., Jolly, A. F., Eldridge, A. G., Watson, S. J., Jackson, P. K., 
et  al. (2003). Spongiform degeneration in mahoganoid mutant mice. Science 
299, 710–712. doi: 10.1126/science.1079694

Hedskog, L., Moreira, C., Filadi, R., Rönnbäck, A., Hertwig, L., and Wiehager, B. 
(2013). Modulation of the endoplasmic reticulum–mitochondria interface 
in Alzheimer’s disease and related models. Proc. Natl. Acad. Sci. USA 110, 
7916–7921. doi: 10.1073/pnas.1300677110

Herhaus, L., and Dikic, I. (2015). Expanding the ubiquitin code through post-
translational modification. EMBO Rep. 16, 1071–1083. doi: 10.15252/
embr.201540891

Hoppins, S., Edlich, F., Cleland, M., Banerjee, S., Michael, J., Youle, R., et al. 
(2011). The soluble form of Bax regulates mitochondrial fusion via MFN2 
homotypic complexes. Mol. Cell 41, 150–160. doi: 10.1016/j.molcel.2010.11.030

Horbay, R., and Bilyy, R. (2016). Mitochondrial dynamics during cell cycling. 
Apoptosis 21, 1327–1335. doi: 10.1007/s10495-016-1295-5

Huang, P., Yu, T., and Yoon, Y. (2007). Mitochondrial clustering induced by 
overexpression of the mitochondrial fusion protein Mfn2 causes mitochondrial 
dysfunction and cell death. Eur. J. Cell Biol. 86, 289–302. doi: 10.1016/j.
ejcb.2007.04.002

Inoue-yamauchi, A., and Oda, H. (2012). Depletion of mitochondrial fission 
factor DRP1 causes increased apoptosis in human colon cancer cells. Biochem. 
Biophys. Res. Commun. 421, 81–85. doi: 10.1016/j.bbrc.2012.03.118

Joshi, V., Upadhyay, A., Kumar, A., and Mishra, A. (2017). Gp78 E3 ubiquitin 
ligase: essential functions and contributions in proteostasis. Front. Cell. 
Neurosci. 11, 1–18. doi: 10.3389/fncel.2017.00259

Kane, L. A., Lazarou, M., Fogel, A. I., Li, Y., Yamano, K., Sarraf, S. A., et al. 
(2014). PINK1 phosphorylates ubiquitin to activate Parkin E3 ubiquitin 
ligase activity. J. Cell Biol. 205, 143–153. doi: 10.1083/jcb.201402104

Kanki, T., Wang, K., Cao, Y., Baba, M., and Klionsky, D. J. (2009). Article 
Atg32 is a mitochondrial protein that confers selectivity during mitophagy. 
Dev. Cell 17, 98–109. doi: 10.1016/j.devcel.2009.06.014

Kao, S. H., Wu, H. T., and Wu, K. J. (2018). Ubiquitination by HUWE1  in 
tumorigenesis and beyond. J. Biomed. Sci. 25, 1–15. doi: 10.1186/
s12929-018-0470-0

Karbowski, M., Lee, Y. J., Gaume, B., Jeong, S. Y., Frank, S., Nechushtan, A., 
et al. (2002). Spatial and temporal association of Bax with mitochondrial 
fission sites, Drp1, and Mfn2 during apoptosis. J. Cell Biol. 159, 931–938. 
doi: 10.1083/jcb.200209124

Karbowski, M., Neutzner, A., and Youle, R. J. (2007). The mitochondrial E3 
ubiquitin ligase MARCH5 is required for Drp1 dependent mitochondrial 
division. J. Cell Biol. 178, 71–84. doi: 10.1083/jcb.200611064

Kazlauskaite, A., Kondapalli, C., Gourlay, R., Camoberll, D. G., Ritorto, M. S., 
Hofmann, K., et al. (2014). Parkin is activated by PINK1-dependent 
phosphorylation of ubiquitin at Ser 65. Biochem. J. 460, 127–139. doi: 
10.1042/BJ20140334

Kelley, D. E., He, J., Menshikova, E. V., and Ritov, V. B. (2002). Dysfunction 
of mitochondria in human skeletal muscle in type 2 diabetes. Diabetes 51, 
2944–2950. doi: 10.2337/diabetes.51.10.2944

Kerr, J. S., Adriaanse, B. A., Greig, N. H., Mattson, M. P., Cader, M. Z., Bohr, 
V. A., et al. (2017). Mitophagy and Alzheimer’s disease: cellular and molecular 
mechanisms. Trends Neurosci. 40, 151–166. doi: 10.1016/j.tins.2017.01.002

Khaminets, A., Behl, C., and Dikic, I. (2016). Ubiquitin-dependent and independent 
signals in selective autophagy. Trends Cell Biol. 26, 6–16. doi: 10.1016/j.
tcb.2015.08.010

Kim, H. J., Nagano, Y., Choi, S. J., Park, S. Y., Kim, H., Yao, T. P., et al. 
(2015). HDAC6 maintains mitochondrial connectivity under hypoxic stress 
by suppressing MARCH5/MITOL dependent MFN2 degradation. Biochem. 
Biophys. Res. Commun. 464, 1235–1240. doi: 10.1016/j.bbrc.2015.07.111

Kim, N. C., Tresse, E., Kolaitis, R. M., Molliex, A., Ruth, E., Alami, N. H., 
et al. (2013). VCP is essential for mitochondrial quality control by PINK1/
Parkin and this function is impaired by VCP mutations. Neuron 78, 65–80. 
doi: 10.1016/j.neuron.2013.02.029

Kirichok, Y., Krapivinsky, G., and Clapham, D. E. (2004). The mitochondrial 
calcium uniporter is a highly selective ion channel. Nature 427, 360–364. 
doi: 10.1038/nature02246

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1073/pnas.1504880112
https://doi.org/10.1016/j.ceca.2017.01.003
https://doi.org/10.15252/embr.201745241
https://doi.org/10.15252/embr.201745241
https://doi.org/10.1016/S1534-5807(01)00055-7
https://doi.org/10.1016/S1534-5807(01)00055-7
https://doi.org/10.1016/S0005-2728(02)00278-5
https://doi.org/10.1016/j.devcel.2017.11.023
https://doi.org/10.1126/science.1207385
https://doi.org/10.1038/nature12985
https://doi.org/10.1091/mbc.E02
https://doi.org/10.1091/mbc.E12-08-0607
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1093/hmg/ddq419
https://doi.org/10.1038/ncb2012
https://doi.org/10.1038/s41586-018-0224-x.Mechanism
https://doi.org/10.1038/s41586-018-0224-x.Mechanism
https://doi.org/10.1111/j.1471-4159.2011.07318.x
https://doi.org/10.1038/ncb2220.During
https://doi.org/10.1126/science.aad2459
https://doi.org/10.1083/jcb.144.5.903
https://doi.org/10.1007/s10048-009-0207-z
https://doi.org/10.1111/bph.12516
https://doi.org/10.18926/AMO/43824
https://doi.org/10.1038/nrm.2017.129
https://doi.org/10.1126/science.1079694
https://doi.org/10.1073/pnas.1300677110
https://doi.org/10.15252/embr.201540891
https://doi.org/10.15252/embr.201540891
https://doi.org/10.1016/j.molcel.2010.11.030
https://doi.org/10.1007/s10495-016-1295-5
https://doi.org/10.1016/j.ejcb.2007.04.002
https://doi.org/10.1016/j.ejcb.2007.04.002
https://doi.org/10.1016/j.bbrc.2012.03.118
https://doi.org/10.3389/fncel.2017.00259
https://doi.org/10.1083/jcb.201402104
https://doi.org/10.1016/j.devcel.2009.06.014
https://doi.org/10.1186/s12929-018-0470-0
https://doi.org/10.1186/s12929-018-0470-0
https://doi.org/10.1083/jcb.200209124
https://doi.org/10.1083/jcb.200611064
https://doi.org/10.1042/BJ20140334
https://doi.org/10.2337/diabetes.51.10.2944
https://doi.org/10.1016/j.tins.2017.01.002
https://doi.org/10.1016/j.tcb.2015.08.010
https://doi.org/10.1016/j.tcb.2015.08.010
https://doi.org/10.1016/j.bbrc.2015.07.111
https://doi.org/10.1016/j.neuron.2013.02.029
https://doi.org/10.1038/nature02246


Escobar-Henriques and Joaquim Gatekeeper Roles of Mitofusin Ubiquitylation

Frontiers in Physiology | www.frontiersin.org 20 May 2019 | Volume 10 | Article 517

Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yakamura, Y., Minoshima, S., 
et al. (1998). Mutations in the parkin gene cause autosomal recessive jubenile 
parkinsonism. Nature 392, 605–608. doi: 10.1038/33416

Knott, A. B., and Bossy-Wetzel, E. (2008). Impairing the mitochondrial fission 
and fusion balance: a new mechanisms of neurodegeneration. Ann. N. Y. 
Acad. Sci. 1147, 283–292. doi: 10.1196/annals.1427.030

Kojima, R., Endo, T., and Tamura, Y. (2016). A phospholipid transfer function 
of ER-mitochondria encounter structure revealed in  vitro. Sci. Rep. 6, 1–9. 
doi: 10.1038/srep30777

Komander, D., and Rape, M. (2012). The ubiquitin code. Annu. Rev. Biochem. 
81, 203–229. doi: 10.1146/annurev-biochem-060310-170328

Kornmann, B., Currie, E., Collins, S. R., Schuldiner, M., Nunnari, J., Weissman, J. S., 
et al. (2009). An ER-mitochondria tethering complex revealed by a synthetic 
biology screen. Science 325, 477–481. doi: 10.1126/science.1175088

Kotake, Y. (2012). Molecular mechanisms of environmental organotin toxicity 
in mammals. Biol. Pharm. Bull. 35, 1876–1880. doi: 10.1248/bpb.b212017

Koyano, F., Okatsu, K., Kosako, H., Tamura, Y., Go, E., Kimura, M., et al. 
(2014). Ubiquitin is phosphorylated by PINK1 to activate parkin. Nature 
510, 162–166. doi: 10.1038/nature13392

Kumar, A., Chaugule, V. K., Condos, T. E. C., Barber, K. R., Johnson, C., 
Toth, R., et al. (2017). Parkin-phosphoubiquitin complex reveals a cryptic 
ubiquitin binding site required for RBR ligase activity. Nat. Struct. Mol. 
Biol. 24, 475–483. doi: 10.1038/nsmb.3400

Kwon, Y. T., and Ciechanover, A. (2017). The ubiquitin code in the ubiquitin-
proteasome system and autophagy. Trends Biochem. Sci. 42, 873–886. doi: 
10.1016/j.tibs.2017.09.002

Lampert, M. A., Orogo, A. M., Najor, R. H., Hammerling, B. C., Leon, L. J., 
Wang, B. J., et al. (2019). BNIP3L/NIX and FUNDC1-mediated mitophagy 
is required for mitochondrial network remodeling during cardiac progenitor 
cell differentiation. Autophagy 1–17. doi: 10.1080/15548627.2019.1580095

Larrea, D., Pera, M., Gonelli, A., Cabrera, R. Q., Akman, H. O., Guardia-Laguarta, C., 
et al. (2019). MFN2 mutations in Charcot-Marie-Tooth disease alter 
mitochondria-associated ER membrane function but do not impair bioenergetics. 
Hum. Mol. Genet. 1–19. doi: 10.1093/hmg/ddz008

Lazarou, M., Sliter, D. A., Kane, L. A., Sarraf, S. A., Burman, J. L., Sideris, D. P., 
et al. (2015). The ubiquitin kinase PINK1 recruits autophagy receptors to 
induce mitophagy. Nature 524, 309–314. doi: 10.1038/nature14893

Leal, N. S., Schreiner, B., Pinho, C. M., Filadi, R., Pizzo, P., Ankarcrona, M., 
et al. (2016). Mitofusin-2 knockdown increases ER – mitochondria contact 
and decreases amyloid b -peptide production. J. Cell. Mol. Med. 20, 1686–1695. 
doi: 10.1111/jcmm.12863

Leboucher, G. P., Yien, T. C., Yang, M., Shaw, K. C., Zhou, M., Veenstra, T. D., 
et al. (2012). Stress-induced phosphorylation and preoteasomal degradation 
of mitofusin 2 facilitates mitochondrial fragmentation and apoptosis. Mol. 
Cell 47, 546–557. doi: 10.1016/j.molcel.2012.05.041

Lee, J., Kapur, M., Li, M., Choi, M., Choi, S., Kim, H., et al. (2014). MFN1 
deacetylation activates adaptive mitochondrial fusion and protects 
metabolically challenged mitochondria. J. Cell Sci. 127, 4954–4963. doi: 
10.1242/jcs.157321

Li, W., Bengtson, M. H., Ulbrich, A., Matsuda, A., Reddy, V. A., Orth, A., 
et al. (2008). Genome-wide and functional annotation of human E3 ubiquitin 
ligases identifies MULAN, a mitochondrial E3 that regulates the organelle’s 
dynamics and signaling. PLoS One 3, 1–13. doi: 10.1371/journal.-
pone.0001487

Liesa, M., and Shirihai, O. S. (2013). Mitochondrial dyamics in the regulatin 
of nutrient utilization and energy expenditure. Cell Metab. 17, 491–506. 
doi: 10.1016/j.cmet.2013.03.002

Liottaab, L. A., Mandlerc, R., Muranoc, G., Katze, D. A., Gordonf, R. K., 
Chiangf, P. K., et al. (1986). Tumor cell autocrine motility factor. Proc. 
Natl. Acad. Sci. USA 83, 3302–3306.

Liu, L., Feng, D., Chen, G., Chen, M., Zheng, Q., Song, P., et al. (2012). Mitochondrial 
outer-membrane protein FUNDC1 mediates hypoxia-induced mitophagy in 
mammalian cells. Nat. Cell Biol. 14, 177–185. doi: 10.1038/ncb2422

Liu, X., Kim, C. N., Yang, J., Jemmerson, R., and Wang, X. (1996). Induction 
of apoptotic program in cell-free extracts: requirement for dATP and 
cytochrome c. Cell 86, 147–157. doi: 10.1016/S0092-8674(00)80085-9

Loiseau, D., Chevrollier, A., Verny, C., Guillet, V., Amati-bonneau, P., and 
Malthie, Y. (2007). Mitochondrial coupling defect in Charcot–Marie–Tooth 
type 2A disease. Ann. Neurol. 61, 315–323. doi: 10.1002/ana.21086

Londos, C., Brasaemle, D. L., Schultz, C. J., Adler-wailes, D. C., Levin, D. M., 
Kimmel, A. R., et al. (1999). On the control of lipolysis in adipocytes. Ann. 
N. Y. Acad. Sci. 892, 155–168. doi: 10.1111/j.1749-6632.1999.tb07794.x

Low, H. H., and Löwe, J. (2006). A bacterial dynamin-like proteins. Nature 
444, 766–769. doi: 10.1038/nature05312

Low, H. H., Sachse, C., Amos, L. A., and Löwe, J. (2009). Structure of a 
bacterial dynamin-like protein lipid tube provides a mechanism for assembly 
and membrane curving. Cell 139, 1342–1352. doi: 10.1016/j.cell.2009.11.003

Luo, Y., Long, J. M., Lu, C., Chan, S. L., Spangler, E. L., Mascarucci, P., et  al. 
(2002). A link between maze learning and hippocampal expression of 
neuroleukin and its receptor gp78. J. Neurochem. 80, 354–361. doi: 10.1046/j.
0022-3042.2001.00707.x

Macvicar, T., and Langer, T. (2016). OPA1 processing in cell death and disease – the 
long and short of it. J. Cell Sci. 128, 2297–2306. doi: 10.1242/jcs.159186

Mahdaviani, K., Benador, I. Y., Su, S., Gharakhanian, R. A., Stiles, L., Trudeau, K. M., 
et al. (2017). Mfn 2 deletion in brown adipose tissue protects from insulin 
resistance and impairs thermogenesis. EMBO Rep. 18, 1123–1138. doi: 
10.15252/embr.201643827

Manczak, M., Calkins, M. J., and Reddy, P. H. (2011). Impaired mitochondrial 
dynamics and abnormal interaction of amyloid beta with mitochondrial 
protein Drp1 in neurons from patients with Alzheimer’s disease: implications 
for neuronal damage. Hum. Mol. Genet. 20, 2495–2509. doi: 10.1093/hmg/
ddr139

Marchi, S., Bittremieux, M., Missiroli, S., Morganti, C., Patergnani, S., Sbano, L., 
et al. (2017). Endoplasmic reticulum-mitochondria communication through 
Ca 2+ signaling: the importance of mitochondria- associated membranes 
(MAMs). Adv. Exp. Med. Biol. 997, 49–67. doi: 10.1007/978-981-10-4567-7

Matsuda, N., Sato, S., Shiba, K., Okatsu, K., Saisho, K., Gautier, C. A., et al. 
(2010). PINK1 stabilized by mitochondrial depolarization recruits Parkin 
to damaged mitochondria and activates latent Parkin for mitophagy. J. Cell 
Biol. 189, 211–221. doi: 10.1083/jcb.200910140

Matsuda, A., Suzuki, Y., Honda, G., Muramatsu, S., Matsuzaki, O., Nagano, Y., 
et al. (2003). Large-scale identification and characterization of human genes 
that activate NF-κB and MAPK signaling pathways. Oncogene 22, 3307–3318. 
doi: 10.1038/sj.onc.1206406

Mattie, S., Riemer, J., Wideman, J. G., and McBride, H. M. (2018). A new 
mitofusin topology places the redox-regulated C terminus in the mitochondrial 
intermembrane space. J. Cell Biol. 217, 507–515. doi: 10.1083/jcb.201611194

Mcbride, H. M., and Neuspiel, M. (2006). Mitochondria: more than just a 
powerhouse. Curr. Biol. 16, 551–560. doi: 10.1016/j.cub.2006.06.054

Mcfie, P. J., Ambilwade, P., Vu, H., and Stone, S. J. (2016). Biochemical and 
biophysical research communications endoplasmic reticulum-mitochondrial 
interaction mediated by mitofusin-1 or mitofusin-2 is not required for lipid 
droplet formation or adipocyte differentiation. Biochem. Biophys. Res. Commun. 
478, 392–397. doi: 10.1016/j.bbrc.2016.07.040

McLelland, G. L., Goiran, T., Yi, W., Dorval, G., Chen, C. X., Lauinger, N. D., 
et al. (2018). Mfn2 ubiquitination by PINK1/parkin gates the p97-dependent 
release of ER from mitochondria to drive mitophagy. elife 7, 1–35. doi: 
10.7554/eLife.32866

Mcwilliams, T. G., Barini, E., Pohjolan-pirhonen, R., Brooks, P., Burel, S., 
Balk, K., et al. (2018). Phosphorylation of Parkin at serine 65 is essential 
for its activation in  vivo. Open Biol. 1, 1–18. doi: 10.1098/rsob.180108

Mcwilliams, T. G., and Muqit, M. M. K. (2017). Science direct PINK1 and 
Parkin: emerging themes in mitochondrial homeostasis. Curr. Opin. Cell 
Biol. 45, 83–91. doi: 10.1016/j.ceb.2017.03.013

Mehrtash, A. B., and Hochstrasser, M. (2018). Ubiquitin-dependent protein 
degradation at the endoplasmic reticulum and nuclear envelope. Semin. Cell 
Dev. Biol. 1. doi: 10.1016/j.semcdb.2018.09.013

Mevissen, T. E. T., and Komander, D. (2017). Mechanisms of deubiquitinase 
specificity and regulation. Annu. Rev. Biochem. 86, 34.1–34.33. doi: 10.1146/
annurev-biochem-061516-044916

Meyer, H.-J., and Rape, M. (2014). Enhanced protein degradation by branched 
ubiquitin chains. Cell 157, 910–921. doi: 10.1016/j.cell.2014.03.037

Michel, M. A., Swatek, K. N., Hospenthal, M. K., and Komander, D. (2017). 
Ubiquitin linkage-specific affimers reveal insights into K6-linked ubiquitin 
signaling. Mol. Cell 68, 1–14. doi: 10.1016/j.molcel.2017.08.020

Mishra, P., and Chan, D. C. (2016). Metabolic regulation of mitochondrial 
dynamics. J. Cell Biol. 212, 379–387. doi: 10.1083/jcb.201511036

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1038/33416
https://doi.org/10.1196/annals.1427.030
https://doi.org/10.1038/srep30777
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1126/science.1175088
https://doi.org/10.1248/bpb.b212017
https://doi.org/10.1038/nature13392
https://doi.org/10.1038/nsmb.3400
https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.1080/15548627.2019.1580095
https://doi.org/10.1093/hmg/ddz008
https://doi.org/10.1038/nature14893
https://doi.org/10.1111/jcmm.12863
https://doi.org/10.1016/j.molcel.2012.05.041
https://doi.org/10.1242/jcs.157321
https://doi.org/10.1371/journal.-pone.0001487
https://doi.org/10.1371/journal.-pone.0001487
https://doi.org/10.1016/j.cmet.2013.03.002
https://doi.org/10.1038/ncb2422
https://doi.org/10.1016/S0092-8674(00)80085-9
https://doi.org/10.1002/ana.21086
https://doi.org/10.1111/j.1749-6632.1999.tb07794.x
https://doi.org/10.1038/nature05312
https://doi.org/10.1016/j.cell.2009.11.003
https://doi.org/10.1046/j.0022-3042.2001.00707.x
https://doi.org/10.1046/j.0022-3042.2001.00707.x
https://doi.org/10.1242/jcs.159186
https://doi.org/10.15252/embr.201643827
https://doi.org/10.1093/hmg/ddr139
https://doi.org/10.1093/hmg/ddr139
https://doi.org/10.1007/978-981-10-4567-7
https://doi.org/10.1083/jcb.200910140
https://doi.org/10.1038/sj.onc.1206406
https://doi.org/10.1083/jcb.201611194
https://doi.org/10.1016/j.cub.2006.06.054
https://doi.org/10.1016/j.bbrc.2016.07.040
https://doi.org/10.7554/eLife.32866
https://doi.org/10.1098/rsob.180108
https://doi.org/10.1016/j.ceb.2017.03.013
https://doi.org/10.1016/j.semcdb.2018.09.013
https://doi.org/10.1146/annurev-biochem-061516-044916
https://doi.org/10.1146/annurev-biochem-061516-044916
https://doi.org/10.1016/j.cell.2014.03.037
https://doi.org/10.1016/j.molcel.2017.08.020
https://doi.org/10.1083/jcb.201511036


Escobar-Henriques and Joaquim Gatekeeper Roles of Mitofusin Ubiquitylation

Frontiers in Physiology | www.frontiersin.org 21 May 2019 | Volume 10 | Article 517

Mitra, K. (2013). Prospects & overviews mitochondrial fission-fusion as an 
emerging key regulator of cell proliferation and differentiation. BioEssays 
35, 955–964. doi: 10.1002/bies.201300011

Montessuit, S., Somasekharan, S. P., Terrones, O., Lucken-Ardjomande, S., 
Herzig, S., Scwarzenbacher, R., et al. (2010). Membrane remodeling induced 
by the dynamin related protein Drp1 stimulates bax oligomerization. Cell 
142, 889–901. doi: 10.1016/j.cell.2010.08.017

Mourier, A., Motori, E., Brandt, T., Lagouge, M., Atanassov, I., Galinier, A., 
et al. (2015). Mitofusin 2 is required to maintain mitochondrial coenzyme 
Q levels. J. Cell Biol. 208, 429–442. doi: 10.1083/jcb.201411100

Mouton-liger, F., Jacoupy, M., and Corvol, J. (2017). PINK1/Parkin-dependent 
mitochondrial surveillance: from pleiotropy to Parkinson’s disease. Front. 
Mol. Neurosci. 10, 1–15. doi: 10.3389/fnmol.2017.00120

Mukherjee, R., and Chakrabarti, O. (2016a). Regulation of mitofusin1 by 
Mahogunin Ring Finger-1 and the proteasome modulates mitochondrial 
fusion. Biochim. Biophys. Acta Mol. Cell Res. 1863, 3065–3083. doi: 10.1016/j.
bbamcr.2016.09.022

Mukherjee, R., and Chakrabarti, O. (2016b). Ubiquitin-mediated regulation of 
the E3 ligase GP78 by MGRN1  in trans affects mitochondrial homeostasis. 
J. Cell Sci. 129, 757–773. doi: 10.1242/jcs.176537

Nabi, I. R., and Raz, A. (1987). Cell shape modulation alters glycosylation of 
a metastatic melanoma cell-surface antigen. Int. J. Cancer 40, 396–402. doi: 
10.1002/ijc.2910400319

Nabi, I. R., Watanabe, H., and Raz, A. (1990). Identification of B16-F1 melanoma 
autocrine motility-like factor receptor. Cancer Res. 50, 409–414.

Nabi, I. R., Watanabe, H., and Raz, A. (1992). Autocrine motility factor and 
its receptor: role in cell locomotion and metastasis. Cancer Metastasis Rev. 
11, 5–20. doi: 10.1007/BF00047599

Nakamura, N., Kimura, Y., Tokuda, M., Honda, S., and Hirose, S. (2006). 
MARCH-V is a novel mitofusin 2- and Drp1-binding protein able to change 
mitochondrial morphology. EMBO Rep. 7, 1019–1022. doi: 10.1038/sj.
embor.7400790

Naon, D., Zaninello, M., Giacomello, M., Varanita, T., and Grespi, F. (2016). 
Critical reappraisal confirms that Mitofusin 2 is an endoplasmic 
reticulum – mitochondria tether. Proc. Natl. Acad. Sci. USA 113, 11249–11254. 
doi: 10.1073/pnas.1606786113

Narendra, D. P., Jin, S. M., Tanaka, A., Suen, D.-F., Gautier, C. A., Shen, J., 
et al. (2010a). PINK1 is selectively stabilized on impaired mitochondria to 
activate Parkin. PLoS Biol. 8, 1–21. doi: 10.1371/journal.pbio.1000298

Narendra, D. P., Kane, L. A., Hauser, D. N., Fearnley, I. M., and Youle, R. J. 
(2010b). p62/SQSTM1 is required for Parkin-induced mitochondrial clustering 
but not mitophagy; VDAC1 is dispensable for both. Autophagy 6, 1090–1106. 
doi: 10.4161/auto.6.8.13426

Narendra, D., Tanaka, A., Suen, D. F., and Youle, R. J. (2008). Parkin is recruited 
selectively to impaired mitochondria and promotes their autophagy. J. Cell 
Biol. 183, 795–803. doi: 10.1083/jcb.200809125

Neuspiel, M., Schauss, A. C., Braschi, E., Zunino, R., Rippstein, P., 
Rachubinski, R. A., et al. (2008). Cargo-selected transport from the 
mitochondria to peroxisomes is mediated by vesicular carriers. Curr. Biol. 
18, 102–108. doi: 10.1016/j.cub.2007.12.038

Neutzner, A., and Youle, R. J. (2005). Instability of the mitofusin Fzo1 regulates 
mitochondrial morphology during the mating response of the yeast 
Saccharomyces cerevisiae. J. Biol. Chem. 280, 18598–18603. doi: 10.1074/jbc.
M500807200

Nishida, Y., Arakawa, S., Fujitani, K., Yamaguchi, H., Mizuta, T., Kanaseki, T., 
et al. (2009). Discovery of Atg5/Atg7-independent alternative macroautophagy. 
Nature 461, 654–658. doi: 10.1038/nature08455

Novak, I., Kirkin, V., Mcewan, D. G., Zhang, J., Wild, P., Rozenknop, A., et  al. 
(2010). Nix is a selective autophagy receptor for mitochondrial clearance. 
EMBO Rep. 11, 45–51. doi: 10.1038/embor.2009.256

Nunnari, J., Marshall, W. F., Straight, A., Murray, A., Sedat, J. W., and Walter, P. 
(1997). Mitochondrial transmission during mating in Saccharomyces cerevisiae 
is determined by mitochondrial fusion and fission and the intramitochondrial 
segregation of mitochondrial DNA. Mol. Biol. Cell 8, 1233–1242.

Nunnari, J., and Suomalainen, A. (2012). Mitochondria: in sickness and in 
health. Cell 148, 1145–1159. doi: 10.1016/j.cell.2012.02.035

Okamoto, K., Kondo-Okamoto, N., and Ohsumi, Y. (2009). Mitochondria-
anchored receptor Atg32 mediates degradation of mitochondria via selective 
autophagy. Dev. Cell 17, 87–97. doi: 10.1016/j.devcel.2009.06.013

Okatsu, K., Oka, T., Iguchi, M., Imamura, K., Kosako, H., Tani, N., et al. 
(2012). PINK1 autophosphorylation upon membrane potential dissipation 
is essential for Parkin recruitment to damaged mitochondria. Nat. Commun. 
3, 1010–1016. doi: 10.1038/ncomms2016

Otsu, K., Murakawa, T., and Yamaguchi, O. (2015). BCL2L13 is a mammalian 
homolog of the yeast mitophagy receptor Atg32. Autophagy 11, 1932–1933. 
doi: 10.1080/15548627.2015.1084459

Ozcan, U. (2013). Mitofusins: mighty regulators of metabolism. Cell 155, 
17–18. doi: 10.1016/j.cell.2013.09.013

Panicker, N., Dawson, V. L., and Dawson, T. M. (2017). Activation mechanisms 
of the E3 ubiquitin ligase parkin. Biochem. J. 474, 3075–3086. doi: 10.1042/
BCJ20170476

Papanicolaou, K. N., Kikuchi, R., Ngoh, G. A., Coughlan, K. A., Dominguez, I., 
Stanley, W. C., et al. (2012). Mitofusin 1 and 2 are essentialfor posnatal 
metabolic remodeling in heart. Circ. Res. 111, 1012–1026. doi: 10.1161/
CIRCRESAHA.112.274142

Park, Y. Y., and Cho, H. (2012). Mitofusin 1 is degraded at G2/M phase through 
ubiquitylation by MARCH5. Cell Div. 7, 1–6. doi: 10.1186/1747-1028-7-25

Park, J., Choi, H., Min, J.-S., Kim, B., Lee, S.-R., Yun, J. W., et al. (2015). 
Loss of mitofusin 2 links beta-amyloid-mediated mitochondrial fragmentation 
and Cdk5-induced oxidative stress in neuron cells. J. Neurochem. 132, 
687–702. doi: 10.1111/jnc.12984

Park, Y.-Y., Lee, S., Karbowski, M., Neutzner, A., Youle, R. J., and Cho, H. 
(2010). Loss of MARCH5 mitochondrial E3 ubiquitin ligase induces cellular 
senescence through dynamin-related protein 1 and mitofusin 1. J. Cell Sci. 
123, 619–626. doi: 10.1242/jcs.061481

Park, Y. Y., Nguyen, O. T. K., Kang, H., and Cho, H. (2014). MARCH5-mediated 
quality control on acetylated Mfn1 facilitates mitochondrial homeostasis and 
cell survival. Cell Death Dis. 5, 1–12. doi: 10.1038/cddis.2014.142

Parsons, J. L., Tait, P. S., Finch, D., Dianova, I. I., Edelmann, M. J., Svetlana, V., 
et al. (2009). Ubiquitin ligase ARF-BP1/mule modulates base excision repair. 
EMBO J. 28, 3207–3215. doi: 10.1038/emboj.2009.243

Peng, C., Rao, W., Zhang, L., Gao, F., Hui, H., Wang, K., et al. (2018). Mitofusin 
2 exerts a protective role in ischemia reperfusion injury through increasing 
autophagy. Cell. Physiol. Biochem. 46, 2311–2324. doi: 10.1159/000489621

Pfanner, N., Warscheid, B., and Wiedemann, N. (2019). Mitochondrial proteins: 
from biogenesis to functional networks. Nat. Rev. Mol. Cell Biol. 20, 267–284. 
doi: 10.1038/s41580-018-0092-0

Phan, L. K., Lin, F., LeDuc, C. A., Chung, W. K., and Leibel, R. L. (2002). 
The mouse mahoganoid coat color mutation disrupts a novel C3HC4 RING 
domain protein. J. Clin. Invest. 110, 1449–1459. doi: 10.1172/JCI0216131

Pich, S., Bach, D., Briones, P., Liesa, M., Camps, M., Testar, X., et al. (2005). 
The Charcot-Marie-Tooth type 2A gene product, Mfn2, up-regulates fuel 
oxidation through expression of OXPHOS system. Hum. Mol. Genet. 14, 
1405–1415. doi: 10.1093/hmg/ddi149

Pickles, S., Vigié, P., and Youle, R. J. (2018). Mitophagy and quality control 
mechanisms in mitochondrial maintenance. Curr. Biol. 28, R142–R143. doi: 
10.1016/j.cub.2018.01.004

Pidoux, G., Witczak, O., Jarnæss, E., Myrvold, L., Urlaub, H., Stokka, A. J., 
et al. (2011). Optic atrophy 1 is an A-kinase anchoring protein on lipid 
droplets that mediates adrenergic control of lipolysis. EMBO J. 30, 4371–4386. 
doi: 10.1038/emboj.2011.365

Poole, A. C., Thomas, R. E., Yu, S., Vincow, E. S., and Pallanck, L. (2010). 
The mitochondrial fusion-promoting factor mitofusin is a substrate of the 
PINK1/parkin pathway. PLoS One 5, 1–8. doi: 10.1371/journal.pone.0010054

Praefcke, G. J. K., and McMahon, H. T. (2004). The dynamin superfamily: 
universal membrane tubulation and fission molecules? Nat. Rev. Mol. Cell 
Biol. 5, 133–147. doi: 10.1038/nrm1313

Prudent, J., and Mcbride, H. M. (2017). The mitochondria–endoplasmic reticulum 
contact sites: a signalling platform for cell death. Curr. Opin. Cell Biol. 45, 
57–63. doi: 10.1016/j.ceb.2017.03.007

Prudent, J., Zunino, R., Mattie, S., Gordon, C., Mcbride, H. M., Prudent, J., 
et al. (2015). MAPL SUMOylation of Drp1 stabilizes an ER/mitochondrial 
platform required for cell death article MAPL SUMOylation of Drp1 stabilizes 
an ER/mitochondrial platform required for cell death. Mol. Cell 59, 941–955. 
doi: 10.1016/j.molcel.2015.08.001

Qi, Y., Yan, L., Yu, C., Guo, X., Zhou, X., Hu, X., et al. (2016). Structures of 
human mitofusin 1 provide insight into mitochondrial tethering. J. Cell 
Biol. 215, 621–629. doi: 10.1083/jcb.201609019

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1002/bies.201300011
https://doi.org/10.1016/j.cell.2010.08.017
https://doi.org/10.1083/jcb.201411100
https://doi.org/10.3389/fnmol.2017.00120
https://doi.org/10.1016/j.bbamcr.2016.09.022
https://doi.org/10.1016/j.bbamcr.2016.09.022
https://doi.org/10.1242/jcs.176537
https://doi.org/10.1002/ijc.2910400319
https://doi.org/10.1007/BF00047599
https://doi.org/10.1038/sj.embor.7400790
https://doi.org/10.1038/sj.embor.7400790
https://doi.org/10.1073/pnas.1606786113
https://doi.org/10.1371/journal.pbio.1000298
https://doi.org/10.4161/auto.6.8.13426
https://doi.org/10.1083/jcb.200809125
https://doi.org/10.1016/j.cub.2007.12.038
https://doi.org/10.1074/jbc.M500807200
https://doi.org/10.1074/jbc.M500807200
https://doi.org/10.1038/nature08455
https://doi.org/10.1038/embor.2009.256
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1016/j.devcel.2009.06.013
https://doi.org/10.1038/ncomms2016
https://doi.org/10.1080/15548627.2015.1084459
https://doi.org/10.1016/j.cell.2013.09.013
https://doi.org/10.1042/BCJ20170476
https://doi.org/10.1042/BCJ20170476
https://doi.org/10.1161/CIRCRESAHA.112.274142
https://doi.org/10.1161/CIRCRESAHA.112.274142
https://doi.org/10.1186/1747-1028-7-25
https://doi.org/10.1111/jnc.12984
https://doi.org/10.1242/jcs.061481
https://doi.org/10.1038/cddis.2014.142
https://doi.org/10.1038/emboj.2009.243
https://doi.org/10.1159/000489621
https://doi.org/10.1038/s41580-018-0092-0
https://doi.org/10.1172/JCI0216131
https://doi.org/10.1093/hmg/ddi149
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1038/emboj.2011.365
https://doi.org/10.1371/journal.pone.0010054
https://doi.org/10.1038/nrm1313
https://doi.org/10.1016/j.ceb.2017.03.007
https://doi.org/10.1016/j.molcel.2015.08.001
https://doi.org/10.1083/jcb.201609019


Escobar-Henriques and Joaquim Gatekeeper Roles of Mitofusin Ubiquitylation

Frontiers in Physiology | www.frontiersin.org 22 May 2019 | Volume 10 | Article 517

Rakovic, A., Grünewald, A., Kottwitz, J., Brüggemann, N., Pramstaller, P. P., 
Lohmann, K., et al. (2011). Mutations in PINK1 and Parkin impair 
ubiquitination of mitofusins in human fibroblasts. PLoS One 6, 1–13. doi: 
10.1371/journal.pone.0016746

Rambold, A. S., Cohen, S., and Lippincott-schwartz, J. (2015). Fatty acid trafficking 
in starved cells: regulation by lipid droplet lipolysis, autophagy and mitochondrial 
fusion dynamics. Dev. Cell 32, 678–692. doi: 10.1016/j.devcel.2015.01.029

Rambold, A. S., Kostelecky, B., Elia, N., and Lippincott-Schwartz, J. (2011). 
Tubular network formation protects mitochondria from autophagosomal 
degradation during nutrient starvation. PNAS 108, 10190–10195. doi: 10.1073/
pnas.1107402108

Rape, M. (2018). Ubiquitylation at the crossroads of development and disease. 
Nat. Rev. Mol. Cell Biol. 19, 59–70. doi: 10.1038/nrm.2017.83

Rikka, S., Quinsay, M., Thomas, R., Kubil, D., Zhang, X., AN, M., et al. (2011). 
Bnip3 impairs mitochondrial bioenergetics and stimulates mitochondrial 
turnover. Cell Death Differ. 18, 721–731. doi: 10.1038/cdd.2010.146

Riley, B. E., Lougheed, J. C., Callaway, K., Velasquez, M., Brecht, E., Nguyen, L., 
et al. (2013). Structure and function of Parkin E3 ubiquitin ligase reveals aspects 
of RING and HECT ligases. Nat. Commun. 4, 1–9. doi: 10.1038/ncomms2982

Rizzo, F., Ronchi, D., Salani, S., Nizzardo, M., Fortunato, F., Bordoni, A., et  al. 
(2016). Selective mitochondrial depletion, apoptosis resistance, and increased 
mitophagy in human Charcot-Marie-Tooth 2A motor neurons. Hum. Mol. 
Genet. 25, 4266–4281. doi: 10.1093/hmg/ddw258

Rizzuto, R., Pinton, P., Carrington, W., Fay, F. S., Fogarty, K. E., Lifshitz, L. M., 
et al. (1998). Close contacts with the endoplasmic reticulum as determinants 
of close contacts with the endoplasmic reticulum as determinants of mitochondrial 
Ca 2 responses. Science 280, 1763–1766. doi: 10.1126/science.280.5370.1763

Rojo, M., Legros, F., Chateau, D., and Lombès, A. (2002). Membrane topology 
and mitochondrial targeting of mitofusins, ubiquitous mammalian homologs 
of the transmembrane GTPase Fzo. J. Cell Sci. 115, 1663–1674.

Rowland, A. A., and Voeltz, G. K. (2012). Endoplasmic reticulum-mitochondria 
contacts: function of the junction. Nat. Rev. Mol. Cell Biol. 13, 607–615. 
doi: 10.1038/nrm3440

Saito, T., Kundu, M., Sadoshima, J., Saito, T., Nah, J., Oka, S., et al. (2019). 
An alternative mitophagy pathway mediated by Rab9 protects the heart 
against ischemia graphical abstract find the latest version: an alternative 
mitophagy pathway mediated by Rab9 protects the heart against ischemia. 
J. Clin. Invest. 129, 802–819. doi: 10.1172/JCI122035

Sandoval, H., Yao, C., Chen, K., Jaiswal, M., Donti, T., Lin, Y. Q., et al. (2014). 
Mitochondrial fusion but not fission regulates larval growth and synaptic 
development through steroid hormone production. elife 3, 1–23. doi: 10.7554/
eLife.03558

Saotome, M., Safiulina, D., Szabadkai, G., Das, S., Fransson, A., Aspenstrom, P., 
et al. (2008). Bidirectional Ca2+-dependent control of mitochondrial dynamics 
by the Miro GTPase. Proc. Natl. Acad. Sci. USA 105, 20728–20733. doi: 
10.1073/pnas.0808953105

Saporta, M. A., Dang, V., Volfson, D., Zou, B., Xie, X. S., Adebola, A., et al. 
(2015). Axonal Charcot-Marie-Tooth disease patient-derived motor neurons 
demonstrate disease-specific phenotypes including abnormal electrophysiological 
properties. Exp. Neurol. 263, 190–199. doi: 10.1016/j.expneurol.2014.10.005

Sarraf, S. A., Raman, M., Guarani-pereira, V., Sowa, M. E., Edward, L., Gygi, S. P., 
et al. (2013). Landscape of the PARKIN-dependent ubiquitylome in response 
to mitochondrial depolarization. Nature 496, 372–376. doi: 10.1038/nature12043

Scarffe, L. A., Stevens, D. A., Dawson, V. L., and Dawson, T. M. (2014). Parkin 
and PINK1: much more than mitophagy. Trends Neurosci. 37, 315–324. doi: 
10.1016/j.tins.2014.03.004

Schneeberger, M., Dietrich, M. O., Sebástian, D., Imberón, M., Castaño, C., 
Garcia, A., et al. (2014). Mitofusin 2  in POMC neurons connects ER stress 
with leptin resistance and energy imbalance. Cell 155, 1–23. doi: 10.1016/j.
cell.2013.09.003

Schrepfer, E., and Scorrano, L. (2016). Review mitofusins, from mitochondria 
to metabolism. Mol. Cell 61, 683–694. doi: 10.1016/j.molcel.2016.02.022

Scorrano, L., Scorrano, L., Oakes, S. A., Opferman, J. T., Cheng, E. H., Sorcinelli, M. D., 
et al. (2003). BAX and BAK regulation of endoplasmic reticulum Ca 2+: a 
control point for apoptosis. Science 300, 135–139. doi: 10.1126/science.1081208

Sebastián, D., Hernández-alvarez, M. I., Segalés, J., and Sorianello, E. (2012). 
Mitofusin 2 (Mfn2) links mitochondrial and endoplasmic reticulum function 
with insulin signaling and is essential for normal glucose homeostasis. Proc. 
Natl. Acad. Sci. USA 109, 5523–5528. doi: 10.1073/pnas.1108220109

Sebastián, D., Sorianello, E., Segalés, J., Irazoki, A., Ruiz-Bonilla, V., Sala, D., 
et al. (2016). Mfn2 deficiency links age-related sarcopenia and impaired 
autophagy to activation of an adaptive mitophagy pathway. EMBO J. 35, 
1677–1693. doi: 10.15252/embj.201593084

Sedlackova, L., and Korolchuk, V. I. (2019). Mitochondrial quality control as 
a key determinant of cell survival. BBA  - Mol. Cell Res. 1866, 575–587. 
doi: 10.1016/j.bbamcr.2018.12.012

Segalés, J., Paz, J. C., Hernández-alvarez, M. I., Sala, D., Muñoz, J. P., Noguera, E., 
et al. (2013). A form of mitofusin 2 (Mfn2) lacking the transmembrane 
domains and the COOH-terminal end stimulates metabolism in muscle and 
liver cells. Am. J. Physiol. Metab. 2, 1208–1221. doi: 10.1152/ajpendo.00546.2012

Seirafi, M., Koslov, G., and Gehring, K. (2015). Parkin structure and function. 
FEBS J. 282, 2017–2088. doi: 10.1111/febs.13249

Shankar, J., Kojic, L. D., St-pierre, P., Wang, P. T. C., Fu, M., Joshi, B., et al. 
(2013). Raft endocytosis of AMF regulates mitochondrial dynamics through 
Rac1 signaling and the Gp78 ubiquitin ligase. J. Cell Sci. 126, 3295–3304. 
doi: 10.1242/jcs.120162

Shefa, U., Jeong, N. Y., Song, I. O., Chung, H., Kim, D., Jung, J., et al. (2019). 
Mitophagy links oxidative stress conditions and neurodegenerative diseases. 
Neural Regen. Res. 14, 749–756. doi: 10.4103/1673-5374.249218

Shiba-Fukushima, K., Imai, Y., Yoshida, S., Ishihama, Y., Kanao, T., Sato, S., 
et al. (2012). PINK1-mediated phosphorylation of the parkin ubiquitin-like 
domain primes mitochondrial translocation of parkin and regulates mitophagy. 
Sci. Rep. 2, 1–8. doi: 10.1038/srep01002

Silletti, S., Watanabe, H., Hogan, V., Nabi, I. R., and Raz, A. (1991). Purification 
of B16-F1 melanoma autocrine motility factor and its receptor. Cancer Res. 
51, 3507–3511.

Simões, T., Schuster, R., Den Brave, F., Escobar-henriques, M., and Diseases, A. 
(2018). Cdc48 regulates a deubiquitylase cascade critical for mitochondrial 
fusion. elife 7, 1–29. doi: 10.7554/eLife.30015

Smit, J. J., and Sixma, T. K. (2014). RBR E 3 -ligases at work. EMBO Rep. 
15, 142–154. doi: 10.1002/embr.201338166

Song, M., Franco, A., Fleischer, J. A., Zhang, L., and  Dorn, G. W. II (2017). 
Abrogating mitochondial dynamics in mouse hearts accelerates mitochondrial 
senescence. Cell Metab. 26, 872–883. doi: 10.1016/j.cmet.2017.09.023

Song, M., Mihara, K., Chen, Y., Scorrano, L., and  Dorn, G. W. II (2015). 
Mitochondrial fission and fusion factors recuprocally orchestrate mitophagic 
culling in mouse hearts and cultures fibroblasts. Cell Metab. 21, 273–285. 
doi: 10.1016/j.cmet.2014.12.011

Spratt, D. E., Martinez-torres, R. J., Noh, Y. J., Mercier, P., Manczyk, N., 
Barber, K. R., et al. (2013). A molecular explanation for the recessive nature 
of parkin-linked Parkinson’s disease. Nat. Commun. 4, 1–12. doi: 10.1038/
ncomms2983

Stojkovic, T. (2016). Hereditary neuropathies: an update. Rev. Neurol. 172, 
775–778. doi: 10.1016/j.neurol.2016.06.007

Strappazzon, F., Nazio, F., Corrado, M., Cianfanelli, V., Romagnoli, A., Fimia, G. M., 
et al. (2015). AMBRA1 is able to induce mitophagy via LC3 binding, 
regardless of PARKIN and p62/SQSTM1. Cell Death Differ. 22, 419–432. 
doi: 10.1038/cdd.2014.139

Stuppia, G., Rizzo, F., Riboldi, G., Del Bo, R., Nizzardo, M., Simone, C., et  al. 
(2015). MFN2-related neuropathies: clinical features, molecular pathogenesis 
and therapeutic perspectives. J. Neurol. Sci. 356, 7–18. doi: 10.1016/j.
jns.2015.05.033

Sugiura, A., Mclelland, G., Fon, E. A., and Mcbride, H. M. (2014). A new 
pathway for mitochondrial quality control: mitochondrial-derived vesicles. 
EMBO Rep. 33, 2142–2156. doi: 10.15252/embj.201488104

Sugiura, A., Nagashima, S., Tokuyama, T., Amo, T., Matsuki, Y., Ishido, S., 
et  al. (2013). MITOL regulates endoplasmic contacts via mitofusin2. Mol. 
Cell 51, 20–34. doi: 10.1016/j.molcel.2013.04.023

Swatek, K. N., and Komander, D. (2016). Ubiquitin modifications. Nat. Publ. 
Gr. 26, 399–422. doi: 10.1038/cr.2016.39

Szabadkai, G., Bianchi, K., Várnai, P., De Stefani, D., Wieckowski, M. R., 
Cavagna, D., et al. (2006). Chaperone-mediated coupling of endoplasmic 
reticulum and mitochondrial Ca2+ channels. J. Cell Biol. 175, 901–911. doi: 
10.1083/jcb.200608073

Tanaka, A., Cleland, M. M., Xu, S., Narendra, D. P., Suen, D. F., Karbowski, M., 
et al. (2010). Proteasome and p97 mediate mitophagy and degradation of 
mitofusins induced by parkin. J. Cell Biol. 191, 1367–1380. doi: 10.1083/
jcb.201007013

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1371/journal.pone.0016746
https://doi.org/10.1016/j.devcel.2015.01.029
https://doi.org/10.1073/pnas.1107402108
https://doi.org/10.1073/pnas.1107402108
https://doi.org/10.1038/nrm.2017.83
https://doi.org/10.1038/cdd.2010.146
https://doi.org/10.1038/ncomms2982
https://doi.org/10.1093/hmg/ddw258
https://doi.org/10.1126/science.280.5370.1763
https://doi.org/10.1038/nrm3440
https://doi.org/10.1172/JCI122035
https://doi.org/10.7554/eLife.03558
https://doi.org/10.7554/eLife.03558
https://doi.org/10.1073/pnas.0808953105
https://doi.org/10.1016/j.expneurol.2014.10.005
https://doi.org/10.1038/nature12043
https://doi.org/10.1016/j.tins.2014.03.004
https://doi.org/10.1016/j.cell.2013.09.003
https://doi.org/10.1016/j.cell.2013.09.003
https://doi.org/10.1016/j.molcel.2016.02.022
https://doi.org/10.1126/science.1081208
https://doi.org/10.1073/pnas.1108220109
https://doi.org/10.15252/embj.201593084
https://doi.org/10.1016/j.bbamcr.2018.12.012
https://doi.org/10.1152/ajpendo.00546.2012
https://doi.org/10.1111/febs.13249
https://doi.org/10.1242/jcs.120162
https://doi.org/10.4103/1673-5374.249218
https://doi.org/10.1038/srep01002
https://doi.org/10.7554/eLife.30015
https://doi.org/10.1002/embr.201338166
https://doi.org/10.1016/j.cmet.2017.09.023
https://doi.org/10.1016/j.cmet.2014.12.011
https://doi.org/10.1038/ncomms2983
https://doi.org/10.1038/ncomms2983
https://doi.org/10.1016/j.neurol.2016.06.007
https://doi.org/10.1038/cdd.2014.139
https://doi.org/10.1016/j.jns.2015.05.033
https://doi.org/10.1016/j.jns.2015.05.033
https://doi.org/10.15252/embj.201488104
https://doi.org/10.1016/j.molcel.2013.04.023
https://doi.org/10.1038/cr.2016.39
https://doi.org/10.1083/jcb.200608073
https://doi.org/10.1083/jcb.201007013
https://doi.org/10.1083/jcb.201007013


Escobar-Henriques and Joaquim Gatekeeper Roles of Mitofusin Ubiquitylation

Frontiers in Physiology | www.frontiersin.org 23 May 2019 | Volume 10 | Article 517

Tang, F., Liu, W., Hu, J., Erion, J. R., Ye, J., Mei, L., et al. (2015). VPS35 
deficiency or mutation causes dopaminergic neuronal loss by impairing 
mitochondrial fusion and function. Cell Rep. 12, 1631–1643. doi: 10.1016/j.
celrep.2015.08.001

Tatsuta, T., and Langer, T. (2017). Intramitochondrial phospholipid trafficking. 
Biochim. Biophys. Acta 1862, 81–89. doi: 10.1016/j.bbalip.2016.08.006

Tazir, M., Bellatache, M., Nouioua, S., and Vallat, J. (2013). Autosomal recessive 
Charcot-Marie-Tooth disease: from genes to phenotypes. J. Peripher. Nerv. 
Syst. 129, 113–129. doi: 10.1111/jns5.12026

Tazir, M., Hamadouche, T., Nouioua, S., Mathis, S., and Vallat, J. (2014). 
Hereditary motor and sensory neuropathies or Charcot–Marie–Tooth diseases: 
an update. J. Neurol. Sci. 347, 14–22. doi: 10.1016/j.jns.2014.10.013

Tilokani, L., Nagashima, S., Paupe, V., and Prudent, J. (2018). Mitochondrial 
dynamics: overview of molecular mechanisms. Essays Biochem. 62, 341–360. 
doi: 10.1042/EBC20170104

Timper, K., and Brüning, J. C. (2017). Hypothalamic circuits regulating appetite 
and energy homeostasis: pathways to obesity. Dis. Model. Mech. 10, 679–689. 
doi: 10.1242/dmm.026609

Toledo, F. G. S., Watkins, S., and Kelley, D. E. (2006). Changes induced by 
physical activity and weight loss in the morphology of intermyofibrillar 
mitochondria in obese men and women. J. Clin. Endocrinol. Metab. 91, 
3224–3227. doi: 10.1210/jc.2006-0002

Tondera, D., Jourdain, A., Karbowski, M., Mattenberger, Y., Da Cruz, S., Clerc, P., 
et al. (2009). SLP-2 is required for stress-induced mitochondrial hyperfusion. 
EMBO J. 28, 1589–1600. doi: 10.1038/emboj.2009.89

Ugarte-Uribe, B., and García-Sáez, A. J. (2017). Apoptotic foci at mitochondria: 
in and around Bax pores. Philos. Trans. R. Soc. B Biol. Sci. 372, 1–9. doi: 
10.1098/rstb.2016.0217

Upadhyay, A., Amanullah, A., Chhangani, D., Mishra, R., Prasad, A., and 
Mishra, A. (2016). Mahogunin Ring Finger-1 (MGRN1), a multifaceted 
ubiquitin ligase: recent unraveling of neurobiological mechanisms. Mol. 
Neurobiol. 53, 4484–4496. doi: 10.1007/s12035-015-9379-8

Valente, E. M., Abou-sleiman, P. M., Caputo, V., Muqit, M. M. K., Harvey, K., 
Gispert, S., et al. (2004). Hereditary early-onset Parkinson’s disease  
caused by mutations in PINK1. Science 304, 1158–1161. doi: 10.1126/
science.1096284

Verhoeven, K., Claeys, Ã. K. G., Zu, Ã. S., Seeman, P., Mazanec, R., Saifi, G. M., 
et al. (2006). MFN2 mutation distribution and genotype/phenotype correlation 
in Charcot–Marie–Tooth type 2. Brain 129, 2093–2102. doi: 10.1093/brain/
awl126

Vives-Bauza, C., Zhou, C., Huang, Y., Cui, M., de Vries, R. L. A., Kim, J., 
et  al. (2010). PINK1-dependent recruitment of Parkin to mitochondria in 
mitophagy. Proc. Natl. Acad. Sci. USA 107, 378–383. doi: 10.1073/
pnas.0911187107

Wakabayashi, J., Zhang, Z., Wakabayashi, N., Tamura, Y., Fukaya, M., Kensler, T. W., 
et al. (2009). The dynamin-related GTPase Drp1 is required for embryonic 
and brain development in mice. J. Cell Biol. 186, 805–816. doi: 10.1083/
jcb.200903065

Walden, H., and Rittinger, K. (2018). RBR ligase-mediated ubiquitin transfer: 
a tale with many twists and turns. Nat. Struct. Mol. Biol. 25, 440–445. doi: 
10.1038/s41594-018-0063-3

Walsh, C. T., Garneau-Tsodikova, S., and Gatto, G. J. (2005). Protein 
posttranslational modifications: the chemistry of proteome diversifications. 
Angew. Chem. Int. Ed. 44, 7342–7372. doi: 10.1002/anie.200501023

Wang, P. T. C., Garcin, P. O., Fu, M., Masoudi, M., St-Pierre, P., Pante, N., 
et al. (2015). Distinct mechanisms controlling rough and smooth endoplasmic 
reticulum contacts with mitochondria. J. Cell Sci. 128, 2759–2765. doi: 
10.1242/jcs.171132

Wang, X., Su, B., Lee, H., Li, X., Perry, G., and Smith, M. A. (2009). Impaired 
balance of mitochondria fission and fusion in Alzheimer disease. J. Neurosci. 
29, 9090–9103. doi: 10.1523/JNEUROSCI.1357-09.2009

Wang, C., and Youle, R. J. (2009). The role of mitochondria in apoptosis. 
Annu. Rev. Genet. 43, 95–118. doi: 10.1146/annurev-genet-102108-134850

Watanabes, H., Carmip, P., Hogan, V., Raz, T., Silletti, S., and Nabin, I. R. 
(1991). Purification of human tumor cell autocrine motility factor and 
molecular cloning of its receptor. J. Biol. Chem. 266, 13442–13448.

Wauer, T., and Komander, D. (2013). Structure of the human Parkin ligase 
domain in an autoinhibited state. EMBO J. 32, 2099–2112. doi: 10.1038/
emboj.2013.125

Wauer, T., Simicek, M., Schubert, A., and Komander, D. (2016). Mechanism 
of phospho-ubiquitin induced PARKIN activation. Nature 524, 370–374. 
doi: 10.1038/nature14879

Weaver, D., Liu, X., Biology, C., and Jefferson, T. (2014). The distribution and 
apoptotic function of outer membrane proteins depend on mitochondrial 
fusion. Mol. Cell 54, 870–878. doi: 10.1016/j.molcel.2014.03.048

Wei, M. C., Zong, W., Cheng, E. H., Lindsten, T., Ross, A. J., Roth, K. A., 
et al. (2001). Proapoptotic BAX and BAK: a requesite gateway to mitochondrial 
dysfuntion and death. Science 292, 727–730. doi: 10.1126/science.1059108

Westermann, B. (2010). Mitochondrial fusion and fission in cell life and death. 
Nat. Publ. Gr. 11, 872–884. doi: 10.1038/nrm3013

Wu, H., Carvalho, P., and Voeltz, G. K. (2018). Here, there, and everywhere: 
the importance of ER membrane contact sites. Science 361, 1–9. doi: 10.1126/
science.aan5835

Wu, W., Tian, W., Hu, Z., Chen, G., Huang, L., Li, W., et al. (2014). ULK 1 
translocates to mitochondria and phosphorylates FUNDC1 to regulate 
mitophagy. EMBO Rep. 15, 566–575. doi: 10.1002/embr.201438501

Xie, L., Shi, F., Tan, Z., Li, Y., Bode, A. M., and Cao, Y. (2018). Mitochondrial 
network structure homeostasis and cell death. Cancer Sci. 109, 3686–3694. 
doi: 10.1111/cas.13830

Xiong, S., Mu, T., Wang, G., and Jiang, X. (2014). Mitochondria-mediated 
apoptosis in mammals. Protein Cell 5, 737–749. doi: 10.1007/s13238-014-0089-1

Xu, S., Cherok, E., Das, S., Li, S., Roelofs, B. A., Ge, S. X., et al. (2016). 
Mitochondrial E3 ubiquitin ligase MARCH5 controls mitochondrial fission 
and cell sensitivity to stress-induced apoptosis through regulation of MiD49 
protein. Mol. Biol. Cell 27, 349–359. doi: 10.1091/mbc.E15-09-0678

Yamada, S., Asanagi, M., Hirata, N., Itagaki, H., Sekino, Y., and Kanda, Y. 
(2016). Tributyltin induces mitochondrial fission through Mfn1 degradation 
in human induced pluripotent stem cells. Toxicol. In Vitro 34, 257–263. 
doi: 10.1016/j.tiv.2016.04.013

Yau, R., and Rape, M. (2016). The increasing complexity of the ubiquitin code. 
Nat. Publ. Gr. 18, 579–586. doi: 10.1038/ncb3358

Ying, L., Zhao, G. J., Wu, Y., Ke, H. L., Hong, G. L., Zhang, H., et al. (2017). 
Mitofusin 2 promotes apoptosis of CD4+T cells by inhibiting autophagy 
in sepsis. Mediat. Inflamm. 2017, 1–15. doi: 10.1155/2017/4926205

Yonashiro, R., Ishido, S., Kyo, S., Fukuda, T., Goto, E., Matsuki, Y., et al. 
(2006). A novel mitochondrial ubiquitin ligase plays a critical role in 
mitochondrial dynamics. EMBO J. 25, 3618–3626. doi: 10.1038/sj.emboj.7601249

Youle, R. J., and van der Bliek, A. M. (2012). Mitochondrial fission, fusion 
and stress. Science 337, 1062–1065. doi: 10.1126/science.1219855

Yu, T., Robotham, J. L., and Yoon, Y. (2006). Increased production of reactive 
oxygen species in hyperglycemic conditions requires dynamic change of 
mitochondrial morphology. PNAS 103, 2653–2658. doi: 10.1073/pnas.0511154103

Yue, W., Chen, Z., Liu, H., Yan, C., Chen, M., Feng, D., et al. (2014). A small 
natural molecule promotes mitochondrial fusion through inhibition of the 
deubiquitinase USP30. Cell Res. 24, 482–496. doi: 10.1038/cr.2014.20

Yun, J., Puri, R., Yang, H., Lizzio, M. A., Wu, C., Sheng, Z. H., et al. (2014). 
MUL1 acts in parallel to the PINK1/parkin pathway in regulating mitofusin 
and compensates for loss of PINK1/parkin. elife 3, 1–26. doi: 10.7554/
eLife.01958.001

Zhang, B., Huang, J., Li, H.-L., Liu, T., Wang, Y.-Y., Waterman, P., et al. (2008). 
GIDE is a mitochondrial E3 ubiquitin ligase that induces apoptosis and 
slows growth. Cell Res. 18, 900–910. doi: 10.1038/cr.2008.75

Zhang, T., Mishra, P., Hay, B. A., Chan, D., and Guo, M. (2017). Valosin-containing 
protein (VCP/p97) inhibitors relieve mitofusin-dependent mitochondrial defects 
due to VCP disease mutants. elife 6, 1–28. doi: 10.7554/eLife.17834

Zhao, X., Heng, J. I., Guardavaccaro, D., Jiang, R., Guillemot, F., Iavarone, A., 
et al. (2008). The HECT-domain ubiquitin ligase Huwe1 controls neural 
differentiation and proliferation by destabilizing the N-Myc oncoprotein. 
Nat. Cell Biol. 10, 643–653. doi: 10.1038/ncb1727

Zhao, T., Huang, X., Han, L., Wang, X., Cheng, H., Zhao, Y., et al. (2012). 
Central role of mitofusin 2  in autophagosome-lysosome fusion in 
cardiomyocytes. J. Biol. Chem. 287, 23615–23625. doi: 10.1074/jbc.M112.379164

Zheng, N., and Shabek, N. (2017). Ubiquitin ligases: structure, function, and 
regulation. Annu. Rev. 86, 129–157. doi: 10.1146/annurev-biochem-060815-014922

Zhou, Y., Carmona, S., Muhammad, A. K. M. G., Bell, S., Landeros, J., 
Vazquez, M., et al. (2019). Restoring mitofusin balance prevents axonal 
degeneration in a Charcot-Marie-Tooth type 2A model. J. Clin. Invest. 129, 
1756–1771. doi: 10.1172/JCI124194

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/j.celrep.2015.08.001
https://doi.org/10.1016/j.celrep.2015.08.001
https://doi.org/10.1016/j.bbalip.2016.08.006
https://doi.org/10.1111/jns5.12026
https://doi.org/10.1016/j.jns.2014.10.013
https://doi.org/10.1042/EBC20170104
https://doi.org/10.1242/dmm.026609
https://doi.org/10.1210/jc.2006-0002
https://doi.org/10.1038/emboj.2009.89
https://doi.org/10.1098/rstb.2016.0217
https://doi.org/10.1007/s12035-015-9379-8
https://doi.org/10.1126/science.1096284
https://doi.org/10.1126/science.1096284
https://doi.org/10.1093/brain/awl126
https://doi.org/10.1093/brain/awl126
https://doi.org/10.1073/pnas.0911187107
https://doi.org/10.1073/pnas.0911187107
https://doi.org/10.1083/jcb.200903065
https://doi.org/10.1083/jcb.200903065
https://doi.org/10.1038/s41594-018-0063-3
https://doi.org/10.1002/anie.200501023
https://doi.org/10.1242/jcs.171132
https://doi.org/10.1523/JNEUROSCI.1357-09.2009
https://doi.org/10.1146/annurev-genet-102108-134850
https://doi.org/10.1038/emboj.2013.125
https://doi.org/10.1038/emboj.2013.125
https://doi.org/10.1038/nature14879
https://doi.org/10.1016/j.molcel.2014.03.048
https://doi.org/10.1126/science.1059108
https://doi.org/10.1038/nrm3013
https://doi.org/10.1126/science.aan5835
https://doi.org/10.1126/science.aan5835
https://doi.org/10.1002/embr.201438501
https://doi.org/10.1111/cas.13830
https://doi.org/10.1007/s13238-014-0089-1
https://doi.org/10.1091/mbc.E15-09-0678
https://doi.org/10.1016/j.tiv.2016.04.013
https://doi.org/10.1038/ncb3358
https://doi.org/10.1155/2017/4926205
https://doi.org/10.1038/sj.emboj.7601249
https://doi.org/10.1126/science.1219855
https://doi.org/10.1073/pnas.0511154103
https://doi.org/10.1038/cr.2014.20
https://doi.org/10.7554/eLife.01958.001
https://doi.org/10.7554/eLife.01958.001
https://doi.org/10.1038/cr.2008.75
https://doi.org/10.7554/eLife.17834
https://doi.org/10.1038/ncb1727
https://doi.org/10.1074/jbc.M112.379164
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1172/JCI124194


Escobar-Henriques and Joaquim Gatekeeper Roles of Mitofusin Ubiquitylation

Frontiers in Physiology | www.frontiersin.org 24 May 2019 | Volume 10 | Article 517

Ziviani, E., Tao, R. N., and Whitworth, A. J. (2010). Drosophila parkin requires 
PINK1 for mitochondrial translocation and ubiquitinates mitofusin. Proc. 
Natl. Acad. Sci. USA 107, 5018–5023. doi: 10.1073/pnas.0913485107

Zorzano, A., Liesa, M., Palacín, M., Zorzano, A., Liesa, M., and Palacín, M. 
(2009). Mitochondrial dynamics as a bridge between mitochondrial dysfunction 
and insulin resistance mitochondrial dynamics as a bridge between 
mitochondrial dysfunction and insulin resistance. Arch. os Physiol. Biochem. 
115, 1–12. doi: 10.1080/13813450802676335

Zorzano, A., and Pich, S. (2006). What is the biological significance of the 
two mitofusin proteins present in the outer mitochondrial membrane of 
mammalian cells? IUBMB Life 58, 441–443. doi: 10.1080/15216540600644838

Züchner, S., Mersiyanova, I. V., Muglia, M., Bissar-tadmouri, N., Rochelle, J., 
Dadali, E. L., et al. (2004). Mutations in the mitochondrial GTPase mitofusin 

2 cause Charcot-Marie-Tooth neuropathy type 2A. Nat. Publ. Gr. 36,  
449–452. doi: 10.1038/ng1341

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Escobar-Henriques and Joaquim. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1073/pnas.0913485107
https://doi.org/10.1080/13813450802676335
https://doi.org/10.1080/15216540600644838
https://doi.org/10.1038/ng1341
http://creativecommons.org/licenses/by/4.0/

	Mitofusins: Disease Gatekeepers and Hubs in Mitochondrial Quality Control by E3 Ligases
	Introduction
	Ubiquitylation
	Mitochondria and Mitofusins

	Cellular Processes Affected by UbiquitYLation of Mitofusins
	Mitochondrial Morphology
	ER-Mitochondria Contacts
	Apoptosis
	Mitophagy

	E3 Ligases Acting on Mitofusins
	MARCH5
	HUWE1
	Gp78
	MGRN1
	Parkin
	MUL1/MULAN/MAPL/GIDE

	Mitofusins: Pro- or Anti-mitophagic Proteins?
	Pro-mitophagic Role
	Anti-mitophagic Role

	Disease-Associated Roles of MFN2
	Neurodegeneration
	Cardiac Dysfunction
	Type 2 Diabetes

	Concluding Remarks
	Author Contributions

	References

