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Abstract: The molecular pathology of diseases seen from the mitochondrial axis has become more
complex with the progression of research. A variety of factors, including the failure of mitochondrial
dynamics and quality control, have made it extremely difficult to narrow down drug discovery
targets. We have identified MITOL (mitochondrial ubiquitin ligase: also known as MARCH5)
localized on the mitochondrial outer membrane and previously reported that it is an important
regulator of mitochondrial dynamics and mitochondrial quality control. In this review, we describe
the pathological aspects of MITOL revealed through functional analysis and its potential as a drug
discovery target.
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1. Introduction

There are many functional proteins on the mitochondrial outer membrane. Not only mitochondrial
quality control, but also various types of signal transduction including in the innate immune response,
is performed on mitochondria as a scaffold. Mitochondria are dynamic organelles that form diverse
networks through morphological changes via their fusion and fission, their intracellular movement
along microtubules, and their interaction with other organelles. Since mitochondrial function is tightly
regulated by mitochondrial dynamics, its molecular mechanisms and their association with disease
have attracted substantial attention. In the ubiquitylation system, E3 ubiquitin ligases play a key
role in determining substrate specificity and catalyzing the transfer of ubiquitin from E2 enzymes to
the substrate. Growing evidence has shown that E3 ubiquitin ligases are involved in the regulation
of mitochondrial functions. HECT domain type E3 ligases have one more transthiolation reaction
to transfer the ubiquitin onto the E3, whereas the much more common RING finger domain type
ligases transfer ubiquitin directly from E2 to the substrate. MITOL (mitochondrial ubiquitin ligase:
also known as MARCH5) is a mitochondrial membrane-associated RING finger E3 ubiquitin ligase
and was initially identified as a regulator of mitochondrial dynamics, which involves two different
aspects: the regulation of protein activation by K63 ubiquitin chain attachment and the regulation of
proteasome-dependent degradation by K48 ubiquitin chain attachment via ubiquitin signaling on the
outer mitochondrial membrane. A number of MITOL substrates have been identified so far and their
association with disease has been suggested. In this review, we present the latest findings on MITOL
as a potential drug target and its relevance to disease and aging.
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2. Mitochondria and Intracellular Quality Control by MITOL

2.1. Neurodegenerative Diseases

Various quality control systems enable the production of high-quality proteins in the cell.
The endoplasmic reticulum is equipped with a protein quality control mechanism termed endoplasmic
reticulum-associated degradation (ERAD), in which the ubiquitin–proteasome system (UPS) plays
a central role [1]. The UPS selectively and rapidly degrades and removes abnormal proteins by
adding ubiquitin chains [2]. Recently, a new quality control mechanism called mitochondrial protein
translocation-associated degradation (mitoTAD) has been discovered in yeast [3]. It would be interesting
to determine whether such a sophisticated quality control mechanism is preserved in mammals.
The accumulation of dysfunctional proteins has been observed in many neurodegenerative diseases,
and it has become clear that it is deeply involved in their pathogenesis. The increase in dysfunctional
proteins due to mutations in the causative gene and the decrease in proteasome activity with aging
are thought to be the main pathogenic factors. The accumulation of dysfunctional proteins in
cells leads to a decrease in proteasome activity, suggesting the presence of a downward spiral that
further promotes the accumulation of aggregated proteins [4]. It has been reported that such highly
aggregated dysfunctional proteins can also accumulate in mitochondria and impair their function [5].
As an example, mutant superoxide dismutase-1 (mSOD1), one of the gene products responsible for
amyotrophic lateral sclerosis (ALS), aggregates due to its conformational changes, accumulates in
mitochondria, and inhibits mitochondrial protein transport, thereby impairing mitochondrial function.
In addition, in spinal cerebellar degeneration, such as polyglutamine disease, the abnormal elongation
of the polyglutamine chain resulting in conformational changes leading to accumulation of the protein
PolyQ in the nucleus and mitochondria, and reduces mitochondrial function, which is thought to
be one of the mechanisms of neuropathy. We reported that MITOL specifically ubiquitinates and
promotes the proteasomal degradation of the misfolded proteins mSOD1 and PolyQ as substrates [6,7].
MITOL has a disordered domain in its C-terminal region, which may recognize denatured proteins.
This suggests that MITOL is involved in mitochondrial quality control by eliminating dysfunctional
proteins from the mitochondria. However, it is controversial whether MITOL recognizes target proteins
in the process of aggregation or after their aggregation.

2.2. Innate Immune Response

In mammals, the innate immune system against RNA viruses is regulated by two different
signaling pathways: the TLR (Toll-like receptor) pathway and the RLR (RIG-I-like receptor) pathway.
The membrane-associated RING-CH (MARCH) family of E3 ubiquitin ligases is thought to perform
immunoregulatory functions by controlling the localization and abundance of immune receptors [8].
In the RLR pathway, RIG-I/MDA-5 interacts with mitochondrial antiviral signaling (MAVS), also known
as VISA, on mitochondria as an adaptor and transmits signals downstream. MITOL, the only member of
the MARCH family localized in mitochondria, prevents excessive immune responses by ubiquitinating
phosphorylated MAVs and activated RIG-I for degradation [9–11]. In addition, MITOL acts as a positive
modulator in the TLR pathway, particularly through the ubiquitination of TANK, a negative regulator
of TLR7 signaling [12]. Furthermore, MITOL preserves mitochondrial function by ubiquitinating HBx,
which is localized in mitochondria for degradation in response to hepatitis B virus [13]. These findings
suggest that MITOL could regulate immunosignaling on mitochondria (Figure 1A).
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2.3. Cell Death in Cancer Cells

Mitochondria store apoptotic factors such as cytochrome c, Apoptosis-inducing factor (AIF),
and caspase-9 in the intermembrane space and release them from the mitochondria to the cytoplasm
in response to extracellular death signals, which initiates a cascade of apoptosis. The mitochondrial
membrane permeability of cytochrome c is regulated by the B-cell leukemia gene-2 (Bcl-2) family,
with pro-apoptotic proteins (Bax and Bak with BH3 domain) and anti-apoptotic proteins (Bcl-2, Bcl-xL,
and Mcl-1 with BH3 binding site). There are also BH3-only proteins (Bim, Bid, Bad, Noxa, and Puma)
that have only a BH3 domain among the Bcl-2 family members. These BH3-only proteins induce
apoptosis by binding to the anti-apoptotic member bcl-2 and counteracting its apoptotic inhibitory
effect. Mechanistically, NOXA/Mcl-1 complex was basically ubiquitinated by MITOL for degradation,
cooperating with MTCH2 in a steady state [14]. Because many cancer cells escape cell death by
activating the anti-apoptotic pathway such as via the upregulation of Mcl-1, BH3 mimetics are used for
cancer treatment to inhibit anti-apoptotic activity and promote cell death [15].

At first glance, the activation of MITOL appears to be effective for cancer treatment. However,
the quantity of NOXA is important for the promotion of cell death in cancer cells treated with ABT737
(BH3 mimetic), suggesting that the suppression of MITOL is effective to promote cancer cell death,
resulting in the upregulation of NOXA [16,17]. As it was also shown that the overexpression of MITOL
in breast cancer cells promotes tumor growth and metastasis [18], the suppression of MITOL might be
effective for cancer treatment (Figure 1B).

2.4. Mitophagy

Mitophagy, a mitochondrion-specific type of autophagy, is responsible for removing damaged
mitochondria and protecting cells from injury. PTEN-induced putative protein kinase 1 (PINK1)
and Parkin are key players in the regulation of ubiquitin-dependent mitophagy [19]. In healthy
mitochondria, PINK1 is transported into the inner mitochondrial membrane (IMM), where it is
processed and cleaved by several proteases [20,21]. The truncated form of PINK1 is degraded by the
ubiquitin–proteasome system [20,21]. Following the loss of the mitochondrial membrane potential,
mitochondrial import is prevented, facilitating PINK1 stabilization on the outer mitochondrial
membrane (OMM) [20–22]. PINK1 is activated by auto-phosphorylation leading to the translocation of
Parkin to the mitochondrial surface. In this process, MITOL plays a role in the initial step in Parkin
recruitment to mitochondria, resulting in ubiquitination of its substrate [23]. Although the physiological
significance of this is still unclear, it has also been shown that MITOL is transferred to other organelles
during mitophagy [24]. We have actually observed translocation to other organelles as well. Several
mitochondrial proteins, including Nix/BNIP3L, BNIP3, FUNDC1, Optineurin, NDP52, and Bcl2-L-13,
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have been reported as mitophagy receptors in mammalian cells [19]. In particular, FUNDC1 is thought
to be involved in mitophagy through its interaction with LC3 (yeast Atg8 ortholog) and ULK1 (yeast
Atg1 ortholog) through hypoxic stress and inhibitory treatment of oxidative phosphorylation [25].
MITOL has been shown to regulate mitophagy by ubiquitinating FUNDC1 for degradation during
hypoxic stress [26], suggesting that MITOL also acts as a regulator of such dynamic mitochondrial
quality control. These observations suggest that MITOL may determine mitochondrial fate in response
to a variety of mitochondrial stresses.

2.5. Aging

Mitochondrial dysfunction has been shown to lead to oxidative stress due to the generation of
excessive reactive oxygen species, triggering senescence and age-related diseases. Since cell lines
with MITOL deficiency induces cellular senescence [27], we also focused on the association between
reduced MITOL function and senescence and age-related diseases in vivo. In our in vivo analysis,
mice lacking MITOL in a skin-specific manner showed significant signs of aging, including gray hair
and hair loss. These results and MITOL downregulation during aging suggest that MITOL may block
the induction of physiological aging. We hoped that drugs that upregulate MITOL expression could
inhibit or delay aging, and in a collaborative study with pharmaceutical companies, we screened drugs
that upregulate MITOL mRNA from a Chinese medicine library using cultured human keratinocytes.
We found that extracts of Coptis japonica and Phellodendron amurense in a Chinese medicine library
upregulated MITOL mRNA approximately threefold (Patent No: P2019-52145A). When berberine,
common compound of Coptis japonica and Phellodendron amurense, was mixed with drinking water,
the expression of mRNA and protein of MITOL increased in various organs and tissues, including skin.
To investigate the anti-aging activity of berberine, mice treated with it were irradiated with ultraviolet
light to induce the formation of wrinkles in the skin, and a significant inhibitory effect on this was
observed compared with that in control mice. In addition, with collaboration research, we found that
the mice that took berberine for more than 1 year were significantly less likely to show signs of aging,
such as skin hair loss and thickening of the epidermis, than control mice. Because the anti-aging effect
of berberine on mice deficient of MITOL specifically in the skin was not confirmed, anti-aging effects
are induced especially via the upregulation of MITOL expression levels. These results strongly indicate
that MITOL has the potential to be a target for anti-aging drugs. In the future, it is anticipated that
new MITOL activators other than berberine will be identified and applied to various aging-related
diseases such as neurodegenerative diseases and heart failure. Interestingly, the expression of MITOL
has been observed to gradually decrease with aging in many organs such as the brain and heart of mice.
Moreover, Alzbase, a database for gene dysregulation in Alzheimer’s disease (AD), suggested that
the expression level of the mitol/march5 gene was significantly reduced in the brain of AD patients.
If the worsening of AD is linked to the reduced MITOL expression, the compounds we have identified
may exert a good therapeutic effect on AD. Therefore, we speculate that the decreased degradation of
denatured proteins caused by decreased expression of MITOL may be one of the factors exacerbating
the development of neurodegenerative diseases with aging (Figure 2).
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3. Regulation of Mitochondrial Dynamics by MITOL

3.1. Mitochondrial Fission

Drp1, a dynamin-related GTPase, is the central player in mitochondrial fission [28–30]. Drp1 basically
exists in the cytosol and can be recruited to the surface of mitochondria to wrap around mitochondrial
tubules. Increasing Drp1 GTP hydrolysis activity leads to conformational changes [31,32] that increase
the tightness of mitochondrial constriction and the scission of mitochondrial tubules. In terms of the
chemical modifications of Drp1, phosphorylation, ubiquitination, and SUMOylation by several kinases
and E3 ligase, including ubiquitin and SUMO ligase, have been particularly well studied [33–35].
Drp1 is ubiquitylated by APC/CCdh1 E3 ubiquitin ligase complex for degradation, the regulator of
the M- to G1-phase transition, for regulating mitochondrial morphology during the G1/S phase [36].
Parkin, an E3 ligase mainly localized in the cytosol in a steady state, also induces the proteasomal
degradation of Drp1 [37,38], suggesting that Parkin targets Drp1 as a substrate and plays an inhibitory
role in mitochondrial fission. Controversial results have been reported on functions of MITOL in
regulating mitochondrial dynamics. We and others showed that MITOL interacts with Drp1 and
leads to its ubiquitylation and proteasome-dependent degradation to inhibit excessive mitochondrial
fission [39,40]. However, the opposite role of MITOL in mitochondrial fission, namely, its positive
regulation of Drp1, was observed in another study [41]. In a later study, Karbowski’s group reported that
MITOL ubiquitinates a Mid49, a Drp1 receptor, for degradation to control mitochondrial fission [42].
These findings suggest that there may be some specificity regarding regulation of MITOL for its
substrates, especially Drp1, such as relating to modifications, structural changes, and interactions with
or without Drp1 receptors (Figure 3A).
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Recently, denitrosylase S-nitrosoglutathione reductase (GSNOR)-deficient mice were generated
and it was reported that excessive S-nitrosylation resulted in the disruption of their mitochondrial
dynamics and presented a typical senescence phenotype [43]. At the molecular level, it has also
been reported that Drp1 can be in active form when subjected to S-nitrosylation by NO, leading to
excessive mitochondrial division and the induction of neurotoxicity [44]. Similarly, MAP1B-LC1,
a microtubule-associated factor that regulates retrograde mitochondrial transport, is also activated
by S-nitrosylation, changing its steric structure [45], which in turn causes mitochondrial aggregation
and cytotoxicity [46]. Thus, NO disrupts mitochondrial dynamics via the S-nitrosylation of Drp1
and MAP1B-LC1, even at the molecular level, and is thought to induce cellular damage as a result.
We identified MAP1B-LC1 as a binding protein of MITOL using the yeast two-hybrid method and
found that MITOL specifically recognizes and induces the degradation of S-nitrosylation-modified
MAP1B-LC1 [47]. We also confirmed similar results in Drp1, suggesting that MITOL has selectivity for
recognizing its substrates and protecting against the collapse of mitochondrial dynamics partly by
degrading active Drp1 and MAP1B-LC1.

Mitochondrion–organelle contacts are involved in mitochondrial fission [48–51]. In mammals,
Fis1 is a mitochondrial recruitment factor for TBC1D15, which drives lysosomal Rab7 GTP
hydrolysis [52,53] and indirectly regulates mitochondrial fission at the mitochondrion–lysosome contact
sites [50]. It has been reported that MITOL ubiquitinates Fis1 and promotes its degradation [39]. These findings
suggest that MITOL also regulates mitochondrial fission at the mitochondrion–lysosome contact sites
via Fis1. Further work examining the mechanistic role of MITOL in mitochondrion–lysosome contacts
is required.

Although MITOL is clearly involved in regulating the fission machinery, we need to
comprehensively consider the involvement of multiple signaling platforms explained by the diverse
roles in cellular biology, variations in tissue-specific expression, and the activity of fission members for
the regulation of fission by MITOL.

3.2. Mitochondrial Fusion

Mitochondria are fused through a few steps, termed mitochondrial fusion. First, mitochondria
tether together via mitofusin (MFN), a large GTPase called Fzo1 in yeast, and MFN1/2 in mammals.
Then, following MFN activation and conformational changes induced by GTP hydrolysis, each OMM
attaches and fuses [54–56]. In recent years, various E3 ligases have been shown to regulate mitochondrial
fusion via the modulation of one or both MFNs in response to various physiological or stress-induced
conditions. Glycoprotein 78 (Gp78), an ER membrane-anchored E3 ubiquitin ligase, interacts with
both MFNs, and Gp78 overexpression induces mitochondrial fragmentation [57]. Moreover, autocrine
motility factor (AMF) prevents the Gp78-induced degradation of both MFNs [58]. MGRN1, an E3
ligase located in the cytoplasm, plasma membrane, endosomes, and nucleus, was reported to promote
mitochondrial fusion via the non-degradative ubiquitylation of MFN1, consistent with previous
observations [59,60]. The OMM E3 ligase MAPL/Mul1 leads to the specific ubiquitylation and
degradation of MFN2 to regulate mitochondrial morphology [61]. HUWE1, a cytoplasmic E3 HECT
family ubiquitin ligase also termed Mule/ARF-BP1/HectH9/E3Histone/Lasu12, ubiquitinated MFN2
associated with genotoxic stress to regulate mitochondrial fusion [62]. MITOL-mediated ubiquitylation
and degradation of MFN1, but not of MFN2, lead to mitochondrial fragmentation in various inducible
stresses and situations. In prostate cancer cells, the induction of cell death with CGP, an inhibitor
of mitochondrial calcium efflux, led to ubiquitylation and degradation of MFN1 by MITOL [63].
It was also shown that MITOL ubiquitylates and degrades MFN1 at G2/M, the notable phase of
mitochondrial fragmentation before cellular division [64]. However, under hypoxic stress induced
by deferoxamine (DFO), MITOL interacts with MFN2 and is responsible for the ubiquitylation and
degradation of MFN2 in cells lacking HDAC6 [65]. In conclusion, although mitochondrial fission and
fusion were clearly regulated by ubiquitylation, further studies are required to understand how MITOL
divides substrate-specificity according to its surroundings in order to regulate mitochondrial dynamics



Int. J. Mol. Sci. 2020, 21, 3781 7 of 13

(Figure 3B). In addition, mitochondrial dysfunction is suspected to be one of the causes of many
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease, so investigating the
involvement of MITOL in these diseases may lead to future therapies.

4. Relation between MITOL and Membrane Bontact Site with the Endoplasmic Reticulum

4.1. Membrane Contact Site with the Endoplasmic Reticulum

The mitochondrial surface also represents the signal hub where a host of metabolic systems
cross-talk through inter-organelle communication. Mitochondria indeed have a unique microdomain
physically and functionally connecting to other organelles such as the endoplasmic reticulum (ER).
The membrane contact site (MCS) between the ER and mitochondria is maintained by some tethering
or spacer proteins such as PDZD8, Fis1-BAP31, VDAC-IP3R, PTPIP51-VAPB, and MFN2 (the tethering
function of Mfn2 appears to still be controversial) in mammals [66,67]. Mitochondria and the ER
can exchange lipids and calcium ion through their MCS [68,69]. The proximal domain between the
ER and mitochondria is also available as a membrane scaffold for signal transmission including
autophagy, inflammation, and the unfolded protein response (UPR) due to the raft-like membrane
structure [70]. Taking these findings together, the ER and mitochondria complement each other through
inter-organelle communication such as membrane contacts.

4.2. MCS Formation by MITOL

MITOL can control signals contributing to various features outside mitochondria through the MCS
between the ER and mitochondria. A primary finding that MITOL is enriched in the MCS between the
ER and mitochondria led us to investigate MITOL with a focus on MCS.

In basal and physiological conditions, MITOL interacts with and ubiquitinates the mitochondrial
GTPase MFN2 [71]. MFN2 acts as a tethering factor between the ER and mitochondria, as well as a
factor for inter-mitochondrial fusion via its GTPase activity [72]. The MFN2 ubiquitination by MITOL
contributes to its function related to ER–mitochondrion contacts through the GTPase activation of MFN2
(Figure 4A). Thus, MFN2 mutated at K192, the lysine specific for MITOL-mediated ubiquitination,
leads to the inability to connect the membrane between the ER and mitochondria, resulting in a failure
of calcium ion transfer from the ER to mitochondria in the cell. The disruption of MCS between the
ER and mitochondria is not fatal for the cell but affects setting the threshold for the complementation
of mitochondrial or ER defects triggered by pathological conditions. Therefore, abnormal formation
of the MCS might initiate or aggravate progressive, not early-developmental, diseases in humans.
Actually, mutations in the MFN2 gene lead to its catalytic inactivation and subsequently trigger
Charcot-Marie-Tooth disease type 2A (CMT2A) in the peripheral nervous system [73]. Similarly,
a primary mutation in Sig1R or SOD1, a cause of inherited juvenile ALS, was shown to result in the
disruption of MCS between the ER and mitochondria [74].

What is the in vivo and physiological contribution of MCS between the ER and mitochondria?
What is triggered by the perturbation of MCS between the ER and mitochondria in vivo remains poorly
characterized. There are also serious concerns regarding the accuracy of the methods for analyzing the
MCS structure in vivo. To obtain an understanding of the morphology of MCS between the ER and
mitochondria in vivo, electron microscopy is mostly adopted (sometimes potentially being the only
method available in vivo). However, both organelles, mitochondria and the ER, exhibit complex and
diverse morphology. A single image obtained from an electron microscope was limited and restricts us
to evaluating a whole picture of mitochondrial states. It is also difficult to judge whether the membrane
structure in a single image is part of the continuous ER or an independent part. Therefore, there is an
urgent need to accurately investigate the structure of MCS between continuous ER and mitochondria
in the brain.

To obtain a precise understanding of the morphology of MCS between mitochondria and the ER in
neurons, we recently performed three-dimensional (3D) reconstructions from serial electron microscopy
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images of mitochondria using serial block—face scanning electron microscopy (SBF-SEM) [75].
Interestingly, over 95% of mitochondria had at least one contact site with the continuous ER in
the brain regardless of the individual morphology of mitochondria, suggesting that MCS with the ER
is pivotal for almost all mitochondria, at least in neurons (in this analysis, only neurons were selected
morphologically from serial images). Larger mitochondria required more MCS with continuous ER.
However, each MCS with continuous ER displayed morphological differences, such as large and small
types. Contacts between the ER and mitochondria with distinct sizes might involve distinct roles.
We also examined the physiological contribution of the MITOL-MFN2 axis to MCS using mice with
nerve-specific ablation of MITOL. The MITOL-deleted brain showed the formation of fewer and smaller
MCS between continuous ER and mitochondria. However, the phenotype of MITOL-deleted neurons
regarding MCS appeared to be restricted to only larger mitochondria. When taking the findings
as a whole, mitochondrial defects in the brain with MITOL deletion were mild, leading to slight
developmental abnormalities in the brain. Currently, we are examining the pathological contribution
of disrupted mitochondrion-ER connections during disease development by performing crossing with
murine models for aging-related diseases.
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Figure 4. (A) Membrane contact site (MCS) formation by MITOL-MFN2 axis. MITOL
ubiquitinates mitochondrial MFN2. The ubiquitinated MFN2 enhances its GTPase activity, triggering
trans-oligomerization between mitochondrial MFN2 and ER-localized MFN2 for tethering both
organelles; mitochondria and the ER; (B) UPR regulation by MITOL-IRE1α axis. MITOL ubiquitinates
IRE1α at ER-mitochondria contact site in unstressed and low-stressed conditions regarding the ER.
The ubiquitination of IRE1α does not perturbate the oligomerization itself in response to ER stress,
however, leading to short-term stabilization and smaller oligomerization. In contract, the ubiquitination
by MITOL is reduced under severe or chronic ER stress, resulting in continuous oligomerization of
IRE1α and apoptotic switching of IRE1α signaling.

4.3. UPR Regulation by MITOL

In addition to the basic role of MITOL in unstressed conditions, recent evidence has implied that
MITOL serves as a unique signaling regulator in several specific conditions. We recently identified a
novel substrate, IRE1α, for MITOL at the MCS between the ER and mitochondria [76]. IRE1α is an ER
membrane-integrated protein that possesses bifunctional activity as a kinase and endoribonuclease.
The luminal domain of IRE1α contributes to monitoring the stress level of the ER by sensing the
emergence of unfolded proteins. Meanwhile, the cytosolic domain of IRE1α, containing both catalytic
domains, contributes to signal transduction from the ER to outside it in order to recover from ER damage
during ER stress conditions. The ubiquitination of IRE1α by MITOL determines the persistence of
IRE1α activation upon ER stress (Figure 4B). MITOL-catalyzed ubiquitination of IRE1α is accompanied
by binding to the mediator BIM for a smaller state of (or less stable) IRE1α oligomerization, allowing
the catalytic activation of IRE1α only for the short term. This regulation of IRE1α is pivotal with
regard to termination of the UPR after the recovery of ER homeostasis. Unresolved IRE1α activation
indeed triggers an alternative outcome of IRE1α signaling, namely, cell death. Importantly, severe ER
stress attenuates the ubiquitination levels of IRE1α by MITOL via unclear mechanisms. Therefore,
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the unlimited IRE1α oligomerization and activation promote the induction of cell death during severe
and irremediable ER stress. Taking these findings together, MITOL prevents the signal switching of
IRE1α from cell survival to cell death via direct ubiquitination of IRE1α at the MCS between the ER and
mitochondria. The ER network accumulates severe abnormalities, both functional and morphological,
during irremediable ER stress. Thus, it might be reasonable to set the monitoring system, related to the
signal switch of the UPR, outside the ER, such as on the mitochondrial surface. Several mitochondrial
molecules therefore hold therapeutic potential in diseases initiated or aggravated by ER stress, not only
mitochondrial stress.

5. Discussion

It has become clear that ubiquitin not only regulates proteasome-dependent proteolysis, but also
partly regulates various cellular functions such as signal transduction, membrane protein transport,
selective autophagy, and aging. The multiple functions of ubiquitin are derived from the structural
diversity of ubiquitin modifications, eight different linking modes, chain length, branching, and a wide
variety of higher-order structures resulting from combinations of post-translational modifications of
ubiquitin. Globally, the success of proteasome inhibitors in the treatment of cancer has led to substantial
progress in the development of ubiquitin drugs. In particular, targeted proteolysis and induction
techniques using small molecules such as PROTACs and SNIPERs are attracting substantial attention
as a new generation of drug discovery methods, and there is growing momentum for the formation
of groups based on the fusion of ubiquitin research and chemical biology. We expect MITOL, an E3
ubiquitin ligase, to be one of the successful examples of academic drug discovery, as it is becoming a
potential target for promising seeds.

Author Contributions: Conceptualization, I.S. and Y.S.; writing—I.S., K.T., S.N. and S.Y.; writing—review and
editing—I.S. and S.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Amm, I.; Sommer, T.; Wolf, D.H. Protein quality control and elimination of protein waste: The role of the
ubiquitin-proteasome system. Biochim. Biophys. Acta Mol. Cell Res. 2014, 1843, 182–196. [CrossRef] [PubMed]

2. Saeki, Y. Ubiquitin recognition by the proteasome. J. Biochem. 2017, 161, 113–124. [CrossRef] [PubMed]
3. Martensson, C.U.; Priesnitz, C.; Song, J.; Ellenrieder, L.; Doan, K.N.; Boos, F.; Floerchinger, A.; Zufall, N.;

Oeljeklaus, S.; Warscheid, B.; et al. Mitochondrial protein translocation-associated degradation. Nature 2019,
569, 679–683. [CrossRef] [PubMed]

4. Vilchez, D.; Saez, I.; Dillin, A. The role of protein clearance mechanisms in organismal ageing and age-related
diseases. Nat. Commun. 2014, 5, 5659. [CrossRef] [PubMed]

5. Deng, H.X.; Shi, Y.; Furukawa, Y.; Zhai, H.; Fu, R.; Liu, E.; Gorrie, G.H.; Khan, M.S.; Hung, W.Y.;
Bigio, E.H.; et al. Conversion to the amyotrophic lateral sclerosis phenotype is associated with intermolecular
linked insoluble aggregates of sod1 in mitochondria. Proc. Natl. Acad. Sci. USA 2006, 103, 7142–7147.
[CrossRef] [PubMed]

6. Sugiura, A.; Yonashiro, R.; Fukuda, T.; Matsushita, N.; Nagashima, S.; Inatome, R.; Yanagi, S. A mitochondrial
ubiquitin ligase mitol controls cell toxicity of polyglutamine-expanded protein. Mitochondrion 2011, 11,
139–146. [CrossRef]

7. Yonashiro, R.; Sugiura, A.; Miyachi, M.; Fukuda, T.; Matsushita, N.; Inatome, R.; Ogata, Y.; Suzuki, T.;
Dohmae, N.; Yanagi, S. Mitochondrial ubiquitin ligase mitol ubiquitinates mutant sod1 and attenuates
mutant sod1-induced ros generation. Mol. Biol. Cell 2009, 20, 4254–4530. [CrossRef]

8. Lin, H.; Li, S.; Shu, H.B. The membrane-associated march e3 ligase family: Emerging roles in immune
regulation. Front. Immunol. 2019, 10, 1751. [CrossRef]

http://dx.doi.org/10.1016/j.bbamcr.2013.06.031
http://www.ncbi.nlm.nih.gov/pubmed/23850760
http://dx.doi.org/10.1093/jb/mvw091
http://www.ncbi.nlm.nih.gov/pubmed/28069863
http://dx.doi.org/10.1038/s41586-019-1227-y
http://www.ncbi.nlm.nih.gov/pubmed/31118508
http://dx.doi.org/10.1038/ncomms6659
http://www.ncbi.nlm.nih.gov/pubmed/25482515
http://dx.doi.org/10.1073/pnas.0602046103
http://www.ncbi.nlm.nih.gov/pubmed/16636275
http://dx.doi.org/10.1016/j.mito.2010.09.001
http://dx.doi.org/10.1091/mbc.e09-02-0112
http://dx.doi.org/10.3389/fimmu.2019.01751


Int. J. Mol. Sci. 2020, 21, 3781 10 of 13

9. Park, Y.J.; Oanh, N.T.K.; Heo, J.; Kim, S.G.; Lee, H.S.; Lee, H.; Lee, J.H.; Kang, H.C.; Lim, W.; Yoo, Y.S.; et al.
Dual targeting of rig-i and mavs by march5 mitochondria ubiquitin ligase in innate immunity. Cell. Signal.
2020, 67, 109520. [CrossRef] [PubMed]

10. Yan, B.R.; Zhou, L.; Hu, M.M.; Li, M.; Lin, H.; Yang, Y.; Wang, Y.Y.; Shu, H.B. Pkacs attenuate innate antiviral
response by phosphorylating visa and priming it for march5-mediated degradation. PLoS Pathog. 2017,
13, e1006648. [CrossRef] [PubMed]

11. Yoo, Y.S.; Park, Y.Y.; Kim, J.H.; Cho, H.; Kim, S.H.; Lee, H.S.; Kim, T.H.; Sun Kim, Y.; Lee, Y.; Kim, C.J.;
et al. The mitochondrial ubiquitin ligase march5 resolves mavs aggregates during antiviral signalling.
Nat. Commun. 2015, 6, 7910. [CrossRef] [PubMed]

12. Shi, H.X.; Liu, X.; Wang, Q.; Tang, P.P.; Liu, X.Y.; Shan, Y.F.; Wang, C. Mitochondrial ubiquitin ligase march5
promotes tlr7 signaling by attenuating tank action. PLoS Pathog. 2011, 7, e1002057. [CrossRef] [PubMed]

13. Yoo, Y.S.; Park, Y.J.; Lee, H.S.; Oanh, N.T.K.; Cho, M.Y.; Heo, J.; Lee, E.S.; Cho, H.; Park, Y.Y.; Cho, H.
Mitochondria ubiquitin ligase, march5 resolves hepatitis b virus x protein aggregates in the liver pathogenesis.
Cell Death Dis. 2019, 10, 938. [CrossRef] [PubMed]

14. Djajawi, T.M.; Liu, L.; Gong, J.N.; Huang, A.S.; Luo, M.J.; Xu, Z.; Okamoto, T.; Call, M.J.; Huang, D.C.S.;
van Delft, M.F. March5 requires mtch2 to coordinate proteasomal turnover of the mcl1:Noxa complex.
Cell Death Differ. 2020, 10, 1–13. [CrossRef] [PubMed]

15. Timucin, A.C.; Basaga, H.; Kutuk, O. Selective targeting of antiapoptotic bcl-2 proteins in cancer. Med. Res. Rev.
2019, 39, 146–175. [CrossRef] [PubMed]

16. Subramanian, A.; Andronache, A.; Li, Y.C.; Wade, M. Inhibition of march5 ubiquitin ligase abrogates
mcl1-dependent resistance to bh3 mimetics via noxa. Oncotarget 2016, 7, 15986–16002. [CrossRef]

17. Haschka, M.D.; Karbon, G.; Soratroi, C.; O’Neill, K.L.; Luo, X.; Villunger, A. March5-dependent degradation of
mcl1/noxa complexes defines susceptibility to antimitotic drug treatment. Cell Death Differ. 2020. [CrossRef]

18. Tang, H.; Peng, S.; Dong, Y.; Yang, X.; Yang, P.; Yang, L.; Yang, B.; Bao, G. March5 overexpression contributes
to tumor growth and metastasis and associates with poor survival in breast cancer. Cancer Manag. Res. 2019,
11, 201–215. [CrossRef]

19. Pickles, S.; Vigie, P.; Youle, R.J. Mitophagy and quality control mechanisms in mitochondrial maintenance.
Curr. Biol. 2018, 28, R170–R185. [CrossRef]

20. Sekine, S.; Youle, R.J. Pink1 import regulation; a fine system to convey mitochondrial stress to the cytosol.
BMC Biol. 2018, 16, 2. [CrossRef]

21. Harper, J.W.; Ordureau, A.; Heo, J.M. Building and decoding ubiquitin chains for mitophagy. Nat. Rev. Mol.
Cell Biol. 2018, 19, 93–108. [CrossRef] [PubMed]

22. Hasson, S.A.; Kane, L.A.; Yamano, K.; Huang, C.H.; Sliter, D.A.; Buehler, E.; Wang, C.; Heman-Ackah, S.M.;
Hessa, T.; Guha, R.; et al. High-content genome-wide rnai screens identify regulators of parkin upstream of
mitophagy. Nature 2013, 504, 291–295. [CrossRef] [PubMed]

23. Koyano, F.; Yamano, K.; Kosako, H.; Tanaka, K.; Matsuda, N. Parkin recruitment to impaired mitochondria
for nonselective ubiquitylation is facilitated by mitol. J. Biol. Chem. 2019, 294, 10300–10314. [CrossRef]
[PubMed]

24. Koyano, F.; Yamano, K.; Kosako, H.; Kimura, Y.; Kimura, M.; Fujiki, Y.; Tanaka, K.; Matsuda, N.
Parkin-mediated ubiquitylation redistributes mitol/march5 from mitochondria to peroxisomes. EMBO Rep.
2019, 20, e47728. [CrossRef] [PubMed]

25. Wei, H.; Liu, L.; Chen, Q. Selective removal of mitochondria via mitophagy: Distinct pathways for different
mitochondrial stresses. Biochim. Biophys. Acta Mol. Cell Res. 2015, 1853, 2784–2790. [CrossRef]

26. Chen, Z.; Liu, L.; Cheng, Q.; Li, Y.; Wu, H.; Zhang, W.; Wang, Y.; Sehgal, S.A.; Siraj, S.; Wang, X.; et al.
Mitochondrial e3 ligase march5 regulates fundc1 to fine-tune hypoxic mitophagy. EMBO Rep. 2017, 18,
495–509. [CrossRef] [PubMed]

27. Park, Y.Y.; Lee, S.; Karbowski, M.; Neutzner, A.; Youle, R.J.; Cho, H. Loss of march5 mitochondrial e3
ubiquitin ligase induces cellular senescence through dynamin-related protein 1 and mitofusin 1. J. Cell Sci.
2010, 123, 619–626. [CrossRef] [PubMed]

28. Smirnova, E.; Griparic, L.; Shurland, D.L.; van der Bliek, A.M. Dynamin-related protein drp1 is required for
mitochondrial division in mammalian cells. Mol. Biol. Cell 2001, 12, 2245–2256. [CrossRef] [PubMed]

29. Kraus, F.; Ryan, M.T. The constriction and scission machineries involved in mitochondrial fission. J. Cell Sci.
2017, 130, 2953–2960. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cellsig.2019.109520
http://www.ncbi.nlm.nih.gov/pubmed/31881323
http://dx.doi.org/10.1371/journal.ppat.1006648
http://www.ncbi.nlm.nih.gov/pubmed/28934360
http://dx.doi.org/10.1038/ncomms8910
http://www.ncbi.nlm.nih.gov/pubmed/26246171
http://dx.doi.org/10.1371/journal.ppat.1002057
http://www.ncbi.nlm.nih.gov/pubmed/21625535
http://dx.doi.org/10.1038/s41419-019-2175-z
http://www.ncbi.nlm.nih.gov/pubmed/31819032
http://dx.doi.org/10.1038/s41418-020-0517-0
http://www.ncbi.nlm.nih.gov/pubmed/32094511
http://dx.doi.org/10.1002/med.21516
http://www.ncbi.nlm.nih.gov/pubmed/29846950
http://dx.doi.org/10.18632/oncotarget.7558
http://dx.doi.org/10.1038/s41418-020-0503-6
http://dx.doi.org/10.2147/CMAR.S190694
http://dx.doi.org/10.1016/j.cub.2018.01.004
http://dx.doi.org/10.1186/s12915-017-0470-7
http://dx.doi.org/10.1038/nrm.2017.129
http://www.ncbi.nlm.nih.gov/pubmed/29358684
http://dx.doi.org/10.1038/nature12748
http://www.ncbi.nlm.nih.gov/pubmed/24270810
http://dx.doi.org/10.1074/jbc.RA118.006302
http://www.ncbi.nlm.nih.gov/pubmed/31110043
http://dx.doi.org/10.15252/embr.201947728
http://www.ncbi.nlm.nih.gov/pubmed/31602805
http://dx.doi.org/10.1016/j.bbamcr.2015.03.013
http://dx.doi.org/10.15252/embr.201643309
http://www.ncbi.nlm.nih.gov/pubmed/28104734
http://dx.doi.org/10.1242/jcs.061481
http://www.ncbi.nlm.nih.gov/pubmed/20103533
http://dx.doi.org/10.1091/mbc.12.8.2245
http://www.ncbi.nlm.nih.gov/pubmed/11514614
http://dx.doi.org/10.1242/jcs.199562
http://www.ncbi.nlm.nih.gov/pubmed/28842472


Int. J. Mol. Sci. 2020, 21, 3781 11 of 13

30. Tilokani, L.; Nagashima, S.; Paupe, V.; Prudent, J. Mitochondrial dynamics: Overview of molecular
mechanisms. Essays Biochem. 2018, 62, 341–360. [PubMed]

31. Mears, J.A.; Lackner, L.L.; Fang, S.; Ingerman, E.; Nunnari, J.; Hinshaw, J.E. Conformational changes in dnm1
support a contractile mechanism for mitochondrial fission. Nat. Struct. Mol. Biol. 2011, 18, 20–26. [CrossRef]
[PubMed]

32. Koirala, S.; Guo, Q.; Kalia, R.; Bui, H.T.; Eckert, D.M.; Frost, A.; Shaw, J.M. Interchangeable adaptors regulate
mitochondrial dynamin assembly for membrane scission. Proc. Natl. Acad. Sci. USA 2013, 110, E1342–E1351.
[CrossRef] [PubMed]

33. Elgass, K.; Pakay, J.; Ryan, M.T.; Palmer, C.S. Recent advances into the understanding of mitochondrial
fission. Biochim. Biophys. Acta Mol. Cell Res. 2013, 1833, 150–161. [CrossRef] [PubMed]

34. Prudent, J.; McBride, H.M. The mitochondria-endoplasmic reticulum contact sites: A signalling platform for
cell death. Curr. Opin. Cell Biol. 2017, 47, 52–63. [CrossRef] [PubMed]

35. Braschi, E.; Zunino, R.; McBride, H.M. Mapl is a new mitochondrial sumo e3 ligase that regulates
mitochondrial fission. EMBO Rep. 2009, 10, 748–754. [CrossRef] [PubMed]

36. Horn, S.R.; Thomenius, M.J.; Johnson, E.S.; Freel, C.D.; Wu, J.Q.; Coloff, J.L.; Yang, C.S.; Tang, W.; An, J.;
Ilkayeva, O.R.; et al. Regulation of mitochondrial morphology by apc/ccdh1-mediated control of drp1
stability. Mol. Biol. Cell 2011, 22, 1207–1216. [CrossRef] [PubMed]

37. Cui, M.; Tang, X.; Christian, W.V.; Yoon, Y.; Tieu, K. Perturbations in mitochondrial dynamics induced by
human mutant pink1 can be rescued by the mitochondrial division inhibitor mdivi-1. J. Biol. Chem. 2010,
285, 11740–11752. [CrossRef]

38. Wang, H.; Song, P.; Du, L.; Tian, W.; Yue, W.; Liu, M.; Li, D.; Wang, B.; Zhu, Y.; Cao, C.; et al. Parkin
ubiquitinates drp1 for proteasome-dependent degradation: Implication of dysregulated mitochondrial
dynamics in parkinson disease. J. Biol. Chem. 2011, 286, 11649–11658. [CrossRef]

39. Yonashiro, R.; Ishido, S.; Kyo, S.; Fukuda, T.; Goto, E.; Matsuki, Y.; Ohmura-Hoshino, M.; Sada, K.; Hotta, H.;
Yamamura, H.; et al. A novel mitochondrial ubiquitin ligase plays a critical role in mitochondrial dynamics.
EMBO J. 2006, 25, 3618–3626. [CrossRef]

40. Nakamura, N.; Kimura, Y.; Tokuda, M.; Honda, S.; Hirose, S. March-v is a novel mitofusin 2- and drp1-binding
protein able to change mitochondrial morphology. EMBO Rep. 2006, 7, 1019–1022. [CrossRef]

41. Karbowski, M.; Neutzner, A.; Youle, R.J. The mitochondrial e3 ubiquitin ligase march5 is required for drp1
dependent mitochondrial division. J. Cell Biol. 2007, 178, 71–84. [CrossRef] [PubMed]

42. Xu, S.; Cherok, E.; Das, S.; Li, S.; Roelofs, B.A.; Ge, S.X.; Polster, B.M.; Boyman, L.; Lederer, W.J.; Wang, C.; et al.
Mitochondrial e3 ubiquitin ligase march5 controls mitochondrial fission and cell sensitivity to stress-induced
apoptosis through regulation of mid49 protein. Mol. Biol. Cell 2016, 27, 349–359. [CrossRef] [PubMed]

43. Rizza, S.; Cardaci, S.; Montagna, C.; Di Giacomo, G.; De Zio, D.; Bordi, M.; Maiani, E.; Campello, S.;
Borreca, A.; Puca, A.A.; et al. S-nitrosylation drives cell senescence and aging in mammals by controlling
mitochondrial dynamics and mitophagy. Proc. Natl. Acad. Sci. USA 2018, 115, E3388–E3397. [CrossRef]
[PubMed]

44. Cho, D.H.; Nakamura, T.; Fang, J.; Cieplak, P.; Godzik, A.; Gu, Z.; Lipton, S.A. S-nitrosylation of drp1 mediates
beta-amyloid-related mitochondrial fission and neuronal injury. Science 2009, 324, 102–105. [CrossRef]
[PubMed]

45. Stroissnigg, H.; Trancikova, A.; Descovich, L.; Fuhrmann, J.; Kutschera, W.; Kostan, J.; Meixner, A.; Nothias, F.;
Propst, F. S-nitrosylation of microtubule-associated protein 1b mediates nitric-oxide-induced axon retraction.
Nat. Cell Biol. 2007, 9, 1035–1045. [CrossRef] [PubMed]

46. Liu, L.; Vo, A.; Liu, G.; McKeehan, W.L. Distinct structural domains within c19orf5 support association
with stabilized microtubules and mitochondrial aggregation and genome destruction. Cancer Res. 2005, 65,
4191–4201. [CrossRef]

47. Yonashiro, R.; Kimijima, Y.; Shimura, T.; Kawaguchi, K.; Fukuda, T.; Inatome, R.; Yanagi, S. Mitochondrial
ubiquitin ligase mitol blocks s-nitrosylated map1b-light chain 1-mediated mitochondrial dysfunction and
neuronal cell death. Proc. Natl. Acad. Sci. USA 2012, 109, 2382–2387. [CrossRef]

48. Friedman, J.R.; Lackner, L.L.; West, M.; DiBenedetto, J.R.; Nunnari, J.; Voeltz, G.K. Er tubules mark sites of
mitochondrial division. Science 2011, 334, 358–362. [CrossRef]

49. Murley, A.; Nunnari, J. The emerging network of mitochondria-organelle contacts. Mol. Cell 2016, 61, 648–653.
[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/30030364
http://dx.doi.org/10.1038/nsmb.1949
http://www.ncbi.nlm.nih.gov/pubmed/21170049
http://dx.doi.org/10.1073/pnas.1300855110
http://www.ncbi.nlm.nih.gov/pubmed/23530241
http://dx.doi.org/10.1016/j.bbamcr.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22580041
http://dx.doi.org/10.1016/j.ceb.2017.03.007
http://www.ncbi.nlm.nih.gov/pubmed/28391089
http://dx.doi.org/10.1038/embor.2009.86
http://www.ncbi.nlm.nih.gov/pubmed/19407830
http://dx.doi.org/10.1091/mbc.e10-07-0567
http://www.ncbi.nlm.nih.gov/pubmed/21325626
http://dx.doi.org/10.1074/jbc.M109.066662
http://dx.doi.org/10.1074/jbc.M110.144238
http://dx.doi.org/10.1038/sj.emboj.7601249
http://dx.doi.org/10.1038/sj.embor.7400790
http://dx.doi.org/10.1083/jcb.200611064
http://www.ncbi.nlm.nih.gov/pubmed/17606867
http://dx.doi.org/10.1091/mbc.e15-09-0678
http://www.ncbi.nlm.nih.gov/pubmed/26564796
http://dx.doi.org/10.1073/pnas.1722452115
http://www.ncbi.nlm.nih.gov/pubmed/29581312
http://dx.doi.org/10.1126/science.1171091
http://www.ncbi.nlm.nih.gov/pubmed/19342591
http://dx.doi.org/10.1038/ncb1625
http://www.ncbi.nlm.nih.gov/pubmed/17704770
http://dx.doi.org/10.1158/0008-5472.CAN-04-3865
http://dx.doi.org/10.1073/pnas.1114985109
http://dx.doi.org/10.1126/science.1207385
http://dx.doi.org/10.1016/j.molcel.2016.01.031


Int. J. Mol. Sci. 2020, 21, 3781 12 of 13

50. Wong, Y.C.; Ysselstein, D.; Krainc, D. Mitochondria-lysosome contacts regulate mitochondrial fission via
rab7 gtp hydrolysis. Nature 2018, 554, 382–386. [CrossRef]

51. Nagashima, S.; Tabara, L.C.; Tilokani, L.; Paupe, V.; Anand, H.; Pogson, J.H.; Zunino, R.; McBride, H.M.;
Prudent, J. Golgi-derived pi(4)p-containing vesicles drive late steps of mitochondrial division. Science 2020,
367, 1366–1371. [CrossRef] [PubMed]

52. Onoue, K.; Jofuku, A.; Ban-Ishihara, R.; Ishihara, T.; Maeda, M.; Koshiba, T.; Itoh, T.; Fukuda, M.; Otera, H.;
Oka, T.; et al. Fis1 acts as a mitochondrial recruitment factor for tbc1d15 that is involved in regulation of
mitochondrial morphology. J. Cell Sci. 2013, 126, 176–185. [CrossRef] [PubMed]

53. Yamano, K.; Fogel, A.I.; Wang, C.; van der Bliek, A.M.; Youle, R.J. Mitochondrial rab gaps govern
autophagosome biogenesis during mitophagy. eLife 2014, 3, e01612. [CrossRef] [PubMed]

54. Legros, F.; Lombes, A.; Frachon, P.; Rojo, M. Mitochondrial fusion in human cells is efficient, requires the
inner membrane potential, and is mediated by mitofusins. Mol. Biol. Cell 2002, 13, 4343–4354. [CrossRef]
[PubMed]

55. Chen, H.; Detmer, S.A.; Ewald, A.J.; Griffin, E.E.; Fraser, S.E.; Chan, D.C. Mitofusins mfn1 and mfn2
coordinately regulate mitochondrial fusion and are essential for embryonic development. J. Cell Biol. 2003,
160, 189–200. [CrossRef]

56. Ishihara, N.; Eura, Y.; Mihara, K. Mitofusin 1 and 2 play distinct roles in mitochondrial fusion reactions via
gtpase activity. J. Cell Sci. 2004, 117, 6535–6546. [CrossRef] [PubMed]

57. Fu, M.; St-Pierre, P.; Shankar, J.; Wang, P.T.; Joshi, B.; Nabi, I.R. Regulation of mitophagy by the gp78 e3
ubiquitin ligase. Mol. Biol. Cell 2013, 24, 1153–1162. [CrossRef]

58. Shankar, J.; Kojic, L.D.; St-Pierre, P.; Wang, P.T.; Fu, M.; Joshi, B.; Nabi, I.R. Raft endocytosis of amf regulates
mitochondrial dynamics through rac1 signaling and the gp78 ubiquitin ligase. J. Cell Sci. 2013, 126, 3295–3304.
[CrossRef]

59. Bagher, P.; Jiao, J.; Owen Smith, C.; Cota, C.D.; Gunn, T.M. Characterization of mahogunin ring finger-1
expression in mice. Pigment Cell Res. 2006, 19, 635–643. [CrossRef]

60. Yue, W.; Chen, Z.; Liu, H.; Yan, C.; Chen, M.; Feng, D.; Yan, C.; Wu, H.; Du, L.; Wang, Y.; et al. A small natural
molecule promotes mitochondrial fusion through inhibition of the deubiquitinase usp30. Cell Res. 2014, 24,
482–496. [CrossRef]

61. Tang, F.L.; Liu, W.; Hu, J.X.; Erion, J.R.; Ye, J.; Mei, L.; Xiong, W.C. Vps35 deficiency or mutation causes
dopaminergic neuronal loss by impairing mitochondrial fusion and function. Cell Rep. 2015, 12, 1631–1643.
[CrossRef] [PubMed]

62. Leboucher, G.P.; Tsai, Y.C.; Yang, M.; Shaw, K.C.; Zhou, M.; Veenstra, T.D.; Glickman, M.H.; Weissman, A.M.
Stress-induced phosphorylation and proteasomal degradation of mitofusin 2 facilitates mitochondrial
fragmentation and apoptosis. Mol. Cell 2012, 47, 547–557. [CrossRef] [PubMed]

63. Choudhary, V.; Kaddour-Djebbar, I.; Alaisami, R.; Kumar, M.V.; Bollag, W.B. Mitofusin 1 degradation is
induced by a disruptor of mitochondrial calcium homeostasis, cgp37157: A role in apoptosis in prostate
cancer cells. Int. J. Oncol. 2014, 44, 1767–1773. [CrossRef] [PubMed]

64. Park, Y.Y.; Cho, H. Mitofusin 1 is degraded at g2/m phase through ubiquitylation by march5. Cell Div. 2012,
7, 25. [CrossRef] [PubMed]

65. Kim, H.J.; Nagano, Y.; Choi, S.J.; Park, S.Y.; Kim, H.; Yao, T.P.; Lee, J.Y. Hdac6 maintains mitochondrial
connectivity under hypoxic stress by suppressing march5/mitol dependent mfn2 degradation. Biochem. Biophys.
Res. Commun. 2015, 464, 1235–1240. [CrossRef] [PubMed]

66. Csordas, G.; Weaver, D.; Hajnoczky, G. Endoplasmic reticulum-mitochondrial contactology: Structure and
signaling functions. Trends Cell Biol. 2018, 28, 523–540. [CrossRef]

67. Hirabayashi, Y.; Kwon, S.K.; Paek, H.; Pernice, W.M.; Paul, M.A.; Lee, J.; Erfani, P.; Raczkowski, A.; Petrey, D.S.;
Pon, L.A.; et al. Er-mitochondria tethering by pdzd8 regulates ca(2+) dynamics in mammalian neurons.
Science 2017, 358, 623–630. [CrossRef]

68. Tamura, Y.; Kawano, S.; Endo, T. Organelle contact zones as sites for lipid transfer. J. Biochem. 2019, 165,
115–123. [CrossRef]

69. Raffaello, A.; Mammucari, C.; Gherardi, G.; Rizzuto, R. Calcium at the center of cell signaling: Interplay
between endoplasmic reticulum, mitochondria, and lysosomes. Trends Biochem. Sci. 2016, 41, 1035–1049.
[CrossRef]

http://dx.doi.org/10.1038/nature25486
http://dx.doi.org/10.1126/science.aax6089
http://www.ncbi.nlm.nih.gov/pubmed/32193326
http://dx.doi.org/10.1242/jcs.111211
http://www.ncbi.nlm.nih.gov/pubmed/23077178
http://dx.doi.org/10.7554/eLife.01612
http://www.ncbi.nlm.nih.gov/pubmed/24569479
http://dx.doi.org/10.1091/mbc.e02-06-0330
http://www.ncbi.nlm.nih.gov/pubmed/12475957
http://dx.doi.org/10.1083/jcb.200211046
http://dx.doi.org/10.1242/jcs.01565
http://www.ncbi.nlm.nih.gov/pubmed/15572413
http://dx.doi.org/10.1091/mbc.e12-08-0607
http://dx.doi.org/10.1242/jcs.120162
http://dx.doi.org/10.1111/j.1600-0749.2006.00340.x
http://dx.doi.org/10.1038/cr.2014.20
http://dx.doi.org/10.1016/j.celrep.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26321632
http://dx.doi.org/10.1016/j.molcel.2012.05.041
http://www.ncbi.nlm.nih.gov/pubmed/22748923
http://dx.doi.org/10.3892/ijo.2014.2343
http://www.ncbi.nlm.nih.gov/pubmed/24626641
http://dx.doi.org/10.1186/1747-1028-7-25
http://www.ncbi.nlm.nih.gov/pubmed/23253261
http://dx.doi.org/10.1016/j.bbrc.2015.07.111
http://www.ncbi.nlm.nih.gov/pubmed/26210454
http://dx.doi.org/10.1016/j.tcb.2018.02.009
http://dx.doi.org/10.1126/science.aan6009
http://dx.doi.org/10.1093/jb/mvy088
http://dx.doi.org/10.1016/j.tibs.2016.09.001


Int. J. Mol. Sci. 2020, 21, 3781 13 of 13

70. Scorrano, L.; De Matteis, M.A.; Emr, S.; Giordano, F.; Hajnoczky, G.; Kornmann, B.; Lackner, L.L.; Levine, T.P.;
Pellegrini, L.; Reinisch, K.; et al. Coming together to define membrane contact sites. Nat. Commun. 2019, 10, 1287.
[CrossRef]

71. Sugiura, A.; Nagashima, S.; Tokuyama, T.; Amo, T.; Matsuki, Y.; Ishido, S.; Kudo, Y.; McBride, H.M.; Fukuda, T.;
Matsushita, N.; et al. Mitol regulates endoplasmic reticulum-mitochondria contacts via mitofusin2. Mol. Cell
2013, 51, 20–34. [CrossRef] [PubMed]

72. Filadi, R.; Pendin, D.; Pizzo, P. Mitofusin 2: From functions to disease. Cell Death Dis. 2018, 9, 330. [CrossRef]
[PubMed]

73. Zuchner, S.; Mersiyanova, I.V.; Muglia, M.; Bissar-Tadmouri, N.; Rochelle, J.; Dadali, E.L.; Zappia, M.; Nelis, E.;
Patitucci, A.; Senderek, J.; et al. Mutations in the mitochondrial gtpase mitofusin 2 cause charcot-marie-tooth
neuropathy type 2a. Nat. Genet. 2004, 36, 449–451. [CrossRef] [PubMed]

74. Watanabe, S.; Ilieva, H.; Tamada, H.; Nomura, H.; Komine, O.; Endo, F.; Jin, S.; Mancias, P.; Kiyama, H.;
Yamanaka, K. Mitochondria-associated membrane collapse is a common pathomechanism in sigmar1- and
sod1-linked als. EMBO Mol. Med. 2016, 8, 1421–1437. [CrossRef] [PubMed]

75. Nagashima, S.; Takeda, K.; Ohno, N.; Ishido, S.; Aoki, M.; Saitoh, Y.; Takada, T.; Tokuyama, T.; Sugiura, A.;
Fukuda, T.; et al. Mitol deletion in the brain impairs mitochondrial structure and er tethering leading to
oxidative stress. Life Sci. Alliance 2019, 2. [CrossRef] [PubMed]

76. Takeda, K.; Nagashima, S.; Shiiba, I.; Uda, A.; Tokuyama, T.; Ito, N.; Fukuda, T.; Matsushita, N.; Ishido, S.;
Iwawaki, T.; et al. Mitol prevents er stress-induced apoptosis by ire1alpha ubiquitylation at er-mitochondria
contact sites. EMBO J. 2019, 38, e100999. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41467-019-09253-3
http://dx.doi.org/10.1016/j.molcel.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23727017
http://dx.doi.org/10.1038/s41419-017-0023-6
http://www.ncbi.nlm.nih.gov/pubmed/29491355
http://dx.doi.org/10.1038/ng1341
http://www.ncbi.nlm.nih.gov/pubmed/15064763
http://dx.doi.org/10.15252/emmm.201606403
http://www.ncbi.nlm.nih.gov/pubmed/27821430
http://dx.doi.org/10.26508/lsa.201900308
http://www.ncbi.nlm.nih.gov/pubmed/31416892
http://dx.doi.org/10.15252/embj.2018100999
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mitochondria and Intracellular Quality Control by MITOL 
	Neurodegenerative Diseases 
	Innate Immune Response 
	Cell Death in Cancer Cells 
	Mitophagy 
	Aging 

	Regulation of Mitochondrial Dynamics by MITOL 
	Mitochondrial Fission 
	Mitochondrial Fusion 

	Relation between MITOL and Membrane Bontact Site with the Endoplasmic Reticulum 
	Membrane Contact Site with the Endoplasmic Reticulum 
	MCS Formation by MITOL 
	UPR Regulation by MITOL 

	Discussion 
	References

