
Conditioning Medicine
www.conditionmed.org

REVIEW ARTICLE | OPEN ACCESS

MiD49 and MiD51: New mediators of mitochondrial fission 
and novel targets for cardioprotection
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Acute myocardial infarction (AMI) and the heart failure (HF) that often follows are among the leading 
causes of death and disability worldwide. As such, novel therapies are needed to reduce myocardial 
infarct (MI) size, and to preserve left ventricular (LV) systolic function to reduce the propensity for 
HF following AMI. Mitochondria are dynamic organelles that can undergo morphological changes by 
two opposing processes, mitochondrial fusion and fission. Changes in mitochondrial morphology 
and turnover are vital to maintaining mitochondrial health, DNA stability, energy production, calcium 
homeostasis, cellular division, and differentiation. Disturbances in the balance of fusion and fission can 
predispose cells to mitochondrial dysfunction and cell death. Changes in mitochondrial morphology are 
governed by mitochondrial fusion proteins (Mfn1, Mfn2 and OPA1) and mitochondrial fission proteins 
(Drp1, hFis1, and Mff). Recent experimental data suggest that mitochondria undergo fission during acute 
ischemia/reperfusion injury (IRI), generating fragmented dysfunctional mitochondrial and increased 
susceptibility to cell death. We and others have shown that genetic and pharmacological inhibition of 
the mitochondrial fission protein Drp1 can protect cardiomyocytes from acute IRI and reduce MI size. 
Novel components of the mitochondrial fission machinery, mitochondrial dynamics proteins of 49 kDa 
(MiD49) and 51 kDa (MiD51), have recently been shown to mediate mitochondrial fission by targeting 
Drp1 to the mitochondrial surface. In this review article, we provide an overview of MiD49 and MiD51, 
and highlight their potential as novel therapeutic targets for treating cardiovascular diseases such as 
AMI, anthracycline cardiomyopathy, and pulmonary arterial hypertension.
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Introduction

Acute myocardial infarction (AMI) and the heart failure (HF) 
that often follows are among the leading causes of death and 
disability worldwide. As such, novel therapeutic targets need 
to be identified to reduce myocardial infarct (MI) size, and 
to preserve left ventricular (LV) systolic function, in order to 
reduce the propensity for HF to follow AMI. Mitochondria are 
dynamic organelles that can undergo mitochondrial fusion and 
fission. Changes in mitochondrial morphology are essential 
for the maintenance of mitochondrial and cellular health and 
function (Figure 1). Fission is essential for mitochondrial 
transmission during cellular division, as mitochondria cannot be 
created de novo and are vital for many other cellular functions, 
including differentiation, mitochondrial transport, mitophagy, 
and apoptosis (Frazier et al., 2006; Twig et al., 2008; Chen 
and Chan, 2009). Drp1 is the key mediator of mitochondrial 
fission within cells (Smirnova et al., 2001; Yoon et al., 2001; 
Ingerman et al., 2005), and it forms higher order oligomers on 
the outer mitochondrial membrane (OMM), creating a ring-like 
structure around mitochondrial tubules to construct a division 
apparatus (Smirnova et al., 2001; Yoon et al., 2001). Drp1 is 
a cytosolic protein (Smirnova et al., 1998), regulated by post-
translational modifications, that can promote or inhibit fission. 
Drp1 mediated fission cannot occur without endoplasmic 
reticulum (ER) pre-constriction of mitochondria, which occurs 
independently of Drp1 (Friedman et al., 2011). The reduced 
diameter of ER circumscribed mitochondria permits the 
formation of Drp1 and Dnm1 helices (Friedman et al., 2011). 
Drp1 assembly and GTPase activity also depend on the presence 
of actin, actin-binding proteins and myosin II polymerization at 
constriction sites (De Vos et al., 2005; Korobova et al., 2014; Ji 
et al., 2015). 

The mammalian mitochondrial fission proteins: fission 1 
protein (Fis1), mitochondrial fission factor (Mff), mitochondrial 
dynamics proteins of 49 kDa (MiD49) and mitochondrial 
dynamics proteins of 51 kDa (MiD51) allow Drp1 anchoring 
and oligomerization at the OMM constriction sites (Stojanovski 
et al., 2004; Otera et al., 2010; Palmer et al., 2011). Hydrolysis 
of GTP by Drp1 induces a conformational change to cause 
constriction of the Drp1 helices, sufficient for mitochondrial 
scission (Otera et al., 2010; Mears et al., 2011). 

In this review article, we provide an overview of the newly 
identified members of the mitochondrial fission machinery, 
MiD49 and MiD51, and highlight their potential as novel 
therapeutic targets for treating cardiovascular disease including 
AMI, anthracycline cardiomyopathy, and pulmonary arterial 
hypertension.

Discovery of the MiD49 and MiD51 proteins  
MiD49 and MiD51 were originally identified as the Smith-
Magenis syndrome chromosome region candidate gene 7 
(SMCR7) and SMCR7-like (SMCR7L) proteins (Simpson et 
al., 2000), and were renamed mitochondrial dynamics proteins 
of 49 kDa and 51 kDa due to their mitochondrial activity and 
size (Palmer et al., 2011). Human MiD49 and MiD51 consist 
of 454aa and 463aa, respectively (Palmer et al., 2011; Zhao et 
al., 2011; Liu et al., 2013). Western blots of human cell lines 
have indicated variable expression levels in different cell types; 
however, many of the cell lines were derived from cancer cells 
(Liu et al., 2013). Real-time PCR of multiple tissue cDNA 
panels from human fetal and adult organs showed that MiD51 
levels are significantly higher than MiD49 and β-actin, in fetal 
organs; but it is vastly reduced by adulthood. MiD49 mRNA 
levels become marginally higher than MiD51 in most adult 
cells, with the exception of expression in skeletal and heart 
cells, which is significantly higher in adult cells (Liu et al., 
2013). 

Despite mitochondrial dynamics being highly restricted 
in muscle cells, (Hom and Sheu, 2009), the expression of at 
least one MiD protein remains high in both stages of life (Liu 
et al., 2013), indicating the importance of their function. MiD 
protein expression is not as high in other cell types with high 
mitochondrial volume and energy demand, such as liver and 
kidney cells. These findings suggest that there may be functional 
differences between the two proteins. One distinct difference 
between the fetal and adult heart, which may be linked to the 
MiD proteins expression levels, is the metabolic switch which 
occurs soon after birth (Bartelds et al., 2000; Lopaschuk et al., 
2010).

MiD49 and MiD51 direct Drp1 to the mitochondrial surface
The MiD proteins were first described as mitochondrial fission 
proteins in 2011 (Palmer et al., 2011). The two proteins must 
be present at the OMM to induce mitochondrial fission, as the 
deletion of their transmembrane domain prevented OMM foci 
formation and Drp1 recruitment. The knockdown of either 
protein does not affect the expression of other mitochondrial 
dynamic proteins but significantly reduces mitochondrial Drp1 
recruitment (Palmer et al., 2011). 

In 2014, the structure of MiD51 was determined by two 
independent groups (Loson et al., 2014; Richter et al., 2014). 
The crystal structure of MiD49 was identified soon after (Loson 
et al., 2015). It was the identification of their crystal structures 
that helped to provide a better understanding of their function at 
the OMM. In 2011 Palmer et al., showed that both C-terminus 
GFP tagged MiD49 and MiD51 localized to the mitochondria 
(Simpson et al., 2000; Palmer et al., 2011). This was also 
observed by other groups following V5 C-terminus epitope 
tagging of the MiD proteins (Zhao et al., 2011; Liu et al., 2013). 
Western blotting carried out after sodium carbonate extraction 
further supports the proteins’ localization at the mitochondria. 
Similar to other OMM proteins, such as Mfn2, Tom20 and 
Tim23, the MiD proteins were also sensitive to proteinase K 
treatment, thereby confirming that the MiD proteins are present 
at the OMM (Palmer et al., 2011). 

Co-immunoprecipitation of GFP-tagged MiD proteins 
revealed that they associate directly with Drp1 (Palmer et al., 
2011). MiD mutants lacking the N-terminal transmembrane 
domain (MiD49Δ1-49 and MiD51Δ1-48), were shown to 
lose their ability to attach to the OMM. This resulted in 
their cytosolic interaction with Drp1, causing mitochondrial 
elongation (Figure 2) (Palmer et al., 2011; Zhao et al., 2011; Liu 
et al., 2013; Palmer et al., 2013). The highly conserved residues 

Figure 1: Fusion and Fission are essential for cellular health and 
function. Mitochondria are dynamic organelles that can change their 
morphology by two highly regulated, opposing processes, known as 
mitochondrial fission and fusion. These mechanisms are essential 
for various cellular processes as well as maintaining a healthy 
mitochondrial network. A) Mitochondrial fusion helps to restore 
mitochondrial membrane potential to improve ATP production and 
gain stability by the mixing of matrix contents such as DNA and 
calcium. B) Fission allows easier movement of mitochondrial tubules, 
as well as removal of damaged mitochondria, that can contaminate 
the rest of the network.
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within the transmembrane domain, amino acids 26-47 in MiD49 
and 24-46 in MiD51, are essential for anchoring the proteins to 
the OMM, but are not required for Drp1 interaction (Palmer et 
al., 2011; Palmer et al., 2013).

Unlike Mff and hFis1 proteins, MiD49 and MiD51 have 
not been found to localize at peroxisomes. Interestingly, 
MiD overexpression causes a similar degree of peroxisome 
elongation as observed in Drp1 knockout cells. The increase 
in OMM MiD-Drp1 interaction reduced Drp1 availability for 
peroxisomes fragmentation (Palmer et al., 2013). Artificially 
expressing the MiD proteins on lysosomes redirected Drp1 
recruitment to lysosomes. This outcome was very weakly 
observed with Mff, but Fis1 expression had no significant 
effect on Drp1 recruitment to lysosomes (Palmer et al., 2013). 
This evidence, as well as the absence of the MiD protein on 
peroxisomes, provides further evidence that MiD49 and MiD51 
proteins can recruit Drp1 independent of Fis1 and Mff, with 
potentially higher affinity. 

Foci formation of the MiD proteins was initially believed 
to be independent of Drp1, as foci formation could still occur 
following Drp1 knockdown (Palmer et al., 2011). This outcome 
may  be due to residual Drp1 interaction.  Mutant MiD proteins, 
incapable of Drp1 interaction, do not form foci and are evenly 
distributed across the OMM (Richter et al., 2014; Elgass et 
al., 2015). A closer look at these regions revealed that the MiD 
proteins align in a ring formation on the mitochondrial surface, 
similar to the establishment of Drp1 rings around mitochondrial 
tubules (Smirnova et al., 2001; Legesse-Miller et al., 2003; 
Palmer et al., 2011).

The inactive nucleotidyltransferase fold
MiD49 and MiD51 are compact globular proteins, comprising 
two α-helical regions held together by a central β-strand region 
(Loson et al., 2014; Richter et al., 2014; Loson et al., 2015). The 
membrane-proximal regions of the proteins are not as compact 
in structure. For this reason, deletion of the membrane-proximal 
region at the proteins’ N-terminus was carried out, to allow 
the production of high-resolution MiD49 and MiD51 crystal 
structures (Loson et al., 2014; Ma and Sun, 2014; Richter et al., 
2014; Loson et al., 2015).

Human residues 23-48 are predicted to contain the 
transmembrane domain, and residues 50 to 123/8 are part of 
the membrane-proximal region (Ma and Sun, 2014; Richter et 
al., 2014). Expression of human MiD51 lacking the disordered 
region (MiD51Δ50-123), in wild-type and MiD51-null MEFs, had 
no negative effect on the proteins ability to successfully recruit 
Drp1 to the mitochondria (Richter et al., 2014). The functional 
purpose of this region may be to allow more flexibility during 
Drp1 oligomerization at the OMM. The deletion of residues 
1-118 permitted the creation of high resolution crystallized 
human MiD51ΔN118 (Richter et al., 2014). Similarly, other 
groups also observed that the deletion of residues 1-128 allowed 
crystallization of human MiD51 at a resolution of 3.1 Å (Ma 
and Sun, 2014) and deletion of residues 1-133 of mouse MiD51 
(MiD51Δ1–133) permitted the identification of the native structure 
at a resolution of 2.2 Å (Loson et al., 2014). 

Similarly, to crystallize MiD49, the membrane-proximal 
region, which is also predicted to lack a secondary structure, 
was deleted. Due to further complications in creating a high-
resolution crystal, MiD49 mutants were generated.  One out 
of 12 mutants with alanine point substitution mutations, and 
lacking residues 1-125, allowed crystallization (MiD49R218A). 
The MiD49R218A mouse mutant crystal structure was solved at a 
resolution of 2.4 Å and retained its ability to recruit Drp1 (Loson 
et al., 2015). 

The crystallized structure of both proteins revealed that these 
proteins belong to the nucleotide transferase (NTase) protein 
family, which normally bind nucleotide triphosphates, but 

lacked enzymatic activity. The NTase fold was found between 
the two alpha-helical regions connected by a central β-strand 
region (Loson et al., 2014; Richter et al., 2014; Loson et al., 
2015). Both groups identified an additional electron density 
within this region of MiD51, suggesting the presence of a bound 
molecule. Surprisingly, fluorescence-based shift assay of MiD51 
showed the highest level of stability with adenine diphosphate 
(ADP) binding, and the protein also weakly interacted with 
guanosine diphosphate (GDP). No significant structural change 
could be observed following MiD51-ADP or MiD51-GDP 
interaction (Loson et al., 2014; Richter et al., 2014). No ligand 
binding at the nucleotidetransferase cleft could be detected for 
MiD49, as its nucleotidetransferase clef is too small to allow 
successful nucleotide binding (Loson et al., 2015). Compared to 
MiD51, the only nucleotide binding residue conserved within 
the pocket of MiD49 is histidine (H193 in MiD49) (Loson et 
al., 2013). 

Interestingly MiD51-Drp1 recruitment still occurs in the 
absence of ADP binding (Loson et al., 2014; Richter et al., 
2014). ADP binding is suggested to act as an essential cofactor 
to stabilize Drp1 spiral formation around mitochondria. Loson 
et al., (2014) found that MiD51-ADP binding can promote 
Drp1-Drp1 interaction, and its GTP hydrolysis activity, at 
basal levels (Loson et al., 2014). However, Richter et al., 
(2014) showed that Drp1 binding to MiD51 mutants that are 
unable to bind ADP or GDP, could still form rings around 
mitochondria and cause fission (Richter et al., 2014). If in 
fact ADP is an essential cofactor of MiD51, its activity may 
facilitate mitochondrial fission events when cellular ADP levels 
are high, and its low expression in the adult heart and skeletal 
muscles may be a protective evolutionary outcome to prevent 
mitochondrial fission during exercise or ischemic conditions. 
The weak binding of GDP at the nucleotidyltransferase fold 
of MiD51 may also be part of a stabilization or nucleotide 
sensing process, due to Drp1’s hydrolysis of GTP, to achieve 
the conformation change required to execute constriction, or aid 
Drp1 detachment (Mears et al., 2011; Richter et al., 2014; Kalia 
et al., 2018).

Binding of Drp1 to MiD proteins at the mitochondrial 
surface
X-ray crystallization of mouse and human MiD proteins, 
lacking their transmembrane and membrane-proximal regions, 
revealed the presence of a highly conserved surface loop on 
both proteins, essential for Drp1 binding and mitochondrial 
fission (shown in yellow in Figure 3) (Loson et al., 2014; 

261

Conditioning Medicine | 2018, 1(5):259-266 REVIEW ARTICLE

Figure 2: MiD depletion or overexpression promotes mitochondrial 
elongation. MiD49 and MiD51 are important components of the 
mitochondria fission machinery A) The MiD proteins are OMM 
receptors of Drp1 required for mitochondrial fission. The deletion 
or the overexpression MiD49 and/or MiD51 induces mitochondrial 
elongation and the formation of mitochondrial networks (B and C, 
respectively).  
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Richter et al., 2014; Loson et al., 2015). 
MiD51 is capable of recruiting Drp1 puncta to the 

mitochondria even if it lacks the ability to bind to ADP or 
dimerize (Loson et al., 2014). The expression of GFP tagged 
MiD51 mutants lacking the defined loop at residues 238-242 
(MiD51ΔPEYFP), although capable of still being present at the 
OMM of COS7 and MEF cells, were unable to recruit Drp1 to 
the mitochondria (Richter et al., 2014). The same was observed 
in 293T Fis1/Mff null cells, as Drp1 proteins remained 
cytosolic after the expression of two MiD51 mutants, one 
with a mutation prior to the loop (R234A R235A and N237A) 
and the other containing a mutation within the loop (E239A 
Y240A R243A). Similarly, it was shown that the disruption of 
the salt bridge (R235-D249) directly below the loop produced 
a similar outcome as the loop deficient mutants (Richter et al., 
2014). The artificial expression of MiD51 at the lysosomal 
surface, established in a study by Palmer et al., (2013) showed 
that mutants lacking the four amino acid loop, could no longer 
redirect Drp1 to lysosomes (Palmer et al., 2013; Richter et al., 
2014). 

The Drp1-binding motif is also present on the surface of 
MiD49 at residues 230-234 (LEFHP) (Loson et al., 2015). 
Although MiD49 and MiD51 do not share the same amino 
acid sequence in this region, there is still a high sequence 
homology, and the loops are almost identical in their three-
dimensional structure. The salt bridge that maintains the MiD49 
loop’s structural integrity, an interaction between R227 and 
D241, is also present and essential for Drp1 recruitment. Co-
immunoprecipitation carried out in 293T cells expressing 
mutants, lacking the salt bridge (MiD49R227A), led to a 
significant decline in Drp1 interaction. Live cell imaging in 
Fis1/Mff null cells, expressing the loop mutants also revealed a 
clear defect in recruiting cytosolic Drp1. These finding highlight 
the importance of the loop sequence, and the stability of the 
structure, in its ability to successfully interact with Drp1. 

A recent study by Kalia et al., (2018) produced valuable 
evidence that furthers our understanding of the mechanism of 
interaction between Drp1 and the MiD proteins. The authors’ 
in vitro findings support the importance of the MiD binding 
loop, within the dynamin recruitment region (DRR), for 
successful Drp1 binding (shown in yellow in Figure 3) (Kalia 
et al., 2018). The surprising discovery made from cryo-electron 
microscopy of Drp1 and MiD49/ MiD51 is that each MiD DRR 
interacts with four Drp1 molecules, at four possible surfaces 
within each Drp1 chain (receptor interfaces 1-4), to form co-
filaments (Kalia et al., 2018). DRR interaction with interfaces 
1 and 2 are only possible following Drp1 nucleotide biding 
which is otherwise inaccessible (Figure 3) (Kalia et al., 2018). 
The presence of stalk loops at interfaces 3 and 4 (LINs and L2 
loop, respectively) are also essential components for successful 
receptor interaction. The authors suggest that the inability to 
interact with MiD49 or MiD51 may explain the impaired Drp1 
activity observed in conditions linked to the LINs loop mutation 
(Chang et al., 2010; Sheffer et al., 2016; Vanstone et al., 2016; 
Kalia et al., 2018). GTP hydrolysis by Drp1 results in MiD49 or 
MiD51 dissociation before constriction of the Drp1 rings. MiD 
association was found to be structurally incompatible with the 
Drp1 rings during constriction, further indicating that receptor 
dissociation is required prior to constriction (Kalia et al., 2018).

MiD protein dimerization
The homodimer formation of MiD51 was first identified in 
2011 before the protein’s structure was determined. Wild-type 
MiD51, as well as transmembrane deficient mutants, were 
able to form homodimers, but the deletion of residues 49-195 
prevented dimerization (Zhao et al., 2011). Dimerization of 
MiD51 is not essential for Drp1 recruitment, but it has been 
shown to be necessary for fission. Cells expressing mutants 

incapable of forming dimers undergo mitochondrial fission 
to a lesser degree after carbonyl cyanide m-chlorophenyl 
hydrazine (CCCP) or antimycin A treatment (Loson et al., 
2014). MiD49 did not crystallize as a dimer, as the protein lacks 
the residues used by MiD51 to dimerize. The authors suggest 
that there may be weak dimerization present, which could not 
be detected in the truncated protein (Loson et al., 2015). These 
findings indicate that the MiD proteins could have alternative 
mechanisms for recruiting Drp1. A recent study has identified 
that MiD proteins form co-filaments with Drp1 molecules by 
binding to four Drp1 proteins, at four receptor interface sites 
(Kalia et al., 2018). As these studies were predominantly carried 
out using mutants or performed in vitro, it is still not clear if 
MiD dimer formation occurs in cells and if this is essential for 
the formation of higher-order structures with Drp1.

Interaction of MiD proteins with the endoplasmic reticulum 
during fission
Mitochondrial ER constriction is an essential step for 
mitochondrial fission. Small projections from the ER wrap 
around mitochondrial tubules, reducing their diameter by 
roughly 30%, to permit the formation of Drp1 helices (Friedman 
et al., 2011; Elgass et al., 2015). Recently, the simultaneous 
presence of MiD49/MiD51 foci and their interaction with the 
ER has been identified at ER-mitochondria constriction sites 
(Figure 3) (Elgass et al., 2015). Interestingly less than 40% of 
ER-mitochondria in contact with the MiD foci were located at 
constriction sites (Richter et al., 2014; Elgass et al., 2015). This 
suggests that the MiD proteins may have pleiotropic roles, such 
as ER tethering to facilitate inter-organelle signaling. The single 
knockout of MiD49 or MiD51 did not affect ER-mitochondria 
constriction sites, but the interaction was significantly reduced 
following the knockdown of both proteins (Elgass et al., 2015). 
These findings further support the importance of the role of 
MiD proteins in the mitochondrial fission machinery and the 
need to knockdown both proteins to inhibit ER interaction 
and mitochondrial fission (Palmer et al., 2013). Interestingly, 
Mff deletion did not affect ER-mitochondria contact and 
constriction, but their presence at these sites is believed to have 
a regulatory effect on the MiD proteins (Friedman et al., 2011; 
Elgass et al., 2015; Osellame et al., 2016).

MiD49 and MiD51 activity and regulation during 
physiological, stress and disease conditions
CCCP mitochondrial uncoupling induces Drp1 mediated 
mitochondrial fission. Alterations to the fission machinery can 
prevent this response, reduce mitochondrial fission and protect 
the cells against apoptosis (Frank et al., 2001; Palmer et al., 
2011; Loson et al., 2013). Osellame et al., (2016) investigated 
the level of protection against apoptotic signaling by targeting 
the fission proteins. The single knockout of OMM fission 
proteins was protective; however, the cells deficient of Drp1, 
MiD49/MiD51/Mff or MiD49/MiD51/Mff/Fis1 were most 
protected against CCCP treatment (Osellame et al., 2016). The 
additional knockout of Fis1 did not make a significant difference 
to mitochondrial connectivity or cellular protection. There was 
no significant difference in the level of cytochrome c release 
between, MiD49/MiD51/Mff and MiD49/MiD51/Mff/Fis1 
knockout cells (Osellame et al., 2016). In this study, MiD49 and 
MiD51 were shown to have a prominent role in mitochondrial 
fission and intrinsic apoptotic signaling sensitivity. As well as 
modulating mitochondrial morphology, this outcome may be 
linked to their involvement in regulating the cristae structure. 
MiD49/MiD51 knockout cells are significantly more resistant 
against cristae remodeling and cytochrome c release (Otera et 
al., 2016). 

The membrane-associated ring-CH-type finger 5 (MARCH5) 
regulates MiD49 activity and leads to its breakdown during 
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stress conditions, subsequently reducing mitochondrial 
fragmentation. The knockdown of MARCH5 restores MiD49’s 
ability to induce mitochondrial fragmentation during stress 
(Xu et al., 2016). This mechanism may be part of a natural 
protective pathway against mitochondrial fragmentation, to 
protect the cell during stress conditions such as IRI. Drp1 and 
Mff negatively regulate this activity to reduce ubiquitination of 
MiD49 (Cherok et al., 2017).

Mff is also capable of regulating MiD49 and MiD51 activity 
during mitochondrial fission (Elgass et al., 2015; Osellame 
et al., 2016). The MiD proteins have been identified to have 
an inhibitory effect on Drp1 GTPase activity (Osellame et 
al., 2016), which may aid MiD-Drp1 interaction and provide 
sufficient time for Drp1 polymerization around mitochondrial 
tubules. Reversely, Mff molecules promote Drp1 GTPase 
activity (Osellame et al., 2016), an essential step for Drp1 
OMM receptor detachment before the constriction of Drp1 
helices (Francy et al., 2015; Kalia et al., 2018). For this reason, 
the presence of Mff at mitochondrial constriction sites may be 
an important regulatory component for executing mitochondrial 
fission (Figure 3). MiD51 was found to exert a significantly 
stronger inhibitory effect than Mff’s stimulatory effect on 
Drp1 GTPase activity, which may be the cause of the fused 
mitochondrial morphology observed in cells overexpressing the 
MiD proteins (Palmer et al., 2011; Zhao et al., 2011; Liu et al., 
2013; Loson et al., 2013; Palmer et al., 2013; Osellame et al., 
2016).

Mitochondrial dynamics are essential for maintaining 
mitochondrial health and function
Defects of the mitochondrial dynamics machinery lead to 
cellular dysfunction and tissue pathologies (Bach et al., 2003; 
Frazier et al., 2006; Chan, 2012; Mishra and Chan, 2014). 
Recently the homozygous nonsense mutation of the MiD49 
gene has been identified in an affected individual to cause 
progressive muscle weakness and exercise intolerance. Isolated 
patient fibroblasts expressed a highly elongated mitochondrial 
network, higher mtDNA, abnormal cristae structure and a 
higher expression of ETC complexes, than healthy control 
cells (Bartsakoulia et al., 2018). These findings were the first to 

implicate the role of MiD proteins in humans.

MiD49 and MiD51 as potential novel targets for preventing 
anthracycline cardiomyopathy and pulmonary artery 
hypertension
Researchers have found that MiD expression is significantly 
increased in pulmonary arterioles of patients with pulmonary 
arterial hypertension (Chen et al., 2018). Contrary to 
previous MiD studies, pulmonary artery smooth muscle cells 
overexpressing MiD proteins have fragmented mitochondrial 
networks. siRNA knockdown of the MiD49 and MiD51 
proteins, without altering Mff or Fis1 expression,  promoted 
mitochondrial elongation and significantly decreased pulmonary 
artery smooth muscle cell proliferation (Chen et al., 2018).

MiD49 and MiD51 as potential novel targets for preventing 
anthracycline cardiomyopathy
The role of MiD49 as a therapeutic target for preventing 
anthracycline cardiomyopathy has been recently explored. 
The use of Doxorubicin (DOX) as a chemotherapeutic agent 
for treating a wide variety of human cancers has been limited 
by its cardiotoxic effects, the underlying mechanisms of 
which remains unclear. Zhou et al., (2017) found that Foxo3a 
was downregulated in the cardiomyocyte  of mouse heart in 
response to DOX therapy, and Foxo3a attenuated DOX-induced 
mitochondrial fission and apoptosis in cardiomyocytes. Cardiac-
specific Foxo3a transgenic mice showed reduced mitochondrial 
fission, apoptosis and Dox cardiotoxicity, and Foxo3a was 
found to directly inhibit transcription of MiD49. Knockdown 
of MiD49 was demonstrated to reduce DOX-induced 
mitochondrial fission and apoptosis in cardiomyocytes. Also, 
knockdown of MiD49 was found to protect the heart against 
DOX-induced cardiotoxicity. These interesting findings suggest 
that Dox-induced cardiotoxicity is induced by attenuation of 
Fox3a and MiD49-mediated mitochondrial fission, providing 
a novel therapeutic target for preventing anthracycline 
cardiomyopathy.

MiD49 and MiD51 as  potent ial  novel  targets  for 
cardioprotection
Fusion and fission proteins are highly expressed in adult 
cardiomyocytes, despite the compact arrangement of 
mitochondria. Inhibiting Drp1-mediated fission upon 
reperfusion is cardioprotective and linked to a reduction in 
mitochondrial permeability transition pore opening (Ong 
et al., 2010; Wang et al., 2011; Din et al., 2013). These 
cardioprotective effects are likely only to be protective against 
acute ischemia/reperfusion injury (IRI) if achieved acutely, 
as mitochondrial fusion and fission are an essential part of 
maintaining mitochondrial health (Chan, 2012). Permanent 
inhibition of Drp1 activity has been shown to be detrimental 
in cardiomyocytes, causing accumulation of dysfunctional 
mitochondria, cardiac remodeling, cardiac failure and premature 
death in mice (Kageyama et al., 2014; Ikeda et al., 2015; Song 
et al., 2015). Drp1 mutation in humans leads to a significant 
increase in mitochondrial and peroxisome fragmentation, 
causing severe developmental conditions and premature death 
(Waterham  et al., 2007).

Our group has investigated the role of MiD49 and MiD51 as 
targets of cardioprotection. In accordance with previous studies, 
MiD49 and MiD51 knockdown caused a significant increase 
in mitochondrial elongation within cardiac cell lines (Palmer 
et al., 2011; Loson et al., 2013; Palmer et al., 2013). Their 
knockdown resulted in a significant reduction in mitochondrial 
fragmentation during simulated ischemia and a faster recovery 
of mitochondrial morphology upon simulated reperfusion. 
Interestingly, MiD deficient cells were less likely to undergo 
mitochondrial calcium overload upon reperfusion, which is 

Figure 3: Mitochondrial ER interaction is essential for and Drp1 
mediated fission. (A) MiD foci interact with ER projections at the 
OMM. B) The ER circumscribes the mitochondrial tubule and 
constricts, to permit Drp1 oligomerization. GTP bound Drp1 
molecules interact with the DRR of MiD proteins to form Drp1 rings. 
Mff molecules promote Drp1 GTPase activity, which is required for 
receptor dissociation before constriction. C) After Drp1 mediated 
fission, Drp1 rings disassemble and remain cytosolic until they are 
recruited to the OMM again. 
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one of the contributing factors to mitochondrial permeability 
transition pore opening (Yellon and Hausenloy, 2007). This 
outcome may be due to a reduction of the MiD proteins’ ER/
SR interaction (Elgass et al., 2015), which has been shown 
to protect cardiomyocytes against IRI, by reducing calcium 
overload upon reperfusion (Hall et al., 2016).

Dual knockout of MiD49 and MiD51 is embryonically 
lethal; therefore, in vivo investigations were carried out 
using whole body MiD49 knockout transgenic mice. MiD49 
expression is higher in the adult heart, and for this reason, we 
believed that using a MiD49 knockout mouse colony was a 
better animal model for our initial studies (Liu et al., 2013). 
The absence of any overt myocardial pathologies as a result of 
MiD49 knockout, allowed the investigation of cardiac ischemia-
reperfusion susceptibility by left anterior descending (LAD) 
coronary artery occlusion, compared to wild-type littermates, 
without the influence of confounding factors. There was no 
significant difference in mitochondrial size, cardiac phenotype 
or MI size following in vivo LAD occlusion between MiD49 
knockout and WT mice. From our in vitro and in vivo studies, 
we believe that both MiD49 and MiD51 must be targeted to 
cause a significant change in mitochondrial morphology. We 
believe that these proteins should only be inhibited acutely to 
prevent adverse effects on cardiac structure and function, as 
a result of chronic manipulation of the dynamic machinery 
(Papanicolaou et al., 2011; Papanicolaou et al., 2012; Ikeda et 
al., 2015; Hall et al., 2016).

Conclusions 
MiD49 and MiD51 are mammalian Drp1 binding proteins, 
located at the outer mitochondrial membrane, and serve as 
important components of the mitochondrial fission machinery. 
As fission proteins, their deletion promotes mitochondrial 
elongation. The level of interplay between MiD49 and MiD51 
still remains unclear. The two proteins are very similar in 
structure, both capable of ER interaction and bind Drp1 at 
the same region; however, some studies have shown that 
targeting just one of the proteins is sufficient to induce changes 
in mitochondrial morphology. The two proteins’ expression 
varies with age and tissue type, suggesting that there may be 
functional differences between the two proteins. MiD51’s 
ability to bind GTP or ADP at its nucleotidetransferase cleft 
suggests that the protein’s activity may be interconnected 
with cellular metabolism. Further investigation is required 
to identify if MiD51 is more sensitive to metabolic changes, 
such as anaerobic respiration or ischemia, due to its ability to 
bind nucleotides. We speculate that this may be the reason that 
MiD51 expression is low in high energy demand tissues such 
as the heart and skeletal muscles. Recent studies  revealed that 
changes in the MiD proteins’ expression can result in various 
human diseases, and targeting these proteins can restore a 
balance in mitochondrial dynamics. These findings further 
highlight the importance of the MiD proteins as components 
of the cellular fusion and fission machinery and may serve as 
potential therapeutic targets for treating cardiovascular diseases 
such as AMI, anthracycline cardiomyopathy, and pulmonary 
arterial hypertension.
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