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Summary of thesis

Distorted mitochondrial cristae shape is a pathological hallmark of mitochondrial and
disuse myopathies. Genetic overexpression of the master cristae shape regulator
Optic atrophy 1 (OPA1) in models of mitochondrial and disuse myopathies ameliorates
mitochondrial and muscle function and prolongs lifespan but translating this proof of
principle approach into a pharmacological therapy to modulate OPA1 levels remains
a challenge. Here we report that antagonising microRNAs (miRNAs) that regulate
OPA1 mRNA levels ameliorates a model of disuse myopathy. By bioinformatic
approaches we identified that mouse and human OPA1 is regulated by miRNAs of the
148/152-3p family and by miR-128-3p. By using luciferase sensors, we show that
these miRNAs specifically target and regulate mammalian OPA1 levels. Moreover,
these OPA1-specific miRNAs are increased upon mitochondrial dysfunction, in
complex |V deficient cell lines and in mice undergoing muscle atrophy induced by
sciatic nerve denervation. Mechanistically, levels of these miRNAs appear under the
control of endoplasmic reticulum stress pathways that are engaged upon
mitochondrial dysfunction. Delivery of specific microRNA antagonizers (antagomiRs)
increased OPA1 levels and curtailed muscular atrophy induced by denervation in vivo.
Our results nominate OPA1-regulating miRNAs as therapeutic targets in mitochondrial

myopathies.



Summary of thesis (Italian)

La forma distorta delle creste mitocondriali € un segno patologico delle miopatie
mitocondriali e da disuso. La sovraespressione genetica del regolatore della forma
delle creste master L'atrofia ottica 1 (OPA1) nei modelli di miopatie mitocondriali e da
disuso migliora la funzione mitocondriale e muscolare e prolunga la durata della vita,
ma tradurre questo approccio di prova di principio in una terapia farmacologica per
modulare i livelli di OPA1 rimane una sfida. Qui riportiamo che I'antagonizzazione dei
microRNA (miRNA) che regolano i livelli di mRNA di OPA1 migliora un modello di
miopatia da disuso. Mediante approcci bioinformatici abbiamo identificato che I' OPA1
murino e umano & regolato dai miRNA della famiglia 148/152-3p e dal miR-128-3p.
Utilizzando i sensori della luciferasi, dimostriamo che questi miRNA prendono di mira
e regolano specificamente i livelli di OPA1 nei mammiferi. Inoltre, questi miRNA
specifici per OPA1 sono aumentati in caso di disfunzione mitocondriale, in linee
cellulari carenti di complesso IV e in topi sottoposti a atrofia muscolare indotta da
denervazione del nervo sciatico. Meccanicisticamente, i livelli di questi miRNA
appaiono sotto il controllo delle vie di stress del reticolo endoplasmatico che sono
impegnate sulla disfunzione mitocondriale. La somministrazione di specifici
antagonisti del microRNA (antagomiR) ha aumentato i livelli di OPA1 e ridotto I'atrofia
muscolare indotta dalla denervazione in vivo. | nostri risultati nominano i miRNA che

regolano OPA1 come bersagli terapeutici nelle miopatie mitocondriali.
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Introduction

Mitochondria

Mitochondria are double-membrane organelles that supply the energy currency for the
cell in the form of adenosine triphosphate (ATP). Other well-established roles of
mitochondria include free radical scavenging, intrinsic apoptosis, Ca?* buffering, stem
cell fate and autophagy (Giacomello et al., 2020; Osellame et al., 2012). This organelle
was first defined in 1857 by the anatomist Rudolf Albrecht von Koelliker who named
them “sarcosomes”. Subsequently, microbiologist Carl Benda conjured up the word
“‘mitochondria”, where “mitos" means thread and “chondros"” means granule.
According to the endosymbiotic theory by Margulis, mitochondria originated from a
primordial rickettsia bacteria a-protobacteria that occupied a prototypical eukaryotic
cell, in which the relationship between the two entities enhanced energy conversion to
set in motion the rise of multicellular organisms (Margulis, 1971). Interestingly,
mitochondria contain their own DNA (mtDNA) that is a double-stranded circular DNA
molecule of ~16.5 kb encoding for 13 proteins, two ribosomal RNAs (rRNA) and 14

transfer RNAs (tRNA) (Greaves et al., 2012).
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Mitochondrial compartments

Outer mitochondrial membrane

Akin to the eukaryotic cell membrane, the outer mitochondrial membrane (OMM) of
mitochondria is composed of a phospholipid bilayer that is the external part of the
organelle. This membrane is the entry point for nuclear-encoded mitochondrial
proteins and contains pore-forming proteins such as voltage-dependent anion
channels (VDAC) that are selectively permeable for the entry of metabolites and ions
(Camara et al., 2017). Proteins residing on the OMM can form contacts with
neighbouring organelles to carry out a wide variety of cellular functions (Giacomello et
al., 2020). For example, mitochondria and endoplasmic reticulum (ER) form physical
contacts for lipid exchange, mitochondrial calcium uptake and to support mitochondrial
division. Lastly, mitophagic receptors localise on the OMM to initiate mitophagy for

promoting a healthy turnover of mitochondria (Giacomello et al., 2020).

Intermembrane space

The intermembrane space is the area between the OMM and inner mitochondrial
membrane (IMM). This space is where hydrogen ions accumulate as part of the

electrochemical gradient for ATP generation and other mitochondrial processes.

Inner mitochondrial membrane

The IMM can be separated further into the inner boundary membrane (IBM), that runs
parallel against the OMM, and the cristae which are deep invaginations in the
membrane that increase the surface area of the IMM. The cristae membrane

accommodates respiratory chain complexes (RCC) that form the electron transport
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chain, and together with F1Fo—ATP synthase, participate in ATP generation (see Fig.
1) (Osellame et al., 2012). Moreover, cristae junctions (CJs) that link cristae to the IBM

act as diffusion barriers to sequester cytochrome C and other small molecules.

Mitochondrial matrix

The mitochondrial matrix is the central space of the mitochondria enclosed by the IMM.
It is the site of mtDNA replication, transcription, and protein synthesis (Greaves et al.,
2012). Moreover, enzymatic reactions such as the tricarboxylic acid cycle (TCA) take
place here, which yields reducing intermediates NADH and FADH: that then feed

electrons to complexes | and Il of the ETC, respectively (Osellame et al., 2012).

Mitochondrial respiratory chain

Energy conversion takes place at the cristae. The ETC is composed of four RCCs,
complexes I-1V, and two mobile electron carriers, ubiquinone and cytochrome C. It is
the site of oxidative phosphorylation (OXPHOS) wherein electrons are stripped from
reducing equivalents NADH and FADH: and transferred from the least electronegative
complex (complex |) to the most electronegative complex (complex V). Coupled to
electron transfer is proton pumping by complexes |, lll and IV across the IMM to
generate an electrochemical gradient. This force drives H+ ions into the IMS that then
enter F1Fo—ATP synthase to stimulate its rotary function for ATP synthesis (see Fig.

1) (Osellame et al., 2012).
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Interestingly, RCCs assemble into macromolecular structures known as respiratory
chain supercomplexes (RCS), with the most abundant in mammalian mitochondria
being RCS I+lll2+IV4 (Signes & Fernandez-Vizarra, 2018). RCSs enhance
mitochondrial respiration through improving electron flow channelling, stabilising
individual complexes and reducing ROS accumulation (Baker et al., 2019; Signes &
Fernandez-Vizarra, 2018). The assembly of RCSs is dependent on cristae
morphology: a narrow CJ width favours RCS assembly (Cogliati et al., 2013), whereas
widening of the CJ leads to RCS disassembly, and in certain cases, cytochrome C
release out of the intracristal space and the induction of apoptosis (Cipolat et al., 2006;

Frezza et al., 2006).
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Figure 1. Schematic representation of the electron transport chain in
mammalian mitochondria. Electrons from NADH and FADH: are donated to complex
| and complex I, respectively. As electrons are passed down the chain from complex
| to complex 1V, the free energy from electron transfer is harnessed to pump protons
from the matrix to the IMS by complex |, complex Ill and complex IV. Protons enter
F1Fo—ATP synthase to switch on its rotary function for catalysing the conversion of

ADP to ATP. Image from Benard et al. (2011)
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Mitochondrial dynamics and ultrastructure

Mitochondrial dynamics can be defined as the morphological changes mitochondria
undergo to meet cellular demands. It accomplishes this by ongoing fusion, fission and
cristae remodelling events (Giacomello et al., 2020; Pernas & Scorrano, 2016).
Mitochondrial fusion and fission are evolutionary conserved processes that are chiefly
controlled by dynamin-related GTPases Optic atrophy 1 (OPA1), Mitofusin 1 (MFN1),
Mitofusin 2 (MFNZ2) and Dynamin-related protein 1 (DRP1). Mitofusins 1 and 2 mediate
OMM fusion, OPA1 regulates IMM fusion and cristae remodelling, and DRP1 and its
adaptor proteins execute mitochondrial fission (Pernas & Scorrano, 2016). Basically,
rates of fusion and fission dictate mitochondrial shape. Unopposed fusion causes
mitochondrial hyperfusion, whereas unopposed fission triggers mitochondrial
fragmentation. Fusion and fission take place in a cyclic fashion to facilitate a healthy
turnover of mitochondria. Additionally, mitochondrial dynamics influence the number,

size and intracellular distribution of mitochondria (Pernas & Scorrano, 2016).

Optic atrophy 1

Optic atrophy 1 is located at the IMM and conserved from yeast (Mgm1 homolog) to
human. The OPA1 gene is located on chromosome 3928-g29 and spans over 100kb
of genomic DNA for a total of 31 exons (Belenguer & Pellegrini, 2013). Eight isoforms
exist that are alternatively spliced at exons 4, 4b, and 5b, and these are expressed
differentially within each tissue (see Fig. 2) (Del Dotto et al., 2018). All OPA1 mRNA
variants encode a protein of 924-1014 amino acids. There are three conserved regions
on the OPA1 protein: GTPase domain, middle domain, and GTPase effector domain
that contains a coiled-coil domain. The GTPase domain is the site at which guanosine
triphosphate (GTP) is hydrolysed to stimulate IMM fusion. The middle domain and
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coiled-coil domain allow for homotypic protein-protein interactions to form OPA1
oligomers that assist with cristae shaping (Del Dotto et al., 2018; MacVicar & Langer,
2016). Mitochondrial metalloproteases overlapping proteolytic activity with m-AAA
protease 1 (OMA1) and yeast mitochondrial DNA escape 1-like (YME1L),
proteolytically process OPA1 to generate short isoforms (S-OPA1) that lack the
transmembrane domain (see Fig. 2). OPA1 long forms (L-OPA1) can be cleaved at
S1 (OMA1-mediated) and S2 sites (YME1L-mediated). Isoforms 3, 5, 6 and 8, that
include exon 4b, are completely cleaved into shorter forms (Del Dotto et al., 2018). At
steady state, YME1L cleaves OPA1 in a manner coupled to OXPHOS. Separately,
stress-induced OPA1 cleavage is performed by OMAA1; it occurs during apoptosis,
mitochondrial depolarisation and permeability transition. In basal conditions, a
balanced ratio of long and short forms are required for optimal functioning of OPA1

(del Dotto et al., 2018).

A comprehensive list of OPA1 mutations can be found on this database
(http://opal.mitodyn.org). Out of the 414 variants identified, around 60% are
pathogenic, mostly from deletion mutations in the GTPase domain. In 50% of the
pathogenic mutations, a premature stop codon is added, leading to a truncated mRNA
that gets degraded, ultimately causing OPA1 haploinsufficiency (Chao de la Barca et
al., 2016). Pathogenic mutations of OPA1 mostly cause autosomal dominant atrophy
syndrome (ADOA), but cases of encephalopathy, cardiomyopathy and non-syndromic

Parkinsons disease have also been reported (Lynch et al., 2017; Spiegel et al., 2016).
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Figure 2. Protein structural domains of OPA1 and proteolytic processing sites.
Eight isoforms of mammalian OPA1 protein exist that are cleaved at different locations
to generate short OPA1 (S-OPA1) forms. OMA1 cleaves OPA1 at the S1 site located
in the transmembrane domain and YME1L cleaves OPA1 at the S2 site that is also
located in the transmembrane domain. Isoforms 3, 5, 6 and 8 that contain exon 4b are

always cleaved into S-OPA1 forms. Image from Del Dotto et al. (2018)
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Outer mitochondrial membrane fusion

The precise mechanism by which MFN1 and MFN2 facilitate OMM fusion remains
equivocal. The overarching consensus was that heptad repeat 2 domains (HR2) of
MFN1 and MFN2 mediate tethering of adjacent mitochondria, with heterotypic MFN1-
MFN2 interactions displaying greater fusion activity than MFN1 and MFN2 homotypic
interactions (Pernas & Scorrano, 2016). Then, crystallography studies engineering
minimal recombinant MFN1 (predicted GTPase domain and a portion of C-terminal)
showed that GTPase domains associate in trans for tethering (Chandhok et al., 2018).
Taken together, it is plausible that HR2 domains bind for initial tethering to the
adjoining mitochondria, followed by GTPase domain binding to set in motion a

GTPase-dependent power stroke for pulling the OMMs together.

Despite sharing ~80% homology, MFN1 and MFN2 exhibit functional differences:
MFN1 possesses greater tethering efficiency and GTPase activity (~8-fold higher)
compared to MFN2 (Ishihara et al., 2004). Moreover, only MFN1 is indispensable for
OPA1-mediated IMM fusion and is therefore a fundamental component of the fusion
machinery (Cipolat et al., 2004). MFN2 has fusion-independent functions as it
facilitates calcium ion homeostasis by tethering mitochondria to the ER (de Brito &
Scorrano, 2008; lvanova et al., 2017). The ER tethering function of MFN2 may be due
to its ability to form sustained GTPase domain dimers, or its protein-protein interaction
domain that is not present on MFN2 (Chandhok et al., 2018; Filadi et al., 2018). In
mouse embryonic fibroblasts (MEFs), fragmented mitochondria were observed in
MFN1-depleted cells, whereas MFN2-depleted cells displayed swollen spherical
mitochondria (H. Chen et al., 2003a). When both Mitofusins were absent, mitochondria
lacked the ability to fuse, causing impaired respiration and cellular growth

impairments. Extending this, combined MFN1 and MFN2 ablation in mice is
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embryonically lethal, highlighting the necessity for mitochondrial fusion in mammalian
development (H. Chen et al., 2003b). Overexpressing MFN1 in MFN2 KO cells, or
MFN2 in MFN1 KO cells, rescues mitochondrial fusion, yet surprisingly, in certain
MFNZ2 mutations only MFN1 overexpression could recover fusion activity (Pernas &
Scorrano, 2016). These results imply that MFN1 and MFN2 have a redundancy

relationship.

Inner mitochondrial membrane fusion

Inner mitochondrial membrane fusion finalises the unification of two mitochondria and
is controlled by OPA1. In cellular and animal models, OPA1 ablation triggered
mitochondrial fragmentation, and overexpressing OPA1 induced mitochondrial
elongation (Cipolat et al., 2004) (Olichon et al., 2003). What is the physiological role
of S-OPA1? When operating alone, S-OPA1 cannot perform IMM fusion (Ban et al.,
2017). In contrast, when L-OPA1 processing was inhibited via YME1L deletion,
mitochondria became fragmented (Mishra et al., 2014). Recent kinetics work
employing evanescent field microscopy to monitor IMM fusion may help reconcile
these inconsistencies (Ge et al., 2020). Mitochondrial tethering, membrane docking,
lipid mixing and content release were analysed. It was revealed that superfluous S-
OPA1 levels blocked pore opening, thereby disrupting the fusogenic ability of L-OPA1
(Ge et al., 2020). This phenomenon explains the pro-fission effects from S-OPA1
overexpression (Ishihara et al., 2006). Nevertheless, there is evidence of a synergistic
relationship between L-OPA1 and S-OPA1 in performing IMM fusion (Ban et al., 2017).
One study conducting an in vitro membrane fusion reaction found higher fusion rates
in the L-OPA1 and S-OPA1 group (3:1 long-to-short ratio) compared to L-OPA1 alone
(Ban et al., 2017). The proposed model for IMM fusion is as follows: L-OPA1
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associates with cardiolipin on the opposite membrane to form a tether, with S-OPA1

providing structural support, then, GTP-hydrolysis stimulates membrane fusion.

Mitochondrial fission

The dominant member driving mitochondrial fission is the cytosolic mechanoenzyme
DRP1 (Tilokani et al., 2018). DRP1 is recruited to the OMM where it arranges into
spiral complexes around the preconstricted GTP-dependent fission site to sever the
mitochondrion in two. DRP1 lacks membrane-binding domains, and so, to accomplish
fission it interacts with OMM adaptor proteins: mitochondrial fission factor (MFF),
mitochondrial fission protein 1 (FIS1) and mitochondrial dynamics proteins of 49 and
51 kDa (MiD49 and MiD51) (Tilokani et al., 2018). DRP1-dependent mitochondrial
fission is initiated by phosphorylation-dephosphorylation reactions (Cereghetti et al.,
2008; Taguchi et al., 2007). Responding to elevated cytosolic Ca?* levels, calcineurin
dephosphorylates DRP1 on Ser637 to prompt its translocation to mitochondria
(Cereghetti et al., 2008). Cyclin-dependent protein kinase 1 (Cdk1)/cyclin B
phosphorylates DRP1 on Ser616 (Ser585 in rat DRP1) to induce fission during mitosis
(Taguchi et al., 2007). Mitochondrial division occurs at mitochondria-ER contacts;
wherein ER tubules wrap around the mitochondria to mark the constriction site, and
actin polymers formed by inverted formin 2 (INF2) and SPIRE1C, supplement DRP1
activity (Friedman et al., 2011; Korobova et al., 2013; Manor et al., 2015). Intriguingly,
it has been shown that mitochondrial fission events are further influenced by
lysosomes, to mark constriction sites (Wong et al., 2018), and Golgi-derived vesicles,
to support late stages of division (Nagashima et al., 2020). Multiple organelles
contributing towards mitochondrial fission exemplifies the complexity of mitochondrial
dynamics and the social environment of the eukaryotic cell.
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It was previously thought that Dynamin-2 (DNM2), acting downstream of DRP1, was
necessary for executing mitochondrial scission. However, DNM2 ablation did not result
in a hyperfused mitochondria network, confirming that DNM2 is not essential for fission
completion (Fonseca et al., 2019). Cryo-electron microscopy (Cryo-EM) structures of
DRP1-GTP and MiD49 and MiD51 complexes have shed light onto DRP1-dependent
fission mechanisms (Kalia et al., 2018). GTP-binding to MiD49 and MiD51 formed
linear copolymers, and subsequent GTP hydrolysis induced curling of DRP1 oligomers
into ~16 nm diameter rings — a size feasible to constrict a double-membrane
mitochondrion (Kalia et al., 2018). Abnormal DRP1 activity is associated with
pathological states. In cellular models of Huntington’s disease, elevated DRP1 levels
caused mitochondrial fragmentation (Costa et al., 2010), suggesting that basal levels

of DRP1 activity are vital for maintaining mitochondrial homeostasis.

Unlike yeast FIS1, mammalian FIS1 is dispensable for mitochondrial fission, although
it is relied upon during stress-related fission (i.e., mitophagy and apoptosis stimulation)
(Shen et al., 2014). Still, silencing and overexpressing FIS1 in mammalian cells has
been demonstrated to induce mitochondrial elongation and fragmentation,
respectively (Pernas & Scorrano, 2016). No existence of a yeast MFF homologue is
suggestive of an evolutionary advancement in the fission machinery of mammals. In
fact, MFF has emerged as the major receptor for DRP1-dependent mitochondrial
fission. Overexpressing MFF fragmented the mitochondrial network while MFF
silencing resulted in hyperfused mitochondria and interrupted DRP1 recruitment to
mitochondria (Otera et al., 2010). Other DRP1 adaptors, MiD49 and MiD51,
paradoxically elongated mitochondria when overexpressed [64-66]. A potential

explanation is that the dissociation of MiD49 and MiD51 from DRP1 is required for
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mitochondrial constriction (Kalia et al., 2018), thus, an overaccumulation of these

proteins could consequently block fission activity.

Mitochondrial cristae dynamics

Mitochondrial cristae modify their shape in accordance with physiological stimuli. The
seminal paper by Hackenbrock in the 60s proved that in conditions of low adenosine
diphosphate (ADP) availability, mitochondria transition from a “condensed state”
(compact matrix and enlarged cristae) to an “orthodox state” (less compact matrix and
denser cristae) (Hackenbrock, 1966). Reports decades later substantiated these
findings, in which cristae became denser during starvation in MEFs to increase
mitochondrial respiration (Gomes et al., 2011). Separate from its bioenergetic role,
cristae remodelling is the core event of the intrinsic apoptosis pathway (Cipolat et al.,
2006; Frezza et al., 2006). Cristae junctions typically act as diffusion barriers but widen
during apoptosis to release cytochrome c into the cytosol for activating killer caspases
that precipitate cell death (Frezza et al., 2006). Recently, it has been reckoned that
cristae act autonomously within a mitochondrion, as individual cristae were reported
to carry varying levels of membrane potential (Wolf et al., 2019). Heterogeneous
membrane potential is coherent with the “cristae fission and fusion model” wherein
cristae were reported to fuse and divide with neighbouring cristae (Kondadi et al.,
2020). This mechanism would enable protein and lipid intermixing, for diluting

damaged respiratory complexes and increasing cardiolipin synthesis.

The key modulators of cristae architecture are OPA1, mitochondrial contact site and
cristae organising system (MICOS) and F1F.-ATP synthase (Cogliati et al., 2016).

OPA1 is anchored to the IMM where it oligomerises to form and maintain CJs to
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prevent cytochrome C release (Frezza et al., 2006). Additionally, by keeping CJs tight,
OPA1 promotes the assembly of respiratory chain supercomplexes (RCSs) that
facilitate efficient electron transfer to enhance mitochondrial respiration (Cogliati et al.,
2013). The MICOS complex spans the CJ and is composed of seven subcomplexes
in mammals: MIC10, MIC12, MIC19, MIC25, MIC26, MIC27, MIC60. MIC60, a core
component, connects the OMM to the IMM and stabilises cristae to the IBM, permitting
a long CJ without affecting cristae width (Cogliati et al., 2016). Another central player
is MIC10, that self-oligomerises to induce negative IMM curvature for CJ formation
(Barbot et al., 2015). When MIC60 and MIC10 are ablated in cells, there is a loss of
CJs, highlighting their essential role in the biogenesis and maintenance of these

structures (Cogliati et al., 2016;van der Laan et al., 2016).

Shaping the opposing end of cristae is F1Fo-ATP synthase: by assembling into “v-
shaped” dimers, it bends the lipid bilayer at the cristae rim to induce positive
membrane curvature (Blum et al., 2019; Strauss et al., 2008). Deleting dimer-specific
subunits of F1Fo-ATP led to cristae loss and mitochondria displaying onion-like
morphologies (Davies et al., 2011). Proteomic experiments have revealed a dynamic
interplay among these cristae-shaping proteins. MIC10 molecules promoted F1Fo.-ATP
synthase dimerisation through physical interactions, indicating MIC10 acts to
synchronise CJ and cristae rim remodelling (Rampelt et al., 2017). MIC60 associates
with OPA1 in high molecular weight complexes to stabilise CJs, with OPA1 operating
upstream of MIC60 in this pathway (Glytsou et al., 2016). OPA1-dependent cristae
remodelling stimulated F1Fo-ATP synthase dimerisation and its reversal activity to
maintain the electrochemical gradient. Reciprocally, ATP5a (FiF.-ATP synthase

subunit) silencing disassembled Opal oligomers (Quintana-Cabrera et al., 2018).
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Mitochondrial diseases

Mitochondrial diseases encompass a wide range of progressive debilitating disorders
that are characterised by OXPHOS malfunction due to defects in RCCs. These
diseases affect ~1:5000 individuals, can manifest at childhood or adulthood, and are
transmitted by any mode of inheritance (Gorman et al., 2016; Ylikallio & Suomalainen,
2012). To date, ~300 genes have been identified to have a causative role in
mitochondrial disease manifestation, due to pathogenic mutations in nuclear DNA and
mtDNA (Gorman et al., 2016). As mitochondria are ubiquitously found throughout the
body, multiple organs can become pathological. Organs with high metabolic demand
that heavily rely on mitochondria such as the brain and muscle are afflicted the most.
It is not surprising then that a large portion of the clinical features reported in
mitochondrial disease patients are neurological and muscle problems (see Fig. 3)
(Gorman et al., 2016; Ylikallio & Suomalainen, 2012). Biochemically, complex | and
complex IV deficiencies are the most common causes of OXPHOS defects in
mitochondrial diseases (Ghezzi & Zeviani, 2018). Diseases with prominent muscle
issues are sub categorised as mitochondrial myopathies (examples discussed below).
A key feature in these diseases is skeletal muscle atrophy. This is pertinent as less
muscle mass correlates with worse prognosis (Bonaldo & Sandri, 2013). Electron
microscopy analysis of mitochondrial myopathy patients displayed a wide array of
mitochondrial ultrastructure abnormalities, such as “onion-like” concentric cristae and

“donut” mitochondria (see Fig. 4) (Vincent et al., 2016).
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Autosomal dominant optic atrophy

Mutations in OPA1 cause autosomal dominant optic atrophy (ADOA), which is defined
by isolated retinal ganglion cell (RGC) degeneration, causing progressive visual loss
(Chao de la Barca et al., 2016). The disease typically affects children but can manifest
later in adulthood. Certain mutations in the GTPase domain cause autosomal
dominant atrophy plus syndrome (ADOA+) that is of greater severity to normal ADOA
as multiple organs are hit, causing myopathy and peripheral neuropathy (Chao de la
Barca et al.,, 2016). Mitochondrial fragmentation, impaired respiration and mtDNA
instability are biochemical features reported in ADOA patient fibroblasts (Amati-

Bonneau et al., 2009).

Leigh syndrome

Leigh syndrome is a progressive neurodegenerative encephalopathy that affects
infants and can be caused by mutations in nuclear and mtDNA genes. The majority of
Leigh syndrome cases are due to mutations in genes involved in complex |V assembly
or function (Schubert & Vilarinho, 2020). The most frequently mutated gene is surfeit
locus protein 1 (SURF1) thatis an assembly factor of complex IV. One Leigh syndrome
patient had lactic acidosis, hypotonia and seizures and died before the first month of
age. Another patient was 16 years old and had slower disease progression, exhibiting

predominantly muscle and brain problems (Antonicka et al., 2003)



Charcot-Marie-Tooth type 2 disease

Charcot-Marie-Tooth (CMT2A) is a peripheral neuropathy caused mainly by
pathogenic mutations in MFN2 (Zichner et al., 2004). The disease hits peripheral
nerves, causing chronic motor and sensory defects, particularly in the axonal region.
Clinical reports have consistently recorded patients to have walking gait issues,
associated with progressive muscle weakness, and atrophy in upper and lower

extremities (Kijima et al., 2005).

Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like syndrome (MELAS)

Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS)
is a multisystem disorder often fatal in childhood. Most cases are caused by mutations
in the mtDNA gene MT-TL1 encoding tRNALeu (Galnares-Olalde et al., 2021). Rarer
cases have been reported to occur from DNA polymerase subunit gamma 1 (POLG1)
mutations. Symptoms manifest at around two years of age, namely motor function
impairment, muscle and hearing loss, heart and kidney issues and lactic acid
accumulation in bodily fluids. A unique feature of this disease is the occurrence of

stroke-like episodes (Galnares-Olalde et al., 2021).
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Figure 3. Pathological features of mitochondrial diseases. Mitochondrial disorders

can manifest in childhood and adulthood and target multiple organs such as the brain,
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Battersby (2018)



Figure 4. Ultrastructural analysis of skeletal muscle mitochondria from
mitochondrial myopathy patients. Top left panel: mitochondrial cristae display the
so-called “onion-like” morphology in a m.8344A>G patient. Top right panel:
mitochondrial cristae are linearised also in a m.8344A>G patient. Bottom left panel:
mitochondria form nanotunnels in a m.3243A>G patient. Paracrystalline inclusions are

present in a patient with a single mtDNA deletion. Image from Vincent et al. (2016)



microRNA

microRNAs (miRNA) are a class of small non-coding RNAs (~22 nt long) that
participate in translational repression (Bartel, 2018). They were discovered in
C.elegans in 1993 when lin-4, a heterochronic gene that controls development timing,
did not encode a protein but transcribed two pairs of small RNAs (Lee et al., 1993).
The non-coding RNA was 22 ntlong and contained complementarity sites to the 3'UTR
region of lin-4 mRNA, resulting in miRNA-mRNA binding and mRNA decay.
Consequently, the translational repression triggered a pathway transition from the
initial larval developmental stage to the next phase (R. C. Lee et al., 1993). Later in
2002, additional miRNAs were discovered in a range of species, including mice and
humans (Lagos-Quintana et al., 2002). Currently on miRbase V22, a widely used
searchable database of published miRNA sequences, there are 1234 annotated

miRNA for mice and 1115 annotated miRNA for humans.

Pri-miRNA & pre-miRNA

Roughly 50% of miRNA are transcribed from introns of protein-coding mRNA, or exons
of non-coding primary transcripts, while the other half are intergenic and regulated by
their own promoters (Ha & Kim, 2014). In the nucleus, RNA polymerase Il transcribes
the miRNA gene which then folds back on itself to form a hairpin structure. The RNase
Drosha and its molecular partner DGCR8 form a trimeric microprocessor complex that
interacts with the miRNA hairpin. It operates as a molecular ruler to measure and then
cut DNA strands to form a pre-miRNA with a 2" nt overhang (see Fig. 5) (Lee et al.,
2003). Next, Exportin-5 and RAN-GTP bind together to form a transport complex that
recognises the 2 nt 3’ overhang and exports the pre-miRNA through a nuclear pore
complex into the cytoplasm (Ha & Kim, 2014) . Dicer is another RNase that recognises
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pre-miRNA (with preference for 2 nt overhang) and cuts both strands near the loop to

create a 22nt miRNA duplex (see Fig. 5) (Lee et al., 2003).

Mature miRNA & miRISC

The miRNA duplex is loaded onto an argonaute 2 (AGO2) protein to form the RNA-
induced silencing complex (RISC) (Bartel, 2018). RISC assembly involves two steps:
loading and unwinding of the miRNA duplex. Heat shock cognate 71 kDa protein
(Hsc70)/heat shock protein 90 (HSP90) use ATP to keep AGO2 in an open
conformation for duplex binding to form pre-RISC (Bartel, 2018; Ha & Kim, 2014).
During AGO2 loading, the most thermodynamically unstable miRNA strand, termed
the guide strand, is loaded onto AGOZ2, while the other strand is degraded. AGO2
exposes the miRNA seed for pairing (2-5 nt) to the mRNA site. The seed region of the
miRNA guides the RISC complex to the complementary site on the mRNA (typically

at the 3’'UTR) where it will enact translational repression (Bartel, 2009, 2018).
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Figure 5. Schematic representation of the canonical microRNA biogenesis
pathway. Primary miRNA transcripts are transcribed by RNA polymerase Il and then
further modified by miRNA processing enzymes Drosha and Dicer in the nucleus and
cytoplasm, respectively. Next, the single miRNA strand is loaded onto an AGO2
complex to form the miRNA silencing complex (miRISC) that then travels towards an

MRNA where it enacts mMRNA decay or translational repression.



Mechanism of action

There are four canonical orientations in which miRNA bind to the target sequence on
the mRNA. The most potent effector being the 8mer site that binds to the mRNA with
optimal affinity (see Fig. 6) (Bartel, 2018). Other factors that influence miRNA
repression efficiency are the presence of multiple target sites on an mRNA, especially
sites that are between 8-40 nt of each other. Moreover, highly conserved sites are
more susceptible to miRNA decay as they reside in optimal locations in the genome
for silencing (Bartel, 2018; Selbach et al., 2008). Notably, in miR-223 KO cells, mRNA
targets with 7mer or 8mer binding sites to this miRNA had a less than 2-fold increase,
thus translational repression is modest—usually reductions of 50% and often less than
20% in protein content (Bartel, 2018). Once the miRNA is bound to the mRNA, there
are two distinct mechanisms by which miRNA blocks protein translation: mRNA decay

and translational repression.

By comparing data sets from mass spectrometry and real-time PCR, mRNA levels
were observed to be downregulated more than protein levels, suggesting that mRNA
decay is the dominant mechanism of action of miRNA. Indeed, mRNA decay accounts
for around 70-90% target repression (Baek et al., 2008; Selbach et al., 2008). The
mechanism in humans involves AGO2 recruitment of the adaptor protein Trinucleotide
repeat-containing gene 6A (TNRC6) that interacts with CCR4-NOT to deadenylate the
mMRNA, followed by decapping by decapping protein 2 (DCP2) and finally 5’-to-3’
degradation by exoribonuclease XRN1 (Jonas & lzaurralde, 2015). The proposed
mechanism for pure translational repression involves CCR4-NOT recruitment of
DEAD-Box Helicase 6 (DDX6), which binds the decapping complex and inhibits

translation (Bartel, 2018).
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miRNA antagonisers

microRNA antagonisers (antagomiRs) are chemically modified oligonucleotides that
base-pair with miRNA to silence its action (see Fig. 7) (Lennox & Behlke, 2011). This
technology could therefore be harnessed to upregulate the expression of a gene of
interest. Two types of antagomiRs have been developed with different mechanisms of
action. One is via steric blocking of the RISC silencing complex, that has a locked
nucleic acid (LNA) modification, whereas the other construct has a 2'- O -methoxethyl
(2-MOE) modification and physically degrades the miRNA. 2’-MOE constructs are
more stable, less toxic, and can be recycled to silence additional miRNAs again after
usage (Li & Rana, 2014). They have three chemical modifications to enhance stability
and delivery 1) 2’-MOE sugar group 2) phosphorothioate backbone 3) cholesterol-
moiety at 3'-end (tail). The 2-MOE sugar modification enhances binding affinity,
increases nuclease resistance and reduces immune activation. The phosphorothioate
modification replaces an oxygen for sulfur in the phosphate backbone to further
prevent nuclease attack (Lennox & Behlke, 2011). Phosphorothioate bonds help with
absorption into blood and cellular uptake in most tissues. AntagomiRs are highly
stable, with a half-life ranging from 1-4 weeks (Li & Rana, 2014). The cholesterol group
at the 3’ end assists delivery by reducing binding of serum proteins to lipoplexes

(Lennox & Behlke, 2011).
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transcripts to be available for translation.
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Aims and hypothesis of this study

o Verify if miRNAs of the 148/152-3p family and 128-3p regulate OPA1-
dependent mitochondrial ultrastructure and function.

e Identify if miRNAs of the 148/152-3p family and 128-3p are increased in models
of OXPHOS dysfunction and mitochondrial disease mouse models

e Verify if AntagomiRs specific for miRNAs of the 148/152-3p family and 128-3p

can increase OPA1 to rescue muscle loss in mouse models of muscle atrophy

It was hypothesised that inhibiting the action of miRNAs of the 148/152-3p family and
128-3p, to increase OPA1 expression levels, provides protection against skeletal

muscle atrophy.
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Introduction

Mitochondria are central players in metabolism, signal transduction and cell fate. They
are the chief energy converters in the cell and participate in anabolic and catabolic
reactions, Ca?* signalling, apoptosis, autophagy, and stem cell fate (Giacomello et al.,
2020; Osellame et al., 2012). Defects in any of these processes lead to mitochondrial

dysfunction that can ultimately drive pathology in several human diseases.

Primary mitochondrial diseases manifest predominantly by pathological mutations in
mitochondrial DNA or nuclear DNA, causing neurodegeneration and/or muscle
disease in children and adults. However, mitochondrial syndromes can involve other
organs, individually or in combination with brain and muscle disease (Suomalainen &
Battersby, 2018). The most frequent biochemical abnormalities in mitochondrial
disorders include isolated or combined complex I/complex IV defects (Ghezzi &
Zeviani, 2018). Collectively, these diseases are called mitochondrial disorders, a
group of heterogeneous, and usually inherited (occasionally sporadic) conditions.
Individually rare, when taken as a whole, mitochondrial disorders are among the most
frequent genetic diseases in humans, affecting ~1 in 5,000 individuals (Gorman et al.,
2016). Currently there is no effective treatment for mitochondrial disorders and there

is therefore a clear need to develop new therapeutic strategies to tackle them.

Aberrant mitochondrial morphology is a pathological hallmark of mitochondrial
diseases, irrespective of their mode of transmission and of the organ inspected
(Vincent et al., 2016). Mitochondrial shape and membrane ultrastructure are controlled
by GTPase dynamin-related proteins Mitofusins 1 and 2 (MFN1 & MFN2), Optic
atrophy 1 (OPA1), Dynamin-related protein 1 (DRP1) and its adaptor proteins

(Giacomello et al., 2020; Tilokani et al., 2018). Notably, cristae structure abnormalities
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have been reported in skeletal muscle biopsies of mitochondrial disease patients
(Vincent et al., 2016). Interestingly, correction of altered cristae ultrastructure by
genetically increasing OPA1 levels not only interrupts denervation-induced muscle
atrophy (Varanita et al., 2015) but can effectively ameliorate the phenotype in two
mouse models of oxidative phosphorylation (OXPHOS) deficiency (Civiletto et al.,
2015). These results therefore indicate that ultrastructural correction of mitochondria
by increased OPA1 levels can be exploited to interrupt the pathogenic circle of
mitochondrial diseases. However, a therapeutic strategy involving the increase in
OPAT1 levels represents a challenge. One possibility is to biologically modulate OPA1
transcription. Such a modulation can be achieved for example by using SINEUPs, a
class of antisense long noncoding RNAs (IncRNAs) that can enhance the translation
of their target mRNA (Carrieri et al., 2012). SINEUPs have been successfully
employed for mitochondrial diseases, for example to correct frataxin levels in a
Freidrich’s Ataxia cellular model (Bon et al., 2019). Albeit developments are being
made to reduce their size and their immunogenicity (Valentini et al., 2022), SINEUPs
pharmacopoeia remains challenging. A different strategy might rely on targeting
microRNAs (miRNAs) that endogenously modulate OPA1 levels. This approach
surmises that (i) specific OPA1 targeting miRNAs exist; (ii) that these miRNAs are
upregulated in mitochondrial and disuse myopathies; (iii) that delivery of miRNA
antagonisers (antagomiRs) targeting them can restore OPA1 levels and mitochondrial

ultrastructure and function.

With these questions in mind, we sought to identify miRNAs (miR) controlling OPA1
levels, to verify if they directly regulate OPA1 expression levels and if their inhibition
using antagomiRs was sufficient to increase OPA1 levels and provide protection

against muscle atrophy. We report the identification of four OPA1-targeting miRNAs.
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Their levels are regulated by mitochondrial dysfunction induced ER stress and can be
targeted by antagomiRs to restore OPA1 levels and reduce denervation induced

muscle atrophy in vivo.
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Results

miR-148/152-3p family and miR-128-3p are direct modulators of mammalian
OPA1

To identify miRNAs that potentially target mammalian Opa1, three miRNA prediction
websites were used: miRDB, TargetScan.org and miRwalk. miRNAs of the 148/152-
3p family and miR-128-3p were predicted to target the 3’'UTR of OPA1 with strong
confidence and in an efficient orientation in mouse and human (Fig. 1) and were

therefore selected for biological validation in vitro.

To understand if miR-148/152-3p and miR-128-3p control OPA1 expression levels,
each miRNA was overexpressed and OPA1 mRNA and protein content were
measured by real-time PCR and immunoblotting. Levels of OPA1 mRNA and protein
were reduced in mouse and human cells that overexpressed miR-148/152-3p and
miR-128-3p (Fig. 2A-C), suggesting that these miRNAs are effectively targeting OPA1
MRNA in mammals. To confirm the specificity of miR-148/152-3p and miR-128-3p on
targeting OPA1, we devised a luciferase-based reporter assay of miRNA levels and
activity. In this assay, the OPA1 3’'UTR fragment to which the miRNAs were predicted
to bind was coupled to firefly luciferase. A renilla luciferase was coexpressed from the
same plasmid and used as an internal reference for ratiometric luciferase
measurements. If a miRNA binds to the specific target sequence in the 3'UTR of the
gene of interest, levels of the firefly luciferase and hence the firefly/renilla luciferase
ratio decrease (Fig. 2D). Because transfection of cells expressing the luciferase
sensor with miR-148/152-3p or with miR-128-3p resulted in a significant reduction in

the measured ratio, we conclude thatthese miRNAs target and degrade the respective
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mouse OPA1 3'UTR fragment to which they were predicted to bind (Fig. 2E,F). These
experiments validate the prediction websites used and nominate these miRNAs as

regulators of OPA1 levels.

miR-148b, 152-3p family and miR-128-3p regulate mitochondrial morphology

Because OPA1 participates in mitochondrial fusion as well as cristae biogenesis, we
next turned to experiments of mitochondrial and cristae morphology to test whether
levels of the identified miRNAs exerted a biological effect on mitochondria. By using
transmission electron microscopy (TEM), we analysed mitochondrial size and cristae
shape in cells that overexpressed the different miRNAs. In representative TEM
micrographs, we observed that mitochondria in cells transfected with miR-148b-3p,
miR-152-3p miR-128-3p appeared shorter and contained less cristae, whereas
mitochondrial morphological changes were less evident in cells transfected with miR-
148a-3p (Fig. 3A). This visual perception was confirmed by morphometric analyses of
mitochondrial area, a proxy of mitochondrial elongation, and of cristae width, a proxy
of the cristae bioenergetic activity of OPA1 (Glytsou et al., 2016). Indeed, we
measured a significant reduction in the mitochondrial area and increase in cristae
width (quantification not shown) only in cells transfected with miR-148b-3p, 152-3p
and miR-128-3p mimics (Fig. 3B, C). These experiments indicate that miR-148b-3p,
152-3p and miR-128-3p modulate not only OPA1 levels, but also mitochondrial cristae

shape and mitochondrial morphology.
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Increased levels of miR-152-3p and miR-128-3p upon mitochondrial
dysfunction.

The miRNAs identified here as capable of regulating OPA1 levels are found
upregulated in primary human muscle diseases wherein mitochondrial dysfunction
and ER stress are two key pathogenic features (Chen et al., 2009; Kim et al., 2014).
We therefore decided to test whether miR-48/152-3p family and miR-128-3p
accumulated in models of mitochondrial dysfunction and ER stress. We first treated
mouse adult fibroblasts (MAFs) transfected with our miRNA-based sensors that track
miRNA activity with mitochondrial toxins: actinonin (ACT), an inhibitor of mitochondrial
translation that stalls ribosomes and causes OPA1 degradation (Richter et al., 2013,
2015), the ATP synthase inhibitor oligomycin (OLIGO) and the uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP). We found that our sensors recorded an
increase in miR-152-3p and miR-128-3p levels whereas miR-148a-3p and miR-148b-
3p activity levels remained unchanged. In the case of miR-128-3p, we recorded an
increase in its levels also in cells treated with the complex Il inhibitor antimycin A (AA)
(Fig. 4A, B). We next measured if the increase in miR-152-3p and miR-128-3p levels
was functional and resulted in OPA1 downregulation. Using our sensors for miRNA
binding to the OPA1 3'UTR fragment, we found that the luciferase containing the
binding site for miR-148/152-3p was readily degraded when MAFs were treated with
the mitochondrial toxins. Accordingly, we measured by RT-PCR a reduction in OPA1
mRNA levels when cells were treated with CCCP, rotenone and antimycin A, but
surprisingly not when cells were treated with actinonin, suggesting that compensatory
mechanisms exists when mitochondrial ribosomes are stalled (Richter et al., 2013)

(Fig.4C, 4D). Thus, miR-152-3p contributes towards downregulating OPA1T mRNA
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levels in conditions of mitochondrial respiratory chain and ATP synthesis inhibition as

well as uncoupling, but not when mitochondrial ribosomes are stalled.

Next, we used a genetic model of mitochondrial dysfunction, human HEK293 cells
where the gene encoding for COX4I1, a complex IV subunit mutated in cases of
Fanconi anemia and Leigh-like syndrome (Abu-Libdeh et al., 2017; Quéméner-Redon
et al., 2013) had been deleted by CRISPR/Cas9 (a kind gift of Dr. Peter Pecina, The
Czech Academy of Sciences). Our sensors reported increased miR-152-3p and miR-
128-3p activity compared to wild type HEK293 cells (Fig. 4E), supporting the data
obtained in MAFs and indicating that these miRNAs represent a conserved response

to genetic and pharmacological mitochondrial dysfunction.

We next wished to understand the mechanistic basis for the upregulation of these
miRNAs. A common consequence of mitochondrial dysfunction is the induction of ER
stress, and its reduction can mitigate the cellular and systemic consequences caused
by mitochondrial defects (Debattisti et al., 2014; Kaspar et al., 2021; Tezze et al.,
2017). Because an often overlooked component of ER stress is the induction of
miRNAs (Maurel & Chevet, 2013), we decided to address whether alleviating ER
stress with the chemical chaperone Tauroursodeoxycholic acid (TUDCA) (Debattisti
et al., 2014) influenced levels of the measured miRNAs in cells exposed to
mitochondrial toxins. Co-treatment with TUDCA lowered miR-152-3p activity in MAFs
treated with actinonin and CCCP and miR-152-3p and miR-128-3p activity in COX4-|
KO HEK293 cells (Fig 4F, 4G). Altogether, these results indicate that that
pharmacologically and genetically induced mitochondrial dysfunction in mouse and
human cells results in the upregulation of miR-152-3p and miR-128-3p that can be

reverted by a pharmacological ER stress reducer.
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miR-148a-3p and miR-152-3p levels are increased in denervation-induced
muscle atrophy

As miR-148/152-3p family and miR-128-3p are apparently involved in muscle
pathology, we sought to clarify whether they were induced upon muscle atrophy. A
classic model of lower limb muscle atrophy induced by disuse is represented by sciatic
nerve resection that causes mitochondrial dysfunction and morphological
derangement (Varanita et al., 2015). We therefore performed sciatic nerve resection
on mice and measured at different time points the cross-sectional area (CSA) of
gastrocnemius fibers to identify the occurrence of muscular atrophy. Fourteen days
post intervention CSA was clearly reduced, and fibers displayed central nuclei (Fig.
5A). We therefore elected to extract and quantify OPA1 mRNA and miRNA levels at
14d post-denervation. OPA1 transcript was almost obliterated compared to the levels
observed in the contralateral sham operated gastrocnemius (Fig. 5B). Accordingly,
levels of miR-148a-3p and miR-152-3p were significantly increased, whereas miR-
148b-3p levels were significantly reduced (Fig. 5C). Thus, in a model of disuse
myopathy two of the miRNAs controlling OPA1 levels are upregulated concomitantly

with the reduction in OPA1 and in fiber size.

Silencing of miR-148b-3p, mMiR-152-3p and miR-128-3p rescue miRNA-
dependent drops in OPA1 levels

Given that miRNAs controlling OPA1 levels were upregulated in vitro in models of
mitochondrial dysfunction and in vivo in denervation-induced muscle atrophy, we
sought to understand if we could block miRNA-dependent reductions in OPA1 levels.
To this end, we tested the ability of antagomiRs miR-148/152-3p and miR-128-3p to
curtail the effects of the corresponding miRNAs. First, we used our luciferase reporter
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assay to verify if simultaneous transfection with antagomiRs reduced the effects of
their respective miRNA. Indeed, antagomiRs 148/152-3p and 128-3p inhibited the
action of the respective miRNA (Fig. 6A). Next, we measured OPA1 protein levels by
immunoblotting in cells singly or doubly transfected with the miRNAs and their
respective antagomir. While OPA1 levels were reduced by the expression of the
miRNAs, co-transfection with their antagomiRs completely abolished the effects of the

miRNAs and fully stabilised OPA1 levels (Fig. 6B).

Silencing of miR-148a-3p and miR-152-3p increases OPA1 levels to protect
against denervation-induced muscle atrophy

Having established that antagomiRs could counteract the effects of miRNAs, we
decided to test whether inhibiting miR-148a-3p and miR-152-3p activity levels in
denervated mouse muscle could correct the pathology. We therefore devised an
antagomiR intervention of triweekly intramuscular injections composed of a cocktail of
antagomiRs 148/152-3p and miR-128-3p at a final does of 50 nM that we injected days
3,5,7,9, 11, 13 after the denervation. The antagomiR mix could inhibit the miRNA
induction observed in denervated muscles, most effectively for miR-148a-3p and miR-
152-3p (Fig. 6A). We next measured OPA1 protein levels that as expected dropped
upon denervation but were fully rescued in the muscles receiving the antagomir mix
(Fig. 6b). Finally, we prepared histological sections of gastrocnemii from denervated
and denervated, anatagomiRs treated muscles and measured fiber CSA values in
antagomiR-treated denervated muscle compared to control-treated denervated
muscle. While the anatagomiRs did not fully protect from denervation, they afforded a
60% increase in the CSA compared to the untreated, denervated muscles (Fig. 6C,
6D). Altogether, these data indicate that our antagomiR mix curtails the reduction in
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OPA1 observed in vivo in denervated gastrocnemii and significantly protects them

from atrophy caused by denervation.
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Discussion

The cristae-remodelling protein OPA1 represents a promising therapeutic target for
tackling mitochondrial myopathies. Yet, the identification of molecules to
pharmacologically upregulate OPA1 expression levels remains a challenge. Here, we
uncover four candidate miRNAs (miR-148/152-3p family and miR-128-3p) that
specifically target mammalian OPA1 3’'UTR to control its expression levels. Blocking
the action of these OPA1-specific miRNAs by delivery of microRNA antagonisers

(antagomiRs) in vivo was protective against muscle atrophy induced by denervation.

The miR-148/152-3p family and miR-128-3p investigated in this study are mainly
known for their role in cancer, acting as tumour suppressors (Chen et al., 2013; Liu et
al.,, 2016; Xu et al.,, 2015). In certain cancers (gastrointestinal, hepatocellular
carcinoma, ovarian, colorectal, breast), miR-148/152-3p and miR-128-3p levels are
decreased where OPA1 levels are increased. In breast cancer cells, miR-148/152-3p
family are epistatic to OPA1, as their levels increased upon OPA1 ablation to inhibit
tumour growth and invasion (Zamberlan et al., 2022). These data support our findings
wherein miR-148/152-3p and miR-128-3p displayed a causal mMIRNA-mRNA
relationship with OPA1. The role of miR-148/152-3p family and miR-128-3p in muscle
pathology is less clear, although studies have reported an increased abundance of
OPA1-regulating miRNAs in various human muscle diseases (Chen et al., 2009; Kim
et al.,, 2014) and miR-148a-3p and miR-152-3p in denervation-induced muscle
atrophy (Soares et al., 2014). Similarly, we found miR-148a-3p and miR-152-3p levels
elevated upon 14 days of sciatic nerve denervation, and this was accompanied with

reductions in OPA1 mRNA levels. These results suggest that miR-148a-3p and miR-
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152-3p that participate in the atrophy program may contribute to muscle wasting by
driving OPA1 downregulation. Whether miR-148a-3p and miR-152-3p are increased
in other atrophic stimuli such as fasting, dexamethasone treatment and sarcopenia is

unclear and would be an insightful area for future work.

AntagomiRs are a class of chemically engineered oligonucleotides that base-pair with
miRNA to inhibit its silencing action. Owing to their miniscule size and chemical
modifications, antagomiRs are well-tolerated, evoking minimal toxicity and immune
responses, and are relatively stable in mammalian tissue (Jonas & lzaurralde, 2015;
Krutzfeldt et al., 2005; Lennox & Behlke, 2011). In this regard, RNA-based therapy
can be placed above DNA-based and protein-based therapy. AntagomiRs have been
tested in clinical trials for various human diseases, but with no pharmaceutical
breakthrough yet. The most promising candidate is Miravirsen (or SPC3649) that
reached phase Il trials for hepatitis (clinical trial code: NCT01200420). Currently, no
miRNA-based therapy has been identified to combat muscle atrophy in pathological
conditions. Here, inhibiting the action of miR-148a-3p and miR-152-3p in denervated
mouse muscle via triweekly intramuscular antagomiR treatment increased OPA1
protein levels and attenuated the reduction of CSA of gastrocnemius muscle. This
agrees and extends with our previous work where we found that mild genetic
overexpression of OPA1 (~1.5x increase) protected mice from denervation-induced

muscle loss (Varanita et al., 2015).

OXPHOS malfunction and ER stress are pathological mechanisms in mitochondrial
diseases (Debattisti et al., 2014; Kaspar et al., 2021). Levels of miR-152-3p and miR-
128-3p were increased in MAFs upon treatment of well-known compounds that induce
mitochondrial dysfunction (actinonin, CCCP, oligomycin). Additionally, OPA1T mRNA
levels were reduced, suggesting that miR-152-3p and miR-128-3p can contribute
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towards OPA1 downregulation when mitochondria are dysfunctional. HEK293 cells
harbouring a COX4-| deletion to cause OXPHOS dysfunction also had increased
levels of miR-152-3p and miR-128-3p, suggesting this stress-induced miRNA pathway
is conserved in mice and humans. Interestingly, TUDCA reduced miR-152-3p levels
in OXPHOS-defective conditions. Thus, we speculate that the levels of miR-152-3p
are under the control of ER stress pathways that are engaged upon mitochondrial

dysfunction.

In a set of preliminary experiments, we wished to extend our antagomiRs therapy to a
mitochondrial myopathy mouse model, a COX75 muscle-specific knockout
characterised by defects in mitochondrial ultrastructure and function that lead to
detriments in muscle size and function (Civiletto et al., 2015; Viscomi et al., 2011).
Notably, genetic overexpression of OPA1 in these COX15 KO mice was well tolerated
and corrected cristae shape and RCS assembly to rescue mitochondrial and muscle
function (Civiletto et al., 2015). We therefore delivered our antagomiR mix treatment
intramuscularly to these mice and found that a single injection could decrease their
respective miRNA and ultimately increase OPA1 mRNA levels. Thus, OPA1-specific
antagomiRs may serve as a promising therapy for mitochondrial myopathies. We are
now performing time course intramuscular antagomiR treatments to examine the

effects on mitochondrial ultrastructure and function and muscle pathology.

It is worthwhile to mention the limitations and future directions of this study. Pinpointing
the effect of a single miRNA is complicated as they target 100s of different transcripts
(Bartel, 2018). It is conceivable that miR-148/152-3p family and miR-128-3p target
other genes influencing mitochondrial ultrastructure and function and further
experiments are required to address whether they specifically act via OPA1 regulation.
Skin fibroblasts extracted from mice were used as a model to check the specificity of
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miRNAs on targeting OPA1 in this study, yet the tissue of interest was skeletal muscle.
Therefore, whether miRNAs specifically regulate OPA1-dependent functions in
skeletal muscle mitochondria still needs to be clarified. This could be approached by
muscle-specific genetic deletion of OPA1 in skeletal muscle, followed by
miRNA/antagomiR delivery of miR-148/152-3p and miR-128-3p to observe any
alterations in mitochondrial ultrastructure and function. Elucidating the regulators of
these OPA1-specific miRNAs is needed. Based on TUDCA treatment experiments,
we speculate that ER stress transcription factors play a role in regulating miR-152-3p.
Indeed, ER stress markers such as Activating Transcription Factor 2 (ATF2) and X-
box binding protein 1 (XBP1s) are predicted to target miR-148a-3p, and NF-kB
predicted to regulate miR-128-3p (miRcode and Starbase prediction databases).
Moreover, X-inactive specific transcript (XIST) and HOX transcript antisense RNA
(HOTAIR) are two long non-coding RNAs (IncRNA) predicted to regulate miR-
148/152-3p activity by acting as miRNA sponges. Exploiting luciferase-based sensors
to observe interactions between transcription factors/IncRNA and miRNA warrants

investigation.

To conclude, the results in this study nominate OPA1-regulating miRNAs as potential
therapeutic targets for mitochondrial myopathies. Here, an antagomiR-based
treatment was effective at increasing OPA1 expression and rescuing muscle atrophy.
From a clinical perspective, obtaining miRNA expression profiles from muscle biopsies
of myopathy patients would be valuable, as this allows personalised therapies

targeting OPA1-regulating miRNAs.
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Materials and methods

Cell lines and reagents

All cell lines were cultured in Dulbecco's Modified Eagle Medium (DMEM) with
supplements [10% inactivated FBS (Sigma-Aldrich), 5% non-essential amino acids
(Lonza), 1 mM sodium pyruvate (Sigma-Aldrich), 5% penicillin/streptomycin (Lonza),
5% uridine (Sigma-Aldrich)] and maintained at 37 °C and 5% CO2. Compounds to
induce mitochondrial dysfunction were: 5 uM CCCP (Sigma-Aldrich), 50 uM actinonin
(Sigma-Aldrich), 1 uM rotenone (Sigma-Aldrich), 2 uM antimycin A (Sigma-Aldrich),
2.5 uM oligomycin (Sigma-Aldrich). 30 yM microRNA (miRNA) mimics (Thermo Fisher
Scientific) and 30-50 yM antagomiR constructs (Creative Biogene) were transfected

with Lipofectamine RNAimax reagent (Thermo Fisher Scientific).

Generation of mouse adult fibroblasts

This procedure was performed on diaphragm tissue of C57BL/6J male mouse. Tissue
was sliced up and transferredto a 15 mifalcon containing 10 ml of pre-warmed filtered
digestion buffer (1 mg/ml collagenase type Il in DMEM with supplements (20% FBS,
1% non-essential AA’s, 1% P/S). The solution was resuspended 10x and incubated
for 8 minutes at 37 °C in a water bath. This procedure was repeated twice, and the
supernatant was collected and incubated on ice. Fresh digestion buffer was added to
the remaining tissue and the resuspension step was repeated as previously
mentioned. Supernatants were pooled together, filtered through a cell strainer, and
centrifuged at 600 g for 5 minutes. After this, the supernatant was added to a 6-well

plate overnight. Each well was replaced with fresh media 24 hours later.
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Genotyping

Nucleic acid from mouse fingers and tails was extracted following the manufacturers
protocol for DNA extraction. The mice with the correct genotype were selected on the
basis of PCR genotyping on tail DNA with the use of the following primers: primer for
Opa1 flx detection (F: 5- CAG TGT TGA TGA CAG CTC AG - 3, R: 5 - CAT CAC

ACA CTA GCT TAC ATT TGC - 3’).

Dual-Luciferase reporter assay

The dual-luciferase reporter system (Promega Corp) in this study utilised the
psiCHECK-2 reporter vector that expressed luciferase genes Renilla (driven by the
SV40 promoter) and Firefly (driven by the HSV-TK promoter) which were exploited to
determine two distinct bioluminescent signals. miRNA mimic inserts and OPA1 3'UTR
fragments were inserted downstream of the Renilla gene. The psiCHECK-2 reporter
vector contained inserts of a two-repeat complementary sequence to the seed region
of miR-148a-3p, miR-148b-3p, miR-152-3p and miR-128-3p, and a ~500bp fragment
of mouse and human OPA1 3’'UTR where miR-148/152-3p family and miR-128-3p are
predicted to bind to (see Fig. 1). Cells were seeded at 0.5 x 10* cells per well in a 96-
well plate, and 24h after plating, transfection of the psiCHECK-2 Vector (0.1 pg) into
cells was performed using Lipofectamine 3000 (Thermo Fisher Scientific) according
to the manufacturer’s protocol. The ratio of plasmid (in pg) to lipofectamine reagent (in
pl) was 2:1. Cells were washed with PBS then lysed for 10 minutes at room
temperature on a shaker using 30 pl passive lysis buffer 5x (Promega Corp.). Protein
lysate was homogenised by manual pipetting. 10 ul protein lysate was added to each
well in a white 96-well plate and incubated on ice. Reagents that stimulate the
bioluminescent signal, LARII (Firefly substrate) and Stop & Glo (Renilla substrate)
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(Promega Corp) were thawed on ice. LARII reagent was added to lysate and Firefly
luminescence was measured, followed by immediate addition of Stop & Glo reagent
for measuring Renilla luminescence. The ratio between LARIlI and Stop & Glo

luminescence scores from samples were used for analysis.

RT-PCR for mRNA

Total RNA from cells was extracted using the TRIzol (Thermo Fisher Scientific)
method according to the manufacturer’s protocol. 1 ug RNA was reverse transcribed
using M-MLV Reverse Transcriptase (Bio-Rad) according to the manufacturer’s
protocol. Diluted complementary DNA template (50 ng/ul) was used for quantitative
RT-PCR reactions using SYBR Green PCR Master Mix reagents (Thermo Fisher
Scientific) and performed using thermocycler in a 384-well plate. Results were

analysed using the 22t method.

RT-PCR for microRNA

Total RNA from cells was extracted using TRIzol (Thermo Fisher Scientific) method
according to the manufacturer’s protocol. In a two-step process, RNA was reverse
transcribed into complementary miRNA using miRNA-specific stem-loop primers
(Thermo Fisher Scientific) for the miR-148/152-3p and miR-128-3p family and U6 was
used as a housekeeping gene. Diluted miRNA template (10 ng/ul) was used for
quantitative RT-PCR reactions using TagMan chemistry (Thermo Fisher Scientific)
and performed using a thermocycler in a 384-well plate. All data were normalised to

U6 gene. Results were analysed using the 22 method.
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Transmission electron microscopy

Cells were washed twice with PBS and fixed for 60 minutes at room temperature using
glutaraldehyde at a final concentration of 2.5% (v/v) in PBS. Thin sections were
imaged on a Tecnai-20 electron microscope (Philips-FEI). Mitochondrial area and

cristae width were measured using image J software.

Immunoblotting

Cells were lysed in RIPA Buffer (10mM Tris pH8.8, 1mM EDTA, 0,5mM EGTA,
1%Triton 100X. 0,1% DOC, 140mM NacCl, 0,1% SDS) supplemented with 1:100
Complete Mini Protease Inhibitor Cocktail and incubated on ice for 20 minutes in 1.5
ml tubes. Samples were centrifuged at 18 000 g for five minutes at 4 °C. The
supernatant was transferred to a new 1.5 ml tube and a Bicinchoninic acid (BCA)
assay to calculate the protein concentration of each sample. Samples were mixed with
LDS Sample Buffer 4X (NuPage, Invitrogen) and heated at 95 °C for five minutes for
protein denaturation. SDS-PAGE was performed using 20 pg protein that was loaded
into a 3-8% Tris-acetate gel (NuPage, Invitrogen) and run at 120 V for 90 minutes in
Tris-Acetate-SDS Running Buffer (NuPage, Invitrogen). Proteins were transferred
onto a PVDF membrane (Bio-Rad) using the wet-transfer method. Membrane blocking
was performed using 5% (w/v) Dried Skimmed Milk in tris-buffered saline with tween
0.5% Tween20 (TBST) for 60 minutes at room temperature on a tube roller.
Membranes were incubated with primary antibodies in 2.5% (w/v) Dried Skimmed Milk
in TBST solution overnight in 4 °C. After primary antibody incubation, the membrane
was washed (3 x 10 min) in 5 ml TBST and the isotype-matched horseradish
peroxidase-conjugated secondary antibody (Abcam) was applied onto the membrane
for 60 minutes at room temperature. The membrane was washed (3 x 5 min) in 5 ml
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TBST, followed by enhanced chemiluminescence (ECL) substrate (Thermo Fisher
Scientific) administration to detect protein bands by chemiluminescence using a
western blot developing machine. Densitometric analysis was performed using
Imaged to quantify relative levels of protein bands. Individual bands of interest were
isolated and detected by the software. Membrane background was corrected by using
the ‘rolling disk’ function and the density of each band was calculated. Using raw
volume values, each band for the protein of interest was normalised to the
corresponding protein band of the loading control using spreadsheet software

(Microsoft Excel).

Animal work

All procedures were conducted under the Italy animals and local ethical review. The
mice were kept on a C57BL6/J background, and wild-type littermates were used as
controls. The animals were maintained in a temperature and humidity-controlled
animal care facility, with a 12-hour light/dark cycle and free access to water and food,

and were sacrificed by cervical dislocation

Sciatic nerve denervation

Male 3-5-month-old C57BL/6 mice were randomly assigned to two conditions:
scramble control and antagomiR experimental. Sham (non-denervated) leg of animals
was used as the control. All mice were maintained under the same conditions. Mice
were anaesthetised by isoflurane and the sciatic nerve was excised and removed,

followed by stitching up of the wounded area. Gastrocnemius muscles of mice having
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undergone denervation were snap frozen and collected at 7d, 10d, 12d, and 14d to be

used for biochemical and morphological analysis.

AntagomiR injection

Mice were anaesthetised by isoflurane. AntagomiRs specific for miR-148a, miR-148b,
miR-152 and miR-128 were resuspended in PBS at a concentration of 50 nM and
mixed. Mice were injected triweekly with an antagomiR mix or scramble control of at

three distinct local injections (3 x 20 ul) in the gastrocnemius muscle.

Morphological analysis

Gastrocnemius muscle tissue was cut at 10 yM thin slices using a cryostat (Leica) and
stained with hematoxylin and eosin reagents (Sigma-Aldrich) following the

manufacturers protocol for histochemical examination.

Statistical analysis

Data are represented as box blots and bar charts of at least three independent
experiments with mean £ SEM displayed. Shapiro-Wilk test was performed to test for
normal distribution in the data. Paired t-test and one-way analysis of variance
(ANOVA) were performed to determine whether data was statistically significant

between groups with the alpha value set at p = 0.05. Statistical significance

represented in figures by “*”, where *p < 0.05; **p < 0.01; ***p <0.005.
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Table 1. Media components for cell culture

Component Manufacturer | Vol (ml) Concentration

DMEM Lonza 500 -

Foetal Bovine Serum Sigma-Aldrich | 50 10%

Penicillin/Streptomycin | Lonza 5 Penicillin: 100 1U/ml
Streptomycin: 100
pug/mi

MEM Non-Essential Lonza 5 0.1 mM

Amino Acids

Sodium Pyruvate Sigma-Aldrich | 5 1 mM

Uridine Sigma-Aldrich | 0.6 5%
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Table 2. Reagents and Kkits

Reagent Manufacturer Code
Anti-OPA1 mouse BD Biosciences (1:2000) 612607
Anti-TOM40 rabbit Santa Cruz Biotechnology (1:1000) | ab185543
Anti-Vinculin mouse Abcam (1:10 000) ab219649
Goat Anti-Mouse 1gG Abcam (1:2000) ab205719
Goat Anti-Rabbit IgG Abcam (1:2000) ab205718
CCCP Sigma-Aldrich C2759
Actinonin Sigma-Aldrich AGG71
Rotenone Sigma-Aldrich R8875
Antimycin Sigma-Aldrich A8674
Oligomycin Sigma-Aldrich 75351
TUDCA Millipore 580549
mirVana miRNA mimic | Thermo Fisher Scientific 4464066

microDOWN AntagomiR

Creative Biogene

CBGAB0584-4

Dual-Luciferase® Promega E1910
Reporter Assay

iScript cDNA Kit Bio-Rad 1708890
SYBR™ Green PCR Thermo Fisher Scientific A25741
Master Mix

TagMan™ Universal Thermo Fisher Scientific 4304437
PCR Master Mix

Pierce protein BCA Thermo Fisher Scientific 23227

assay
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Table 3. Real-time PCR primers

Gene

Sequence

Opa1t

FWD: AGCCTCGCAGGAATTTTTGG

REV: AGCCGATCCTAGTATGAGATAGC

Ribosomal 18s

FWD: AACTTAAAGRAATTGACGGA

REV: TCCGTCAATTYCTTTAAGTT

Ribosomal Protein L7

FWD: GCAGATGTACCGCACTGAGATTC

REV: ACCTTTGGGCTTACTCCATTGATA

GAPDH

FWD: CGACTTCAACAGCGACACTCAC

REV: CCCTGTTGCTGTAGCCAAATTC
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Figurelegends

Figure 1. In silico analysis predicts miRNAs 148/152-3p and 128-3p target the 3UTR

of Opa1 in mouse and human

(A, B) Three renowned miRNA prediction websites were used: miRDB, Target Scan
and miRwalk. The inclusion criteria accepted miRNA with 7mer-m8 or 8mer binding
orientations to mouse and human Opa1. The miRNAs that were consistently shown

across two or more prediction engines were then selected for biological validation.

Figure 2. miRNAs 148/152-3p and 128-3p specifically degrade the 3'UTR of OPA1 to

reduce its expression at the mRNA and protein level in mouse and human

(A, B) MAF and HEK293 cells were transfected with the indicated miRNA mimic (30
nM) for 24h, followed by immunoblotting to determine OPA1 protein content (levels

normalised to vinculin). n=4 independent experiments

(C) MAF and HEK293 cells were transfected with the indicated miRNA mimic (30 nM)
for 24h, followed by real-time PCR to determine OPA1 mRNA levels. n=3 independent

experiments

(D, E) MAFs were transfected with miRNA-148/152-3p and 128-3p mimics (30 nM)
and luciferase-based sensor plasmids encoding the OPA1 3'UTR binding site of miR-
148/152-3p and miR-128-3p. After 24h, dual-luciferase assay was used to quantify

luminescence. n=4 independent experiments
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Figure 3. Overexpression of miR-148b-3p, miR-152-3p and miR-128-3p leads to

mitochondrial fragmentation

(A) Representative TEM images of mitochondria in MAFs transfected with the

indicated miRNA mimic (30 nM) for 24h

(B) Quantification of mitochondrial area by ImageJ analysis software. ~150
mitochondria were collectively analysed from three independent experiments per

condition

Figure 4. Treatment with pharmacological compounds that trigger mitochondrial

dysfunction increase miR-152-3p and miR-128-3p activity levels

(A, B) MAFs were transfected with luciferase-based sensor plasmids encoding a 2x
repeat complementary seed sequence for OPA1-specific miRNAs to detect miRNA
activity. After 24h, cells were treated with compounds known to induce mitochondrial
dysfunction for 16h, followed by dual-luciferase assay to quantify luminescence. ACT:
Actinonin (50uM), CCCP (5uM), AA: Antimycin (2uM), OLIGO: Oligomycin (2.5uM).

n=5 independent experiments

(C) MAFs were transfected with luciferase-based sensor plasmids encoding the OPA1
3'UTR binding site for miR-148/152-3p. The same experiment was performed as in (A,

B). n=4 independent experiments

(D) MAFs were treated with compounds known to induce mitochondrial dysfunction
for 16h. Real-time PCR determined OPA1 mRNA expression. n=4 independent

experiments
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(E) COX4-1 KO HEK293 cells were transfected with luciferase-based sensor plasmids
encoding a 2x repeat complementary seed sequence for OPA1-specific miRNAs. After

24h, dual-luciferase assay quantified luminescence. n=6 independent experiments

(F) MAFs underwent the same procedure as stated in (A, B), with the exception of pre-

treatment of TUDCA for 6h. n=5 independent experiments

(G) COX4-1 KO HEK293 cells were transfected with luciferase-based sensor plasmids
encoding a 2x repeat complementary seed sequence for OPA1-specific miRNAs. After
24h, cells were pre-treated with TUDCA for 6h, followed by drug treatment for 16h.

Dual luciferase assay quantified luminescence. n=3 independent experiments

Figure 5. miR-148a-3p and miR-152-3p levels are elevated in denervated mouse

muscle and OPA1 levels and gastrocnemius CSA are reduced

(A) Gastrocnemius muscles were extracted from C57BL/6 mice having undergone 14d
of sciatic nerve denervation, and from this tissue, microRNA expression levels were

quantified by real-time PCR. n=6 independent experiments

(B) Gastrocnemius muscle tissue from 14d denervated mice was extracted and OPA1

MRNA levels were quantified by real-time PCR. n=3 independent experiments

(C) Hematoxylin and eosin staining in gastrocnemius muscle of C57BL/6 mice that
underwent 14d of sciatic nerve denervation. Non-denervated muscle (sham) used as
control. Cross sectional area (CSA) was measured using Fiji software, 500

fibers/condition. n=3 independent experiments

50



Figure 6. AntagomiRs 148/152-3p and 128-3p inhibit the action of the respective

miRNA to stabilise OPA1 protein levels

(A) MAFs were transfected with antagomiRs 148/152-3p and 128-3p (30 nM) and
luciferase-based sensor plasmids encoding the OPA1 3'UTR binding sites. After 24h,
MAFs were transfected with miR-148/152-3p and miR-128-3p mimics (30 nM). n=3

independent experiments

(B) MAFs were transfected with antagomiRs 148/152-3p and 128-3p (30 nM). After
24h, the respective miRNA mimic (30 nM) was transfected for another 24h, followed

by immunoblotting to determine OPA1 protein levels.

Figure 7. Intramuscular antagomiR treatment (148/152-3p and 128-3p mix) inhibits
the action of the respective miRNA to increase OPA1 levels and attenuate muscle loss

incurred from sciatic nerve injury in mice

(A) Gastrocnemius muscle tissue was extracted from 14d denervated mice treated
with antagomir cocktail (50 nM of 148/152-3p and 128-3p mix) for immunoblotting

analysis to determine OPA1 protein levels. n=3 independent biological samples

(B) RNA was extracted from gastrocnemius muscle of 14d denervated mice treated
with antagomir cocktail (50 nM of 148/152-3p and 128-3p mix) for real-time PCR

quantification of miRNA expression levels. n=4 independent experiments

(C, D) Cross sectional area (CSA) of 14d denervated mice treated with antagomiR
cocktail (50 nM of 148/152-3p and 128-3p mix) was measured and quantified as stated

in (figure 5C), 500 fibers/condition. n=3 independent experiments
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miRNA target prediction

= mirDB

= Targetscan Inclusion criteria:
. 8mer or Yfmer-m8

= miRwalk

A

MOUSE

OPA1 3'UTR 5. CCAUGUCGUCACUG u...
mmu-miR-148a-3p 3 UGUUUCAAGACAUC U

Tmer-mé

OPA1 3'UTR 5'...CCAUGUCGUCACUGUGEACUGU ..

mmu-miR-148b-3p | 3' UGUUUCAAGACACUACGUGACU

Tmer-m&

OPA1 3UTR 5’...CAUGUCGUEACUGmu__

mmu-miR-152-3p 3 GGUUCAAGACAGUACGUGACU

Tmer-mé&

OPA1 3'UTR 5'_GUCGUCACUGUGCHCUGUGH. ..

mmu-miR-128-3p 3" UUUCUCUGGCC

U

8mer

B

HUMAN
OPA1 3UTR 5 CUUGUUUUCACUUGUGCACUGU
Tmer-ma
hsa-miR-148a-3p 3 UGUUUCAAGACAUC U
OPA1 3'UTR 5 CUUGUUUUCACUUGHGECACUGU
, RERRRR 7mer-m8
hsa-miR-148b-3p 3 UGUUUCAAGACACURCGUGACU
OPA1 3'UTR 5'...UUGUUUUCACUUGUGCACUGU ...
Tmer-ma
hsa-miR-152-3p 3 GGUUCAAGACAGU U
OPA1 3'UTR 5 . .GUUUUCACUUGUG
8mer
hsa-miR-128-3p 3 UuUuUCUCUGGCC ]

52

Figure 1



Q Q
A J co""p ép f\?’Q q;’bQ
N
& ¥ ¥ &g
N & & LK &
-
OPA1 PR p—
Vinculin - . BN M
OPA1/Vinculin 1 0.78 0.69* 0.58* 0.48*
p <0.05*
1.2
*
s 1 |
w
o
£ 104 =t
o
E
=
©
e
]
gD.S- :f:
B ’ ?
5
A==
£ : o]
~ 06 4
ot
o
scramble | miR-148a | miR-148b | miR-152 | miR-128
124
*
=
S| =
™
c
=2
o
s .
g .
EUB_ % ., . .
=
& *
0.6 4 ‘ .
scramble miR-148a miR-148b miR-152

Q <
o5 oS
X & & r\,"‘gz Q;'bq
S &
I & & ;
& & s & £

TOM40

Wm..ﬁ.ﬂ
—_—

Vinculin

OPA1/Vinculin 1 0.72* 0.60* 0.62* 0.64*

D

| Firefly

p <0.05*

Renilla Opal 3'UTR

l

71

Firefly substrate  Renilla substrate

Relative luciferase signal (rLuc/fLuc)

= -
o o
L L A

o
w
1

o
=]
1

04

=

scramble |  miR-128

53

Figure 2



A scramble | | miR-148a B

20
n.s * * *
15 3
El o
S 0%
@© o o
o
© [o]
810 - °
©
C
o
e [}
S $ o
= ®
5 &
D
<R
oo
{ )
&
0

scramble | miR-148a | miR-148b | miR-152 | miR-128

54

Figure 3



miRNA activity levels (Luc/Rluc)
o
™
1

o
o
1

£

omso [ AcT Jecer| ouso | omso |act [cccp| cuse | omso | acT Jccor| ouso |

mifR-148a miR-148b miR-152

O

iR activity levels (Luciuc)
& =
1 1

(=]
(=]
L

-
o
1

=
£
1

Relative Luciferase

| o8l

[ acT Jecoce] roT | ouso |

Opal FUTR (152)

o

1.0 4
0.8

DMSO

ot B

WT [coxsiko [ wT [ coxsiko [ wt [ coxsiwo | WT [ coxsiwo |
miR-148a | miR-148b | miR-152 | miR-128 |
'§08- ™
§ é
g
2044
=
=
§ gl
<
&
Eorg =
twoeal - [« T - [ « T - T « T - 1T + 1]
miR-148a |  miR-148b |  miR-152 | miR-128 |

D

o g
Fy L]
1 J

o
L%
1

= =
(-] [+
1 L

Opa1 transcript levels (relative to GAPDH)
: 8

1.2 5
*

— 1.0
3
El
=
g’o.a -
= aly
=
5064
2 -
o
1S

0.4 4 %

02

omso | AcT Jeocr] aa T ouco
miR-128
ns * e w*

£ o

ccce | roT | ouco |

@

*
1.4 =
g
31'2-
o
51.0-
==
=
g -
0.8
.
™
o
[ 0.6
E
TUHE] I I =+ ] - [~
DMSO | ACT [ CCCP [ OLIGO |

55

Figure 4



B 2
® ﬁ -
1
+o| ° x
- S
2 |
©
o
m ° r ° ° ﬁ_
g . -
¢ S
[ o |
©
(] [ <
I [ A\
X [¢] [ e
* S
®©
t 3
o ; ' o v
- |5 £
o _—
w 9
IS
o
O
I T —T T T — T I T T T ' 1 T T T T T T
© ¥ N ©O ©o © ¢ N o N ¢ ¥ N o o o ¥ & 9 o ©o T o
< & ¥ ¥« 8 8 8 6 © ©o o N a4 A - - - - - O O o O
(214 03 aniejal) sjans) yduosuely Ledo (9N 01 ntejal) SjaAS] YNHIW

oM @

Figure 5

56




)
3 *x *x n.s n.s
%10 ” | ! |
3 . 1 | |
q\_/ [ J e _T_
® . .
> l P
< .
Zos .
— '
& e
< > =*
Z =
g B s *. 25 -
S
0.0 scramble miR miR + antago| scramble miR miR + antago| scramble miR miR + antago| scramble miR miR + antago
miR-148a miR-148b miR-152 miR-128
B AntagomiR AntagomiR + miRNA mMiRNA
() Q
¥y
OPA1 R —
- _— —
Vinculin S —
OPA1/Ninculin 1 0.7 0.5* 0.6*
p <0.05*

57

Figure 6



A 2.27

2.0
1.8
1.6-
1.4
1.2
1.0
0.8-
0.6-
0.4-
0.2-
0.0

miRNA levels (f/c vs. U6)

miR-148a miR-148b miR-152 miR-128

[ sham (ctrl) [l Denervated [__] Denervated + antago mix

* *

2669

2937 2938 2670 2671 2672

3

OPA1}|

e

Q N T Q&
S F N F S S S

-

Vinculin

0.3 0.3 0.6 0.4 0.8 p<0.05*

dznenated+a niagomiR mix |

58

Figure 7



Publication

Available coline at www sciencedirect com

ScienceDirect

Currant Opinion in

Physiology

Mitochondrial dynamics: roles in exercise physiology and

muscle mass regulation

Andre Djalalvandi* and Luca Scorrano "+

How mitochondna alter their morphology fo meet cellular
demands epitomizes the “form follows function’ architectural
principla. These remodeling events are collectively termed
‘mitochondris! dynamice'. The influence of mitcchondrial
dynamics and of the miochondriz-shaping proteins that control
it on skeletal muecis physiclogy has become clearer.
Endurance ssercise prompts mitochondrial morphological
changes that sugment the respiratory capacity of the worked
mueckes. Mechanistically, exercize fraining increases
mitochondrial fusion protein levels in skeletal muscle to
promate the development of 8 hyperused mitochondrisl
network that poesesses denser cristas. Conversely, disruptions
to the mitochondris! network through imbalances in
mitochondrial dynamics lead to muscls srophy. Insight into the
connection between mitochondrizl morphology and muscle-
mass maintenance will help to pinpoini therapeutic targsts that
can be explofled to counteract sarcopeniz and muscle atrophy
in pathological conditions.

Addrasses

"Wenats Institute of Moiacular Medicine, Via Cinus 2, 95138 Padus, Haly
“Dapartent of Biology, Univarsiy of Padua, Via Ugo Bassl 5406,
35121 Padua, tary

Coeresponding Buthor s Bcomand {uce scoranodunipa i
Twitter account @LsbScomano

Current Opinion In Physiclogy 2022, 27:100550

This review comes from & inemed 19502 on Mitochondra
Pryziology

Eciien by lain Scoft ant Kelsey Flsher-weliman

For complete ovendew of the sachion, please refer to the articis
collechion, “MEnchononia Physicogy”

Oriing publication date: 25 May 2022

PEtES /0L 0L 10 7MY, COptys SO0 100550

(24E8-BATIAD 2022 Elsevier LI All rights raserved

Intreduction

Mitechondria are double-membrane osganclles wherein
the surface area of the imper mitschondral membrane
(IMM) s manyiold greater than the outer mitochondral
membrane {OMM), ‘This is due to the presence of deep
mvaginatnons named cristas, which accommodate re-
spriratory-chain complexes [-IV and F,F—ATT synthase
that participate in ATP generation.  Mitochondriz

continually fuse, divide, and remodel their cristae in a
manner tightly coupled to the physiological require-
ments of the cell 1121 These mechanisms have been
christened  ‘mitochondral  dvnamics™ and are  pre-
dominantly controlled by g family of GTP-dependent
dvramin-related proteins. Mitofusins | and 2 (MEFNT &
MEFNZ) areinvolved in OMM fusion and opoc atrophy 1
{OPALl)} mediates IMM fusion and cristae shapimg. [Dy-
namin-refaced protein-1 (DRP1) and s adaptor pro-
teins execute mitochondrial fission | 1], Essentilly, the
racin between fusion snd fission races determines mi-
tochondrial morphology. When rates of fusion exceed
fission, mitochondria become elongated and form a re-
ticulum. Mitochondrial fusion s a two-step process,
whereby OMMs of neighboning mitechondna merge
together, followed by IMM merging, this permits the
transfer of mitochondnal DNA  (meldNAY,  proteins,
mictabolices, and electrechemical encrgy between mi-
tochondria |1]. By contrast, overnding fission rutes dis-
mantle the mitocchondrial network, leading o the
divesion of one mitschondrion inee two daoghter mi-
tochondria { Figure 1),

Mitochondral fssion allows for the removal of damaged
or depolamsed mitochondria by mitophapy — the selec-
tivee degradation of mitochondria by sumophagy. Nowbly,
expression levels of DRPL, MEN1, MFNZ, and OPAT in
skeletal muscle comelate with lifelong  exercise  and
muscle disuse, pointing to an interrelation between mi-
tochondrial dvnamics and muscle-heslth preservation
|3-5]. This review discusses the mechanisms a5 to how
mitochondrial dynamics mpinge on skeletal muscle
physiology dunng endurznce exercise, n addinon o ex-
amening the intimate relatonship between mitochondnal
shape and muscle-mass mameenance | Figore 21

Mitochondrial dynamics and exercise

Exercise activates potent mitohormetic responses that
have been documented to safeguard muscles from decay
and discasze [—Y]. Henee, mitochondreal fitness is ted to
skeletal muscle health, Three-dimensional high-resolu-
tion analysis identified foir mitochondral populations
that form a continuous network in skeletal muascle | 10].
Paravascular mitochondria near capillanes are connected
to fiber-parallel mitochondria, cross-fiber connection
mitochondria, and [-band mitochondaa. The mitochon-
dnal reticulum acts as a conductive pathway o rapidiy
transmit electrochemical energy from the muscle per-
iphery to contractile elements. This phenomenon s
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Nomenclatare

AMPE AMP-actuvated protein kinase
CFOM cross-fiber connection mitochondna
DEPFL  Dynamin-related procein |

FGIF21 fibroblast groweh factor 21

FPM  fiber parallel mitochondna
1BM  I-band mitochondria

IM]s  imetcr-mutochondrial juncoions
IMM  inner mitochondnal membrane
MFMI Mitofusin 1

MFNZ Mitofusmn 2

mel M AMitochondnal DNA

MuBRF1 muscle RING-finger protein-1

OMM  owter mitcchondrial membrane

OPAl Optic acrophy |

PGCIa pemxisome proliferator-activated recepror y
coactivator-1alpha

PGCIR peroxisome proliferator-activated receptor ¥
coactivator- | beta

PYM  Paravascular mitochondna
RCS  respiratory chain complexes
ROS  reactive oxygen specics

BECAF supercomplex assembly factor |
SR sarcoplasmic reticulum

e s
) Mitochondrial fission ;-:'-": EE:
| ap L=—'=

@D — D — @

CMMa and THMs fosn togather

DRPL f reeruted o mitedhondrs ORFL chigamarn congrics Fwm dsoghtar mitechendria sras
T o dE
L] Mitochendrial fusion

QM —

AnzAIA

MEtzlvinvih elofgile

Courmrt Opmibr: ' Thysciogs

hitocnonoral fisslon and fuslon In mammais. (&) Schemalic representation of the miEnchoncial f=sion procass. The initsl step of mitochaondrial

f==ion |s DAFT franslocation from the cytosol o the mitcchondnia. Adaptor proteins, MFF, mitochondriel fission protsin-1 [F2S1), and mitochondnal
dynamics proteins of 49 and 51 kDa MID4S and MIDS1) recrutt DAF to the OMM where it aranges inio spial compiaxes around the preconstictad
ETP-mepandent fission sita. Mead, the GTPasa domaln an DAPT mydnolyzes to constrict the OMM and sever the mitochondrion into two. ) Schematio
represaniamon of e OMM and IMM fusion process. Fuslon i inflsted by CMM tethering betwesn achoining mioohondra and is coordinated fhrough
i trans interactions befween MFNT and MFNZ, at HR2 domains, and/or GTPasa comalns. Following this, GTPase domatns on MENT and MFNZ

iy drolyze 1o enstie OMME to Tuse together. For IMM fuslon, OPA1 forms a brioge with cardolpin on tha opposing mitochomariz. The adjacant IMMS

are puied togedher via GTP-oependant hydrofyss of Opa1, which enalizes ihe fusion of two mitochondra,

crucial, & muscles contracting maxmmal by can account for
W% of whole-body oxvgen uptake and ATP-tumover
rates can near-instantancously increase - 1-fold higher
than resting races 11,12}, Landmark studies in the 6is
uncovered that skeletal muscle from endurance-trained
rats expressed higher levels of mitochondnal proteins
1131, and electron microscopy images displaved mi-
tochondnal-shape alterations from exercise | 14,15). Ac-
cumulating evidence is helping to define in molecular
detail the effects of endurance-based exercise on mi-
wochondrial dynamocs.

Acute exerclse Impacts on mitochondrial morphology

Throughout the acute-exercise period (one single-ex-
creise bout), mitochondna-shaping proteins are differ-
entially expressed in skeleml muscle. 1n rodent studies
cncompassing  various  endurance-cxercise modalities,
increased DRP1 phosphorylaton on Serbl6 was ob-
served in the worked muscles, indicating exercise trig-
gers mitochondnal fssion |16-19]. Indeed, in skeletal
muscles of mice that performed an exhaustive running
protoecol, DRP1 phosphorylation on Serblé was socom-
panied with sarcoplasmic reticulum (SR )-mitochondrial

current Opinion in Physiology 27( 2022 100550
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Alterations In mitochondral dynarmics rom acute and chronic endurence sxerise. (&) Schamaic represantation of the changes i mitochondda

dynamics and mitocnondrial quality confrol during one

singe-exanctse bout. The sxancise sHMUILS Incraases Nssion rates io segregate damaged
mitnchondna and suppor mitnchondis-iumover machantsms f.a. mitephagy nd

, therety prowiding the worked mesckes witn a fiter,

fresner poc of mitochondria. [} Schematic representation of the ciangas In expressicn levals of flssion and fusion proteins from long-tamm examise
treining. As mitochondria become more reslient bo exsrclse-noumed damegs, fssion activity IS dempened, demonstrated Dy concomiltant drops-n
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ratss fead o 8n expansion of the mitcchondial network to enhancs the oxddative capacity of the trained muscies. When attaining athiete levsls of
Tiness, mitochondrisi woluma reaches a spatial bmit, and as a result. cristes become dansar in further increase mitochondrial respiration in the muscle.

constrictions that likely represented the fssion site | 16,
The stimulss provoking fission doring exercise is un-
certain, perhaps, 1t anses from mechanical forces pener-
ated by coneracting muscles |20, or an overacoumulation
of exercise-induced reactive oxvgen species (ROS) |21
A noteworthy limitation to the exercise studics high-
lighted was the use of CSBLMA] mouse strains that
naturally harbor nonfunctionsl supercomplex assembly
factor 1 (SCAF1) | 16,17,19]; these mice exhibit exercise-
performangs detrimenes due to aberrations n SCAF1-
dependent respiratory-chain supercomplex (RCS) as-
sembly |22]. Nevertheless, increased levels of phos-
phorylated DR on Serblo were also found in human
skeleeal muscle following a 1-h cyveling session, sup-
porting the data in mdent | 23] Does exercise activate
mitophagy? Mitophary was tracked m oroo using o
pMito Timer, a Buorescent mitochondnal reporter gene,
mn the skeletal moscle of mece that ran for W min 17], It
was revealed cthat AMP-activated protein Kinase
(AMPK) phosphorylated autophagy-activating kinase |
(ULK) in muscles to stimulate mitophapy 6 h post ex-
ercise | (7). This Anding suggests that mutophagy be-
comes getivated during the recovery period to remove
damaped-muscle mimchondria incurred from cxercise.

Abundant in stnated muscle, intermitochendnal juncaons
(IM]s} are electron-dense structures aligning criscac be-
tween adjacent mitochondna, The physwological function

of IMJs 15 not clesr-cut but it 5 probably to assist in
distributing  electrochemical potential throughowt the
muscle cell Three hours of voluntary exercise led to a
1.9-fold increase in IM]s in mouse skeletal muscle | 24].
Evidence  that  acute  cxercise  enhanced  inter-
mitochondrial communication m skeletal muscle contra-
dices studies reporting increased fisston acoivity | T6—1BL
While fission studies examined tvpe-2 ghoolviic muosche
fibers, Picard and colleapues analveed soleus muscles [24],
a type-1 show oxidacve fber abundant in mitechondria
that possess high fusion sctiviey, and consequently, would
form a larger mitechondnal network | 25] Moreover, the
exercise modality implemented by Picard’s group was
voluntary, s0 it 15 possible thar the mice did not exern
themselves sufficiently cnough to sumulate cxercisc-in-
duced fission. To that end, exercise intensity and msele-
fiber type are confounding factors that meed o be ac-
knowledged when evalusting the effects of mitochondnal
dynamics dunng acute exercise.

Mitochondrial-morphology adaptations to fong-term
exarcise

One of the hallmark adaptations to endurnce cxercise 15
mitochondrial  biopenesis, controlled by coactivators
peroxisome prodiferator-activated recepiion ¥ coactivator-
lalpha (PGClal and 1beta |26, Yer how mitochondria
madify their shape during exercise tining iz less clear.
How does lack of the fusion and fission machinernies
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impact exercisc-training adaptations? Single ablation of
MEFNI and MFNZ2 in mice had no effect on exercisc
performance, however, simultaneous deletion of MEMNI
and MEFN2 reduced complex-1 and complex-IV subunit
expression and  impaired  exercise  performance [ 27).
Surprisingly, in haploinsufficient GPAS mice (GPAF)
thut wnderwent exercise  training,  treadmill-running
performance was improved in comparson with wild-type
mice. The compensatory adaprations secn in OPA S
mice mcluded higher left venmmcular hyperoophy and an
mmproved capacity o utilize fatty acids |28, Regarding
fission machinery, hampered muscle-mass pains and
impaired cxercise performance were displayed in trained
musclespecific DRPF heterosryvgous mice |19 Taken
together, these studics illustrate: thar an imbalance in
mitochondral  dynamics  perurbs  exercise-induced
aduprations, and for the most part, s maladaptive to-
ward performance.

Remarkably, 30 days of endursnce-exercise training
concomimntly reduced levels of DRPI phosphorvlacion
on Serfil6 while increasing activity of DRP1 phosphor-
ylation on Sert37 in mouse skeletal muscle [ 19). This
raizes the possibility chat training-indueced adaptive re-
sponses steer toward remodeling mitoechondria in favor
of a profusion phenotype. In fact, human training studics
give credence to this noton |5, 29355 After a six-week
endurance-traning program, MFN2 protein content in-
creased and mitochondris were enlarged in the muscles
of healthy males [29]. Muscles from obese and aging
individuzals were similacly found o have higher MEFN2Z
protein levels following a 12-weck trainimg program | 30,
Increased MEFMNZ-dependent fusion from  endurance
tratning may have been modulated cranscripoonally by
PGC L |54, Alteématively, exercise-induced increases in
onidized  glutathione to gencrate  disulhde-mediated
MFMN2 oligomers could have clevated fusion activity
[37]. ither reports found thae 12 weeks of endurance
tramning incteased the matio of fusion-to-fission rates o
human skeletal muscle [29], and OPAL protein levels
were higher in skeletal muscles of endurance-trained
individuals compared with uncrained muscle 13,30/, In-
terestingly, MEFN2 and OPALl protein levels were ele-
vated in the muscles of human athletes throughout an
intense cxercize bout. This sugpeses a profusion en-
vironment arises in well-adapred muscle duning exercise,
presumab by to meet the higher epergy demands [32].

Cristae remodelng from exercise fraining

Higher cristae density was reported incskeletal muscle
mitochondria of endurance-trained athletes 155 In-
triguingly, it was identified that crise densicy was a3
strongrer correlator of maximal oxyren uptake (e, VO,
max) than mitochondnal content in endurance athletes.
Heowever, in sedentary indvideals having completed 10
weeks of endurance training, there were no changes in

crstae density |38, These findings imply chat cristas
alterations do not occur through short-term traming,

Cnstac shape dictates RCS assembly 139 The widely
acknowledred “plasticity medel” posies that isolsted re-
sparatory complexes and ROCSs coexist and reorganize
their stoichiometry in conformity with the envirnnment
{40}, Evidence of this plastcity has been docuomented in
endurance-trained muscles (41,421 Four months of en-
durance training i sedentary adults promoted the as-
sembly of complexes 1, 1, and TV into funcoonal ROSs
I+1l; #+1V, which were associated with increased
muscle respiration [41]. A combination of blue nabve
and mass spectrometry experiments enabled the den-
tification of novel subunits of complex 11 and complex V
that formed super-assembled stroctures in moose
muscle [42. It s speculated that the function of RCS
H+V is to enhance the stability of the complexes, al-
though more work = peeded o confirm this and 1o
identify other potential functions. Furthermore, whether
RCSs comprising complex 11 and complex V are present
in human skeletal muscle needs clanfyving, In contrase to
human muscle, complex | and complex 11 failed o as-
semble mte RCSs in endurance-trained mice, these
discrepancies could be due to species-specific RCS as-
sembly or tramning-modality differences,

Mitochondrial dynamics and muscle-mass
maintenance

When mitochondrial homeostasis is disturbed i skeletal
muscle, an array of atrophic signals become activated
that induce myofiber degradaton | 26). Imbalances in
fusion and fission actvity are one example of this dys-
homcostasis, as scen o certain human myopathies. Re-
garding fusion, pathogenic OFAS and MENZ muations
cause autosomal-dominant optcal aophy and Char-
cot—Mane=Touth  newropathy twvpe  2A,  respec-
tively, these are human newromuscular  disorders
charactenzed by muscle wasting 45 44|, For fission, a
homozvgous mutaton in MIEF! gene, encoding for
Mil49, capsed progressive muscle weakness and ex-
erise imtoferance in a 15-vear-oid male [45], and mi-
tochondral  fssion factor  (HEFY  loss-of-function
mutations have been reported to cause newromuoscular
defeces (40,47 Put together, these clinical reports on
myvopathy patients lend support to the view that genes
invalved in mitochondral dynamics are coitcal reg-
ulators of skelem] muscle homesseasis,

MitoTusing In skeletal muscle

Muscle-specific double deletion of Mie! and MWisS in
mice gives rise o a phenotype resembling a mitochon-
dnal myopathy, Patholopical featwres . included an in-
crease in meDNA mutations, mitechondrial proliferanon,
impiired respiration, and muscle strophy (451 Morcover,
double My KO mice bad higher post-exercise lactate
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levels, indicating an imeolerance to exercise. Wins dele-
von in skeletal muscle socelerated ape-related sarcn-
penia,  which  was  aptnibuted o mitochondrizl
dysfuncton, ROS overproduction, and impatred autop-
hagy |49, Conversely, catabolic sipnaling actovated the
3 higase HUWE that specihcally ubiquitinaced MFMN2
for its degradation |50). Thas hints at a reciprocal re-
Iaztionshup between MEN2 and muscle-mass regulation.
MNaturally then, can MFMN2 overcxpression counteract
skeletal muscle atrophy? Muscle-specific overexpression
of PGCla stumulaced MFN2 expression, preventing
muscle loss in hindlimb-unlosded mice (5], and over-
expressing MEFNZ an C2012 mouse myotubes atte-
nuated tumor necrosts factor-a-indwced atrophy |51,
These data highlight a role for MFN2Z in cureailing
muscle atrophy, although direct interropation wsing
muscle-specific Mfrl-overexpression models in atrophic
conditions. 15 necded. Dhvsregulated MENZ-SR contacts
might contnbute toward pathology in muscle discase
[52-534). Knocking down MEFN2 in moese muscle caused
a #H% reduction in mitochondrial Ca™ uptake that was
associated with reduced MENZ-SR cethenng interac-
tions |52]. Consistently, EM images of human skeletal
muscle revealed thar MENZ levels correlated with the
number of mitachondris—SK coneacts [54]. Owing to s
multifunctional nature, more research 5 needed o un-
wangle the MENIZ-depeadent mechznisms on muscle-
miass prescryvation,

Optic atrophy 1 In skeletal muscla

Ablaning Opaf in skelewal muscle led to 2 more severe
phenoovpe than simultaneoss deletion of Ml and
MiwZ, underscoring addicional functions that are con-
trolled by OPAL in this tissue. Inducible deletion of
OPAL in adult mouse skeletal muscle caused rapid re-
ductons in myofiber Cross-secoonzl area (CSA) and
muscle force, leading to premature death within three
months 3. Ogal! dehciency in skeletal muscle distorted
cristae shape and cawsed mitochondnal dyvsfunction.
This mggered ER stress and svstemic mflammation,
resulting in the induection of major atgophy-related E3
ubiguitin  ligases, muscle RING-finger  protein-1
(MuRF1), and Atopin-1, that coordinated myohber
breakdown {3.55]. Increased expression of fibroblase
growth faceor 21 (FGF21), a pleistropic cytokine in-
volved tn catabolism, was observed in OPAl-deficient
skeletal muscle [3,53,56). The consequences of clevated
FGE2L levels were investigated through muscle-specific
simultaneous deletion of Oped and full-body deletion of
Fg21, which rescued the systemic aging phenotype, but
had mimimal effects on reversing muscle mass |3, These
duta imply chat atrogenes were the main instigators of
atrophy in muscles lacking OPAL Contrastingly, mild
OPAL  overexpression  (~1.5-fold  increase)  blunted
muscle atrophy by restoring mitochendral function in
denervated mowse muscle and in 2 mouse myopathy
model caused by a muscle-specific gene deletion of

Mitochondria and ferroptosis Djalalvandi and Scomano 5

COXfS |57 58] These results sugpest thar OPAl in
skeletal muscle can block the atrophy program in acute
and chronie seettings. Mechanisticalle, OPAL  oves-
expression remodeled cnstse architecture i favor of
enhanced KOS stabilization to increase mitochondrial
respiration in COX 73 mueant mice. The health outecomes
were prolonged  Iifespan and improved muoscle en-
durance in respect to control mice |55

Dynamin-related protain 4 In skeletal muscle

The connection between mitochondnal frapmentation
and skeletzi muscle mass preservation was recopnized
when the muscles of mice subjected to denervation and
48h of fasong displaved a disorganized mitochondrial
neowork |59 In the same vein, DRP1 overcxpression
cauwsed mitochondrial frapmentation and reduced ATP
levels, thereby amitating AMPK  retrograde  signaling,
toward the nocleus o induce muscle atrophy 10 a
FoxO3-dependent manner |59 Chronic DRP1 over-
expression in mouse skeletal muescle activated the el-
F2e-ATF4-FGF2l pathway that inhibieed prowth-
hormaone stimulation, stalling protein-synthesis Fates and
muscle prowth |60 In contrast, blocking fssion in
starved muscles prevented atrophy, sugpesting that an
intact mitochondrial network s protective against acute
muscle atrophy |59 However, long-term mescle-spe-
cific depletion of Depd in mice caused severe muscle loss
and mitbchondral dysfunction [61,62), indicating that
chromic imkibition of mitochondral fssion has deleter-
s consequences for muscle health, Mitochondna
DRP1-facking muscles were enlarged and dvsfunctional,
which resulted in ER stress acuvation and  increased
mitochondrial Ca®* uptake, leading to myofiber loss 161,
Cuollecovely, these data reveal that overactivacon and
underactivation  of DREPl-dependent  fission  dis-
rupt mitochondrial homeostasis, and through perturbed
Ca”* signaling and stress responses, cause muscle
wasting, Remarkably, fission inhibition, by muscle-spe-
cific ablation of Dvpd in Opa f-dehcient muscles, panisily
recovered muscle defects; alleviated oxidative stress and
inflammation, and averted the lethal phenotyvpe seen in
Gpaf KO mice [63] Re-equilibrating mitochondnal dy-
namics to amcliorate the patholopical phenotype agrees
with other reports |04—07]. In essence, stmultansous
shalishment of fusion and fission machineres seems to
be less demmencal toward systemic health than an im-
balance i mitochondrial dynamics.

Conclusions and perspectives

Dramade progress has been made in recent years re-
parding our understanding of how mitoechondrial mor-
phology  impaces on skeleml muscle  homeostasis,
Clearly, mitochondnal- shape adaprations are instru-
miental toward the resultant fitness gains in cxercised
muoscles. Excrcise 15 a pillar of health and 35 akin
mecdicine for alleviating muscle defects in several human
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8 Mitochondria Physiclogy

Tabla 3
Pathodogical features of genstic mowse maodels with skeletal muscle-speciic debetions of mitechondria-shaping genss. Untodded protein
response {UPAL
MENZ KO BAFR CMFRE DHIOD DOPAT KD CEAFT KD OPATZDAP DKO
MAttachondrns Swodan Fragmentad Fragmented Abnormal slongated | Abnorma elongeted
1 Mochononss 1 MEDWA mitations | Cristae number end T Mifochondnal Ca™°  Ike” cristas merphology
respiration T MtDchondnad aberrant oristae Enepe  wptake | Comples-i and -1V sctvity
profteration | Mittochondreal | MDA Ievets T Complex -y :
1 Miochonddal raspiration |- Mifochondrial 1 Mitochondrial
Muscis affect | Niyofiner CSA 1 Miyofiner CSA | Myofibar GBA | Miyofiber C5A | Myofber CSA (i)
§ Musces endurance | Fest-twiichtyps— | Muscks strength | Profein synihesis | Muscle strengin
ana strangth B fhers t FEF21 signaing t FGEF21 signaing
Systamic effect 1 A0S accumuation T Post-ewercise 1 FEF2 signaing T FGF2T Eignaing 1 UPR/EA sTess
| Giicose foierance  biood lactste levals - 1 Owidative stress { UPR/ER siress: 1 Daddative stress
impared suipphagy | Gucose foleeance T UPRVER siress Hypoglycemia Hypoglycamia
' | Glucoss folsEnce Growin- nommane Impaired sutophagy
ragtstance
Lifaspan Hormal -8 waeks postnatal  ©0-120 days post 30 oays postnatal  Noma
: Inducitis

diseases [0H]. Based on this, designing novel ther-
apeutics. that target mitochondrial dynamics could be
efficacious for patients wath muscle problems, especially
those unable to perform physical exercise. Of note, a
recent study in humans demonstrated thar excessive
exercise can be maladapove toward mitochondnal re-
sprrmoion [6%]. Fewwre work should therefore seek w
delineate the optimal cxercise intensity for maximzing
mitochopdria-relsted  endurance  adaprations.  Eluci-
dating this would have wseful clinical applications, by
improving the cfficacy of cxemcisc-referral schemes
paticnts with mitochondnal abnormalives. Imporandy,
unraveling further the relationship between the mi-
tochondrial network and muscle mass may offer clues
into unidentified molecular mechanisms - poverning the
arrophy program. Muscle atrophy 15 a complex process
and the sigmaling pathwavs imnaced are stmuli-depen-
dent [ 71-72]. For example, MuRF I-knockout mice were
not protected from microgravity exposure, whereas m
normal-gravity conditions, lack of MuRF1 expression m
amimals was protective against varous atrophic stmul
[72). Rapid muscle loss from microgravity remains g
preeminent ohstacle for active sseronaurs, highligheing
the need to chamcterize the role of mitochondral dy-
namics also in microgravity conditons.

Alwegether, mitochondnal dynamees appears as an ap-
pealing toodkit to moduolate mitochondnal and wlimately
muscle function. Targeted therapeutics that impinge on
the fusion/fission balance of these organelles in skeletal
muscle might thercfore be developed o counteract
muscle atrophy and sereopenia ((Tables 1-3)
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