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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 IV 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.  

 

 

 

 



   

6 
 

Summary of thesis (Italian) 

La forma distorta delle creste mitocondriali è 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 l'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 l' OPA1 

murino e umano è 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 l'atrofia 

muscolare indotta dalla denervazione in vivo. I nostri risultati nominano i miRNA che 

regolano OPA1 come bersagli terapeutici nelle miopatie mitocondriali. 
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Abbreviations 

ADP  Adenosine diphosphate  

ADOA                      Autosomal dominant atrophy 

AGO2)  Argonaute 2  

ATF2                        Activating transcription factor 2 

ATP                          Adenosine triphosphate 

ATP5F1A ATP synthase F1 subunit alpha 

CCCP Carbonyl cyanide m-chlorophenyl hydrazone 

CCR4-NOT Carbon Catabolite Repression—Negative On TATA-less 

Cdk1 Cyclin-dependent protein kinase 1 

CMT2A Charcot-Marie-Tooth disease type 2A 

CJ Cristae junction 

COX4-I Cytochrome c oxidase subunit 4 isoform 1 

COX15 Cytochrome C Oxidase Assembly Homolog COX15 

DDX6 DEAD-Box Helicase 6 

DCP2 Decapping protein 2  

DNA                         Deoxyribonucleic acid 

DNM2 Dynamin-2  

DRP1                       Dynamin-related protein 1 

ER Endoplasmic reticulum 

ETC Electron transport chain 

FADH Flavin adenine dinucleotide 

FGF21 Fibroblast growth factor 21 

FIS1 Mitochondrial fission 1 protein 
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GTP Guanosine triphosphate 

HOTAIR HOX transcript antisense RNA  

Hsc70 Heat shock cognate 71 kDa protein 

HSP90 Heat shock protein 90 

IBM Inner boundary membrane 

IMM  Inner mitochondrial membrane 

INF2 Inverted formin 2  

LNA Locked nucleic acid 

MEF Mouse embryonic fibroblast 

MFF Mitochondrial fission factor 

MFN1 Mitofusin-1 

MFN2 Mitofusin-2 

MICOS Mitochondrial contact site and cristae organizing system 

MiD49 Mitochondrial dynamics protein 49 

MiD51 Mitochondrial dynamics protein 51 

miRNA MicroRNA 

mRNA Messenger RNA 

mtDNA Mitochondrial DNA 

MT-TL1 Mitochondrially encoded tRNA leucine 1  

NADH Nicotinamide adenine dinucleotide 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B 

cells 

OMA1 Overlapping proteolytic activity with m-AAA protease 1  

OMM Outer mitochondrial membrane 

OPA1 Optic atrophy 1 



   

9 
 

OXPHOS Oxidative phosphorylation 

PGC1α/β Peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha/beta 

POLG1 DNA polymerase subunit gamma 1 

RCC Respiratory chain complex 

RCS Respiratory chain supercomplex 

RISC RNA-induced silencing complex 

ROS Reactive oxygen species 

RNA Ribonucleic acid 

rRNA Ribosomal RNA 

tRNA Transfer RNA 

SURF1 Surfeit locus protein 1  

TUDCA Tauroursodeoxycholic acid 

TCA Tricarboxylic acid cycle 

TNRC6 Trinucleotide repeat-containing gene 6A  

VDAC Voltage-dependent anion channel 

XBP1s X-box binding protein 1 

XIST X-inactive specific transcript 

XRN1 5′-3′ exoribonuclease 1 

YME1L Yeast mitochondrial DNA escape 1-like 

2’-MOE  2′- O -methoxethyl 
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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, Ca2+ 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 α-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 F1F0–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 FADH2 that then feed 

electrons to complexes I and II 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-IV, 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 FADH2 and transferred from the least electronegative 

complex (complex I) to the most electronegative complex (complex IV). Coupled to 

electron transfer is proton pumping by complexes I, III and IV across the IMM to 

generate an electrochemical gradient. This force drives H+ ions into the IMS that then 

enter F1F0–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+III2+IV1 (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 FADH2 are donated to complex 

I and complex II, respectively. As electrons are passed down the chain from complex 

I to complex IV, the free energy from electron transfer is harnessed to pump protons 

from the matrix to the IMS by complex I, complex III and complex IV. Protons enter 

F1F0–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 (MFN2) 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 3q28-q29 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 OMA1; 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://opa1.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). 

 

http://opa1.mitodyn.org/;
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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; Ivanova 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 

MFN2 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 Ca2+ 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 F1Fo‐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 (F1Fo‐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 I 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 IV assembly 

or function (Schubert & Vilarinho, 2020). The most frequently mutated gene is surfeit 

locus protein 1 (SURF1) that is 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) 
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Charcot-Marie-Tooth type 2 disease 

Charcot-Marie-Tooth (CMT2A) is a peripheral neuropathy caused mainly by 

pathogenic mutations in MFN2 (Züchner 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, 

heart, pancreas, skeletal muscle and kidney. Tissue with high metabolic demands 

(brain and muscle) make up a large bulk of symptoms. Image from Suomalainen & 

Battersby (2018) 
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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 nt long 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 II 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 AGO2, 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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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 

mRNA, followed by decapping by decapping protein 2 (DCP2) and finally 5’-to-3’ 

degradation by exoribonuclease XRN1 (Jonas & Izaurralde, 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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Figure 6. miRNA seed region base-pairs with mRNA in different orientations. 

Canonical sites for miRNA-mRNA interactions all contain a complementary seed 

region where complete binding occurs (positions 2-8 on an miRNA). The most potent 

orientation is 8mer and the least potent is 6mer. Image from 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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.  

Figure 7. 2’-MOE AntagomiRs bind specifically to miRNA to inhibit its function. 

AntagomiRs possess perfect sequence complementarity to a miRNA and they base-

pair together to block the silencing action of the miRNA, thereby allowing for more 

transcripts to be available for translation. 
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Aims and hypothesis of this study 

 

● Verify if miRNAs of the 148/152-3p family and 128-3p regulate OPA1-

dependent mitochondrial ultrastructure and function. 

● Identify if miRNAs of the 148/152-3p family and 128-3p are increased in models 

of OXPHOS dysfunction and mitochondrial disease mouse models 

● 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, Ca2+ 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 

OPA1 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 (lncRNAs) 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 that these 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.  

 



   

19 
 

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 III 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 OPA1 mRNA 



   

20 
 

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-I 

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, miR-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 miRNA-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 & Izaurralde, 2015; 

Krützfeldt 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 II 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, OPA1 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-I 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 COX15 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-κB 

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 (lncRNA) predicted to regulate miR-

148/152-3p activity by acting as miRNA sponges. Exploiting luciferase-based sensors 

to observe interactions between transcription factors/lncRNA 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 µM CCCP (Sigma-Aldrich), 50 µM actinonin 

(Sigma-Aldrich), 1 µM rotenone (Sigma-Aldrich), 2 µM antimycin A (Sigma-Aldrich), 

2.5 µM oligomycin (Sigma-Aldrich). 30 µM microRNA (miRNA) mimics (Thermo Fisher 

Scientific) and 30-50 µM 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 transferred to a 15 ml falcon containing 10 ml of pre-warmed filtered 

digestion buffer (1 mg/ml collagenase type II 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 104 cells per well in a 96-

well plate, and 24h after plating, transfection of the psiCHECK-2 Vector (0.1 µg) into 

cells was performed using Lipofectamine 3000 (Thermo Fisher Scientific) according 

to the manufacturer’s protocol. The ratio of plasmid (in µg) to lipofectamine reagent (in 

µl) was 2:1. Cells were washed with PBS then lysed for 10 minutes at room 

temperature on a shaker using 30 µl passive lysis buffer 5x (Promega Corp.). Protein 

lysate was homogenised by manual pipetting. 10 µl 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 LARII 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 µg RNA was reverse transcribed 

using M-MLV Reverse Transcriptase (Bio-Rad) according to the manufacturer’s 

protocol. Diluted complementary DNA template (50 ng/µl) 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 2-ΔCt 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/µl) was used for 

quantitative RT-PCR reactions using TaqMan 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 2-ΔCt 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 NaCl, 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 μg 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 

ImageJ 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 µl) in the gastrocnemius muscle. 

 

Morphological analysis  

Gastrocnemius muscle tissue was cut at 10 μM 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 IU/ml 
Streptomycin: 100 
µg/ml  
 

MEM Non-Essential 
Amino Acids 
 

Lonza 5 0.1 mM 

Sodium Pyruvate 
 

Sigma-Aldrich 5 1 mM 

Uridine Sigma-Aldrich 
 

0.6 5% 
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Table 2. Reagents and kits 

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 IgG Abcam (1:2000) ab205719 

Goat Anti-Rabbit IgG Abcam (1:2000) ab205718 

CCCP Sigma-Aldrich C2759 

Actinonin Sigma-Aldrich A6671 

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® 

Reporter Assay 

Promega E1910 

iScript cDNA Kit Bio-Rad 1708890 

SYBR™ Green PCR 

Master Mix 

Thermo Fisher Scientific A25741 

TaqMan™ Universal 

PCR Master Mix 

Thermo Fisher Scientific 4304437 

Pierce protein BCA 

assay 

Thermo Fisher Scientific 23227 
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Table 3. Real-time PCR primers 

 

 

 

 

 

 

 

 

 

 

 

Gene Sequence 

Opa1 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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Figure legends 

 

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

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 (50µM), CCCP (5µM), AA: Antimycin (2µM), OLIGO: Oligomycin (2.5µM). 

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-I 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-I 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 

 

 

 



   

51 
 

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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