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SUMMARY

Alterations in mitochondrial ultrastructure and reduced levels of the crista-shaping protein Opa1 are key fea-

tures of mitochondrial myopathies and aging. We identify and characterize a biological therapy that improves 
mitochondrial and disuse myopathy models by boosting Opa1 levels. In silico analysis identifies microRNAs 
(miRNAs) 128-3p and 148/152-3p family as conserved modulators of OPA1 transcription and elevated in 
various muscle disorders. These miRNAs target the 3 ′ UTR of murine and human OPA1, reducing its 
mRNA and protein levels, causing mitochondrial fragmentation and crista disorganization. Genetic experi-

ments confirm that their mitochondrial effects rely on 3 ′ UTR binding. In mitochondrial disease patient cells 
and murine models, elevated OPA1-specific miRNA levels are reduced by antagonistic miRNAs (Opantimirs), 
which restore mitochondrial ultrastructure, morphology, and function. In vivo, Opantimirs correct mitochon-

drial ultrastructure and fiber size in muscles of denervated and Cox15-ablated mice, improving strength in the 
latter. Thus, biopharmacological correction of the mitochondrial ultrastructure can ameliorate mitochondrial 
myopathies.

INTRODUCTION

Mitochondrial diseases are a group of clinically heterogeneous 

conditions that arise from oxidative phosphorylation (OXPHOS) 

malfunction due to defects in respiratory chain complexes. 1 

These disorders affect one in every 2,000 individuals, can man-

ifest in infancy or adulthood, and are caused by pathogenic mu-

tations in either nuclear DNA or mitochondrial DNA (mtDNA). 2 

Biochemically, complex I and complex IV deficiencies are the 

most frequent causes of faulty mitochondrial bioenergetics in 

mitochondrial diseases. 3 Organs that heavily rely on oxidative 

metabolism such as muscle, brain, heart, and kidney are partic-

ularly susceptible to becoming pathological. 1,2 Mitochondrial 

myopathies are a subset of mitochondrial syndromes hallmarked 

by pronounced defects in skeletal muscle. Clinical features 

commonly reported in mitochondrial myopathy patients include 

progressive muscle atrophy and weakness, motor impairments, 

exercise intolerance, and fatigue. 4 Despite a nutrient intervention 

showing promise in clinical trials for adult-onset mitochondrial

myopathy, 5 there are currently no approved therapies, high-

lighting the need to develop novel curative interventions to com-

bat these disorders.

Distorted cristae shape is a pathological hallmark of 

mitochondrial myopathy. Hence, restoring the ultrastructure of 

mitochondria could serve as an effective therapeutic strategy. 6 

Mitochondrial shape and ultrastructure are controlled by a set of 

large dynamin-related guanosine-5’-triphosphatase (GTPase) 

proteins that modulate fusion, fission, and cristae remodeling. 7 Mi-

tofusin (MFN) 1 and 2 mediate outer mitochondrial membrane 

fusion. Optic atrophy 1 (OPA1) controls inner mitochondrial 

membrane fusion and crista remodeling, whereas Dynamin-

related protein 1 coordinates mitochondrial fission. 8,9 These mito-

chondria-shaping proteins are crucial for maintaining skeletal 

muscle homeostasis. 10 Notably, muscle-specific deletion of 

OPA1 in adult mice induces a myopathic phenotype more severe 

than double MFN1/MFN2 deletion. 11 Conversely, mice where 

OPA1 levels are genetically upregulated are protected against 

denervation-induced muscle atrophy 12 and primary OXPHOS
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deficiency. In particular, OPA1 overexpression ameliorates the 

myopathic phenotype caused by the ablation of the cytochrome 

c oxidase assembly factor Cox15 (cytochrome c oxidase assem-

bly homolog 15) in the skeletal muscle, 13 suggesting that correc-

tion of mitochondrial ultrastructure by increased OPA1 levels can 

be exploited to treat mitochondrial myopathies. On the other 

hand, in the Opa1 transgenic mouse model, OPA1 is overex-

pressed ubiquitously and also during development. It is therefore 

unclear whether upregulation of Opa1 after development can pro-

duce the same curative effects. Moreover, a therapeutic interven-

tion involving OPA1 upregulation appears challenging because of 

potential off-target effects in unaffected tissues. A more appro-

priate therapeutic strategy for myopathies with reduced OPA1 

transcript levels shall increase OPA1 levels only in the affected 

muscle tissue. We therefore sought to identify factors that 

modulate OPA1 transcript levels in diseased muscles and to target 

them.

Here, we report the identification of four OPA1-targeting mi-

croRNAs (miRNAs), small non-coding RNAs (∼22 nt long) 

involved in gene regulation, 14 that are increased in myopathy. 

Leveraging miRNA antagonizers (AntimiRs), a class of chemi-

cally engineered oligonucleotides that base-pair with miRNAs 

and inhibit their silencing action on mRNA, 15,16 we developed 

OPA1 AntimiRs (Opantimirs) that efficaciously inhibit OPA1-tar-

geting miRNAs and increase OPA1 levels in cells and in vivo. De-

livery of Opantimirs ameliorates mitochondrial ultrastructure and 

function in mitochondrial disorder patient cells and curtails mito-

chondrial and disuse myopathy.

RESULTS

Opa1 expression is directly modulated by the miR-148/ 

152 family and miR-128

To identify miRNAs that might regulate Opa1 expression in mito-

chondrial myopathies, we used the TargetScan, miRWalk, and 

miRDB search engines to ascertain in silico evolutionarily 

conserved miRNAs predicted to target OPA1 with high binding 

affinity. We then integrated this dataset with the list of miRNAs 

upregulated in muscle pathology extracted from the miRNA 

sequencing data of atrophic mouse muscle (GSE51648), 17

from the Human microRNA Disease Database 18 (HMDD, http:// 

www.cuilab.cn/hmdd) miRNA profile of muscular dystrophy pa-

tients and from miRNA expression datasets of muscle biopsies 

from various muscle disorders. 19 The Venn diagram of the over-

lapping hits contained miR-148a-3p, miR-148b-3p, miR-152-3p 

(miR-148/152-3p family), and miR-128-3p as both predicted 

OPA1-targeting and upregulated in muscle disease (Figure 1A). 

To determine whether miR-148/152-3p and miR-128-3p specif-

ically targeted OPA1, we exploited the firefly luciferase (fLuc)-

based reporter assay by generating sensors containing the 

OPA1 3 ′ UTR fragment with the seed site for miR-148/152-3p fam-

ily and for miR-128-3p coupled to the fLuc cDNA. Because of the 

presence of a Renilla control coexpressed by the same plasmid, 

we could calculate the ratio of the reduction in the fLuc lumines-

cence occurring when a miRNA bound to its OPA1 seed sequence 

(destabilizing the fLuc mRNA) to the reference Renilla lumines-

cence. The miR-148/152-3p or miR-128-3p mimics reduced the 

fLuc/Renilla luminescence ratio, indicating that these miRNAs 

target the respective OPA1 3 ′ UTR fragment to which they were 

predicted to bind and degrade the mRNA carrying this 3 ′ UTR 

(Figure 1B). Site-directed mutagenesis was used to introduce 

three point mutations at the putative target sites in the OPA1

3 ′ UTR constructs, which served as a negative control. The effect 

of miR-148/152-3p and miR-128-3p activity on OPA1 3 ′ UTR 

degradation was negated in the OPA1 3 ′ UTR-mutant plasmid, 

revealing that these miRNAs directly interact with the OPA1

3 ′ UTR at the predicted binding sites (Figure 1C). We then gener-

ated ratiometric miRNA sensors containing a 2-repeat sequence 

of miRNA seed sequence linked to a fLuc-based reporter to mea-

sure the functional activity of miRNAs. In all cases, miRNA overex-

pression reduced the fLuc luminescence in mouse adult fibro-

blasts (MAFs) (Figure 1D) and in human embryonic kidney 293 

(HEK293) cells (Figure 1G). These results indicated that the de-

signed miRNAs were successfully delivered and targeted their 

seed sequence in mouse and human cells. Next, we measured 

OPA1 mRNA and protein content in cells where we overexpressed 

each miRNA. Levels of OPA1 mRNA (Figure 1E) and protein 

(Figure 1F) were reduced in mouse and human cells that overex-

pressed miR-148/152-3p and miR-128-3p (Figures 1H and 1I), 

suggesting that these miRNAs effectively regulate OPA1

Figure 1. MiR-148/152 family and miR-128 specifically target OPA1 3 ′ UTR to control its expression in mouse and human

(A) Venn diagram of miRNA expression profiles from human and mouse muscle pathology datasets and miRNA predicted to regulate the OPA1 3 ′ UTR using 

prediction search engines (left). The region of human OPA1 3 ′ UTR containing the predicted seed sequence (red) for miR-148a, 148b, 152, and 128 is aligned with 

the respective miRNA (left).

(B) MAFs expressing the ratiometric luminescence Opa1 3 ′ UTR-miRNAs binding reporters were transfected with 30 nM of the indicated miRNA for 24 h. 

Average ± SEM of 4 biological replicate experiments of anti-Opa1 3 ′ UTR miRNA activity. ***p < 0.001 in a Student’s unpaired t test.

(C) Experiments were as in (B) except that the OPA1 3 ′ UTR contained three point mutations in the binding sequence for the respective miRNA.

(D) MAFs expressing the ratiometric luminescence miRNA activity reporters were transfected with 30 nM of the indicated miRNA for 24 h. Average ± SEM of 3 

biological replicate experiments of activity of the indicated miRNAs. **p < 0.01 in a Student’s unpaired t test.

(E) Average ± SEM from 3 biological replicate experiments of Opa1 mRNA expression levels quantified by reverse-transcription PCR (RT-PCR) in MAFs 

transfected for 24 h as indicated. *p < 0.05 and **p < 0.01 in a Student’s unpaired t test.

(F) Representative immunoblots of MAFs transfected as indicated. After 48 h, cells were lysed, and equal amounts of lysates (20 μg) were separated by SDS-

PAGE and immunoblotted using the indicated antibodies.

(G–I) Experiments were performed as in (D), (E), and (F), respectively, except that HEK293 cells were used.

(J) Representative immunoblots of MAFs transfected as indicated. After 72 h, cells were lysed and equal amounts of lysates (20 μg) were separated by SDS-PAGE 

and immunoblotted using the indicated antibodies.

(K) Experiments were as in (D) except that, following transfection with the indicated miRNA for 24 h, MAFs were transfected also with the indicated AntagomiR for 

24 h. *p < 0.05 in a Student’s unpaired t test.
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expression in mammals. Notably, protein levels of other major 

regulators of mitochondrial dynamics were unaltered from miRNA 

overexpression (Figures S1A and S1B). We then designed 

AntimiRs against these OPA1-targeting miRNAs (collectively 

dubbed Opantimirs) and assessed their ability to counteract the ef-

fects of the corresponding miRNAs and stabilize OPA1 levels. 

Indeed, while OPA1 levels were reduced by miRNA expression, 

co-transfection with their respective Opantimirs abolished the ef-

fects of the miRNAs and fully stabilized OPA1 (Figure 1J). By using 

miRNA-based sensors, we also verified that Opantimirs inhibited 

the miRNAs they were designed to target (Figure 1K). Altogether, 

these experiments establish OPA1 as a target of the miR-148/ 

152-3p family and miR-128-3p.

The miR-148/152 family and miR-128 regulate 

mitochondrial ultrastructure through an Opa1-

dependent pathway

We next investigated whether the identified miRNAs exerted 

biological effects on mitochondrial shape and ultrastructure

through OPA1 modulation. Confocal images and transmission 

electron microscopy (TEM) analysis of cells overexpressing 

the four miRNAs displayed more fragmented mitochondria 

with fewer cristae (Figures S2A–S2E). To delineate whether 

this effect on mitochondrial shape and ultrastructure was spe-

cifically dependent on OPA1 transcript regulation, we gener-

ated Opa1 fl/fl ::Opa1 tg mice 20 and we extracted Opa1 fl/fl :: 

Opa1 tg MAFs. In these cells, genomic Opa1 alleles are flanked 

by loxP sites, and an additional Opa1 transgene (Opa1 tg ) is in-

serted into the hypoxanthine phosphoribosyltransferase 

(HPRT) locus on the X chromosome. Notably, the Opa1 tg 

mRNA lacks the endogenous 3 ′ UTR to which miRNAs bind, 

rendering the transcript insensitive to miRNA-mediated degra-

dation (Figure 2A). Cells were treated with Cre recombinase 

(Cre) lentivirus for 72 h to eliminate genomic-encoded OPA1 

protein, followed by miRNA transfection for 48 h. Immunoblot-

ting analysis showed that OPA1 protein levels remained un-

changed after miRNA overexpression compared to scramble 

treatment (Figure 2B). Moreover, cristae integrity was

Figure 2. MiR-148/152 and miR-128 require genomic OPA1 to modulate crista structure

(A) Schematic representation of Opa1 fl/fl and Opa1 tg mouse breeding to generate Opa1 fl/fl ::Opa1 tg mice.

(B) Representative immunoblots of the indicated MAFs infected for 72 h with the indicated adenovirus. After 72 h, cells were transfected with the indicated miR, 

and after 48 h, cells were lysed and equal amounts of lysates (20 μg) were separated by SDS-PAGE and immunoblotted using the indicated antibodies.

(C) Representative electron micrographs from experiments as in (B). Scale bar, 200 nm.

(D) Average ± SEM of crista lumen width from 3 biological replicate experiments as in (C) (n = 100–120 mitochondria per condition, 3 cristae per mitochondrion). 

*p < 0.05 and ***p < 0.001 in a one-way ANOVA.
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preserved, with no significant differences in cristae lumen 

width (CLW) (Figures 2C and 2D). These results imply that 

miRNAs do not affect cristae shape when genomic Opa1 is 

absent, indicating that their impact on cristae morphology is 

mediated through regulation of expression of Opa1 from its 

genomic locus.

Elevated miR-148a and miR-152 levels in mitochondrial 

myopathy patient cells and mouse models

Since the miR-148/152-3p family and miR-128-3p were re-

ported to accumulate in primary muscle diseases, 19,21 we 

investigated whether these miRNAs were increased in mito-

chondrial myopathies. We measured expression levels of miR-

NAs in skin fibroblasts from three mitochondrial myopathy pa-

tients characterized by cytochrome c oxidase (COX) deficiency

harboring mutations in genes encoding COX assembly factors. 

The mutant alleles included Surfeit locus protein 1 (SURF1), cy-

tochrome c Oxidase Assembly Factor 7 (COA7), and Apopto-

genic protein 1 (APOPT1) that cause Leigh syndrome, 22,23 

mitochondrial leukoencephalopathy, 24 and mitochondrial ence-

phalomyopathy, 25 respectively. Levels of miR-148a-3p and 

miR-152-3p were ∼2.5-fold higher in APOPT1 patient cells 

compared to healthy control fibroblasts (Figure 3A). SURF1 pa-

tient cells exhibited ∼13-fold higher miR-152-3p levels and 

elevated miR-148a-3p levels (Figure 3A), whereas miR-148a-

3p and miR-152-3p levels remained unchanged in COA7 cells 

(Figure 3A). The discrepancies in miRNA content between mito-

chondrial myopathy patients could be attributed to varying 

levels of residual COX activity (12% in SURF1 versus 33% 

in COA7).

Figure 3. MiR-148a and miR-152 accumulate in models of mitochondrial myopathy and upon ER stress induction

(A) Average ± SEM of 4 biological replicate experiments of reverse-transcription PCR (RT-PCR) of the indicated miRNA levels in fibroblasts from patients with 

mutations in the specified gene, compared to healthy controls. *** < 0.001 and ****p < 0.0001 in a Student’s unpaired t test.

(B and C) Average ± SEM of 3 (plasma) or 6 (muscle) biological replicates of RT-PCR for the indicated miRNA levels in muscles and plasma isolated from 

Cox15 sm/sm mice of the indicated age compared to wild-type mice. In the case of muscle, mice were 8 weeks old. *p < 0.05 and **p < 0.01 in a Student’s unpaired t 

test.

(D) Cells of the indicated genotype were transfected with the indicated ratiometric luminescence miRNA activity reporters, and after 24 h activity of the indicated 

miRNAs was measured. Data show average ± SEM of 3 biological replicates. *p < 0.05 in a one-way ANOVA.

(E and F) SURF1 patient fibroblasts and COX4I1-deleted HEK293 cells were transfected with the indicated ratiometric luminescence miRNA activity reporters and 

after 24 h treated where indicated with tauroursodeoxycholic acid (TUDCA, 200 μM) for 6 h. Data show average ± SEM of 3 independent experiments of activity of 

the indicated miRNAs. **p < 0.01 in a one-way ANOVA.

(G) C2C12 myotubes were transfected with the indicated ratiometric luminescence miRNA activity reporters and after 24 h treated where indicated with tuni-

camycin (TM, 1 μg/mL) for 24 h or with TM and 200 μM TUDCA for further 24 h. Data show average ± SEM of 3–7 biological replicate experiments of activity of the 

indicated miRNAs. *p < 0.05 in a one-way ANOVA.
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We next tested whether these miRNAs are increased in mito-

chondrial myopathy muscle tissue and blood. We capitalized on 

the Cox15 skeletal-muscle-specific knockout (KO) (Cox15 sm/sm ) 

mouse that manifests an early-onset progressive mitochondrial 

myopathy. 26 Cox15 is a COX assembly factor and is a key 

enzyme in the biosynthesis of heme A. Mutations in COX15 

cause cardiomyopathy, encephalopathy, and Leigh syndrome 

in infants. 27–29 In 8-week-old Cox15 sm/sm gastrocnemius, miR-

148a-3p levels were increased (Figure 3B). Additionally, we 

found that plasma miRNA levels in Cox15 sm/sm mice were 

elevated at 12 weeks (Figure 3C), suggesting that these miRNAs 

are secreted into the bloodstream. Altogether, these data indi-

cate that induction of these miRNAs is a conserved mammalian 

response to COX deficiency. We next evaluated another myop-

athy mouse model where muscle wasting was induced by 

denervation via surgical sciatic nerve resection. 12 Two weeks 

post-surgery, we measured the accumulation of miR-148a-3p 

and miR-152-3p transcripts in the gastrocnemius muscle 

(Figures S3A and S3B). These miRNA levels negatively corre-

lated with OPA1 expression at both mRNA and protein levels 

(Figures S3C and S3D). Altogether, these results indicate that 

miR-148a and miR-152 accumulate in cells from Leigh syndrome 

patients and in mouse models of mitochondrial and disuse 

myopathy.

Endoplasmic reticulum stress controls miR-148a-3p 

and miR-152-3p levels upon COX deficiency

Endoplasmic reticulum (ER) stress is a pathological response to-

ward mitochondrial defects in muscle, 11,30,31 and the induction 

of miRNAs is an often-overlooked component of ER stress. 32 

Thus, we checked whether ER stress could be driving the miRNA 

upregulation in conditions of COX deficiency and myopathy. We 

used a genetic model of complete COX deficiency utilizing 

CRISPR-Cas9-deleted COX4I1 KO HEK293 cells. COX4I1 is an 

initiator subunit for COX and is mutated in cases of Fanconi 

anemia and Leigh-like syndrome. 33,34 miR-148a-3p, miR-148b-

3p, and miR-152-3p levels were increased in this cell line 

(Figure 3D). To alleviate ER stress in SURF1 patient fibroblasts 

and COX4I1 KO cells, we administered the chemical chaperone 

tauroursodeoxycholic acid (TUDCA), 30 which reduced levels of 

miR-148a-3p and miR-152-3p (Figures 3E and 3F). Next, we 

induced ER stress in C2C12 myotubes by using the prototypical 

ER stressor tunicamycin. 35 Tunicamycin increased levels of miR-

148a-3p and miR-152-3p, and co-treatment with TUDCA nulli-

fied its effects (Figure 3G). Taken together, these results imply 

that ER stress, a common mitochondrial myopathy trait that is 

also sensitive to TUDCA, 11,36 can induce miR-148a-3p and 

miR-152-3p.

MiR-152 inhibition increases OPA1 levels and corrects 

mitochondrial morphology and ultrastructure in SURF1 

patient cells

Given that miRNAs controlling OPA1 levels were upregulated in 

mitochondrial myopathy, we sought to understand if blocking 

miRNA activity could increase OPA1 levels and restore mito-

chondrial ultrastructure in these disorders. Having already es-

tablished that Opantimirs effectively inhibit their respective miR-

NAs (Figure 1I), we tested whether AntimiR-152-3p (Ant-152-3p)

treatment could increase OPA1 levels by silencing miR-152-3p 

in SURF1 patient cells. Ant-152-3p treatment concentrations at 

30, 60, and 90 nM reduced miR-152-3p levels and increased 

OPA1 protein levels in SURF1 patient cells (Figures 4A and 

4B). To evaluate AntimiR efficacy in regulating OPA1 under 

OXPHOS-defective conditions in a muscle-specific cell lineage, 

we treated C2C12 myotubes with the mitochondrial translation 

inhibitor Actinonin, the uncoupler carbonyl cyanide m-chloro-

phenyl hydrazone (CCCP) and the ATP synthase inhibitor 

oligomycin. All three pharmacological treatments resulted in 

the accumulation of miR-152-3p, CCCP, and oligomycin also 

reducing OPA1 transcript (Figures S4A and S4B) by significantly 

engaging the OPA1 3 ′ UTR (Figure S4C) via its seed sequence 

(Figures S4D and S4E). Ant-152-3p effectively inhibited miR-

152-3p activity, prevented Opa1 3 ′ UTR decay, and restored 

Opa1 expression levels in OXPHOS-defective C2C12 cells 

(Figures S4E–S4G).

Confocal images revealed a restored mitochondrial network 

in Ant-152-3p-treated SURF1 cells (Figures 4C and 4D). This 

rescue effect on mitochondrial morphology was also observed 

in SURF1 homozygous mutant, COA7 and APOPT1 cell lines 

(Figures S5A and S5B). TEM analysis showed that Ant-152-3p 

treatment reduced CLW to levels comparable to control mito-

chondria (Figures 4E and 4F). Not only did Ant-152-3p treatment 

enhance OPA1-dependent crista shape but also improved respi-

ratory chain complex stability, evidenced by increased protein 

content of subunits from respiratory complexes I, III, IV, and V 

(Figure 4A).

MiR-148a inhibition rescues muscle function in

Cox15 sm/sm mice

As miR-148a-3p levels were found elevated in Cox15 sm/sm 

mouse muscle (Figure 3B), we investigated whether AntimiR 

delivery to inhibit miR-148a-3p could ameliorate the phenotype 

in these mice. The 2 ′ -0 -O-(2-methoxyethyl) (MOE) AntimiRs 

used in this study are chemically modified oligonucleotides 

with enhanced stability and cellular uptake, enabling them to 

downregulate target miRNAs in multiple organs, including skel-

etal muscle, for up to 3–4 weeks. 15,37 AntimiR-148a-3p (Ant-

148a-3p) was resuspended in PBS at 100 nM concentration 

and delivered intramuscularly in the gastrocnemius at three 

distinct sites. Each site received 20 μL, totaling 6 pmol of 

Ant-148a-3p per mouse, whereas the contralateral leg received 

a scramble control injection. Treatment began at 6 weeks of 

age and continued for 4 weeks. We preliminarily confirmed 

that increasing concentrations of Ant-148a-3p were well toler-

ated in vitro (Figure S6A). Furthermore, counts of erythrocytes, 

platelets and leukocytes remained within normal ranges, 

demonstrating that AntimiRs are well tolerated in vivo and do 

not elicit an overt immune response (Figures S6B–S6F). Finally, 

the treatment regimen did not affect miR-148a-3p levels in the 

heart, liver, kidney, and spleen, the histology of which also ap-

peared unaltered, indicating minimal or no systemic leakage of 

Opantimir molecules following intramuscular injection in the 

gastrocnemius and the lack of major effects in distant organs 

(Figures S6G and S6H).

Wheat germ agglutinin (WGA) staining of muscle fiber cross 

sections performed to visualize muscle cross-sectional area
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(CSA) indicated that muscle fibers were larger in Ant-148a-3p-

treated gastrocnemii compared to scramble-treated muscle 

(Figures 5A and 5B). At the molecular level, Ant-148a-3p treat-

ment reduced expression levels of the major atrophy-related 

genes from the ubiquitin proteosome system and autophagy 

lysosome system (Figure 5F), indicating a suppression of the at-

rophy program. Muscle function was assessed using a muscle 

lever system, with maximum muscle force measurements re-

corded by electrical stimulation of the gastrocnemius muscle. 

Muscle force was higher in Ant-148a-3p-treated Cox15 sm/sm 

muscle compared to scramble-treated muscle (Figure 5C). 

Collectively, these data reveal that miR-148a-3p silencing 

through AntimiR delivery can recover muscle size and function 

in Cox15 sm/sm mice.

Figure 4. Opantimir152 restores mitochon-

drial fusion and crista shape in SURF1 pa-

tient cells

(A and B) Representative immunoblots of fibro-

blasts from healthy controls (left) and SURF1 

patients (right) treated with the indicated con-

centrations (nM) of Opantimir152 (Ant-152). Af-

ter 72 h, cells were lysed and equal amounts of 

proteins (20 μg) were separated by SDS-PAGE 

and immunoblotted using the indicated anti-

bodies. (B) Average ± SEM of 3 biological 

replicate experiments as in (A) of Opa1 levels 

normalized to succinate dehydrogenase com-

plex flavoprotein subunit A (SDHA) by densito-

metric analysis from SURF1 patients compared 

to healthy controls. **p < 0.01 in a two-way 

ANOVA.

(C) Control and SURF1 patient fibroblasts were 

transfected as indicated for 24 h and then 

transfected with a mitochondrially targeted 

dsRed (mtRFP) for 48 h. After 72 h, cells were 

fixed and representative confocal images 

were acquired. Scale bar, 10 μm. The insets 

represent 3× magnification of the acquired im-

ages.

(D) Average ± SEM of mean mitochondrial 

branch length values from 3 biological 

replicate experiments as in (D) (n = 13–28 cells 

per condition). ***p < 0.001 in a Kruskal-Wallis 

ANOVA.

(E) Representative electron micrographs from 

control and SURF1 patient fibroblasts trans-

fected as indicated for 72 h. Scale bar, 200 nm. 

(F and G) Average ± SEM of crista lumen width

(F) or of crista junctions/number of cristae

(G) from 3 biological replicate experiments as in

(E) (n = 100–120 mitochondria per condition, 3 

cristae per mitochondrion). ***p < 0.001 in a 

one-way ANOVA.

MiR-148 inhibition ameliorates 

mitochondrial ultrastructure and 

function in Cox15 sm/sm mouse 

Immunoblot analysis showed increased

OPA1 protein levels, and electron 

micrographs illustrated less crista 

abnormalities in Ant-148a-3p-treated 

muscle compared to scramble-treated muscle in Cox15 sm/sm 

mice (Figures 6A–6C). Ant-148a-3p-treated Cox15 sm/sm mus-

cles displayed higher COX4 protein content (Figure 6A) and 

a marked recovery of COX-positive fibers (Figure 6D) in histo-

chemical staining. Functional analysis using high-resolution 

respirometry to measure oxygen consumption on homoge-

nized gastrocnemii revealed increased maximal respiration 

and respiratory control ratio in Ant-148a-3p-treated mice 

compared to scramble-treated mice (Figures 6E and 6F), 

demonstrating improved mitochondrial bioenergetics. These 

results provide evidence that miR-148a-3p inhibition via 

antimiR treatment can effectively increase OPA1 levels, stabi-

lize crista shape, and correct mitochondrial function in 

Cox15 sm/sm mice.

Cell Reports Medicine 6, 102248, August 19, 2025 7

Article
ll

OPEN ACCESS



MiR-148 and miR-152 inhibition rescue muscle atrophy 

and mitochondrial ultrastructure after denervation

Given that miR-148a-3p and miR-152-3p levels were elevated 

and OPA1 levels were reduced in denervated muscle 

(Figure S3), we investigated whether delivering antimiRs could 

effectively treat this form of muscle atrophy. We administered 

a mix of antimiRs targeting miR-148a-3p and miR-152-3p at 

a concentration of 6 pmol triweekly, beginning on day 3 post-

surgery. WGA staining of muscle cross sections revealed 

higher fiber CSA values in antimiR-treated gastrocnemii 

compared to scramble-treated muscle (Figures 7A and 7B). 

Additionally, electron micrographs of antimiR-treated muscle 

showed fewer abnormalities in mitochondria compared to 

those in scramble-treated mice (Figures 7C and 7D). The anti-

Figure 5. Opantimir148a improves muscle 

function in Cox15 sm/sm mice

(A) Representative confocal images of cross sec-

tions of WGA-stained gastrocnemii from mice of 

the indicated genotype treated with the indicated 

AntagomiR (6 pmol/injection) triweekly for 4 weeks 

by IM injection at 3 different locations in the 

gastrocnemius. The boxed area in the whole 

muscle cross section is enlarged on the right. 

Scale bar, 50 μm.

(B) Violin plots of fiber cross-sectional area from 3 

biological replicate experiments as in (A). Median 

and 10 th and 90 th percentiles (whiskers) are 

shown. ****p < 0.0001 in a one-way ANOVA.

(C and D) Average ± SEM of absolute muscle force 

measurements (C) and of muscle force measure-

ments normalized to muscle mass (D) of gastro-

cnemii electrically stimulated at the indicated fre-

quencies from three individual Cox15 sm/sm mice 

treated as indicated following the same protocol 

as in (A) (n = 3 biological replicates). *p < 0.05 in a 

Kruskal-Wallis ANOVA.

(E) Average ± SEM of three Cox15 sm/sm gastro-

cnemii mass treated as indicated following the 

same protocol as in (A) (n = 3 biological replicates).

(F) Average ± SEM of expression levels quantified 

by RT-PCR of the indicated genes in Cox15 sm/sm 

gastrocnemii treated as indicated following the 

same protocol as in (A) (N = 3 biological repli-

cates). *p < 0.05, **p < 0.01, and ***p < 0.001 in a 

one-way ANOVA.

miR mix effectively inhibited miR-148a-

3p and miR-152-3p activity (Figure 7E), 

and immunoblotting demonstrated a 

partial restoration of OPA1 protein levels 

(Figure 7F). These findings suggest that 

increased OPA1 levels from AntimiR 

treatment help protect against denerva-

tion-induced muscle atrophy. Finally, to 

ascertain whether the therapeutic effect 

of AntimiRs on mitochondrial and mus-

cle function in these two models de-

pended on OPA1 regulation, we acutely 

deleted Opa1 specifically in skeletal 

muscle capitalizing on the already es-

tablished HAS-Cre-ER::Opa1 fl/fl tamoxifen-inducible muscle-

specific mouse line 11 (Figure S7A). The deletion of Opa1 

induced miR-148a-3p and miR-152-3p accumulation 

(Figure S7B) and caused muscle atrophy (Figures S7C and 

S7D). Treatment with AntimiRs against miR-148a-3p and 

miR-152-3p silenced these miRNAs but did not impact OPA1 

levels, muscle CSA, mitochondrial ultrastructure, or function 

(Figures S7A–S7I). These findings suggest that the therapeutic 

benefits of Opantimirs in myopathy are connected to their role 

in enhancing the Opa1-dependent crista remodeling pathway 

and do not occur when genomic Opa1 is ablated. Altogether, 

these in vivo data support a beneficial role for Opantimirs in 

different myopathies associated with primary or secondary 

mitochondrial defects via increased Opa1 expression.
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DISCUSSION

The crista-sculpting protein OPA1 represents a promising 

therapeutic target for tackling mitochondrial myopathies. 

Here, we uncover four candidate miRNAs (miR-148/152-3p 

family and miR-128-3p) that specifically regulate OPA1 

expression levels in mammals. Because miR-148a-3p and 

miR-152-3p accumulate in patient-derived cell lines and 

mouse models of mitochondrial myopathies, blocking their 

action by Opantimirs, AntimiRs for the OPA1-miRNA, rescues 

mitochondrial ultrastructure and function and improves mus-

cle function in vivo by selectively targeting the affected tissue. 

Our results demonstrate that a rationally designed biopharma-

ceutical therapy boosting Opa1 levels selectively in the skel-

etal muscle can ameliorate mitochondrial myopathies, offering

a proof-of-principle therapy for mitochondrial disorders where 

Opa1 is dysregulated.

While genetic, constitutive upregulation of Opa1 levels can 

correct different models of mitochondrial disease 13,38 and 

Opa1 gene delivery protects dopaminergic neurons from 

mitochondrial toxins, 39 the first approach is clearly clinically 

impossible and the second not devoid of potential side effects. 

Moreover, uncontrolled Opa1 expression can be per se detri-

mental, as evidenced by the reported upregulation of Opa1 in 

several types of cancer. 40–43 Thus, a rational approach for a ther-

apy based on Opa1-mediated correction of mitochondrial ultra-

structural and functional defects in mitochondrial myopathies re-

quires the identification of the drivers of Opa1 loss in these 

diseases. We searched multiple databases for miRNAs that 

were predicted to regulate Opa1 and upregulated in muscle

Figure 6. Opantimir148a restores mitochondrial ultrastructure and function in Cox15 sm/sm mice

(A) Representative immunoblots from three individual mice of the indicated genotype treated with the indicated AntagomiR (6 pmol/injection) triweekly for 4 weeks 

by intramuscular (IM) injection at 3 different locations in the gastrocnemius. Muscle tissues were lysed, and equal amounts of lysates (15 μg) were separated by 

SDS-PAGE and immunoblotted using the indicated antibodies.

(B) Representative electron micrographs of gastrocnemii of the indicated genotype treated as indicated following the same protocol as in (A). Scale bar, 500 nm 

(top), 1,000 nm (middle), and 200 nm (bottom).

(C) Average ± SEM of the percentage of abnormal mitochondrial cristae in morphometric analyses from experiments as in (B) (n = 3 biological replicates). 

**p < 0.01 in a one-way ANOVA.

(D) Representative images of cross sections of gastrocnemii stained for COX activity from mice of the indicated genotype treated in the same protocol as in (A). 

Scale bar, 40 μm.

(E) Representative traces of oxygen consumption of homogenized muscle tissue of the indicated genotype treated where indicated as in (A).

(F) Average ± SEM of 4 respiratory control ratio (state 3/state 4) measurements from individual mice in experiments as in (E) (N = 4 biological replicates). 

***p < 0.001 in a one-way ANOVA.

In (C) and (F), each dot represents an individual mouse.
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diseases. This approach was successful in identifying the miR-

148/152-3p family and miR-128-3p as both directly interacting 

with the 3 ′ UTR region of Opa1 to regulate its expression and be-

ing upregulated in multiple muscle disorders such as Duchenne 

and facioscapulohumeral and limb-girdle muscular dystro-

phies 19,21 and in mouse models of muscle atrophy. 17 Addition-

ally, we found miR-152-3p increased in SURF1 patient cells, 

miR-148a-3p elevated in Cox15 sm/sm mice, and miR-148a-3p 

and miR-152-3p levels induced in muscles 14 days post-sciatic 

neurectomy, negatively correlating with OPA1 levels. Our results 

establish that miR-148a-3p and miR-152-3p are implicated in 

mitochondrial myopathy and the atrophy program.

The miR-148/152-3p family and miR-128-3p are predomi-

nantly known for their tumor-suppressive roles in cancer. 44–46

Figure 7. Opantimirs148a/152 protect 

muscles from sciatic neurectomy-induced 

atrophy

(A) Representative confocal images of cross sec-

tions of WGA-stained gastrocnemii from mice 

operated as indicated and treated with the indi-

cated AntagomiR (6 pmol/injection) triweekly for

2 weeks by IM injection at 3 different locations in 

the gastrocnemius. Scale bar, 50 μm.

(B) Violin plots of fiber cross-sectional area from 3 

biological replicate experiments as in (A). Median 

and 10 th and 90 th percentiles (whiskers) are 

shown. ****p < 0.0001 in a one-way ANOVA.

(C) Representative electron micrographs of gas-

trocnemii from experiments as in (A). Scale bar, 

500 nm (top) and 200 nm (bottom).

(D) Average ± SEM of the percentage of mito-

chondria with abnormal cristae in morphometric 

analyses from experiments as in (C) (N = 3 bio-

logical replicates). ***p < 0.001 in a one-way 

ANOVA.

(E) Average ± SEM of expression levels by 

reverse-transcription PCR (RT-PCR) of the indi-

cated miRNAs in gastrocnemii from experiments 

as (A) (N = 3 biological replicates). *p < 0.05 and 

**p < 0.01 in a Student’s unpaired t test.

(F) In experiments as in (A), gastrocnemii were 

lysed and equal amounts of proteins (20 μg) were 

separated by SDS-PAGE and immunoblotted us-

ing the indicated antibodies. Each lane corre-

sponds to an individual mouse.

In breast cancer cells, miR-148/152-3p 

family are epistatic to OPA1, their levels 

increasing upon OPA1 ablation and 

mediating OPA1-dependent inhibition of 

tumor growth and invasion. 42 Cox15 sm/sm 

mice resemble a progressive mitochon-

drial myopathy featuring diminished mus-

cle strength and size. 26 The biochemical 

outcome of the Cox15 mutant allele is 

partial COX activity resulting in defective 

OXPHOS, 26 recapitulating the phenotype 

reported in human patients harboring 

COX15 mutations. 27–29,47 Genetic over-

expression of OPA1 mitigates denerva-

tion-induced muscle atrophy and ameliorates Cox15 sm/sm 

mice, by correcting crista shape and recovering mitochondrial 

function. 12,13 However, genetically modified animals overex-

pressing OPA1 from birth do not accurately reflect a real disease 

setting, and the myopathy likely incompletely manifests. In our 

work, the delivery via triweekly intramuscular injections of spe-

cific AntimiRs that increase OPA1 levels in 6-week-old 

Cox15 sm/sm mice, at a stage when muscle pathology is apparent, 

can inhibit the action of miR-148a-3p, increase OPA1 protein 

levels, correct mitochondrial ultrastructure, and importantly 

improve muscle function. 

Developing pharmacological interventions for mitochondrial 

myopathy remains a challenge. Tested therapeutic compounds 

for mitochondrial myopathy include the antioxidants coenzyme
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Q10 and its synthetic analog idebenone 4 ; bezafibrate, a pan-

peroxisome proliferator-activated receptor (PPAR) agonist 

that stimulates mitochondrial biogenesis 4 ; and niacin that 

boosts nicotinamide adenine dinucleotide (NAD) + levels 

improving muscle function in mitochondrial myopathy pa-

tients. 5 Our current study offers a pharmacological approach 

involving a miRNA-based therapy that targets the OPA1-

dependent crista remodeling pathway, independently of the 

underlying genetic cause of the mitochondrial disorder. In addi-

tion to mitochondrial disorders, miR-152-3p is also upregulated 

in primary open-angle glaucoma (POAG), 48 the leading cause 

of blindness with limited treatment options. In a recent large 

metanalysis, the rs166850 C/T and rs10451941T/C OPA1 poly-

morphisms appeared significantly associated with the develop-

ment of POAG, especially in Caucasian individuals. 49 Albeit it is 

unclear whether this polymorphism results in reduced Opa1 

levels, the potential genetic and miRNA association points to 

OPA1 as a factor in POAG development and to the AntagomiR 

152-3p described here as a potential therapeutic strategy for 

this frequent neurodegenerative condition. Furthermore, mito-

chondrial ultrastructure is known to be altered in conditions 

such as heart failure where levels of Opa1 diminish. 50 Indeed, 

upon heart ischemia/reperfusion, Opa1 levels decrease, and 

its overexpression can prevent mitochondrial and tissue dam-

age. 12 Notably, miR-152-3p levels increase in heart failure, 

and a transgenic model of miR-152-3p upregulation repro-

duces the mitochondrial ultrastructural derangements 

observed upon Opa1 downregulation. These changes, as well 

as heart function, are preserved by an AntagomiR targeting 

miR-152-3p, 51 indicating that Opantimirs might also be useful 

to treat heart failure. The miRNAs identified in our work can 

serve not only as an effective therapeutic target but also to 

track disease severity in mitochondrial myopathy. Because 

miR-148a-3p accumulated in Cox15 sm/sm blood plasma and 

correlated with levels in muscle, monitoring plasma miRNA 

levels could be used as a means to bypass invasive muscle bi-

opsies for use as a prognostic biomarker for mitochondrial 

myopathy.

ER stress levels influenced miR-148a-3p and miR-152-3p ac-

tivity, and thus we speculate that ER stress transcription factors 

regulate miR-148a-3p and miR-152-3p expression in mitochon-

drial myopathy. Interestingly, ER stress transcription factor 

XBP1s was reported to directly modulate miR-148a-3p tran-

scription. 52 We found that XBP1s mRNA levels correlated with 

miR-148a-3p levels in COX-deficient cells and tunicamycin-

treated myotubes, hinting that XBP1s could be a specific regu-

lator of miR-148a-3p expression. Future work should address 

the role of a potential XBP1s-miR-148a-3p-OPA1 circuit in mito-

chondrial myopathy to better understand the molecular mecha-

nisms underlying the pathology.

Here, an AntimiR-based treatment was effective at increasing 

OPA1 expression levels and improving the phenotype in mito-

chondrial myopathies. Our work highlights Opa1 stabilization 

by miRNA therapy as a strategy against mitochondrial disorders.

Limitations of the study

Given the multifunctional nature of miRNAs, we cannot exclude 

the possibility that other factors regulated by miR-148/152

expression contributed to the phenotypic improvements 

observed in the myopathy models used in this study. However, 

our combined genetic approaches, genomic Opa1 deletion 

in vitro and in vivo, suggest that these miRNAs modulate mito-

chondrial ultrastructure, morphology, and function and muscle 

fiber size through endogenous Opa1 modulation. In this study, 

in vitro experiments demonstrated that ER stress influenced 

the activity of these miRNAs. However, whether this also occurs 

in vivo remains untested and warrants future investigation.
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R., Semenzato, M., Menabò , R., Costa, V., Civiletto, G., Pesce, P., et al. 

(2015). The OPA1-dependent mitochondrial cristae remodeling pathway 

controls atrophic, apoptotic, and ischemic tissue damage. Cell Metab. 

21, 834–844. https://doi.org/10.1016/j.cmet.2015.05.007.

13. Civiletto, G., Varanita, T., Cerutti, R., Gorletta, T., Barbaro, S., Marchet, S., 

Lamperti, C., Viscomi, C., Scorrano, L., and Zeviani, M. (2015). Opa1 over-

expression ameliorates the phenotype of two mitochondrial disease 

mouse models. Cell Metab. 21, 845–854. https://doi.org/10.1016/j.cmet. 

2015.04.016.

14. Bartel, D.P. (2018). Metazoan MicroRNAs. Cell 173, 20–51. https://doi.org/ 

10.1016/j.cell.2018.03.006.

15. Krutzfeldt, J., Rajewsky, N., Braich, R., Rajeev, K.G., Tuschl, T., 

Manoharan, M., and Stoffel, M. (2005). Silencing of microRNAs 

in vivo with ’antagomirs. Nature 438, 685–689. https://doi.org/10. 

1038/nature04303.

16. Lennox, K.A., and Behlke, M.A. (2011). Chemical modification and design 

of anti-miRNA oligonucleotides. Gene Ther. 18, 1111–1120. https://doi. 

org/10.1038/gt.2011.100.

17. Soares, R.J., Cagnin, S., Chemello, F., Silvestrin, M., Musaro, A., De Pitta, 

C., Lanfranchi, G., and Sandri, M. (2014). Involvement of microRNAs in the 

regulation of muscle wasting during catabolic conditions. J. Biol. Chem. 

289, 21909–21925. https://doi.org/10.1074/jbc.M114.561845.

18. Cui, C., Zhong, B., Fan, R., and Cui, Q. (2024). HMDD v4.0: a database 

for experimentally supported human microRNA-disease associations. 

Nucleic Acids Res. 52, D1327–D1332. https://doi.org/10.1093/nar/ 

gkad717.

19. Eisenberg, I., Eran, A., Nishino, I., Moggio, M., Lamperti, C., Amato, A.A., 

Lidov, H.G., Kang, P.B., North, K.N., Mitrani-Rosenbaum, S., et al. (2007). 

Distinctive patterns of microRNA expression in primary muscular disor-

ders. Proc. Natl. Acad. Sci. USA 104, 17016–17021. https://doi.org/10. 

1073/pnas.0708115104.

20. Herkenne, S., Ek, O., Zamberlan, M., Pellattiero, A., Chergova, M., Chivite, 
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-OPA1 mouse BD Biosciences (1:2000) Cat#612607; RRID:AB_399889

Anti-TOM40 rabbit Santa Cruz Biotechnology (1:1000) Cat#ab185543; RRID:AB_3095412

Anti-Vinculin mouse Abcam (1:10 000) Cat#ab219649; RRID:AB_2819348

Anti-SDHA mouse Abcam (1:1000) Cat#ab14715; RRID:AB_301433

Anti-COX4 rabbit Cell Signaling (1:1000) Cat#4850; RRID:AB_2085424

Anti-MT-CO1 Cell Signaling (1:1000) Cat#62101; RRID:AB_3678687

Anti-MFN1 rabbit Cell Signaling (1:1000) Cat#14739; RRID:AB_2744531

Anti-MFN2 mouse Abnova (1:1000) Cat#H00009927-M03; RRID:AB_530127

Anti-DLP1 mouse BD Transduction Laboratories (1:1000) Cat#611113; RRID:AB_398424

Anti-MFF rabbit Proteintech Cat#17090-1-AP; RRID:AB_2142463

Anti-FIS1 rabbit Proteintech Cat#10956-1-AP; RRID:AB_2102532

Anti-OXPHOS cocktail mouse Abcam (1:1000) Cat#ab110412; RRID:AB_2847807

Chemicals, peptides, and recombinant proteins

CCCP Sigma-Aldrich Cat#C2759

Actinonin Sigma-Aldrich Cat#A6671

Rotenone Sigma-Aldrich Cat#R8875

Antimycin Sigma-Aldrich Cat#A8674

Oligomycin Sigma-Aldrich Cat#75351

Tunicamycin Sigma-Aldrich Cat#T7765

TUDCA Millipore Cat#580549

Critical commercial assays

Dual-Luciferase® Reporter Assay Promega Cat#E1910

iScript cDNA Kit Bio-Rad Cat#1708890

SYBR TM Green PCR Master Mix Thermo Fisher Scientific Cat#A25741

TaqMan TM Universal PCR Master Mix Thermo Fisher Scientific Cat#4304437

Pierce protein BCA assay Thermo Fisher Scientific Cat#23227

QuikChange II XL Site-Directed Mutagenesis Kit Agilent Technologies Cat#200521

Experimental models: Cell lines

Opa1 fl/fl MAF This paper N/A

Opa1 fl/fl ::Opa1 tg MAF This paper N/A

Normal skin fibroblast ATCC Cat#PCS-201-012

SURF1 skin fibroblast Telethon Biobank mt4595

SURF1 skin fibroblast Telethon Biobank mt2979

APOPT1 skin fibroblast Telethon Biobank mt189

COA7 skin fibroblast Telethon Biobank COA7

Experimental models: Organisms/strains

Cox15 sm/sm mice Civiletto et al. 26 N/A

Opa1 sm/sm mice Tezze et al. 11 N/A

Oligonucleotides

mirVana miRNA mimic Thermo Fisher Scientific Cat#4464066

microDOWN AntagomiR Creative Biogene Cat#CBGAB0584-4

See Table S1 for oligonucleotide sequences This paper N/A

(Continued on next page)

Cell Reports Medicine 6, 102248, August 19, 2025 e1

Article
ll

OPEN ACCESS



EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

Animal housing and all the experimental procedures were authorized by the Italian Ministry of Health (approved protocols: 383-2015-

PR; 564/2020-PR and 390/2024-PR to L.S.). Skeletal muscle-specific Cox15 − /− mouse mice (Cox15 sm/sm ) were generated by 

crossing Cox15 loxP/loxP individuals with mice that express Cre recombinase under the control of the human skeletal muscle-specific 

α-actin (ACTA1) promoter. 26 Littermates of the same sex were randomly assigned to experimental groups. These mice were main-

tained on a mixed C57Bl6/129Sv genetic background. 26 The tamoxifen-inducible muscle-specific OPA1 knockout mice (Opa1 sm/sm ,

HAS-Cre-ER::Opa1 fl/fl ) was previously described. 11 Tamoxifen diet was administered to 3-month-old male mice, with muscles 

collected 45 days after starting the diet. Cre-negative littermates treated with tamoxifen served as controls.

Animal handling and maintenance

Animals were handled by specialized personnel under the control of the Veterinary Service of the University of Padova and VIMM. 

Animals were maintained in a temperature (22 ◦ C) and humidity (60%) controlled animal-care facility with a 12 h light/dark cycle 

and free access to water and food and were sacrificed by cervical dislocation after 3.5% isoflurane anesthesia.

Mouse adult fibroblast generation

This procedure was carried out on diaphragm tissue from male C57BL/6J mice. The tissue was sectioned and transferred into a 

15 mL Falcon tube containing 10 mL of pre-warmed, sterile digestion buffer (1 mg/mL collagenase II in DMEM supplemented 

with 20% FBS, 1% non-essential amino acids, and 1% penicillin/streptomycin). The sample was gently resuspended 10 times 

and incubated at 37 ◦ C in a water bath for 8 min. This digestion step was repeated twice. After each incubation, the supernatant 

was collected and kept on ice, fresh digestion buffer was added to the remaining tissue, and the resuspension/incubation sequence 

was performed as described. All supernatants were then pooled, filtered through a cell strainer, and centrifuged at 600 × g for 5 min. 

The resulting pellet was resuspended and plated into a six-well plate for overnight culture. After 24 h, the medium in each well was 

replaced with fresh culture medium.

Cell culture

MAFs and HEK293 cells were cultured in Dulbecco’s Modified Medium (DMEM, Invitrogen) containing 4.5 mg/mL glucose and sup-

plemented with 10% fetal bovine serum (FBS, Invitrogen), 2 mM L-glutamine, 50 U/ml penicillin, 50 μg/mL streptomycin (Invitrogen), 

100 μM non-essential amino acids (Invitrogen) at 37 ◦ C and 5% CO 2 atmosphere. Patient-derived skin fibroblasts were cultured in 

Ham’s F-12 nutrient mixture (F12 medium; Gibco) supplemented with 10% FBS and 1% penicillin-streptomycin (Thermo Fisher Sci-

entific) at 37 ◦ C and 5% CO 2 atmosphere. C2C12 mouse myoblast cells were cultured in DMEM supplemented with 10% FBS and 1% 

penicillin-streptomycin (Invitrogen). at 37 ◦ C and 5% CO 2 atmosphere. For routine maintenance, cells were passaged at 70–80% con-

fluency. To induce myogenic differentiation, growth medium was replaced with differentiation medium (DMEM supplemented with 

2% horse serum and 1% penicillin-streptomycin) when cells reached 90% confluency. Differentiation medium was changed every 

24h for 5-7 days to allow for myotube formation. Drugs were used at the following concentrations: CCCP 5 μM, actinonin 50 μM, 

oligomycin 1 mg/mL, tunicamycin 1 μg/mL and TUDCA 200 μM. Cells were not validated. Cells were tested for Mycoplasma every 

month by RT-PCR.

Continued
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Software and algorithms

OriginPro V2024 OriginLab https://www.originlab.com/

CorelDRAW Graphics Suite V2022 Corel https://www.coreldraw.com/

ImageJ NIH https://imagej.nih.gov/ij/

Other

DMEM GIBCO Cat#31885049

Penicillin-streptomycin (5000U/mL) Invitrogen Cat#15070-063

Trypsin-EDTA (0.25%) Thermo Fisher Scientific Cat#25200056

Bovine Serum Albumin Sigma Aldrich Cat#A8806

Amersham Hybond 0.45μm PVDF Thermo Fisher Scientific Cat#15407374

NuPAGE TM 3 to 8% gel Thermo Fisher Scientific Cat#EA0375BOX
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METHOD DETAILS

Intramuscular drug delivery

Mice were anesthetized by 3.5% isoflurane. AntimiR specific for miRNA mimics were resuspended in PBS at a final concentration of 

100 nM. Mice were injected triweekly with an AntimiR mix or scramble control of at three distinct local injections (3 × 20 μL) in the 

gastrocnemius muscle.

Sciatic nerve denervation

Male 3–5-month-old C57BL/6 mice were randomly assigned to two experimental groups, scramble and AntimiR. Sham (non-dener-

vated) leg of animals was used as the control. All mice were maintained under the same conditions. Mice were anesthetized by iso-

flurane and the sciatic nerve was excised and removed, followed by stitching up of the wounded area. Gastrocnemii of mice having 

undergone denervation were snap frozen and collected at 14days post denervation to be used for biochemical and morphological 

analysis.

Blood analysis

Blood was collected from mouse tail vein. Total blood count was analyzed using the CELL-DYN Emerald Hematology Analyzer (Ab-

bott) on fresh EDTA-treated mouse blood.

Transfection

Transfection was performed using Lipofectamine RNAiMAX (Invitrogen) following the manufacturer’s recommended protocol. For

the procedure, cells were seeded in 6-well plates, with each well containing 3 x 10 5̂ cells. The transfection mixture was prepared

by combining 30 nM of miRNA mimic or scramble mimic with the Lipofectamine reagent. This mixture was then added to cells, which 

were subsequently analyzed 48h post-transfection.

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%SDS, 1 mM 

EDTA,1 mM EGTA) and heated at 95 ◦ C for 10 min. Protein samples of equivalent concentrations were then separated by 8% 

SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes, adhering to the manufacturer’s guidelines. Membrane 

blocking was performed at RT for 1 h, utilizing a 5% (w/v) Dried Skimmed Milk in tris-buffered saline with tween 0.5% Tween 20 

(TBST) for 60 min at room. Primary antibody incubation occurred overnight at 4 ◦ C at a 1:1000 dilution. Following a series of three 

TBS-T washes, the membranes were exposed to the corresponding secondary antibody (1:2000 dilution) for 1 h at RT. Protein 

band visualization was achieved using an enhanced chemiluminescence (ECL) substrate (Thermo Fisher Scientific). Densitometric 

analysis was performed using ImageJ to quantify relative levels of protein bands.

RNA isolation and gene expression analyses

RNA isolation, reverse transcription and real time quantitative PCR

Total RNA from cells and muscle tissue was extracted using the TRIzol (Thermo Fisher Scientific) method according to the man-

ufacturer’s protocol. RNA quantity and quality were assessed using a Nanodrop One spectrophotometer (ThermoFisher), with pu-

rity evaluated by 260:280 and 260:230 nm absorbance ratios. Complementary DNA (cDNA) was synthesized using 1 μg RNA that 

was reverse transcribed using M-MLV Reverse Transcriptase (Bio-Rad) according to the manufacturer’s protocol. cDNA 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. For normalization pan-actin was used as housekeeping gene. Gene expression changes were 

calculated using the 2( − ΔΔCT ) method. Results are presented as fold changes in expression, normalized to reference gene 

expression.

miRNA expression analysis

Total RNA from cells and muscle tissue was extracted using TRIzol (Thermo Fisher Scientific) method according to the manufac-

turer’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 Sci-

entific) and performed using a thermocycler in a 384-well plate. All data were normalized to U6 gene. Results were analyzed using the 

2( − ΔΔCT ) method. Results are presented as fold changes in expression, normalized to reference gene expression.

Plasmids and molecular biology

The psiCHECK-2 reporter vector used for luciferase-based experiments 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 target. Three substitution mutations were introduced into the miRNA response 

elements of OPA1 3 ′ UTR-containing plasmids using a site-directed mutagenesis kit, following the manufacturer’s instructions and 

using the primer sequences reported in Table S1. For the miR-148/152-specific OPA1 3 ′ UTR fragment, nucleotides 3–5 were
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changed from GTCACG to GAGTCG, and for the miR-128- specific OPA1 3 ′ UTR, nucleotides 3–5 were changed from CACTGTG to 

CAGAGTG.

Dual-luciferase reporter assay

Dual-luciferase reporter system (Promega Corp) utilized the psiCHECK-2 vector that expressed Renilla luciferase (experimental) and 

Firefly luciferase (internal control) for bioluminescent signal detection. miRNA mimic inserts and OPA1 3 ′ UTR fragments were placed

downstream of Renilla. Cells were seeded at 0.5 x 10 4̂ cells per well in a 96-well plate, and 24h later, transfected with 0.1 μg of

psiCHECK-2 using Lipofectamine 3000 (2:1 plasmid to reagent ratio). Cells were lysed in passive lysis buffer (30 μL). Ten μL of lysate 

was used for luminescence measurement: LARII (Firefly substrate) was added first, followed by Stop & Glo (Renilla substrate). The 

luminescence ratios of LARII to Stop & Glo were analyzed.

Adenovirus infection

Acute genomic Opa1 depletion in Opa1 fl/fl ::Opa1 tg MAFs was achieved through viral transduction. Specifically, adenoviruses ex-

pressing CRE-green fluorescent protein (GFP) (ad-CRE; Vector Biolabs) were used at a concentration of 300 pfu. As a control, ad-

enoviruses expressing GFP alone (EV) were used at an equal titer.

Confocal microscopy

Cells were seeded at 0.4 x 10 5 cells per well in a 12-well on glass coverslips and treated as indicated. Next, cells were transfected with 

mitochondria-targeted red fluorescence protein (MitoRFP)-expressing plasmid for 48h and confocal images were acquired using a 

confocal microscope (Zeiss LSM900 Airyscan 2). The wavelengths of excitation and emission were 561 nm and 565–700 nm respec-

tively. Mitochondrial branch length was analyzed using FIJI plugin MiNA.

Cell proliferation and viability assay

Crystal Violet staining (Sigma-Aldrich, C0775) was used to measure cell proliferation and viability. Cells were fixed at RT with 4% 

formaldehyde for 15 min, followed by PBS washes. Next, a 0.1% Crystal Violet solution was used to stain the cells for 20 min at 

RT. Post-staining, the cells were washed with Milli-Q H 2 O before and dried overnight. Stained cells were lysed in 10% acetic acid 

with agitation for 30 min. Absorbance values were measured at 590 nm using a spectrophotometer.

Transmission electron microscopy

Cells underwent the treatment indicated, followed by fixation for 1 h at RT using 1.25% (v/v) glutaraldehyde in 0.1 M sodium-caco-

dylate at pH 7.2. Post-fixation, the samples were stored in 0.1 M sodium cacodylate buffer at 4 ◦ C. A Tecnai-20 electron microscope 

(Philips-FEI) was employed to image thin sections as described previously. 53

Morphological analysis

All muscle tissues for morphological analysis were cut at 10 μM thin slices using a cryostat and imaged by a brightfield microscope 

(Leica CM1860UV). Sections were stained with hematoxylin and eosin reagents (Sigma-Aldrich) following the manufacturers protocol 

for histochemical examination. Sections for COX histochemical staining was performed as previously described. 54 For ultrastructural 

analysis, the samples were fixed in a solution of 2.5% glutaraldehyde in 10 mM PBS at pH 7.4. Samples were stored at 4 ◦ C in 0.1 M 

sodium cacodylate buffer until post fixation. Thin sections were imaged using Tecnai-20 electron microscope (Philips-FEI) as 

described. 53 For WGA-staining, sections were incubated with WGA (10 μg/mL) for 1 h at RT. After washing in PBS, sections were 

mounted with fluorescence mounting medium and visualized using Leica 6M6B microscope.

Oxygen consumption measurements

Skeletal muscle samples were collected and preserved in ice-cold BIOPS buffer (10 mM Ca-EGTA buffer, 0.1 μM free calcium, 20 mM 

imidazole, 20 mM taurine, 50 mM K-MES, 0.5 mM DTT, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM phosphocreatine, pH 7.1). Samples 

were homogenized using a glass-on-glass homogenizer, then diluted to 2 mg/mL. High-resolution respirometry was performed using 

an Oroboros Oxygraph-2k high-resolution respirometer (Oroboros instruments) at 37 ◦ C in 2 mL chambers containing MiR06 mito-

chondrial respiration medium (MiR06; 0.5 mM EGTA, 3 mM MgCl 2 , 60 mM lactobionic acid, 20 mM taurine, 10 mM KH 2 PO 4, 

20 mM HEPES, 110 mM sucrose, 1 g/L BSA, catalase 280 u/mL; pH 7.1). Oxygen concentration and flux were recorded in real-

time using DatLab software. Homogenized sample (0.2 mg tissue) was added to chambers, followed by sequential additions of: 

glutamate/malate, succinate, ADP, cytochrome c, oligomycin and FCCP.

Muscle force measurements

Gastrocnemius muscle contractile performance was measured using a muscle lever system (1300A, Aurora Scientific). Mice were 

anesthetized with Xylazine and Zoletil, positioned on a temperature-controlled table with the knee stabilized and foot secured to a 

motor-connected footplate. Stainless-steel electrode wires were implanted on either side of the sciatic nerve to trigger contractions 

via electrical stimulation. To prevent dorsal flexor activation, the common peroneal nerve was severed. Isometric torque was re-

corded at increasing stimulation frequencies, with 30 s intervals to avoid fatigue, and eccentric contractions were performed by

e4 Cell Reports Medicine 6, 102248, August 19, 2025

Article
ll

OPEN ACCESS



moving the foot backward at 40 mm/s during tetanic stimulation (100 Hz). Force was calculated by dividing torque by the lever arm 

length (2.1 mm) and normalized to muscle mass to estimate relative force. After completing measurements, the mice were euthanized 

by cervical dislocation, and the muscles were dissected and weighed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental data from a minimum of three independent experiments are presented as dot plots. These plots display individual data 

points along with the mean and standard error of the mean (SEM). All figure legends include sample sizes (n) and p values. Statistical 

analysis was performed using OriginPro software (Microcal). Shapiro-Wilk test was employed to assess normal distribution of pop-

ulations at a 0.05 significance level. To determine statistical significance for normally distributed data, Student’s unpaired t test, one-

way ANOVA and two-way ANOVA with Tukey’s post-hoc test were used. For non-normally distributed data, Mann-Whitney U test 

and Kruskal–Wallis tests were applied. Data was considered statistically significant at p ≤ 0.05 represented in figures by ‘‘*’’, where 

*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.
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