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A B S T R A C T   

Mitochondrial optic atrophy-1 (OPA1) plays key roles in adapting mitochondrial structure to bioenergetic 
function. When transmembrane potential across the inner membrane (Δψm) is intact, long (L-OPA1) isoforms 
shape the inner membrane through membrane fusion and the formation of cristal junctions. When Δψm is lost, 
however, OPA1 is cleaved to short, inactive S-OPA1 isoforms by the OMA1 metalloprotease, disrupting mito-
chondrial structure and priming cellular stress responses such as apoptosis. Previously, we demonstrated that L- 
OPA1 of H9c2 cardiomyoblasts is insensitive to loss of Δψm via challenge with the protonophore carbonyl cy-
anide chlorophenyl hydrazone (CCCP), but that CCCP-induced OPA1 processing is activated upon differentiation 
in media with low serum supplemented with all-trans retinoic acid (ATRA). Here, we show that this develop-
mental induction of OPA1 processing in H9c2 cells is independent of ATRA; moreover, pretreatment of undif-
ferentiated H9c2s with chloramphenicol (CAP), an inhibitor of mitochondrial protein synthesis, recapitulates the 
Δψm-sensitive OPA1 processing observed in differentiated H9c2s. L6.C11 and C2C12 myoblast lines display the 
same developmental and CAP-sensitive induction of OPA1 processing, demonstrating a general mechanism of 
OPA1 regulation in mammalian myoblast cell settings. Restoration of CCCP-induced OPA1 processing correlates 
with increased apoptotic sensitivity. Moreover, OPA1 knockdown indicates that intact OPA1 is necessary for 
effective myoblast differentiation. Taken together, our results indicate that a novel developmental mechanism 
acts to regulate OMA1-mediated OPA1 processing in myoblast cell lines, in which differentiation engages 
mitochondrial stress sensing.   

1. Introduction 

Mitochondria are increasingly found to participate in highly sensi-
tive stress response mechanisms, allowing the organellar network to 
homeostatically maintain structure and function in response to cellular 
stimuli. Optic atrophy-1 (OPA1) plays a central role in regulating 
mitochondrial structure/function balance, mechanistically linking the 

transmembrane potential across the inner membrane (Δψm), generated 
by the complexes of oxidative phosphorylation (OXPHOS), with mito-
chondrial inner membrane fusion and cristae organization. 

Located in the inner membrane, OPA1 plays crucial roles in shaping 
the inner membrane, mediating both fusion of the inner membrane and 
the formation of cristal junctions. To facilitate fusion of the inner 
membrane, OPA1 will either bind to itself (as a homodimer) or to 

Abbreviations: ATRA, all-trans retinoic acid; CAP, chloramphenicol; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; DAPI, diaminophenylindole; DMEM, 
Dulbecco’s Modified Eagle’s Medium; FBS, fetal bovine serum; HS, horse serum; MEFs, mouse embryonic fibroblasts; NGS, normal goat serum; OXPHOS, oxidative 
phosphorylation; PBS, phosphate-buffered saline; SE, standard error; STS, staurosporine; TBST, Tris-buffered saline plus Tween; Δψm, transmembrane potential 
across the mitochondrial inner membrane. 
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mitochondrial-specific cardiolipin (Ban et al., 2017), allowing the 
mitochondria to organize as an interconnected network (Griparic et al., 
2007; Ishihara et al., 2006). At the same time, OPA1 also plays a key role 
in shaping mitochondrial cristae, the tubular/lamellar structuring of the 
inner membrane that provides an optimal environment for bio-
energetics. The dimerization of the F1F0 ATP synthase establishes 
membrane curvature and tubulation of the cristae (Paumard et al., 2002; 
Minauro-Sanmiguel et al., 2005; Strauss et al., 2008; Hahn et al., 2016), 
while OPA1 associates with the mitochondrial cristae organizing system 
(MICOS) factors to organize the cristal junction, the ‘collar’ assembly 
where the tubular or lamellar cristae join the inner membrane (Stephan 
et al., 2020). Strikingly, the organization of the inner membrane into 
cristae provides for higher Δψm values in the cristae relative to the inner 
membrane; moreover, this organization leads to heterogeneity of Δψm in 
adjacent cristae (Wolf et al., 2019). OPA1′s role in cristal junction for-
mation is mechanistically distinct from its role in mitochondrial fusion 
(Frezza et al., 2006). 

OPA1′s roles governing mitochondrial structure provide a unique 
link with bioenergetic function. Full-length, long OPA1 (L-OPA1) iso-
forms are located in the inner membrane, but are proteolytically cleaved 
upon loss of Δψm to short S-OPA1 isoforms, which are released into the 
intermembrane space and are no longer functional at the inner mem-
brane (Griparic et al., 2007). While the YME1L inner membrane prote-
ase carries out a constitutive, basal level of L-OPA1 processing at the S2 
site, resulting in a steady-state balance of L-OPA1 and S-OPA1 isoforms, 
OMA1 is the stress-inducible metalloprotease that cleaves L-OPA1 iso-
forms: upon loss of Δψm, OMA1 cleaves OPA1 at the S1 site, causing 
accumulation of the S-OPA1 isoforms (Anand et al., 2014; Ehses et al., 
2009; Head et al., 2009); following proteolytic activation, OMA1 is then 
actively degraded (Zhang et al., 2014). The matrix-oriented N-terminal 
domain of OMA1 is required for Δψm sensing (Baker et al., 2014), but 
the full mechanism by which OMA1 senses loss of Δψm and activates 
OPA1 proteolysis remains unclear. Within the protein-dense inner 
membrane, OMA1 interacts with a range of factors, including AFG3L2 
(Consolato et al., 2018); cardiolipin (Anderson et al., 2019), the pro-
hibitins PHB1 and 2 (Anderson et al., 2019; Richter-Dennerlein et al., 
2014), CHCHD2 and CHCHD10 (Ruan et al., 2022), and YME1L (Rain-
bolt et al., 2016; MacVicar and Lane, 2014). As a mitochondrial stress 
sensor, OMA1 has crucial impacts on cell-wide pathways including 
apoptosis and integrated stress response (ISR). Cleavage of L-OPA1 
isoforms promotes apoptosis (Griparic et al., 2007): while L-OPA1 sta-
bilizes mitochondrial cristae and prevents cytochrome c from exiting the 
organelle, cleavage of L-OPA1 disrupts cristal junctions, allowing these 
tightly-regulated collars to open and promote the efflux of cytochrome c 
to the cytosol, where it activates caspases for apoptosis (Frezza et al., 
2006). OMA1 interacts directly with the pro-apoptotic factors Bax and 
Bak (Jiang et al., 2014), as well as the MICOS complex (Viana et al., 
2021), providing a direct mechanistic link between OMA1 and apoptotic 
induction. OMA1 also participates in integrated stress response (ISR), 
mediating mitochondria-to-nucleus retrograde signaling: mitochondrial 
stress causes OMA1 to cleave DELE1 to its short form, which is released 
to the cytosol, where it binds to and activates the heme regulated e1F-2 
kinase (HRI), increasing translation of ATF4 and activating ISR (Guo 
et al., 2020; Fessler et al., 2020). 

Previously, we demonstrated that H9c2 cardiomyoblasts fail to 
cleave L-OPA1 following challenge with the protonophore Δψm un-
coupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP); however, 
differentiation using all-trans retinoic acid (ATRA) robustly induces 
CCCP-sensitive L-OPA1 processing, indicating that a developmental 
switch controls OMA1 in H9c2s (Garcia et al., 2021). These findings are 
consistent with an emerging literature suggesting key developmental 
roles for mitochondrial dynamics, with OPA1 playing a role in differ-
entiation of stem cells to neurons (Caglayan et al., 2020; Jonikas et al., 
2018) and cardiac cells (Kasahara et al., 2013). Specifically, myogenic 
differentiation involves a shift towards increased mitochondrial meta-
bolism, with both increased mitochondrial biogenesis and quality 

control necessary for formation of differentiated muscle fibers (Hong 
et al., 2022), with OPA1 playing a critical role in metabolic reprog-
ramming during muscle differentiation (Triolo et al., 2024). Here, we 
explore both the underlying mechanism and generality of this robust 
switch controlling stress-sensitive OPA1 processing. 

2. Experimental procedures 

2.1. Cell culture 

Cells were grown in high glucose Dulbecco’s modified Eagle’s me-
dium (DMEM) with L-glutamine, phenol red, and sodium pyruvate 
(Gibco) supplemented with 10 % fetal bovine serum (FBS) or 2 % horse 
serum (HS) and antibiotic/antimycotic (Gibco) in a 5 % CO2 at 37 de-
grees c. H9c2, L6.C11, and C2C12 rat myoblasts were obtained from 
ATCC. For differentiation experiments, 350,000 cells were plated to 10 
cm dishes in standard media. The next day, cells were given DMEM with 
1 % FBS with or without 1 μM ATRA and grown for five days. For CCCP 
treatment, cells were incubated with CCCP (from 10 mM stock in DMSO) 
at 10 μM for 1 hr. To monitor Δψm, tetramethyl rhodamine ester (TMRE) 
flow cytometry was used as previously (Garcia et al., 2021; Jones et al., 
2017): Cells were incubated with 100 nM TMRE for 20 min., trypsinized, 
washed twice in PBS, and analyzed on a BD FACSCelesta. Flow cytom-
etry data represent the mean fluorescence of 10,000 events in three 
independent biological replicates. To knock down OPA1 in C2C12s, the 
murine OPA1 gene was disrupted by lentiviral transfection with shRNA 
constructs TRCN0000091111 (OPA1 KD1) or TRCN0000091108 (OPA1 
KD2) (Millipore Sigma) 

2.2. Immunoblotting 

For immunoblotting, cells were lysed in either RIPA, Laemmli, or 2X 
sample buffer (125 mM Tris-HCl 6.8, 2 % SDS, 10 % 2-mercapethanol, 
20 % glycerol, 0.05 % bromophenol blue, 8 m urea). SDS-PAGE elec-
trophoresis utilized 6 % (for OPA1 blotting), 10 % (for OMA1 blotting), 
or 4–20 % (all others) gels. Antibodies used were: anti-OPA1 (1:1000, 
612,606 BD Biosci.), anti-OMA1 (1:1000, sc-515788 santa Cruz), anti- 
MTCO1 ab14705 (1:1000, Abcam, Waltham, MA), anti-tubulin T6074 
(1:1000, sigma Aldrich), anti-cleaved caspase-3 (1:1000, cell Signaling, 
Beverley, MA), goat anti-mouse poly-HRP (Invitrogen 32230), and goat 
anti-rabbit IgG (H + L) secondary antibody HRP (Invitrogen 31460). 
Jurkat cell apoptosis cell extracts without and with etoposide (Cell 
signaling 2043S, Beverley, MA) were run as controls for STS experi-
ments. Equal volumes of cell lysates were run on polyacrylamide gels (6 
% for OPA1, 10 % for OMA1, 4–20 % for all others) and transferred to 
immobilon PVDF (Bio-Rad). Membranes were blocked in 5 % milk in 
tris-buffered saline + tween (TBST), followed by primary and secondary 
antibody incubations. Blots were developed with west dura SuperSignal 
(Thermo, 34076) and imaged using a GelDoc XR + gel documentation 
system (Bio-Rad). Each blot shown is representative of at least three 
independent biological replicates. ImageJ quantification of western 
blots also used at least three independent biological replicates 

2.3. Imaging 

For microscopic imaging, cells were seeded to glass coverslips. 
Coverslips were incubated in MitoTracker CMXRos (Invitrogen molec-
ular Probes, Eugene, OR) for 20 min. And washed with fresh media. 
Coverslips were fixed in 4 % paraformaldehyde in PBS for 30 min. 
Followed by permeabilization in 0.1 % triton X-100 in PBS for 10 min. 
Coverslips were then incubated in phalloidin-AlexaFluor488 (Invitrogen 
molecular Probes, Eugene, OR) for 30 min., briefly counterstained with 
DAPI, and mounted with 50 % glycerol in PBS. For cytochrome c 
immunolabeling experiments, cells were seeded to glass coverslips in 6- 
well dishes overnight, followed by transfection with mCherry-mito-7 
(Addgene) using lipofectamine 3000 (Invitrogen). Four hours post- 
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transfection, cells were given fresh media and incubated for 48 hrs. 
Coverslips were fixed with 4 % paraformaldehyde in PBS (30 min.), 
followed by antigen retrieval in 5 % urea in 0.1 m tris 8.8 at 95 degrees 
for 5 min. And permeabilization in 0.1 % TX-100 in PBS. Coverslips were 
blocked in 10 % normal goat serum (NGS) and incubated with anti- 
cytochrome c (Abcam ab110325) at 2 mg/mL in PBS for 1 hr, fol-
lowed by washing 3 × 5 min. In PBS. Coverslips were then incubated in 
goat anti-mouse Alexa488 (Invitrogen molecular Probes) at 1:100 
dilution in PBS for 1 hr., washed 3 × 5 min. In PBS, counterstained with 
DAPI, and mounted in 50 % glycerol in PBS. Samples were visualized on 
an olympus fluoview FV10i or nikon AX confocal microscope at 60x 

2.4. Gene expression 

To examine gene expression, qRT-PCR was performed for OPA1, 
OMA1, Bax, Bak, and MyoG, as previously (Garcia et al., 2021). Cells 
were harvested from 10 cm cell culture dishes and total RNA processed 
using the QIAGEN RNeasy kit, followed by cDNA preparation using 
superscript reverse transcriptase (Invitrogen). Forward and reverse 
primers were used for the following R. Norvegicus mRNAs: OPA1: F: 
CATACTAGGATCGGCTGTTGG R: ACTGTAACACACCCTTTAACT, 
OMA1: F: ATCCTCTAAGCCCTGCTTCC R: ATCCTCTAAGCCCTGCTTCC, 
Bax: F: TGCTAGCAAACTGGTGCTCA R: GGTCCCGAAGTAGGAAAGGA, 
Bak: F: AAGTTGCCCAGGACACAGAG R: TGTCCATCTCAGGGTTAGCA, 
MyoG: F: TCCAGTACATTGAGCGCCTA R: GCTGTGGGAGTTGCATT-
CAC, ActB: F: TGTCACCAACTGGGACGATA R: 
CTTTTCACGGTTGGCCTTAG. Murine OPA1 primers were F: ACAG-
CATTTCGAGCAACAGA R: GCGCTCCAAGATCCTCTGAT. Samples were 
run on an eco illumina real-time system (Illumina, San Diego, CA) using 
SyBr green. Actin (ActB) was used to normalize expression levels 

2.5. OMA1 functional assay 

The OMA1 activity assay utilizes an 8-mer peptide (AFRATDHG) 
derived from the cleavage sequence of OPA1, which is reported to be 
specific of OMA1 which is referred as the OPA1 FRET substrate. The 
peptide contains a fluorogenic MCA moiety on the n-terminus and a DNP 
quencher moiety on the C-terminus, which was custom-synthesized by 
LifeTein LLC and handled accordingly to the manufacturer’s in-
structions. Using a final 100 ul reaction volume and black, opaque 96 
well plates (Costar), the reagents were added in the following order: (1) 
OMA1 activity assay buffer (50 mM of Tris/HCl, pH = 7.5, 40 mM of 
KCl), (2) 5 μg of protein sample, and lastly, the OPA1 FRET substrate (5 
μM final concentration; dissolved in DMSO). Fluorescence (RFU) was 
recorded (excitation/emission of 320/405 nm) once per minute for 30 
min at 37 ◦C using a fluorescent plate reader. 

2.6. Statistical analyses 

Statistical analyses were carried out as previously (Garcia et al., 
2021; Garcia et al., 2018). Data presented are the average mean of all 
samples (n ≥ 3) ± standard error (SE). For OPA1 isoform and all other 
western blotting quantifications, one-way analysis of variance (ANOVA) 
with Tukey’s HSD was used. For comparison of mRNA expression, 
multinucleate cells, and cell density, results were analyzed via Student’s 
t-test. In all experiments, P < 0.05 was considered statistically signifi-
cant. * P < 0.05, ** P < 0.01, *** P < 0.001 

3. Results 

3.1. Developmental induction of OPA1 processing is ATRA-independent 

Previously, we examined OPA1 processing in H9c2s differentiated in 
low serum media supplemented with ATRA (1 % FBS + ATRA), 
following the method of Branco et al. (2015). While undifferentiated 
H9c2s do not undergo OPA1 processing in response to CCCP challenge, 

differentiation in low serum media with ATRA robustly restores CCCP- 
induced OPA1 cleavage (Garcia et al., 2021). To explore whether this 
induction of OPA1 processing is broadly activated by differentiation or 
is ATRA-specific, we passaged undifferentiated H9c2s in control media 
(10 % FBS), or differentiated via growth in low serum media with ATRA 
(1 % FBS + ATRA) or low serum alone (1 % FBS). These two methods 
promote differentiation to either a more cardiac-like (low serum plus 
ATRA) or skeletal muscle-like (low serum alone) phenotype (Branco 
et al., 2011). When grown in standard DMEM with 10 % FBS, control 
H9c2 cells maintain a blast-type, rapidly-dividing morphology, as 
imaged by confocal microscopy. Upon differentiation with ATRA (1 % 
FBS + ATRA), however, H9c2s adopt a more elongate, cardiomyocyte- 
like morphology. H9c2s grown in low serum media lacking ATRA (1 
% FBS) show a tube-like, spindled morphology consistent with a skeletal 
muscle-like phenotype (Fig. 1A). To examine relative differences in gene 
expression in these three different growth conditions, quantitative 
reverse transcriptase PCR (qRT-PCR) was performed to examine the 
abundance of several mRNAs. Relative to control H9c2s, 1 % FBS +
ATRA cells displayed increased relative expression of OPA1, OMA1, Bax, 
Bak, and the muscle marker MyoG. Strikingly, H9c2s differentiated 
without ATRA (1 % FBS) displayed significant decreases in these same 
factors (Fig. 1B). Thus, differentiation of H9c2s with or without ATRA 
provokes marked differences in genetic and phenotypic readouts, 
consistent with, and expanding on, the results of Branco et al. (2015). 

We next explored Δψm-sensitive OPA1 processing by challenging 
these cells with 10 μM CCCP for 1 hr. In the absence of CCCP challenge, 
all three media conditions (control, 1 % FBS + ATRA, 1 % FBS) main-
tained both L-OPA1 isoforms (upper two bands) and S-OPA1 isoforms 
(lower three bands). Under CCCP challenge, control (undifferentiated) 
H9c2s retained L-OPA1 isoforms, as we had shown previously (Garcia 
et al., 2021). Strikingly, CCCP challenge of H9c2s differentiated with 
either 1 % FBS + ATRA or 1 % FBS alone resulted in robust cleavage of L- 
OPA1 isoforms (Fig. 1C). ImageJ quantification of OPA1 isoforms con-
firms this: control H9c2s retain L-OPA1 both without (60 ± 1 %) and 
with (50 ± 3 %) CCCP challenge, while H9c2s differentiated with 1 % 
FBS + ATRA show a significant decrease in L-OPA1, from 58 ± 2 % 
(without CCCP) to 12 ± 2 % (with CCCP). Similarly, H9c2s differenti-
ated with 1 % FBS alone drop from 59 ± 2 % (without CCCP) to 12 ± 3 
% (with CCCP). Further, both differentiated conditions show a signifi-
cant difference under CCCP challenge compared with control H9c2s +
CCCP (p < 0.01) (Fig. 1D). These results demonstrate that while dif-
ferentiation of H9c2s in 1 % FBS +ATRA or 1 % FBS alone provokes very 
distinct cellular gene expression and morphology phenotypes, both 
conditions robustly activate CCCP-induced OPA1 processing. 

As OMA1 is the major identified Δψm-sensitive OPA1 protease, we 
next examined OMA1 status in control versus differentiated H9c2s. 
Following loss of Δψm, OMA1 undergoes activation followed by degra-
dation: one hour of CCCP challenge is sufficient to induce L-OPA1 
cleavage, followed by loss of OMA1 several hours later (Zhang et al., 
2014; Rainbolt et al., 2016). We therefore examined control and 
differentiated H9c2s without and with 4 hr. CCCP challenge. Undiffer-
entiated control H9c2s retain a strong OMA1 band both without and 
with 4 hrs. of CCCP challenge, as previously. While differentiated H9c2s 
(both 1 % FBS + ATRA and 1 % FBS) show a strong band for OMA1, both 
show a marked decrease in OMA1 following CCCP challenge (Fig. 1E). 
This is confirmed by quantitation of OMA1 immunoblots, which 
demonstrate significant decreases in differentiated H9c2s following 4 
hrs. of CCCP treatment, but not in controls (Fig. 1F). These results are 
consistent with a lack of OMA1 activation and degradation in undif-
ferentiated H9c2s, as well as a robust induction of OMA1 activation and 
degradation upon CCCP challenge in both 1 % FBS + ATRA and 1 % FBS 
H9c2 differentiation settings. As a parallel independent approach, 
OMA1 activity was examined using a cell-free assay. This OMA1 func-
tional assay tests the ability of OMA1 in cellular lysates to cleave an 
OPA1 peptide reporter, which then produces a fluorescence signal 
(Tobacyk and MacMillan-Crow, 2021). Cell lysates were incubated with 
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the OPA1 peptide reporter and fluorescence was monitored for 30 min 
(excitation 325 nm/emission 392 nm) (Fig. 1G). Importantly, OMA1 
functional activity was statistically equivalent in untreated H9c2s 
compared to both differentiation treatments (Fig. 1H). This indicates 
that OMA1 is fully capable of cleaving OPA1 in undifferentiated H9c2s, 
but that within the mitochondrial inner membrane in situ, OMA1 is 
inhibited by an unknown interacting partner or partners. 

Taken together, these results show that two very distinct differenti-
ation programs activate Δψm-sensitive OPA1 processing in H9c2s, 
indicating that CCCP challenge causes OMA1′s activation and cleavage 
of L-OPA1 isoforms, followed by degradation of OMA1. This 

developmental switch is therefore not dependent on ATRA alone but is 
more broadly activated by cellular differentiation. 

3.2. Disruption of mitochondrial protein synthesis engages OPA1 
processing in undifferentiated H9c2s 

To explore the mechanism of this intriguing switch, we examined 
whether the developmental induction of CCCP-sensitive OPA1 process-
ing could be recapitulated in undifferentiated H9c2s. In mammalian 
cells, chloramphenicol (CAP) binds to the mitochondrial (but not cyto-
solic) ribosome and prevents peptides from exiting, thus shutting down 

Fig. 1. Differentiation activates Δψm-sensitive OPA1 processing. A. Confocal microscopy of H9c2s grown in standard media (10 % FBS) or differentiated for 5 d. 
in low serum with (1 % FBS + ATRA) or without (1 % FBS) retinoic acid. Nuclei (blue) labeled with DAPI, actin visualized with phalloidin (green). n = 3 experiments. 
Size bar = 10 μm. B. Undifferentiated control and differentiated (1 % FBS + ATRA or 1 % FBS) H9c2s were analyzed for gene expression via qRT-PCR of the indicated 
mRNAs. n = 4 experiments, ± SE. Student’s t-test. * denotes p < 0.05, *** denotes p < 0.001 compared with control. C. Anti-OPA1 immunoblotting of undiffer-
entiated and differentiated H9c2s without or with CCCP challenge (10 μM, 1 hr.), with anti-tubulin loading control, bottom. n = 3 independent biological replicates. 
D. ImageJ quantification of OPA1 isoforms of immunoblots in C, ± SE. One-way ANOVA followed by Tukey’s HSD. * denotes p < 0.05, ** denotes p < 0.01, *** 
denotes p < 0.001 compared with undifferentiated H9c2s. E. OMA1 immunoblotting of control and differentiated H9c2s without or with CCCP challenge (10 µM, 4 
hrs.). n = 3 independent biological replicates. F. ImageJ quantification of immunoblots in E, ± SE. One-way ANOVA followed by Tukey’s HSD. ** denotes p < 0.01. 
G. OMA1 functional activity assay. Lines represent the tracing as an average (n = 3) over the 30 min assay reported as relative fluorescence units (RFU) excitation/ 
emission of 325/392 nm. H. Histogram of activity assay in G. Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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synthesis of mtDNA-encoded proteins (Bulkley et al., 2010). Disruption 
of mitochondrial protein synthesis triggers cell-wide stress response 
(Richter et al., 2019). We hypothesized that CAP-mediated inhibition of 
mitochondrial protein synthesis might engage Δψm-sensitive OPA1 
processing in undifferentiated H9c2s subsequently challenged with 
CCCP. To test this, undifferentiated H9c2s were incubated with 40 µg/ 
ml CAP for 72 hrs. Followed by addition of CCCP for 1 hr. Control H9c2s 
displayed L-OPA1 isoforms both without and with CCCP challenge, as 
above (Fig. 1C), as did H9c2s incubated with CAP alone. H9c2s treated 
with CAP, followed by CCCP challenge, however, displayed a total loss 

of L-OPA1 isoforms (Fig. 2A). This loss of L-OPA1 was confirmed by 
ImageJ quantification: While untreated (52 ± 6 %) versus CCCP-treated 
(41 ± 7 %) did not show a significant loss of L-OPA1, CAP-treated H9c2s 
(66 ± 1 %) showed a sharp decrease under CCCP challenge (10 ± 4 %) 
(Fig. 2B). Further, OMA1-/- cells displayed strong L-OPA1, even in the 
presence of CCCP (Fig. 2A). These results demonstrate that CAP treat-
ment robustly activates CCCP-induced OPA1 processing in undifferen-
tiated H9c2s, consistent with CAP-mediated activation of OMA1. 
Immunoblotting for the mtDNA-encoded MTCO1 protein demonstrated 
that while untreated control and CCCP-challenged H9c2s show a strong 

Fig. 2. Inhibition of mitochondrial protein synthesis activates Δψm-sensitive OPA1 processing in undifferentiated H9c2s. A. OPA1 immunoblotting of H9c2s 
grown without or with CAP (40 μg/mL) for 72 hrs. followed by CCCP challenge (10 µM, 1 hr.), as well as OMA1-/- MEFs. n = 3 independent biological replicates. 
Tubulin loading control. B. ImageJ quantification of OPA1 isoforms in A. One-way ANOVA followed by Tukey’s HSD. ** denotes p < 0.01. C. Immunoblotting for 
mtDNA-encoded MTCO1 in lysates of A, above. Tubulin loading control. n = 3. D. OMA1 immunoblotting of lysates from H9c2s grown without or with CAP, followed 
by CCCP challenge for 0, 1, or 4 hrs. (10 μM), n = 3 independent biological replicates. E. Quantification of OMA1 in D. One-way ANOVA followed by Tukey’s HSD. * 
denotes p < 0.05, ** denotes p < 0.01. F. TMRE flow cytometry of H9c2s without or with CAP followed by CCCP challenge, each data point represents mean 
fluorescence of 10,000 events. n = 3 experiments, ± SE. ** denotes p < 0.01. G. MTCO1 immunoblotting of control, CAP-treated, and differentiated (1 % FBS +
ATRA, 1 % FBS) H9c2s. Tubulin loading control. n = 3 independent biological replicates. H. Quantification of MTCO1 in G. I. OPA1 immunoblotting of H9c2s treated 
with ACT (150 mM, 24 hrs.), CAP (40 mg/mL, 72 hrs.) or both. J. ImageJ quantification of OPA1 isoforms in I. K. PHB2 immunoblotting of control, CAP-treated, and 
differentiated (1 % FBS + ATRA, 1 % FBS) H9c2s. Tubulin loading control. L. ImageJ quantification of PHB2 blotting in K. All immunoblot quantifications analyzed 
by one-way ANOVA with Tukey’s HSD, ± SE. * denotes p < 0.05, ** denotes p < 0.01. 
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band for MTCO1, CAP-treated H9c2s show no signal for MTCO1 
(Fig. 2C), consistent with complete inhibition of mitochondrial protein 
synthesis by CAP, as expected. OMA1 immunoblotting revealed that 
control H9c2s challenged with CCCP (1 or 4 hrs.) retain OMA1 signal. 
CAP-treated H9c2s challenged with CCCP for 4 hrs, however, showed a 
decrease in OMA1 signal (Fig. 2D), consistent with activation and sub-
sequent degradation of OMA1, as above (Fig. 1E). OMA1 immunoblot 
quantitation confirms significant loss of OMA1 in CAP-treated cells 
under CCCP challenge, but not in controls (Fig. 2E). These findings 
demonstrate that inhibition of mitochondrial protein synthesis via CAP 
engages Δψm-sensitive OPA1 processing in undifferentiated H9c2s, 
recapitulating the activation observed in differentiated H9c2s above 
(Fig. 1). Flow cytometric analysis of relative Δψm using the nernstian 
dye tetramethyl rhodamine ester (TMRE) show that CCCP challenge 
elicits equivalent loss of Δψm in untreated control and CAP-treated 
H9c2s (Fig. 2F). Since disruption of mitochondrial protein synthesis in 
undifferentiated H9c2s recapitulates the activation of OPA1 processing 
found in differentiated H9c2s (Fig. 1), we tested whether the activation 
of OPA1 processing in differentiated H9c2s is accompanied by a 
decrease in mitochondrial protein synthesis. We examined the relative 
levels of mtDNA-encoded MTCO1 in undifferentiated control H9c2s as 
compared with differentiated H9c2s. While control H9c2s show a strong 
signal for MTCO1, CAP-treated H9c2s show no signal, as above. H9c2s 
differentiated with either 1 % FBS + ATRA or 1 % FBS alone show levels 
of MTCO1 equivalent to that of control H9c2s (Fig. 2G); immunoblot 
quantification confirms significant loss of MTCO1 in CAP-treated H9c2s, 
but not in differentiated H9c2s (Fig. 2H). These results indicate that 
mtDNA-derived proteins are not decreased in differentiated H9c2s, 
suggesting that the observed activation of CCCP-induced OPA1 pro-
cessing is not driven by loss of mtDNA-encoded protein synthesis per se 

To further explore the impact of mitochondrial protein synthesis on 
OPA1 processing, we examined the effect of actinonin (ACT). While CAP 
shuts down ribosomal protein synthesis altogether, ACT induces stalling 
of the mitoribosome, causing proteostatic stress within the mitochon-
drial inner membrane through the accumulation of faulty mtDNA- 
encoded polypeptides (Richter et al., 2015). While untreated control 
H9c2s retained both L- and S-OPA1 isoforms, ACT-treated H9c2s 
showed an accumulation of S-OPA1, though they retained some L-OPA1. 
Co-treatment with ACT and CAP blunted this processing, with full L- 
OPA1 retained (Fig. 2I). ImageJ quantification confirmed that ACT 
induced a significant loss of L-OPA1 (30 ± 4 %) versus untreated con-
trols (59 ± 5 %), while ACT + CAP (57 ± 2 %) was equivalent to un-
treated controls (Fig. 2J). Taken together, these results indicate that 
CAP-mediated inhibition of the mitochondrial ribosome acts to engage 
CCCP-induced OPA1 processing in undifferentiated H9c2s, while ACT- 
induced proteostatic stress is sufficient to partially activate OPA1 pro-
cessing even in the absence of CCCP. These results suggest that 
uncharacterized heterotypic protein–protein interactions at the inner 
membrane are responsible for the induction of OPA1 processing 
observed in H9c2s. The prohibitins PHB1 and PHB2 are inner membrane 
scaffolding proteins that interact with cardiolipin (Richter-Dennerlein 
et al., 2014) and OMA1 (Anderson et al., 2019) to modulate OMA1 in a 
large complex, while PHB2 deletion causes loss of L-OPA1 isoforms 
(Merkwirth et al., 2008), suggesting that the observed activation of 
OPA1 processing might be mediated by modulation of PHB levels. 
However, no difference in PHB2 was observed in comparing control 
H9c2s versus CAP-treated or differentiated H9c2s (Fig. 2K), with no 
significant differences in PHB2 levels found by quantification (Fig. 2I). 

3.3. L6.C11 and C2C12 myoblasts activate OPA1 processing 

To explore whether the developmental activation of OPA1 process-
ing observed in H9c2 cells occurs in other cell settings, we examined rat 
L6.C11 and murine C2C12 myoblasts. OPA1 western blots of L6.C11 
cells grown in standard media show the expected balance of L-OPA1 and 
S-OPA1 isoforms. Strikingly, L6.C11s retain L-OPA1 isoforms under 

CCCP challenge (two biological replicates shown, Fig. 3A), with equiv-
alent L-OPA1 levels without (65 ± 1 %) or with CCCP (51 ± 8 %) 
(Fig. 3B). Similarly, C2C12 myoblasts retain strong L-OPA1 under CCCP 
challenge (Fig. 3C), with only a modest loss of L-OPA1 in CCCP-treated 
(50 ± 1 %) versus untreated C2C12s (60 ± 2 %) (Fig. 3D). These results 
demonstrate that CCCP fails to induce the full cleavage of L-OPA1 in 
both L6.C11 and C2C12 myoblast lines, recapitulating the CCCP insen-
sitivity observed in undifferentiated H9c2s (Fig. 1C). To explore whether 
differentiation might activate CCCP-induced OPA1 processing as in 
H9c2s, L6.C11 myoblasts were differentiated using media with either 1 
% FBS or 1 % FBS + ATRA, as in H9c2s (Fig. 1). Confocal imaging shows 
that control L6.C11s have the expected blast-type morphology of 
rapidly-diving cells, while L6.C11s differentiated in 1 % FBS, either with 
or without ATRA, adopt a more elongate, spindled morphology 
(Fig. 3E), consistent with muscle-like differentiation. C2C12s display a 
similar shift in cellular morphology, transitioning from a small, rapidly- 
dividing blast morphology to a larger, more spindled state (Fig. 3F). 
Analysis of gene expression in control versus 1 %FBS + ATRA and 1 % 
FBS differentiated C2C12s reveals that both differentiation regimes 
elicit strong increases in myogenic differentiation factors MyoG, MyoM2, 
and DMD. In addition, the mitophagic factor parkin is robustly induced 
by both differentiation methods (Fig. 3G), consistent with a key role for 
mitophagy in myogenic differentiation (Baechler et al., 2019). These 
data demonstrate that both L6C11 and C2C12 myoblast lines undergo 
similar differentiation to H9c2s 

To test whether L6.C11 and C2C12 myoblasts employ a develop-
mental switch to activate Δψm-sensitive OPA1 processing as in H9c2s, 
we examined OPA1 in differentiated L6.C11s and C2C12s, as well as in 
undifferentiated myoblasts grown in the presence of CAP. While undif-
ferentiated control L6.C11s retained L-OPA1 in both the absence or 
presence of CCCP, L6.C11s grown in CAP show robust cleavage of L- 
OPA1 when challenged with CCCP. Similarly, L6.C11s differentiated 
with either 1 % FBS + ATRA or 1 % FBS alone display full, robust L- 
OPA1 cleavage under CCCP challenge (Fig. 4A). ImageJ quantification 
of L-OPA1 isoforms confirms that CCCP challenge elicits a significantly 
greater loss of L-OPA1 in CAP-treated (20 ± 5 %) or differentiated (1 % 
FBS + ATRA (14 ± 1 %) or 1 % FBS (16 ± 3 %)) as compared with CCCP- 
treated control L6C11s (34 ± 2 %) (Fig. 4B). Similarly, control C2C12s 
maintain L-OPA1 isoforms both without and with CCCP challenge, but 
show robust L-OPA1 cleavage under CCCP challenge in CAP-treated and 
differentiated (1 % FBS + ATRA and 1 % FBS) C2C12s (Fig. 4C). 
Quantification of L-OPA1 confirms that CCCP induces significantly 
greater cleavage of L-OPA1 in CAP-treated (18 ± 2 %) or differentiated 
(1 % FBS + ATRA (23 ± 4 %) or 1 % FBS (15 ± 1 %)) as compared with 
CCCP-treated control C2C12s (44 ± 5 %) (Fig. 4D). These findings 
demonstrate that both L6.C11 and C2C12 myoblasts show develop-
mental activation of OPA1 processing in response to both differentiation 
and CAP treatment, recapitulating the induction shown for H9c2s 
(Fig. 1). To examine whether the induction of OPA1 processing is 
consistent with OMA1 activation in these cell lines, we examined 
whether OMA1 was degraded in response to 4 hr. CCCP challenge, as 
above (Fig. 1E). Control L6.C11s show a strong band for OMA1 both 
without and with CCCP challenge, while OMA1-/- knockout MEFs show 
no band, demonstrating the specificity of the antibody. CAP-treated and 
differentiated (1 % FBS + ATRA and 1 % FBS) L6.C11 lysates show a 
strong band for OMA1; however, this band is absent or greatly reduced 
under CCCP challenge (Fig. 4E). OMA1 immunoblot quantification 
confirms that differentiated L6.C11s show significant loss of OMA1 upon 
4 hr. CCCP challenge, as compared with CCCP-challenged controls 
(Fig. 4F). Similarly, control C2C12s show a strong band for OMA1 both 
without and with CCCP challenge, while CAP-treated and differentiated 
C2C12s show a strong OMA1 band that is lost upon CCCP challenge 
(Fig. 4G). ImageJ quantification confirms a significant loss of OMA1 
signal in CAP-treated and differentiated C2C12s as compared with 
CCCP-treated controls (Fig. 4H). These results demonstrate that rat L6. 
C11 and murine C2C12 myoblast lines share the insensitivity to CCCP 
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observed in H9c2s, and also recapitulate the activation of OPA1 pro-
cessing induced by either inhibition of mitochondrial protein synthesis 
or differentiation observed in H9c2s. Taken together, these results 
strongly indicate that OMA1-mediated Δψm-sensitive OPA1 processing 
can be turned on or off as a general mechanism of myoblast cell settings. 

3.4. Induction of OPA1 processing correlates with increased apoptotic 
sensitivity and disruption of differentiation 

OPA1 plays a strong anti-apoptotic role through its regulation of 
cristal structure within the inner membrane: Under basal conditions, 
OPA1 maintains cristal junctions and restricts the release of cytochrome 
c, while apoptotic induction disrupts cristae maintenance and allows 
efflux of cytochrome c into the cytosol, activating apoptotic caspases 
(Frezza et al., 2006). Thus, L-OPA1 isoforms protect the cell against 
apoptosis (Anand et al., 2014; Patten et al., 2014). We therefore hy-
pothesized that activation of OPA1 processing in H9c2s will confer 
increased apoptotic sensitivity in myoblast cells. To test this hypothesis, 
untreated control and CAP-treated H9c2s were challenged with staur-
osporine (STS), a canonical inducer of mitochondrial apoptosis: STS 
treatment elicits the release of mitochondrial cytochrome c into the 
cytosol, followed by caspase activation and subsequent cell death (Yang 
et al., 1997; Ellerby et al., 1997). When incubated with CCCP in either 
the absence or presence of CAP, H9c2s show typical blast-type cell 
morphology, as visualized by phalloidin labeling of the actin cytoskel-
eton and DAPI staining of nuclei. Upon STS challenge for 2 hrs in the 

presence of CCCP, H9c2s without CAP show a disorganized actin cyto-
skeleton, consistent with STS-induced disruption of actin microfilaments 
(Hedberg et al., 1990). H9c2s challenged with STS in the presence of 
CAP, however, transition to a shrunken cell morphology with withered 
projections (Fig. 5A), consistent with robust induction of apoptosis. In 
parallel, confocal immunofluorescence microscopy was used to examine 
cytochrome c release: Control H9c2 cells show colocalization of cyto-
chrome c immunolabeling (green) with mCherry-mito, a transfectable 
marker of mitochondrial localization (red), in the absence or presence of 
STS treatment, as do CAP-treated H9c2s in the absence of STS. STS- 
treated H9c2s show mitochondrial localization of cytochrome c, with 
some apparent cytosolic signal (see Fig. 5B, detail). When CAP-treated 
H9c2s are challenged with STS, however, cytochrome c signal can be 
found in the cytoplasm, rather than sequestered within the mitochon-
drial network (Fig. 5B), indicating that STS challenge in CAP-treated 
H9c2s induces cytochrome c release. As an additional means of assay-
ing apoptotic induction, we performed western blotting for cleaved 
caspase-3 on H9c2s under these conditions. In the presence of CCCP 
alone, control H9c2s show little signal for cleaved caspase-3, consistent 
with minimal apoptotic induction. When challenged with 1 μM STS for 2 
hrs, a modest increase in cleaved casp-3 is observed, consistent with a 
small boost in apoptosis. CAP-treated H9c2s given CCCP alone similarly 
show little or no signal for cleaved caspase-3. When challenged with STS 
in the presence of CCCP, however, CAP-treated H9c2s show a strong 
cleaved caspase-3 signal, consistent with a strong induction of apoptosis. 
As a control for cleaved caspase-3 as a marker of apoptotic induction, 

Fig. 3. L6C11 and C2C12 myoblasts undergo differentiation. A. OPA1 immunoblotting of L6.C11 myoblasts without or with CCCP challenge (10 μM, 1 hr.). Two 
independent biological replicates shown. Tubulin loading control. n = 4 expts. B. ImageJ quantification of OPA1 isoforms in A. C. OPA1 immunoblotting of C2C12 
myoblasts without or with CCCP challenge (10 μM, 1 hr.). Two independent biological replicates shown. n = 3 expts. Tubulin loading control. D. ImageJ quanti-
fication of OPA1 isoforms in C. E. Confocal imaging of undifferentiated (control) and differentiated (1 % FBS + ATRA, 1 % FBS) L6.C11s. Nuclei were imaged with 
DAPI (blue) and actin visualized with phalloidin (green). Size bar = 10 μm. F. Confocal imaging of undifferentiated (control) and differentiated (1 % FBS + ATRA, 1 
% FBS) C2C12s as in C. Size bar = 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

H. Kaur et al.                                                                                                                                                                                                                                    



Mitochondrion 78 (2024) 101933

8

manufacturer-provided lysates from Jurkat cells without and with the 
apoptotic inducer etoposide (Cell Signaling) show a strong cleaved 
caspase-3 signal in etoposide-treated cells indicative of robust apoptosis 
(Fig. 5C). ImageJ quantification confirms that CAP-treated H9c2s show 
a significantly stronger induction of cleaved caspase-3 in response to STS 
treatment compared with STS-treated controls (1.55 ± 0.2 versus 0.56 
± 0.3, respectively) (Fig. 5D). These results indicate that CAP sensitizes 
H9c2s to STS-induced apoptosis. To test whether CCCP-mediated OPA1 
processing confers increased apoptotic sensitivity, CAP-treated H9c2s 
were challenged with STS in the absence or presence of CCCP. CAP- 
treated H9c2s in the absence of STS display blast-type cell 
morphology with a well-developed actin cytoskeleton. H9c2s challenged 
with STS in the absence of CCCP display a disorganized actin distribu-
tion, as in 5A. H9c2s challenged with STS in the presence of CCCP, 
however, show a shrunken morphology with fragmented cell processes 
(Fig. 5E). Western blotting for cleaved caspase-3 shows a modest in-
crease in signal for H9c2s challenged with STS in the absence of CCCP, 
while a stronger signal is observed in CCCP-treated H9c2s challenged 
with STS (Fig. 5F). ImageJ quantification confirms significant increases 
in cleaved caspase-3 in STS-challenged H9c2s, with CCCP-treated STS- 
challenged H9c2s showing a significantly greater signal than STS- 
challenged H9c2s lacking CCCP (Fig. 5G). Taken together, these re-
sults are consistent with heightened apoptotic sensitivity in cells with 
fully engaged Δψm-sensitive OPA1 processing 

Recent findings suggest that OPA1 may have important develop-
mental roles: disruption of OPA1 interferes with cardiomyocyte (Kasa-
hara et al., 2013) and neural differentiation (Caglayan et al., 2020). To 
explore whether OPA1 is needed for effective myoblast differentiation, 
H9c2s were differentiated (in media containing 1 % FBS + ATRA or 1 % 
FBS alone, as above) for 24 hrs. in the presence or absence of CCCP, 
alongside undifferentiated controls. Undifferentiated control H9c2s 
maintain a blast-type morphology both without and with 24 hrs. of 
CCCP treatment. After 24 hrs. in differentiation media, H9c2s (in either 
1 % FBS + ATRA or 1 % FBS alone) without CCCP show a largely blast- 
type morphology. Strikingly, however, H9c2s differentiated while under 
CCCP challenge display a smaller, shrunken morphology (Fig. 6A). 
Further, while undifferentiated control H9c2s have equivalent cell 
density without or with CCCP, differentiated H9c2s (both 1 % FBS +
ATRA or 1 % FBS alone) treated with CCCP show significant decreases in 
cell density compared with differentiated H9c2s lacking CCCP (Fig. 6B). 
As an alternate approach, differentiation of myoblasts in media with 2 % 
horse serum (HS) elicits a strong myogenic phenotype, in which myo-
blasts develop into long, multinucleate fibers (Baechler et al., 2019; Sin 
et al., 2016). Control C2C12s differentiated for 6 d. in 2 % HS display 
long, multinucleate fibers by confocal microscopy. OPA1 knockdown 
(KD1 and KD2) myoblasts, however, fail to establish muscle-like fibers 
(Fig. 6E), with significantly fewer multinucleate cells than controls 
(Fig. 6F) and decreased cell density (Fig. 6G). Analysis of relative gene 

Fig. 4. L6.C11 and C2C12 myoblasts engage Δψm-sensitive OPA1 processing upon differentiation or inhibition of mitochondrial protein synthesis. A. 
OPA1 immunoblotting of control, CAP-treated, and differentiated (1 % FBS + ATRA, 1 % FBS) L6.C11s without or with CCCP challenge (10 μM, 1 hr.). n = 3 
biological replicates. B. ImageJ quantification of OPA1 isoforms in A. C. OPA1 immunoblotting of control, CAP-treated, and differentiated (1 % FBS + ATRA, 1 % 
FBS) C2C12s without or with CCCP challenge (10 μM, 1 hr.). n = 3 biological replicates. D. ImageJ quantification of OPA1 isoforms in C. E. OMA1 immunoblotting of 
L6.C11 myoblasts without and with 10 μM CCCP challenge (4 hr.) and OMA1-/- MEFs. Tubulin loading control. n = 3. F. ImageJ quantification of OMA1 in E. G. 
OMA1 immunoblotting of C2C12 myoblasts as in E. n = 3. H. ImageJ quantification of OMA1 in G. All immunoblot quantifications analyzed by one-way ANOVA with 
Tukey’s HSD, ± SE. * denotes p < 0.05, ** denotes p < 0.01. 
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expression reveals that OPA1 knockdown causes significant decreases in 
expression of key myogenic genes MyoG, MyoM2, and Mef2c (Fig. 6H). 
These results, using pharmacologic and genetic approaches to reduce L- 
OPA1, demonstrate that loss of OPA1 disrupts myoblast differentiation, 
consistent with a key role for OPA1 in muscle development. Taken 
together, our results suggest that the developmental switch controlling 
OPA1 processing in myoblasts has important implications for both 
apoptotic sensitivity and differentiation. 

4. Discussion 

Our results present two novel aspects of stress-sensitive mitochon-
drial OPA1 processing. First, a potent molecular switch, or ‘clutch’, is 
capable of activating Δψm-sensitive OPA1 processing, in which cleavage 
of L-OPA1 isoforms following CCCP challenge is restored. This ‘clutch’ 
can be engaged either by cellular differentiation or inhibition of mito-
chondrial protein synthesis. Second, this switch is a general phenome-
non of myoblast cell lines, indicating that activation of stress-sensitive 
OPA1 processing is part of muscle-type differentiation programs, 
contributing to cellular stress sensing in post-mitotic cells. 

While it remains unclear precisely how decreases in Δψm initiate 
OMA1′s proteolytic cleavage of L-OPA1, some key mechanistic de-
terminants of OMA1′s stress-sensitive activation have been identified. 
For example, the positively-charged residues in the matrix-exposed N- 
terminal domain of OMA1 appear to be required for Δψm sensing and 
activation of the IMS-facing M48 metallopeptidase domain (Baker et al., 
2014), while studies in yeast indicate that disulfide bonding between 
cysteine residues located on the IMS side of the membrane are critical for 
OMA1 redox sensing and stability (Bohovych et al., 2019). Our results 
suggest an additional level of regulation, demonstrating that stress- 
sensitive OPA1 cleavage can be turned on or off by an uncharacterized 
mechanism. This underlying mechanism likely involves one or more of 
OMA1′s interacting partners, and potentially involves higher-order or-
ganization within the inner membrane. As OMA1 interacts directly with 
membrane-shaping factors such as the MICOS-integral Mic60 (Viana 
et al., 2021); cardiolipin, and prohibitins (Anderson et al., 2019; Richter- 
Dennerlein et al., 2014), a higher-order macromolecular domain 
including OMA1 and associated factors may serve to mediate OMA1′s 
various stress-responsive roles within the protein-dense mitochondrial 
inner membrane. This may include interaction with OXPHOS 

Fig. 5. CAP-treated H9c2s show increased sensitivity to staurosporine-induced apoptosis. A. Confocal imaging of H9c2s without or with CAP and staur-
osporine (STS) (1 μM, 2 hrs.) in the presence of 10 μM CCCP. Actin cytoskeleton visualized with phalloidin (green), cell nuclei visualized with DAPI (blue). Size bar =
20 μm. n = 3 biological replicates. B. Confocal imaging of H9c2s, with treatments as in A, for nuclei (DAPI, cyan), cytochrome c immunolabeling (green), and 
mitochondria (mCherry-mito-7, red). n = 3 expts. Size bar = 10 μm. C. Cleaved caspase-3 immunoblotting of H9c2s without or with CAP and staurosporine (STS) (1 
μM, 2 hrs.) in the presence of 10 μM CCCP. Jurkat cell control lysates without or with etoposide. Tubulin loading control. n = 3 biological replicates. D. ImageJ 
quantitation of cleaved caspase-3 immunoblotting. One-way ANOVA with Tukey’s HSD, ± SE. * denotes p < 0.05, ** denotes p < 0.01. E. Confocal imaging of H9c2s 
without or with CCCP and STS (1 μM, 2 hrs.) in the presence of CAP. Actin cytoskeleton visualized with phalloidin (green), cell nuclei visualized with DAPI (blue). 
Size bar = 20 μm. n = 3 biological replicates. F. Cleaved caspase-3 immunoblotting of H9c2s without or with 10 μM CCCP and staurosporine (STS) (1 μM, 2 hrs.) in 
the presence of CAP. Tubulin loading control. n = 3 biological replicates. G. ImageJ quantification of cleaved caspase-3 immunoblotting. One-way ANOVA with 
Tukey’s HSD, ± SE. * denotes p < 0.05, ** denotes p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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complexes: our results indicate that inhibition of the mitoribosome (via 
CAP treatment) engages CCCP-induced OPA1 processing, but that this 
engagement is not mediated by a broad loss of mtDNA-encoded poly-
peptides, as differentiated H9c2s still maintain steady-state levels of 
MTCO1. Work in progress is exploring the involvement of both known 
OMA1-interacting factors and mtDNA-encoded factors in mediating the 
observed ‘switch’ for activation of OPA1 processing. Moreover, under-
standing the arrangement of OMA1 with its interacting factors within 
the inner membrane is an important next goal. The arrangement of 
associated mitochondrial factors in higher-order localized domains 
within the IM is an emerging mechanism of Coenzyme Q maintenance 
(Subramanian et al., 2019), mitochondrial translation and complex as-
sembly (Stoldt et al., 2018), and TOM/TIM protein import (Gold et al., 

2017), providing for both mitochondrial functionalities and crosstalk 
with ER contact sites (Subramanian et al., 2019; Kornmann et al., 2009). 

While the importance of stress-sensitive OMA1 activation and sub-
sequent OPA1 processing to cell-wide pathways such as apoptosis 
(Frezza et al., 2006; Cipolat et al., 2006) and integrated stress response 
(Guo et al., 2020; Fessler et al., 2020) is increasingly appreciated, our 
results also suggest a novel role for stress-sensitive OPA1 processing as 
part of developmental reprogramming during differentiation. An 
emerging literature indicates that mitochondrial dynamics are integrally 
involved in cellular differentiation in a variety of cell settings: OPA1 
(together with MFN1) is required for effective maintenance of germline 
stem cells in Drosophila melanogaster (Senos Demarco et al., 2019), while 
OPA1 is also needed for neural cell specification (Caglayan et al., 2020). 

Fig. 6. Loss of L-OPA1 disrupts differentiation in myoblasts. A. H9c2s were seeded to coverslips overnight followed by growth in standard media with 10 % FBS 
(control) or differentiated (1 % FBS + ATRA or 1 % FBS) for 24 hr. without or with 10 μM CCCP. Cells imaged for nuclei (DAPI, cyan) and actin (phalloidin-Alexa488, 
green). Size bar = 10 μm. n = 4 independent biological replicates. B. Cell density (cells/mm2) of H9c2s in A, quantitated from confocal microscopy. Student’s t-test, 
± SE. * denotes p < 0.05, ** denotes p < 0.01. C. mRNA levels of OPA1 in control and OPA1 KD C2C12s (1 and 2) samples. n = 4 expts. Student’s t-test, ± SE, *** 
denotes p < 0.001. D. OPA1 immunoblotting of control and OPA1 KD C2c12s. Tubulin loading control. n = 3 expts. E. Confocal microscopy of control and OPA1 KD 
C2C12s differentiated in media with 2 % HS for 6d. Actin (green, phalloidin) and nuclei (blue DAPI). Size bar = 10 μM. n = 3 expts. F. Quantitation of multinucleate 
cells in E. n = 3. ± SE. G. Cell density (cells/mm2) of C2C12s in E, quantitated from confocal microscopy. Student’s t-test, ± SE. ** denotes p < 0.01. H. qRT-PCR of 
myogenic mRNAs in control and OPA1 KD C2C12s differentiated with 2 % HS. n = 4. ± SE. For all, * p < 0.05, ** p < 0.01, *** p < 0.001. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Intriguingly, interrupting OPA1-mediated mitochondrial fusion in 
mouse embryonic stem cells interferes with cardiomyocyte differentia-
tion not through bioenergetic deficiency, but via increased calcineurin- 
Notch1 signaling (Kasahara et al., 2013). Our results add to this 
emerging role for mitochondrial OPA1, indicating that activation of 
stress-sensitive mitochondrial processing contributes to differentiation 
of myoblast cells. During myogenic differentiation, myoblasts undergo 
mitochondrial remodeling, consisting of rapid mitophagy, followed by 
mitochondrial biogenesis (Baechler et al., 2019; Sin et al., 2016). Our 
results indicate that OPA1 is necessary for effective myogenic differen-
tiation (Fig. 6), consistent with findings that OPA1 plays a key role in 
myoblast metabolic switching (Triolo et al., 2024). While the role of 
mitochondrial OPA1 processing in differentiation is likely to be highly 
context-dependent, future work will examine the impacts of OPA1 
processing on myocyte differentiation, as well as other developmental 
contexts that echo the activation observed here. 
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