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Abstract 

Mitochondrial fission is necessary for the remodelling of existing mitochondria 

during skeletal muscle differentiation. When there is a need for muscle regeneration or 

repair, stem cell-like myoblasts exit the cell cycle, restructure their mitochondrial 

networks, and fuse together to form multinucleated myotubes. Studies investigating the 

cellular process of DNM1L (dynamin 1-like)-dependent mitochondrial fission during 

skeletal muscle differentiation are limited. Here, we demonstrated the effect of DNM1L 

inhibition with mdivi-1 (mitochondrial division inhibitor-1), a pharmacological inhibitor of 

DNM1L self-assembly, during murine C2C12 myoblast differentiation. Myoblasts treated 

with mdivi-1 exhibited a hyperfused mitochondrial network which consisted of increased 

branch lengths and inversely decreased the number of mitochondrial puncta, 

suggesting the reduction of DNM1L-driven mitochondrial fission events. Furthermore, 

inadequate mitochondrial fission suppressed MYH (myosin heavy chain) levels and 

concomitantly decreased myoblast cell fusion during myotube formation. To further 

support the notion that DNM1L is required for myoblast differentiation, we attempted to 

genetically knockdown Dnm1l expression with a short hairpin RNA which marginally 

decreased DNM1L protein content and dramatically abolished MYH levels. In contrast, 

DNM1L overexpression in differentiated myoblasts did not impair MYH levels. 

Moreover, we examined the effect of excess mitochondrial fission with CCCP (carbonyl 

cyanide 3-chlorophenylhydrazone), a chemical inducer of mitochondrial depolarization, 

which promoted MAP1LC3B (microtubule associated protein 1 light chain 3 beta) 

conversion indicating that CCCP stimulated autophagy, an intracellular degradation 

system for the removal of proteins and organelles. Previous studies demonstrated the 
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importance for the degradation of mitochondria facilitated by the mitophagy receptors 

BNIP3 (BCL2 interacting protein 3) and PRKN (parkin RBR E3 ubiquitin protein ligase) 

but overlooked the relation of DNM1L during skeletal muscle differentiation. In this 

study, we examined the mitophagy-related proteins BNIP3 and PRKN in the context of 

DNM1L inhibition during myoblast differentiation. Importantly, mdivi-1 treated myoblasts 

overexpressed with BNIP3 ameliorated myoblast cell fusion and upregulated MYH, 

whereas PRKN overexpression ineffectively restored myotube formation. Collectively, 

our findings further support the integral role of DNM1L in the process of mitochondrial 

fission, as well as emphasize the interplay between DNM1L and mitophagy receptors 

during C2C12 myoblast differentiation. 
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1.0 Introduction 

A population of myogenic precursor cells, hereafter called myoblasts, reside in 

skeletal muscle and their activation may have therapeutic potential in response to 

muscle damage and tissue repair [1]. Myogenesis is a process in which myoblasts 

differentiate and mature into multinucleated myotubes. While myoblasts manifest a 

glycolytic phenotype [2], the coordination of several processes governing the 

remodelling of the mitochondrial network such as the mitochondrial dynamics of fission 

and fusion, the degradation of existing mitochondria, and the biogenesis of new 

mitochondria, increase the capacity for mitochondrial oxidative phosphorylation in 

myoblasts during myotube formation [2], [3]. 

Mitochondria are dynamic organelles that constantly fuse, divide, and remodel 

their structures. Mitochondrial fission is the division of a mitochondrion into distinct 

mitochondria and this is executed by a master fission mediator, DNM1L protein (DRP1, 

dynamin 1-like) [4], [5]. Conversely, mitochondrial fusion is the amalgamation of 

adjacent mitochondria and this is induced by OPA1 protein (OPA1 mitochondrial 

dynamin like GTPase) localized on the inner mitochondrial membrane and by proteins 

MFN1 and MFN2 (mitofusin 1, mitofusin 2) inserted into the outer mitochondrial 

membrane [4], [5]. Mitochondria form an interconnected network and increasing 

evidence suggest that changes in the organization of mitochondria affect the cellular 

mechanisms of cell survival, cell death, and cell differentiation [6]–[8]. 

Autophagy is a degradative process that recycles proteins and organelles [9]. A 

facet of this degradation pathway is the elimination of mitochondria called mitophagy 

[10]. Mitophagy segregates and degrades a mitochondrion from the existing 



2 
 

mitochondrial network. The importance of mitophagy in myoblasts was noted in the 

absence of key mitophagy proteins such as BNIP3 (BCL2 interacting protein 3) and 

PRKN (parkin RBR E3 ubiquitin protein ligase) [11]–[13]. Mitochondria play a crucial 

role in the maintenance of energy balance and the preservation of cell viability, since 

dysregulation of mitochondrial dynamics or impaired autophagy/mitophagy, elicits the 

activation of programmed cell death [14]–[16]. 

Previous studies highlighted the importance for DNM1L-mediated mitochondrial 

fission during myogenesis [7], [17], while other studies demonstrated that mitophagy 

was necessary for myogenic differentiation [2], [11]; however, few studies have 

examined the effect of DNM1L inhibition and the influence of BNIP3 and PRKN 

mitophagy receptors during C2C12 myoblast differentiation. We utilized a selective 

pharmacological inhibitor of DNM1L GTPase activity, mitochondrial division inhibitor-1 

(mdivi-1), and a short hairpin RNA against Dnm1l to further elucidate the role of DNM1L 

during C2C12 myoblast differentiation. Despite a previous study [7] demonstrated the 

effect of mdivi-1 on myoblast differentiation, the levels of BNIP3 and PRKN were not 

evaluated in this context. Since DNM1L, BNIP3, and PRKN participate in the process of 

mitochondrial network remodelling, we postulated that the overexpression of BNIP3 or 

PRKN in mdivi-1 treated myoblasts would restore myotube formation. Therefore, in the 

current study we examined the role of DNM1L and investigated the effect of mitophagy 

receptors BNIP3 and PRKN in mdivi-1 treated myoblasts during myogenic 

differentiation. 
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1.1 General Autophagy 

Autophagy is a catabolic mechanism for the bulk degradation of cellular cargo 

enclosed by double-membraned autophagosomes [18]. The removal of cytosolic 

material is an evolutionarily conserved eukaryotic process mediated by ATG 

(autophagy-related) proteins that subsequently lead to the fusion of autophagosomes 

with lysosomes to degrade cytosolic substrates [14], [19]–[21]. Under normal conditions, 

basal level of autophagy is generally low, and the activation of autophagy promotes the 

turnover of existing cellular structures [22]. Lysosomal acid hydrolases degrade lipids, 

proteins, and DNA into components that can later contribute to the formation of new 

membranes, participate in protein synthesis, or provide nutrients and metabolites [22]. 

Autophagosome Membrane Formation 

The formation of the autophagosome membrane is controlled by an upstream 

protein complex composed of ULK1 (unc-51 like autophagy activating kinase 1), 

ATG13, and FIP200 (focal adhesion kinase family-interacting protein of 200 kDa/ 

RB1CC1) [18], [22], [23]. Normally mTOR-C1 (mammalian target of rapamycin- 

complex 1) suppresses autophagy in nutrient rich conditions by phosphorylating ULK1 

and ATG13 [24]–[27]. During starvation, mTOR-C1 dissociates from the ULK complex 

initiating autophagy and decreases protein synthesis (Illustration 1a). The assembly of 

the autophagosome membrane requires a phosphatidylinositol 3-kinase (PIK3) 

complex, which is composed of PIK3C3 (PIK3 catalytic subunit type 3/VPS34), ATG14, 

and BECN1 (beclin 1) [28]–[31]. In the absence of autophagy, anti-apoptotic protein 

BCL2 (BCL2 apoptosis regulator) inhibits autophagy by interacting with BECN1. The 

dissociation of BECN1 from BCL2 is required for autophagy induction [15].  
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Subsequently, the PIK3 complex and several ATG proteins recruit two 

ubiquitin-like conjugation systems to the autophagosome membrane: 

(1) ATG5-ATG12-ATG16 and (2) MAP1LC3B/LC3B (microtubule-associated protein 1 

light chain 3 beta)-conjugated to PE (phosphatidylethanolamine, Illustration 1b) [22], 

[32], [33]. Briefly, a upstream E1-like enzyme ATG7 activates ATG12, then ATG10, an 

E2-like enzyme, conjugates ATG12 to ATG5 (Illustration 1c). ATG7 also activates 

LC3B-I, then ATG3 conjugates phospholipid PE to LC3B-I which converts LC3B-I to 

LC3B-II. After the autophagosome encloses its cargo, the ATG5-ATG12-ATG16 

complex dissociates from the outer membrane leaving LC3B-II tethered to the inside of 

the autophagosome. Next, LAMP2 (lysosome-associated membrane protein 2) and the 

small GTPase RAB7A (RAB7A, member RAS oncogene family) fuses the 

autophagosome with a lysosome [22], [34], [35]. 

Illustration 1. Flow diagram summarizing the process of autophagy. 
(a) mTOR inhibition of the ULK1 complex prevents autophagosome formation. 
The ULK1 complex recruits the BECN1-VPS34 complex to the isolation membrane. 
(b) ATG7 activates both the ATG5-ATG12-ATG16 conjugation system and the LC3B-
phosphatidylethanolamine (PE) conjugation system during autophagosome membrane 
elongation. (c) Cytosolic and organellar cargo are enveloped by a double-membraned 
autophagosome which then fuses with a lysosome. 

A C 

B 
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Cargo Recognition by Autophagy Receptors Tethered to the Autophagosome 

SQSTM1 (sequestosome 1) [22], [36]–[38] is an autophagy-associated protein 

with a ubiquitin domain that binds to ubiquitinated cytosolic and membrane-bound 

proteins identified for proteolysis. Unlike the ubiquitin-proteasome system (UPS) where 

ubiquitinated proteins are degraded by this mechanism, organellar structures and large 

portions of the cytosol are removed via autophagy. SQSTM1 contains a LC3B-II 

interacting region (LIR) that tethers ubiquitinated cargo to the inside of the 

autophagosome. Functionally like SQSTM1, NBR1 protein (NBR1 autophagy cargo 

receptor) and OPTN protein (optineurin) both contain LIR and ubiquitin binding 

domains. Moreover, AMBRA1 (autophagy and beclin 1 regulator 1) is another 

autophagy protein that interacts with LC3B-II [39]. This exemplifies the redundant 

autophagy proteins that promote the recognition of cargo by the autophagosome. 

1.2 Selective Autophagy of Mitochondria is Called Mitophagy 

The selective autophagy of organelles was shown by the degradation of the 

endoplasmic reticulum [21], peroxisomes [40], and mitochondria [41], [42]. In the 

context of programmed mitochondrial degradation termed mitophagy, three 

developmental cellular models for the targeted removal of mitochondria have been 

identified: (1) the elimination of paternal mitochondria during fertilization of the zygote 

[43], (2) the development of the ocular lens [44], and (3) the maturation of erythrocytes 

[45]–[47]. Mitophagy receptors identify mitochondria for degradation including 

mitochondria with depolarized membrane potential [5], [14], [39], [48]–[51]. Localized on 

the outer mitochondrial membrane (OMM), mitophagy receptors interact with 

ubiquitin-SQSTM1 or LC3B-II tethered to the inner membrane of the autophagosome. 
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Several mitophagy receptor acting independently or concomitantly have been 

characterized such as BNIP3, BNIP3L/NIX, PINK1, and PRKN [46], [50], [52]–[54]. 

Given that autophagy is required for normal muscle development, mitophagy may also 

promote cell viability when there exists mitochondria with decreased membrane 

potential or when there is a need to eliminate unnecessary mitochondria, in particular, 

during the process of myoblast differentiation [3], [42]. 

BNIP3 and BNIP3L/NIX Mitophagy Receptors 

The mitophagy receptors BNIP3 (BCL2 interacting protein 3) and its homologue 

BNIP3L/NIX (BCL2 interacting protein 3-like) mediate the selective removal of 

mitochondria. BNIP3 is a BCL2 homology domain 3 (BH3)-only protein that 

homodimerizes on the OMM by its C-terminus transmembrane domain (TM) and 

contains a N-terminus LC3B-II interacting region to promote the formation of 

autophagosomes around mitochondria [21], [39], [55]. BNIP3-TM domain mutants 

(BNIP3G180F or BNIP3H173A) abrogates homodimerization and reduces mitophagy [21], 

[39], [55] as demonstrated in HeLa cells through fluorescent microscopy for co-localized 

GFP-LC3-positive autophagosomes [21]. Overexpression of the wildtype BNIP3 

increased the number of mitophagy-positive cells, supporting that BNIP3 was involved 

in mitophagy. Furthermore, immunoblot analysis confirmed increased endogenous 

LC3B-II levels in HeLa cells overexpressing BNIP3, but not for BNIP3-TM mutants [21]. 

Moreover, a mutation in the conserved LIR motif (BNIP3W18A) abolished the interaction 

of BNIP3 with LC3B-II and reduced mitophagy [21]. Thus, BNIP3 TM domain or LIR 

domain mutations impeded BNIP3-induced degradation of mitochondria. 
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PINK1 and PRKN Mitophagy Receptors 

The mitophagy receptor PINK1 (PTEN-induced kinase 1) accumulates on the 

OMM of depolarized mitochondria [14], [39], [48]–[51]. Functionally, PINK1 may be a 

sensor for the polarization state of mitochondria. PINK1 is normally cleaved in the 

intermembrane space by PARL (protease presenilin-associated rhomboid-like) and by 

the proteasome in the cytosol [39], [56], [57]. In response to decreased mitochondrial 

membrane potential, PINK1 remains intact and accumulates on the OMM which recruits 

cytosolic PRKN (parkin RBR E3 ubiquitin protein ligase). Mutations in PRKN manifests 

pathological symptoms of Parkinson’s Disease [58], [59]. Narendra et al. (2008) 

demonstrated that PRKN played a vital role during mitophagy in mammalian cells [60]. 

Currently, it is unknown how PRKN is recruited to PINK1 but the phosphorylation of 

ubiquitinated proteins by PINK1 and the ubiquitination of other OMM proteins appear to 

translocate PRKN from the cytosol to the mitochondria [61]–[63]. 

1.3 Mitochondrial Fission-Fusion Dynamics and Mitophagy 

Mitophagy facilitates the removal of damaged mitochondria and maintains the 

quality of the mitochondrial network [64], [65]. In a metabolically active tissue like 

skeletal muscle, mitophagy is critical for mitochondrial homeostasis since mitochondria 

maintain energy balance and are large producers of reactive oxygen species [64]. It has 

been suggested that the architecture of the mitochondrial network contributes to the 

bioenergetics of mitochondria through mitochondrial dynamics of continuous fission and 

fusion events [66]. 



8 
 

 

The interplay between mitochondrial dynamics and mitophagy appear to 

influence the overall function of mitochondria and the cellular processes of respiration, 

differentiation, and apoptosis [67]–[69]. A family of dynamin-related GTPases participate 

in the mitochondrial dynamics of fission and fusion. Mitochondrial fission is the 

partitioning of a mitochondrion into two daughter mitochondria. The main inducer of 

Illustration 2. A detailed flow diagram of the interactions between proteins governing 
the processes of mitochondrial dynamics and mitophagy. Mitochondrial fission 
proteins (DNM1L, FIS1) and mitochondrial fusion proteins (OPA1, MFN1, MFN2) are 
involved in the remodelling of the mitochondrial network. Furthermore, the mitophagy 
receptors (BNIP3, BNIP3L/NIX, PINK1, PRKN, AMBRA1) enable the recognition of 
mitochondria by autophagy proteins (SQSTM1, LC3B-II). Outer mitochondrial 
membrane proteins (VDAC1, MFN1, MFN2) are ubiquitinated (Ubi) and targeted for 
degradation by the ubiquitin-proteasome system and the mitochondrion is enveloped 
by the autophagosome. 
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mitochondrial fission is DNM1L (dynamin 1-like) which is recruited by FIS1 (fission, 

mitochondrial 1). Conversely, mitochondrial fusion is the merging of the mitochondrial 

membranes of two adjacent mitochondria and this is induced by OPA1 (OPA1 

mitochondrial dynamin like GTPase) located on the inner mitochondrial membrane and 

by MFN1 and MFN2 (mitofusins-1 and -2) which are inserted onto the OMM [8], [70]–

[74] (Illustration 2). 

Mitochondrial Fusion Events with MFN1, MFN2, OPA1 

MFN1 and MFN2 are large GTPases that promote the initial step of mitochondrial 

fusion and lead to the elongation of mitochondria [75]. MFN2 is also involved in 

controlling mitochondrial metabolism [4], [76] and tethering mitochondria to the 

endoplasmic reticulum [77]. It appears that PINK1-dependent phosphorylation of MFN2 

at Ser442 and Thr111 recruits PRKN [78]–[81] to prevent the re-fusion of defective 

mitochondria with the existing mitochondrial network.  

OPA1 regulates the fusion of the inner mitochondrial membranes but a study 

suggested that OPA1 may also alter cristae structure [71]. YME1L (mitochondrial 

protease yeast mitochondria escape-1-like) cleaves OPA1 in mitochondria with 

depolarized membranes or depleted of ATP, which may prevent dysfunctional 

mitochondria from participating in subsequent fusion events [4], [8], [70], [82]. Mutations 

in the GTPase domain of OPA1 impairs its pro-fusion activity and leads to CYCS 

(cytochrome c) release from the mitochondrial intermembrane space to the cytosol, a 

hallmark of activated mitochondrial apoptosis. Mitochondrial fusion events appear to 

play a critical role in the exchange of mitochondrial matrix and inner mitochondrial 

membrane proteins between mitochondria [83].  
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Mitochondrial Fission Events with FIS1 and DNM1L 

Mitochondrial fission generates a subpopulation of non-fusing mitochondria with 

reduced membrane potential and decreased OPA1 levels to facilitate their removal by 

mitophagy [4], [9]. Knockdown of FIS1 by silencing RNA in pancreatic b-cells treated 

with high glucose and fatty acid prevented the recruitment of DNM1L to the 

mitochondria, decreased the number of autophagosomes containing mitochondria, and 

enabled the exchange of mitochondrial components through net mitochondrial fusion 

events [8]. In starved mice, knockdown of FIS1 expression resulted in retained muscle 

and mitochondrial mass, prevented mitochondrial fragmentation, and decreased 

autophagy [84]. This highlights the cooperativity of mitochondrial fission proteins and 

the downstream effects of mitochondrial fission on autophagy. Since mitophagy 

receptors were not measured in the mentioned studies, this warrants further 

examination of the mechanisms that govern mitophagy and mitochondrial fission and 

fusion in the context of muscle regeneration. 

Recently the mitochondrial fission protein DNM1L received growing attention for 

its role in myogenic differentiation. It was determined by immunoblot that DNM1L levels 

transiently increased early in the differentiation process [17]. Mitochondrial-enriched 

fractions obtained after subcellular fractionation indicated that DNM1L content 

increased during C2C12 myoblast differentiation [7]. Mitochondrial division inhibitor-1 

(mdivi-1), a selective chemical inhibitor of DNM1L GTPase activity, suppressed 

myogenic differentiation as the number of multinucleated MYH (myosin heavy 

chain)-positive cells decreased in a dose-dependent manner [7]. Thus, DNM1L presents 

a relevant function in the progression of skeletal muscle differentiation. 
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The mechanisms regulating mitochondrial morphology are integrated with the 

mitophagy program. One theory postulates that mitochondrial fission events separate 

mitochondria from the existing mitochondrial network and these mitochondria are 

eliminated by mitophagy [8], [52], [66]. It was shown that mitochondria are targeted for 

autophagy by increasing the ubiquitination of OMM integral proteins such as MFN1, 

MFN2, TOM (translocase of the outer membrane), VDAC1 (voltage dependent anion 

channel 1) [80], [85]–[87].  Furthermore, PINK1/PRKN-mediated mitophagy in MFN 

knockout cells may be assisted by other mitophagy receptors. Zhang et al. [88] 

demonstrated in HEK cells that BNIP3 interacted with PINK1 and cooperatively 

promoted the insertion of full-length PINK1 onto the OMM. Inactivation of BNIP3 

through a mutation in the TM domain exacerbated the proteolysis of PINK1 and resulted 

in the suppression of PINK1/PRKN-mediated mitophagy [88]. 

Thus, a link between mitochondrial dynamics and mitophagy may regulate the 

morphology of the mitochondrial network in skeletal muscle. Functional mitochondria 

Illustration 3. Conceptual representation of the interplay between the processes 
of mitochondrial dynamics and mitophagy. 
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can continue to participate in fusion events, but mitophagy may target any depolarized 

or dysfunctional mitochondria (Illustration 3). Consistent with these observations 

reported in other cell types, inhibiting the mitochondrial fission proteins or enhancing 

mitochondrial fusion both decreased mitophagy [76], [83], [89], while augmenting 

mitochondrial fission promoted mitophagy [39], [52], [69]. Hence, further studies 

elucidating the interplay of mitochondrial dynamics and mitophagy in the context of 

myogenic differentiation warrant further investigation. 

1.4 Crosstalk Between Mitochondrial Fission and Mitophagy in Skeletal Muscle 
Differentiation 

 
Skeletal muscle cells are terminally differentiated myofibres. Skeletal muscle 

differentiation is the process whereby a population of mononucleated stem cell-like 

myoblasts exit the cell cycle and fuse together to form multinucleated myotubes [15], 

[90]. During muscle development or repair, myoblasts fuse to adjacent myoblasts or 

contribute their nuclei to existing myofibres. Myoblast differentiation is controlled by 

myogenic regulatory transcription factors (e.g. MYOG, myogenin) [91], [92]. The content 

of MYH (myosin heavy chain) is upregulated and the cell fusion of myoblasts are 

characteristics of myotube formation. 

The relative rates of mitochondrial fission and fusion alter the overall morphology 

of mitochondria and subsequently affect the function of these organelles as regulators 

of energy metabolism. It was shown that blocking mitochondrial fusion increased 

mitochondrial network fragmentation during apoptosis [71], [93], [94]. However, 

enhanced mitochondrial fission alone did not induce programmed cell death [95]. Since 

myoblasts undergo a dramatic restructuring of their mitochondrial network during 

differentiation, we investigated the role of DNM1L in the process of mitochondrial fission 
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and the effect of DNM1L inhibition during myoblast differentiation. We also examined 

the effect of overexpressing mitophagy receptors BNIP3 and PRKN in DNM1L inhibited 

myoblasts during differentiation. One study determined that DNM1L-mediated 

mitochondrial fission was critical for muscle differentiation by inhibiting DNM1L with 

mdivi-1 [7]. However, the role of BNIP3 and PRKN during DNM1L inhibited myoblast 

differentiation were not investigated. Thus, we examined the levels of mitophagy 

receptors BNIP3 and PRKN and proposed that mitochondrial dynamics of fission 

cooperatively work with mitophagy receptors BNIP3 and PRKN to coordinate the 

necessary mitochondrial network changes for myoblast differentiation (Illustration 4). 

Therefore, we investigated the interplay between mitochondrial fission and select 

mitophagy receptors during myoblast differentiation. 

Illustration 4. Graphical summary of the relationships between mitochondrial dynamics 

of fusion (green), mitochondrial fission/division (red), and mitochondrial 

degradation/mitophagy (purple) that permit mitochondrial network remodelling during 

myoblast differentiation. 
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2.0 Research Purpose 

Previous research [11] established a requirement for mitophagy in skeletal 

muscle differentiation and demonstrated that BNIP3-mediated mitophagy was critical for 

C2C12 myoblast differentiation. Moreover, emerging studies [7] suggested a 

prerequisite for mitochondrial fission during myoblast differentiation, but the relation of 

DNM1L with mitophagy receptors BNIP3 and PRKN during skeletal muscle 

differentiation, in particular for C2C12 myoblast differentiation, is unknown. Since a 

significant remodelling of the mitochondrial morphology occurs during the process of 

muscle differentiation, it is possible that mitochondrial fission permits the segregation of 

a subpopulation of mitochondria and influences the degradation of targeted 

mitochondria for mitophagy. 

 

Therefore, the experiments conducted in this thesis project:  

1) Characterized DNM1L content during C2C12 myoblast differentiation,  

2) Determined the effect of DNM1L protein inhibition by mdivi-1 and short hairpin RNA 

against Dnm1l during myoblast differentiation, and  

3) Investigated the role of BNIP3 and PRKN in response to DNM1L inhibition during the 

process of myoblast differentiation. 
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Experiment 1: Mitochondrial fission during skeletal muscle differentiation  

We used an in vitro model of skeletal muscle differentiation to examine the 

mitochondrial morphology of cells. Undifferentiated mouse skeletal myoblasts (C2C12 

cells) proliferated until the induction of the differentiation program with differentiation 

media. Cells were treated with mitochondrial division inhibitor (mdivi-1) to decrease 

mitochondrial fission events. Conversely, excess mitochondrial fission was induced with 

carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a chemical depolarizer of 

mitochondria. Optimal chemical concentrations were previously determined by 

colleagues in the lab [17], [96]. Mitochondrial morphology and network branching were 

visualized with a mitochondrial reporter construct and fluorescent microscopy. 

Differentiated cells were collected from culture after various lengths of time incubated in 

differentiation media, from 0 hours to 5 days, and used for experimental analyses. The 

degree of differentiation (a measure of MYH-positive cells), was determined using 

fluorescent microscopy as well as immunoblotting for MYOG and MYH. In addition, 

several autophagy protein markers (LC3B-I, LC3B-II, SQSTM1), mitochondrial apoptotic 

signaling molecules (BAX and BCL2), and a DNA fragmentation marker (p-H2AFX) 

were assessed during the differentiation process. 

 

Experiment 2: The role of DNM1L during skeletal muscle differentiation  

The effect of mdivi-1 DNM1L inhibition on muscle differentiation has been 

marginally studied. As a proof-of-principle, a transient knockdown with short hairpin 

RNA against Dnm1l (ad-shDnm1l) was used to provide further evidence of the 

consequence of reduced DNM1L expression. Lastly, overexpression of the wild-type 
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DNM1L (ad-DNM1L) was performed to evaluate the effect of excess DNM1L protein 

during myoblast differentiation. For this experiment, C2C12 cells were transduced with 

an adenoviral DNM1L vector before the induction of myoblast differentiation. Cells were 

collected at various time points as in Experiment #1, and similar immunoblotting 

techniques were performed for measuring select markers of differentiation, autophagy, 

and apoptosis. 

 

Experiment 3: Mitochondrial fission and mitophagy during skeletal muscle differentiation  

Previous work from our lab demonstrated that BNIP3-mitophagy was required for 

C2C12 myoblast differentiation [11]. To study the effect of mitophagy receptors in the 

context of DNM1L inhibition, myoblasts were treated with mdivi-1 and collected as 

described in Experiment #2. Cells were transduced with an adenovirus vector to 

overexpress BNIP3 (ad-BNIP3). Co-transduction of ad-BNIP3 with a separate 

adenovirus harbouring the short hairpin RNA against Dnm1l (ad-shDnm1l) was also 

performed. To investigate the role of another mitophagy receptor, an adenovirus 

overexpressing PRKN (ad-PRKN) was used instead of BNIP3. Cells were 

immunoblotted for DNM1L, MYOG, and MYH. Furthermore, fluorescent microscopy 

visualized the cell morphology and the proportion of multinucleated MYH-positive cells 

was quantified at various time points of differentiation. 
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Hypotheses  

It was hypothesized that:  

1) Chemical inhibition of DNM1L with mdivi-1 would decrease mitochondrial fission 

events, whereas chemical depolarization of mitochondria with CCCP would 

augment mitochondrial fission. This would be demonstrated by: 

a. Mitochondria morphological changes from decreased mitochondrial fission 

events as demonstrated by a decline in the frequency of punctate 

mitochondria, increased length of mitochondrial branches, and 

concomitant increase of intersecting junctions. Conversely, morphological 

changes due to increased mitochondrial fission events would exhibit the 

inverse relationship, as visualized by fluorescent microscopy, 

b. Decreased total protein content of DNM1L and decreased levels of MYH 

in mdivi-1 treated cells, and 

c. Increased total protein content of DNM1L and increased levels of MYH in 

CCCP treated cells. 

2) Overexpression with ad-DNM1L would improve myogenic differentiation and 

transient knockdown with ad-shDnm1l would impair muscle differentiation. This 

would be demonstrated by: 

a. Increased MYH content after ad-DNM1L treatment at the endpoint of the 

experiment (Day 5), 

b. Decreased MYH content with ad-shDnm1l treatment at D5, 

c. Increased DNM1L content after ad-DNM1L treatment, and 

d. Decreased DNM1L content after ad-shDnm1l treatment. 
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3) Overexpression of mitophagy receptors would rescue DNM1L inhibition in 

myoblasts during differentiation. This would be noted by: 

a. Increased mitophagy protein levels BNIP3 and PRKN, followed by 

increased levels of MYOG and MYH, as evidenced by immunoblotting, 

and 

b. Increased myoblast cell fusion and increased MYH-positive cells during 

myotube formation, as determined by fluorescent microscopy. 
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3.0 Materials and Methods 

Cell Culture 

Mouse C2C12 skeletal myoblasts (ATCC®, CRL1772™) were cultured in 6-, 12-, 

24-well polystyrene plates (Sarstedt) with growth media (GM) consisting of low-glucose 

Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, D6046) containing 5% 

fetal bovine serum (FBS; Sigma-Aldrich, F1051), 5% Serum Plus II (Sigma-Aldrich, 

14009C), 1% penicillin/streptomycin (Sigma-Aldrich, P0781) and incubated at 37°C in 

5% CO2. Cells were between the passages of 6 and 9 and counted before plating to 

ensure accurate seeding densities using a Z2 Coulter Counter (Beckman-Coulter). 

Every 1-2 days, culture plates were aspirated of GM, washed with warmed 

1x phosphate buffered saline (PBS; Sigma-Aldrich, D1408), and replaced with fresh 

GM. Cells proliferated until they reached 70-80% confluence in which myoblast 

differentiation was induced by replacing GM with differentiation media (DM) consisting 

of DMEM supplemented with 2% horse serum (Sigma-Aldrich, H1270) and 1% 

penicillin/streptomycin. 

 

Chemical Inhibition of Mitochondrial Fission and Mitochondrial Depolarization During 
Differentiation 

 
Inhibition of DNM1L activity and subsequent mitochondrial fission was achieved 

with 20 µM mdivi-1 (Cedarlane, A14316) in DM and replaced daily for 5 days [97], [98]. 

Mitochondrial depolarization was induced by 2.5 µM or 30 µM CCCP (Sigma-Aldrich 

C2759) in DM and replaced daily. For all experiments, vehicle control cells were given 

DM with the equivalent chemical dilution of dimethyl sulfoxide (Veh; DMSO). 
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Transfections and Transductions 

To investigate the mitochondrial network morphology in mdivi-1 or CCCP treated 

cells, transfections were performed with a pDsRed2-Mito vector generously provided by 

Dr. Douglas Green (St. Jude’s Children’s Research Hospital, Memphis, TN; [99]). Cells 

grown on glass coverslips coated with Cultrex basement membrane extract (Trevigen, 

3432–010-01) were transfected using jetPRIME Transfection Reagent 

(Polyplus-transfection, 114–07) according to the manufacturer’s protocol. Briefly, the 

pDsRed2-Mito vector was diluted in 200 µL of jetPRIME transfection buffer and 

subsequently incubated with 4 µL of jetPRIME transfection reagent for 10 min at room 

temperature. This mixture was added dropwise to 50-60% confluent cells cultured in 

GM and incubated for 4 h at 37°C and 5% CO2. 

 For adenoviral transduction experiments, cells were incubated for 24 h with 

adenoviral vectors for either GFP (ad-GFP; kindly provided by Dr. Gökhan S. 

Hotamisligil, Harvard School of Public Health, Boston, MA; [100]), DNM1L-wildtype 

(ad-DNM1L, MOI 125; generously provided by Dr. Yisang Yoon, Augusta University, 

Augusta, GA; [101]), shRNA-Dnm1l (ad-shDnm1l, MOI 125; kindly gifted by Dr. Junichi 

Sadoshima, Rutgers University, New Jersey, NJ; [101]), BNIP3 (ad-BNIP3, MOI 100; 

[102]), or PRKN (ad-PRKN, MOI 75; [103]) both generously provided by Dr. Abhinav 

Diwan (Washington University School of Medicine, St. Louis, MO). Subsequently, cells 

were washed with warmed PBS and provided fresh GM for at least 2 h prior to the 

induction of myoblast differentiation. Cells were then collected (D0) or induced for 

myoblast differentiation by replacing GM with DM. Adenoviral stocks were amplified in 

HEK293 cells (generously provided by Dr. Robin Duncan, University of Waterloo, 
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Waterloo, ON) and the viral titer was determined by the Adeno-X Rapid Titer procedure 

(Clontech Laboratories, Inc.). 

 

Cell Collections and Determination of Total Protein Content  

For whole cell lysates, cells were collected via trypsinization (0.25% trypsin with 

0.2g/L EDTA; Sigma-Aldrich, T4049) and centrifuged at 1000 x g prior to the addition of 

DM (day 0; D0) as well as at 24 h (D1), 72 h (D3), and 120 h (D5) following the 

induction of differentiation. As previously performed in our laboratory [15], cells were 

incubated with lysis buffer (BioShop, 20 mM HEPES, 10 mM NaCl, 1.5 mM MgCl2, 

1 mM DTT, 20% glycerol, and 0.1% Triton X-100, pH 7.4) containing protease inhibitors 

(Roche Applied Sciences, 04693116001) before sonicating on ice. The total protein 

content of cell lysates was measured by the BCA protein assay method and stored 

at -80°C until further analysis. 

 

Immunoblotting 

Immunoblotting was performed as previously described [11]. Briefly, equal 

amounts of protein from cell lysates were loaded and separated on 10–12% SDS-PAGE 

gels, transferred onto PVDF membranes (Bio-Rad Laboratories, 1620177), and blocked 

for 1 h at room temperature with 5% non-fat dry milk in tris buffered saline-Tween 20 

(TBS-T; BioShop, 20 mM Tris, 137 mM NaCl, 0.1% Tween 20, pH 7.5). Membranes 

were incubated overnight at 4°C with primary antibodies against: BNIP3L/NIX, DNM1L, 

GAPDH, GFP, MAP1LC3B, (Cell Signaling Technology, 12396, 8570, 2118, 2955, 

2775, respectively), BAX, BCL2, FIS1, MFN2, p-H2AFX, PINK1, PRKN, VDAC1 (Santa 



22 
 

Cruz Biotechnology, sc-493, sc-7382, sc-376469, sc-50331, sc-517348, sc-33796, 

sc-32282, sc-390996, respectively), MYH, MYOG (Developmental Studies Hybridoma 

Bank, MF20, F5D, respectively), ACT, BNIP3 (Sigma-Aldrich, A2066, B7931, 

respectively), or SQSTM1 (MBL, PM045). Membranes were then washed with TBS-T, 

incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary 

antibodies (Bio-Rad Laboratories, 1706515, 1706516) for 1 h at room temperature, 

washed with TBS-T, and bands visualized using ECL immunoblotting substrates 

(BioVision, K820-500) or Clarity ECL substrates (Bio-Rad Laboratories, 1705061) and a 

ChemiDoc MP Imaging System (Bio-Rad Laboratories). The approximate molecular 

weight for each protein was estimated using Precision Plus Protein Kaleidoscope and 

WesternC Standards (Bio-Rad Laboratories, 1610395, 1610398), and Precision Protein 

StrepTactin-HRP Conjugate (Bio-Rad Laboratories, 1610381). Equal loading and quality 

of transfer was confirmed by staining membranes with Ponceau S (BioShop, PON002). 

 

Immunofluorescent Analysis of MYH, and Determination of Cell Differentiation and Cell 
Fusion Index 

 
For ad-BNIP3 experiments, cells were grown on glass coverslips coated with 

Cultrex basement membrane extract (Trevigen, 3432–010-01) placed in cell culture 

plates, whereas cells for ad-PRKN experiments were directly grown on cell culture 

plates. Coverslips and plates were removed at the appropriate timepoints (D3, D5) and 

were washed in PBS, fixed with fresh 4% formaldehyde-PBS for 5 min at room 

temperature, washed with PBS, permeabilized for 5 min with 0.5% Triton X-100, and 

further washed in PBS. Cells were then blocked with 10% goat serum-PBS (Cedarlane, 

CL1200) for 30 min, incubated with a primary antibody against MYH (Developmental 
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Studies Hybridoma Bank; MF20) diluted in blocking solution for 2 h, washed with PBS, 

and then incubated with an anti-mouse AlexaFluor488-conjugated secondary antibody 

(Invitrogen; A11001) for 1 h. Cells were washed in PBS, counterstained with 

4′,6-diamidino-2-phenylindole (DAPI) nuclear stain (ThermoFisher Scientific, D3571) for 

5 min, and washed in PBS. Ad-BNIP3 cells grown on coverslips were mounted with 

ProLong™ Glass Antifade Mountant (ThermoFisher Scientific, P36984) and microscope 

slides were visualized with an Axio Observer Z1 fluorescent microscope, equipped with 

standard Red/Blue/Green filters, an AxioCam HRm camera, and ZEN software 

(Carl Zeiss). Furthermore, ad-PRKN cells grown directly on cell culture plates were 

washed in PBS and visualized with a Cytation 5 cell imaging reader equipped with filter-

based fluorescence detection and Gen5 software (BioTek). 

As previously described [11], the differentiation index was calculated as the 

percentage of cells expressing MYH relative to the total number of cells. The cell fusion 

index was calculated as the percentage of nuclei present in multinucleated (two or more 

nuclei) cells relative to total nuclei. 

 

Fluorescent Microscopy and Mitochondrial Network Branch and Puncta Analyses 

As previously conducted in our lab [96], carbonyl cyanide 

3-chlorophenylhydrazone (CCCP; Sigma-Aldrich C2759) concomitantly increased 

mitophagy and lipidation of MAP1LC3B. Transfected subconfluent cells with the 

pDsRed2-Mito vector were grown on glass coverslips and the following day (D0), cells 

were administered either GM supplemented with mdivi-1 (20 µM) or CCCP (50 µM) and 

incubated for 30 min at 37°C and 5% CO2. For these experiments, vehicle control cells 
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were given GM with the equivalent chemical dilution of dimethyl sulfoxide (Veh; DMSO). 

Cells were washed in PBS, fixed with fresh 4% formaldehyde-PBS for 5 min at room 

temperature, and washed with PBS. After, cells were counterstained with DAPI, washed 

with PBS, mounted onto microscope slides using ProLong™ Glass Antifade Mountant, 

and imaged with an Axio Observer Z1 fluorescent microscope, equipped with Zeiss 

LSM 800 laser and ZEN software (Carl Zeiss). 

As previously described [104], the mitochondrial network images were processed 

using Image J (National Institutes of Health) and validated built-in plugins quantified the 

mitochondrial network branch lengths, number of puncta, and the mitochondrial footprint 

as parameters for characterizing the mitochondrial network integrity. Briefly, the images 

were converted to a skeletonized map tracing the mitochondrial network. To quantify the 

morphological features of circularity and roundness, images were converted to 8-bit 

images and analyzed with the tubeness plugin. The mean number of junctions, 

branches, puncta, circularity, and roundness were tabulated from at least 10 or 25 

different cells per group. 

 

Statistics 

A one-way ANOVA assessed the effect of differentiation within groups, with 

post-hoc analysis to determine differences from D0, except for CCCP differentiation 

experiments, which were compared to timepoint D1. Differences between time-matched 

Veh and mdivi-1 groups or Veh and CCCP groups were assessed using a Students 

T-test. For ad-DNM1L and ad-shDnm1l experiments, differences between time-matched 

ad-GFP control were assessed using multiple T-tests. A two-way ANOVA assessed 
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time-matched group differences in the transduced (ad-BNIP3, ad-PRKN) mdivi-1 

differentiation experiments, with post-hoc analysis as appropriate. For all experiments 

p < 0.05 was considered statistically significant while 0.05 ≤ p < 0.10 was considered to 

approach statistical significance and we deemed this a statistical trend. All results 

shown are means ± standard error of the mean (SEM) and statistical analyses were 

performed with Graph Pad Prism Statistical Software. 
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4.0 Results 

4.1 DNM1L inhibition impairs myoblast differentiation and myotube formation 

We examined the effect of mitochondrial division inhibitor-1 (mdivi-1), a specific 

chemical inhibitor of DNM1L (dynamin 1-like protein) GTPase activity, on the process of 

mitochondrial fission during myoblast differentiation. Similar to our previous work [17], 

DNM1L levels upregulated in vehicle control cells (VEH) and decreased (p < 0.05) in the 

presence of 20 µM mdivi-1 (Figure 1a,b). Here, we reported that mitochondrial fusion 

protein MFN2 (mitofusin 2) remained elevated (p < 0.05) for both VEH and mdivi-1 

treated cells upon the induction of differentiation (Figure 1a,c). Moreover, MYOG 

(myogenin) increased early in the differentiation program (p < 0.05) for both groups, but 

levels were significantly lower (p < 0.05) in mdivi-1 treated cells compared to VEH 

(Figure 1a,d). Further supporting the notion that mdivi-1 impaired myoblast 

differentiation, MYH (myosin heavy chain) dramatically decreased (p < 0.05) in mdivi-1 

treated cells, with a concomitant decrease in the number of multinucleated 

MYH-positive myotubes (Figure 1a,e-h). Together, these data suggest that mdivi-1 

decreased DNM1L function and disrupted myoblast differentiation. 

4.2 DNM1L inhibition increases mitochondrial network branching, reduces 
autophagy, and increases mitochondrial apoptosis sensitivity 

 
To further validate that mdivi-1 inhibited DNM1L function, we transfected C2C12 

myoblasts with a pDsRed2-Mito reporter and visualized the mitochondrial network 

morphology. Overall, 20 µM mdivi-1 increased (p < 0.05) the mean branch lengths of 

mitochondria and inversely decreased (p < 0.05) the frequency of mitochondrial puncta 

(Figure 2a-c). In agreement with a hyperfused mitochondrial network, mdivi-1 treated   



27 
 

  

Figure 1. DNM1L inhibition with mdivi-1 disrupted C2C12 myogenic differentiation. Differentiated C2C12 cells were treated with vehicle (Veh) 

or 20 µM mdivi-1. Representative immunoblots (a) and quantitative analysis of mitochondrial fission protein DNM1L (b), mitochondrial fusion 

protein MFN2 (c), early and late differentiation markers MYOG (d) and MYH (e), respectively. Also shown are representative GAPDH and 

Ponceau loading control blots and a pooled sample standard (STD). Representative immunofluorescent images (f) of myotube formation in 

Veh and 20 µM mdivi-1 treated cells at Day 5 of differentiation. Cells were stained with DAPI (blue) and for MF20 (green) to visualize nuclei 

and MYH, respectively. Scale bar = 300 µm. Quantitative analysis of the differentiation index (g) and fusion index (h). *p < 0.05 compared to 

D0 (within group). †p < 0.05 between groups at the same timepoint. 
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cells exhibited a greater (p < 0.05) mean number of intersecting mitochondrial network 

junctions and approached statistical significance (p < 0.10) for triple and quadruple 

points compared to VEH (Figure 2a,d-f).  

Autophagy proteins MAP1LC3B-I/LC3B-I (microtubule-associated protein 1 light 

chain 3 beta) and LC3B-II (lipidated form of MAP1LC3B-I) decreased in mdivi-1 treated 

cells (p < 0.05). Furthermore, the LC3B-II:I ratio decreased compared to VEH (p < 0.05, 

Figure 2g-j), which was accompanied by an initial SQSTM1 (sequestosome 1) 

accumulation, suggesting that autophagy was downregulated (Figure 2g,k). 

A family of BCL2 (B cell leukemia/lymphoma 2)-related proteins are involved in 

the mitochondrial apoptosis pathway [105]. Despite no changes in the levels of 

pro-apoptotic BAX (BCL2-associated X, apoptosis regulator), we reported decreased 

(p < 0.05) anti-apoptotic BCL2 (BCL2 apoptosis regulator) levels with a tendency for 

elevated (p < 0.10) BAX:BCL2 ratio for mdivi-1 treated cells later on during 

differentiation (Figure 2g,l-n). In addition, DNA fragmentation marker p-H2AFX 

(phosphorylated H2A histone family, member X) transiently increased (p < 0.05) at D1 

and VDAC1 (voltage-dependent anion channel 1) increased with no differences for 

mitochondrial content between groups (Figure 2g,o,p). Collectively, these findings 

suggest that mdivi-1 increased the sensitivity for BCL2 family-related apoptosis.

Figure 2. DNM1L inhibition with mdivi-1 increased mitochondrial network branching, decreased 

autophagy, and may increase intrinsic apoptosis sensitivity but not DNA fragmentation. Confocal 

microscope images (a) of C2C12 myoblasts transfected with pDsRed2-Mito (orange), treated with vehicle 

(Veh) or 20 µM mdivi-1 for 30 min at D0, then counterstained with nuclear dye DAPI (blue). n = 25 per 

group. Scale bar = 10 µm. Quantitative analysis of the summed mean mitochondrial branch length (b), 

calculated puncta (c; light blue), and mean number of junctions (d), triple points (e), and quadruple points 

(f). Representative immunoblots (g) and quantitative analysis of autophagosome machinery LC3B-I (h), 

LC3B-II (i), calculated LC3B-II:LC3B-I ratio (j), SQSTM1 (k), mitochondrial pro-apoptotic protein BAX (l) 

and anti-apoptotic protein BCL2 (m), calculated BAX:BCL2 ratio (n), DNA fragmentation marker p-H2AFX 

(o), and mitochondrial content marker VDAC1 (p). A GAPDH loading control blot is also shown. *p < 0.05 

compared to D0 (within group). †p < 0.05 between groups at the same timepoint. 
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4.3 Inducing mitochondrial depolarization with CCCP promotes mitochondrial 
fission and stimulates LC3B-II conversion in autophagy 

 
Since mdivi-1 increased mitochondrial network interconnectivity, we tested a 

potential chemical inducer of mitochondrial fission, carbonyl cyanide 3-chlorophenyl-

hydrazone (CCCP). Cells transfected with a mitochondrial reporter and treated with 

50 µM CCCP exhibited a decrease (p < 0.05) mitochondrial footprint that consisted of 

less mitochondrial branches per network and fewer total branches compared to VEH 

(Figure 3a-c). In support of this altered mitochondrial network morphology, the number 

of observed mitochondrial puncta increased (p < 0.05) suggesting that mitochondrial 

fission augmented (Figure 3a,d). Interestingly, the morphology of a subpopulation of 

mitochondria that were larger than puncta appeared circular and rounded (p < 0.05, 

Figure 3a,e). In agreement with this, the mean number of junctions and triple points 

decreased (p < 0.05), but no differences were observed for the mean number of 

quadruple points (Figure 3a,f). Collectively, these observations support that CCCP 

induced mitochondrial fission, but it is unclear whether DNM1L participated in the 

formation of these circular mitochondria. 

Figure 3. Depolarization of mitochondria with CCCP increased LC3B-II and abolished mitochondrial 

network interconnectivity. Confocal microscope images (a) of C2C12 cells transfected with 

pDsRed2-Mito (orange), treated with either a vehicle (Veh) or 50 µM CCCP for 30 min at D0, then 

counterstained with nuclear dye DAPI (blue). Scale bar = 10 µm; Inset scale bar = 1 µm. Quantitative 

analysis of the skeletonized mitochondrial footprint (b), branches per network and total branches (c), 

puncta counts (d, light blue solid fill in a), mitochondrial circularity and roundness (e, light blue outline), 

and mean junctions, triple points, and quadruple points (f). n = 10 per group. Representative 

immunoblots (g) of differentiated C2C12 cells treated with 30 µM CCCP for 0 to 6 h and quantitative 

analysis of LC3B-I (h), LC3B-II (i), and calculated LC3B-II:LC3B-I ratio (j). Representative immunoblots 

(k) of differentiated C2C12 cells treated with 2.5 µM CCCP and quantitative protein analysis of DNM1L 

(l), BNIP3 (m), LC3B-I (n), LC3B-II (o), LC3B-II:LC3B-I ratio (p), SQSTM1 (q), MYH (r), BAX (s), BCL2 

(t), calculated BAX:BCL2 ratio (u), and p-H2AFX (v). &p < 0.05 compared to 0 h (within group), 

*p < 0.05 compared to D1 (within group), †p < 0.05 between groups at the same timepoint. 
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Next, we examined the effect of CCCP on differentiated myoblasts. In the first 6 h 

of differentiation, LC3B-I levels were unaltered, but LC3B-II levels increased (p < 0.05) 

along with the LC3B-II:I ratio (p < 0.05, Figure 3g-j), suggesting that CCCP treatment 

stimulated autophagy. We then collected CCCP treated cells at later timepoints of 

differentiation but despite no differences in DNM1L content, mitophagy receptor BNIP3 

(BCL2 interacting protein 3) levels increased compared to VEH (p < 0.05, Figure 3k-m). 

While there were no differences for LC3B-I levels, LC3B-II, and calculated LC3B-II:I 

ratio (Figure 3k,n-p), SQSTM1 levels decreased in CCCP treated cells (p < 0.05, 

Figure 3k,q), which had moderately lower levels of MYH (p < 0.10, Figure 3k,r). 

Despite BAX and BCL2 levels, as well as the BAX:BCL2 ratio remained unchanged 

(p > 0.05, Figure 3k,s-u), p-H2AFX levels were highest at D1 (p < 0.10, Figure 3k,v). 

Overall, we demonstrated that depolarization of mitochondria increased mitochondrial 

fission events, promoted autophagy, and in this context, yielded minor disruptions in the 

process of myoblast differentiation. 

4.4 DNM1L overexpression increases BNIP3 levels during myoblast differentiation  

To validate that DNM1L overexpression (ad-DNM1L) augmented DNM1L levels, 

we demonstrated that undifferentiated cells increased DNM1L content in a dose-

dependent manner (Supplementary Figure 1b). Next, ad-DNM1L myoblasts were 

differentiated to investigate the effect of DNM1L overexpression during myoblast 

differentiation. DNM1L content increased stepwise (p < 0.05) at D3 and D5  

(Figure 4a,b), with no differences between ad-DNM1L and ad-GFP control for FIS1 

(fission, mitochondrial 1) and MFN2 levels (Figure 4a,c,d). 
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Figure 4. DNM1L overexpression maintained MYH protein levels and increased BNIP3 levels at D5. 

Representative immunoblots (a) of differentiated C2C12 cells transduced with ad-DNM1L. Quantitative 

analysis of mitochondrial network remodelling proteins DNM1L (b), FIS1 (c), MFN2 (d), mitophagy 

receptor BNIP3 (e), LC3B-I (f), LC3B-II (g), calculated LC3B-II:LC3B-I ratio (h), differentiation marker 

MYH (i), pro-apoptotic protein BAX (j), anti-apoptotic protein BCL2 (k), calculated BAX:BCL2 ratio (l), 

and DNA fragmentation marker p-H2AFX (m). *p < 0.05 compared to D0 (within group), †p < 0.05 

compared to time-matched ad-GFP control group. 

 

 



34 
 

Importantly, BNIP3 increased 2.5-fold (p < 0.05) for ad-DNM1L cells  

(Figure 4a,e), and LC3B-I levels declined (p < 0.05) at D0 with no differences between 

LC3B-II levels, while the ratio of LC3B-II:I augmented compared to ad-GFP control 

(Figure 4a,f-h). Moreover, MYH levels were elevated at D5 relative to D0 (233-fold, 

ad-GFP control; 331-fold ad-DNM1L), but not statistically significant (Figure 4a,i). In 

agreement that DNM1L overexpression did not perturb myogenic differentiation, BAX 

and BCL2 levels, as well as the BAX:BCL2 ratio and p-H2AFX content indicated no 

differences (p > 0.05) between groups during differentiation (Figure 4a,j-m). 

4.5 Genetic approach to reduce DNM1L expression and mitochondrial fission 
during myoblast differentiation 

 
To provide further evidence that DNM1L is required for myoblast differentiation, 

we attempted to genetically knockdown DNM1L levels with a short hairpin RNA 

targeting Dnm1l (ad-shDnm1l, Supplementary Figure 1c). We found that DNM1L 

reduced by 65% (p < 0.10) at D5 for ad-shDnm1l compared to ad-GFP control while 

MFN2 levels remained unaffected (Figure 5a-c). Moreover, MYOG levels decreased 

(p < 0.05) compared to ad-GFP control (Figure 5a,d). In support of this, MYH levels 

were depressed (p < 0.05, Figure 5a,e) and SQSTM1 decreased by 83% at D5, but not 

statistically significant, relative to D0 (Figure 5a,f). BAX levels remained unchanged 

during differentiation (Figure 5a,g) and differences compared to ad-GFP control for 

p-H2AFX approached statistical significance at D1 (p < 0.10, Figure 5a,h). Together, 

these data possibly indicate that short hairpin RNA against Dnm1l may have disrupted 

myoblast differentiation in this context. However, a true knockdown experiment 

confirming that shDnm1l indeed decreases DNM1L warrants further investigation. 
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4.6 DNM1L inhibition and BNIP3 overexpression during myoblast differentiation 

 
To examine the effect of BNIP3 in mdivi-1 treated cells, we overexpressed the 

mitophagy receptor BNIP3 (ad-BNIP3) during differentiation. Previous work 

demonstrated that BNIP3 was vital for C2C12 differentiation [11]. Indeed, BNIP3 levels 

increased (p < 0.05) in ad-BNIP3+Mdivi-1 treated cells compared to time-matched 

ad-GFP+Veh control (Figure 6a,b). Interestingly, BNIP3L/NIX (BCL2 interacting protein 

3-like) levels decreased for all groups (p < 0.05; Supplementary Figure 2a,c), while 

DNM1L levels increased 3.6-fold at D5 for ad-BNIP3 groups compared to ad-GFP+Veh 

control (p < 0.05, Figure 6a,c). As expected, SQSTM1 levels dramatically decreased 

(p < 0.05) for all groups after the induction of the differentiation process (Figure 6a,d). 

Figure 5. Short hairpin RNA against Dnm1l in differentiated myoblasts decreased MYOG and MYH 

levels. Representative immunoblots (a) and quantitative analysis of mitochondrial fission protein DNM1L 

(b), fusion protein MFN2 (c), early and late differentiation proteins MYOG (d) and MYH (e), respectively, 

autophagy-related protein SQSTM1 (f), and apoptosis proteins BAX (g) and p-H2AFX (h). *p < 0.05 

compared to D0 (within group), †p < 0.05 compared to time-matched ad-GFP control group. 
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Figure 6. BNIP3 overexpression resulted in no impairments in myogenesis and BNIP3 overexpression 

in mdivi-1 treated myoblasts acutely restored myoblast cell fusion. Representative immunoblots (a) 

and quantitative analysis of mitophagy protein BNIP3 (b), mitochondrial fission protein DNM1L (c), 

autophagy-related protein SQSTM1 (d), early and late markers of differentiation MYOG (e) and MYH 

(f), respectively. Representative confocal microscopy images (g) of myotube formation in mdivi-1 

treated cells at day 3 and day 5 of differentiation. Cells were stained with DAPI (blue) and for MF20 

(green) to visualize nuclei and MYH, respectively. Scale bar = 100 µm. Quantitative analysis of the 

differentiation index (h) and fusion index (i). *p < 0.05 compared to D0 (within group), †p < 0.05 

compared to time-matched ad-GFP+Veh group, &p < 0.05 compared to time-matched ad-BNIP3+Veh 

group,  #p < 0.05 compared to D3 (within group), $p < 0.05 compared to time-matched ad-GFP+20 µM 

Mdivi-1 group. 
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Further supporting that BNIP3 overexpression did not impair myogenic 

differentiation, MYOG levels increased 5.0-fold (p < 0.05) for ad-BNIP3+Veh cells and 

mdivi-1 treatment exhibited no differences compared to ad-GFP+Veh control  

(Figure 6a,e). In alignment with these findings, MYH content increased (p < 0.05) at D5 

for cells overexpressed with BNIP3 (Figure 6a,f). As further confirmation of the effect of 

BNIP3 overexpression in mdivi-1 treated cells, morphological analyses at D5 

demonstrated increased (p < 0.05) MYH-positive cells and increased (p < 0.05) 

myoblast cell fusion compared to ad-GFP+Mdivi-1 cells (Figure 6g-i). These findings 

confirmed again that mdivi-1 impaired myotube formation and that BNIP3 

overexpression in DNM1L inhibited cells partially recovered myoblast cell fusion during 

differentiation. 

4.7 DNM1L shRNA and BNIP3 overexpression during myoblast differentiation 
 
We then overexpressed BNIP3 in differentiated myoblasts transduced with 

ad-shDnm1l to examine whether BNIP3 compensated for DNM1L knockdown. Wistfully, 

we did not observe a knockdown effect as measured by DNM1L protein levels  

(Figure 7a,b). Nevertheless, we detected increased (p < 0.10) BNIP3 levels compared 

to ad-GFP control (Figure 7a,c). Interestingly, co-expression of ad-shDnm1l and 

ad-BNIP3 approached statistical significance (p < 0.10) for greater SQSTM1 levels at 

D0 compared to ad-GFP control, and decreased as expected by D5 relative to the 

induction of the differentiation process (Figure 7a,d). 

Importantly, co-expression of ad-shDnm1l and ad-BNIP3 increased MYOG levels 

(p < 0.05, Figure 7a,e), which was accompanied by greater (p < 0.05) MYH levels in 

BNIP3 overexpressed cells compared to ad-GFP control (Figure 7a,f). While BAX 
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levels increased at D1 (p < 0.05), p-H2AFX levels were initially lower (p < 0.05) 

compared to ad-GFP control (Figure 7a,g,h). Collectively, these results could suggest 

that BNIP3 overexpression partially recovered the DNM1L-deficiency in myoblast 

differentiation. However, the effect of DNM1L knockdown utilizing the short hairpin RNA 

approach targeting Dnm1l requires further examination.

Figure 7. BNIP3 overexpression in differentiated shDnm1l myoblasts increased MYOG and MYH 

levels at D5. Representative immunoblots (a) and quantitative analysis of mitochondrial fission 

protein DNM1L (b), mitophagy protein BNIP3 (c) autophagy-related protein SQSTM1 (d), early and 

late markers of differentiation MYOG (e) and MYH (f), respectively, pro-apoptosis protein BAX (g), 

and DNA damage marker p-H2AFX (h). *p < 0.05 compared to D0 (within group), †p < 0.05 

compared to time-matched ad-GFP group, &p < 0.05 compared to time-matched ad-shDnm1l group. 

 

 

 

 

p=0.05 
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4.8 DNM1L mdivi-1 inhibition and PRKN overexpression during myoblast 
differentiation 

 
Previous work conducted in our lab [96] demonstrated that C2C12 myoblasts 

lacked PRKN (parkin RBR E3 ubiquitin protein ligase). Indeed, we confirmed again in 

undifferentiated and differentiated cells (Supplementary Figure 1e) that C2C12 

myoblasts were absent of PRKN. Interestingly, the PRKN-associated mitophagy 

receptor PINK1 (PTEN induced kinase 1) dramatically upregulated in ad-GFP+Veh 

control (Figure 8a,b). Thus, C2C12 myoblasts could present itself as a model for cells 

with PRKN-deficiency. To investigate the effect of PRKN on DNM1L inhibited cells, we 

overexpressed PRKN (ad-PRKN) in differentiated C2C12 myoblasts treated with 

mdivi-1. We reported that PRKN content increased (p < 0.05) for ad-PRKN+Mdivi-1 

treated cells compared to ad-GFP+Veh control (Figure 8a,c), which also exhibited 

lower BNIP3 levels (p < 0.05, Figure 8a,d). While DNM1L content remained unaltered 

throughout differentiation (Figure 8a,e), SQSTM1 levels dramatically decreased 

(p < 0.05) for all groups suggesting that protein degradation upregulated after the 

induction of differentiation (Figure 8a,f). This was further supported by decreased 

LC3B-I levels (p < 0.05, Figure 8a,g) and increased LC3B-II levels (p < 0.05,  

Figure 8a,h) at D1 for ad-GFP-Veh control. However, LC3B-II levels for 

ad-PRKN+Mdivi-1 cells were lower (p < 0.05) but had an increased LC3B-II:I ratio at D5 

(p < 0.05, Figure 8a,i).  

Importantly, mdivi-1 treated cells overexpressed with PRKN had reduced MYOG 

levels (p < 0.05, Figure 8a,j) compared to ad-GFP+Veh control, suggesting that 

myoblast differentiation was impaired. In support of this, MYH content was supressed 

(p < 0.05, Figure 8a,k) in both ad-GFP+Mdivi-1 and ad-PRKN+Mdivi-1 groups 
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compared to ad-GFP+Veh control cells (Supplementary Figure 3a,k). In addition, 

immunofluorescent analyses for MYH-positive cells suggested that ad-PRKN+Veh 

treatment did not impair myotube formation (Supplementary Figure 3m). While 

p-H2AFX levels decreased (p < 0.05, Figure 8a,l) later during differentiation, DNM1L 

inhibited groups with and without PRKN overexpression exhibited a decreased 

(p < 0.05) differentiation response compared to ad-GFP+Veh control, as further 

demonstrated by the decreased proportion of MYH-positive cells (Figure 8m,n) and the 

corresponding lack of myoblast cell fusion (p < 0.05, Figure 8m,o). Collectively, these 

findings suggest that PRKN overexpression failed to ameliorate DNM1L inhibition by 

mdivi-1 during C2C12 myoblast differentiation. 

 

Supplementary data related to this thesis can be found in the Appendix. 

 

Figure 8. PRKN overexpression resulted in no impairments in myogenesis and PRKN overexpression 

in differentiated mdivi-1 treated myoblasts neither restored the protein levels of MYOG and MYH, nor 

increased the cell fusion of myoblasts. Representative immunoblots (a) and quantitative analysis of 

mitophagy proteins PINK1 (b), PRKN (c), and BNIP3 (d), mitochondrial fission protein DNM1L (e), 

autophagy-related protein SQSTM1 (f), LC3B-I (g), LC3B-II (h), and calculated LC3B-II:I ratio (i), early 

and late markers of differentiation MYOG (j) and MYH (k), respectively, and DNA damage marker 

p-H2AFX (l). Representative immunofluorescent images (m) of myotube formation in mdivi-1 treated 

cells at day 3 and day 5 of differentiation. Cells were stained with DAPI (blue) and for MF20 (green) to 

visualize nuclei and MYH, respectively. Scale bar = 100 µm. Quantitative analysis of the differentiation 

index (n) and fusion index (o). *p < 0.05 compared to D0 (within group), †p < 0.05 compared to time-

matched ad-GFP+Veh control group, &p < 0.05 compared to time-matched ad-PRKN+Veh group, 

#p < 0.05 compared to D3 (within group). 
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5.0 Discussion 

5.1 DNM1L-dependent mitochondrial fission is inhibited by mdivi-1 

 The self-assembly of DNM1L is required for the scission of mitochondrial 

membranes and DNM1L oligomerization cooperatively promotes GTP hydrolysis [93], 

[106]. In a chemical screen for inhibitors of mitochondrial fission, Cassidy-Stone et al. 

[97] identified mitochondrial division inhibitor-1 (mdivi-1) as an allosteric inhibitor of GTP 

hydrolysis that blocked DNM1L oligomerization. Kinetic assay of the monomeric 

GTPase domain of DNM1L1-338 and dynamin1-mediated endocytosis of clathrin-coated 

pits were unaffected by mdivi-1, suggesting that mdivi-1 was a selective inhibitor of 

DNM1L self-assembly which decreased DNM1L-dependent mitochondrial fission [98]. 

We examined an in vitro model for skeletal muscle differentiation with C2C12 

myoblasts to determine the mitochondrial network morphology of myoblasts when 

treated with mdivi-1. Our study demonstrated that mdivi-1 treated C2C12 myoblasts 

exhibited decreased mitochondrial fission as evidenced by a hyperfused mitochondrial 

network which consisted of increased mitochondrial branching and reduced number of 

mitochondrial puncta. This was consistent with previous mitochondrial network analyses 

and strengthens the fact that mdivi-1 reduced mitochondrial fission [7], [17].  

5.2 DNM1L-dependent mitochondrial fission, autophagy, and apoptosis during 
myoblast differentiation 

 
Autophagy is required for myoblast differentiation [13], [15]. It was previously 

demonstrated that DNM1L-dependent mitochondrial fission accompanied the activation 

of autophagy in differentiated myoblasts [2]. In agreement with this, we reported that 

differentiated C2C12 control cells increased DNM1L content which coincided with the 

upregulation of autophagy. In contrast, differentiated myoblasts treated with mdivi-1 
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displayed reduced DNM1L levels and decreased autophagy as indicated by reduced 

LC3B-I to LC3B-II conversion. Furthermore, myoblasts treated with mdivi-1 initially 

showed SQSTM1 accumulation which supports that autophagy decreased in DNM1L 

inhibited cells. Thus, our findings indicated that reduced DNM1L-mediated mitochondrial 

fission with mdivi-1 corresponded to the reduction of autophagy during myoblast 

differentiation. 

Myoblasts upregulate the expression of myogenic differentiation proteins MYOG 

and MYH, with MYOG appearing early in the differentiation process followed by MYH 

afterwards [91]. Here, we demonstrated that mdivi-1 treatment in C2C12 myoblasts 

impaired myogenic differentiation in agreement with others [7], [17]. Both MYOG and 

MYH levels were supressed and morphological analyses confirmed that the 

differentiation response and subsequent myoblast cell fusion significantly decreased 

compared to control cells. Collectively, our results demonstrated that DNM1L inhibition 

with mdivi-1 downregulated mitochondrial fission and blunted myotube formation. 

Previous work showed that BCL2 family members of the mitochondrial apoptosis 

pathway were expressed early on during myoblast differentiation [107]. Although 

mitochondrial apoptosis was not our primary focus, we reported that control cells 

increased BAX levels early in the differentiation process which was matched by BCL2 

levels. The ratio of BAX:BCL2, a common measure for apoptotic sensitivity of 

mitochondria [107], increased later in differentiation and this was consistent with others 

[105], [107]. In our study we present new data that mdivi-1 treated cells exhibited a 

greater BAX:BCL2 ratio suggesting that decreased mitochondrial fission increased the 

sensitivity for mitochondrial apoptosis in this context. Together, DNM1L inhibition 
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established that DNM1L was required for mitochondrial fission and provided evidence 

for an alternative role for DNM1L in the cellular processes of autophagy and apoptosis 

[97]. 

5.3 Depolarization of mitochondria stimulates autophagy 

Previously, carbonyl cyanide 3-chlorophenylhydrazone (CCCP) stimulated 

mitochondrial membrane depolarization [107] and CCCP treated myoblasts increased 

LC3B-II levels [108]. In agreement with these studies, CCCP induced autophagy as 

indicated by increased LC3B-II:I ratio. Morphological analyses of the mitochondrial 

network in CCCP treated cells demonstrated a decreased mitochondrial footprint, which 

coincided with decreased total number of network branches, a greater frequency of 

mitochondrial puncta, and reduced the number of network junctions. 

Interestingly, a subpopulation of mitochondria in CCCP treated myoblasts 

exhibited an unusual spheroid-shaped morphology. This was an unexpected result 

which was not reported by Türkseven & Zorzano [108]. However in another study 

utilizing MEF (mouse embryonic fibroblasts) and HeLa cells treated with 10 µM CCCP, 

confocal fluorescence and transmission electron microscopy (TEM) imaging revealed 

the distinct ring-shaped mitochondria after 10 min of treatment [109]. It was later 

confirmed that the lumen of spheroid mitochondria were contact sites with the 

endoplasmic reticulum and other organelles [109]. 

Intriguingly, differentiated C2C12 myoblasts treated with CCCP had higher 

BNIP3 levels compared to VEH. The observed upregulation of BNIP3 could be 

potentiated by the effect of myogenic differentiation. Above all, CCCP treated myoblasts 

displayed some decline in MYH levels and this was corroborated by a study that utilized 
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a range of CCCP concentrations [12]. Despite an inadequate understanding for the 

physiological relevance of CCCP, our results supported that CCCP stimulated 

autophagy which could be a protective response to the detrimental effects of 

mitochondrial depolarization. CCCP deteriorated the mitochondrial network 

interconnectivity which may involve DNM1L as suggested by others [110], but another 

study suggested that the effect of CCCP was independent of DNM1L [109]. 

Nevertheless, the morphology of mitochondria was drastically altered in the presence of 

CCCP which establishes a basis for further studies examining the mechanisms of 

mitochondrial fission and fusion that favour the remodelling of network morphology. 

5.4 Overexpression of DNM1L and short hairpin RNA against Dnm1l during 
myoblast differentiation 

 
We examined the effect of DNM1L overexpression (ad-DNM1L) or knockdown 

(ad-shDnm1l) during myoblast differentiation. Interestingly, ad-DNM1L increased BNIP3 

levels and concomitantly increased LC3B-II:I conversion, suggesting that DNM1L and 

BNIP3 are related in autophagy. This was further supported by fluorescence microscopy 

in cardiac myocytes overexpressing BNIP3 which had reduced LC3B-II levels when 

DNM1L was inhibited with mdivi-1, implying that DNM1L played an important role in 

BNIP3-induced autophagy [111]. Furthermore, we demonstrated that MYH levels were 

unaltered for ad-DNM1L cells compared to control. 

While differentiated ad-shDnm1l cells trended towards statistical significance for 

DNM1L knockdown, myoblasts significantly exhibited reduced MYOG and MYH levels 

throughout differentiation. Granted that measurable differences of MYH levels were 

observed, the reduction of DNM1L as an inference of decreased mitochondrial fission 

events should be loosely interpreted in this context. An effective knockdown of DNM1L 
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would further confirm the effects of decreased mitochondrial fission on myoblast 

differentiation as we previously demonstrated by the action of mdivi-1. Together, 

overexpression of DNM1L appeared to preserve MYH levels whereas shDnm1l may 

have impaired myoblast differentiation suggesting that shDnm1l could have decreased 

DNM1L-dependent mitochondrial fission during myoblast differentiation. 

5.5 DNM1L inhibition and BNIP3 overexpression during myoblast differentiation 
 
Skeletal muscle development and repair requires the differentiation of activated 

myoblasts [91]. Myoblasts restructure their mitochondrial network and shift from a 

glycolytic metabolism to mitochondrial oxidative phosphorylation during myoblast 

differentiation [2]. Since myoblasts dramatically remodel the morphology of 

mitochondria, it is reasonable that mitochondrial fission permits the exclusion of a 

subpopulation of mitochondria and promotes the mitophagy of these mitochondria.  

Previous work utilizing differentiated BNIP3-deficient C2C12 myoblasts (bnip3-/-) 

showed decreased DNM1L levels and abolished MYOG and MYH [11]. Here we 

demonstrated the effect of BNIP3 overexpression (ad-BNIP3) in differentiated 

myoblasts inhibited with mdivi-1 which upregulated BNIP3 content and significantly 

increased MYOG and MYH levels. Ad-BNIP3 mdivi-1 treated myoblasts upregulated 

endogenous DNM1L levels and this further supports the idea that BNIP3 and DNM1L 

are involved in related pathways at the level of the mitochondria. In a similar way, 

hyper-fusion of mitochondria with a dominant-negative form of DNM1L (DNM1LK38E) in 

cardiac myocytes suppressed endogenous BNIP3 levels [111]. As further confirmation 

that ad-BNIP3 partially rescued DNM1L inhibition in differentiated myoblasts, the 

proportion of MYH-positive cells increased, and the cell fusion of myoblasts ameliorated 
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for mdivi-1 treated myoblasts. Supplementing our findings of DNM1L inhibition, we 

attempted to co-express ad-shDnm1l and ad-BNIP3 in differentiated myoblasts. 

Although we did not achieve a knockdown of DNM1L, BNIP3 overexpression resulted in 

greater MYOG and MYH levels. Collectively, the new data reported here suggest that 

the mitophagy receptor BNIP3 promoted myotube formation in DNM1L inhibited 

myoblasts. 

Given that (1) BNIP3-deficient myoblasts reduced endogenous DNM1L levels 

[11], and (2) BNIP3 overexpression partially recovered mdivi-1 DNM1L inhibition, and 

(3) overexpression of either BNIP3 or DNM1L increased the protein content of the other, 

we postulate that BNIP3 and DNM1L cooperatively remodel the mitochondrial network 

during myotube formation. Future studies investigating the overexpression of DNM1L in 

bnip3-/- myoblasts would elucidate the complementary effect of increased 

DNM1L-dependent mitochondrial fission in the context of BNIP3 deficiency during 

myoblast differentiation. Collectively, we demonstrated a novel effect for BNIP3 

overexpression in DNM1L inhibited C2C12 myoblasts during myotube formation. 

5.6 DNM1L inhibition and PRKN overexpression during myoblast differentiation 
 
Emerging studies demonstrated that PINK1 stabilization on the outer 

mitochondrial membrane and the subsequent recruitment of PRKN promotes the 

degradation of select mitochondria [12], [60]. Considering that PRKN recruitment was 

noted during BNIP3-induced mitophagy in cardiac myocytes and mouse embryonic 

fibroblasts [88], [111], in our study we examined the role of PRKN in the context of 

DNM1L inhibition during C2C12 myoblast differentiation. Previous work in our lab [96] 

demonstrated that proliferating primary mouse, primary human, and immortalized L6 rat 
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cells expressed low PRKN levels, which upregulated during myogenic differentiation. 

However, proliferating C2C12 myoblasts, control myoblasts, and myoblasts treated with 

CCCP or starved with Hank’s balanced salt solution (HBSS/amino acid withdrawal) did 

not express detectable levels of PRKN, including C2C12 myoblasts subjected to 5 days 

of differentiation. Furthermore, the lack of detectable PRKN levels was also 

documented by others in HeLa cells and this was exploited as a model for PRKN-

independent mitophagy [60], [62], [112]. Thus, we utilized this unique characteristic of 

C2C12 myoblasts to examine the effect of PRKN overexpression in differentiated 

DNM1L inhibited myoblasts. In the absence of PRKN, C2C12 myoblasts could rely on 

BNIP3 as a key mitophagy receptor during C2C12 myoblast differentiation. 

We confirmed again that PRKN was absent in both untransduced proliferating 

and differentiated C2C12 myoblasts. Upon the overexpression of PRKN (ad-PRKN), we 

detected through immunoblotting a PRKN protein product at the predicted molecular 

weight. We also detected PINK1 levels in control myoblasts which displayed no 

differences for PINK1 levels between ad-PRKN and control groups during 

differentiation. While PRKN overexpression in control cells still formed myotubes, 

interestingly ad-PRKN mdivi-1 treated myoblasts had significantly reduced MYOG and 

MYH levels, suggesting that PRKN overexpression exacerbated DNM1L inhibition 

during myotube formation. Further confirming that PRKN overexpression did not rescue 

mdivi-1 inhibition of DNM1L, we noted a reduction in the proportion of MYH-positive 

cells and fewer myoblast cell fusion events compared to ad-GFP control. 

 It is unclear how BNIP3 and PINK1 interact on the surface of mitochondria to 

recruit PRKN in differentiated C2C12 myoblasts when we present here that myoblasts 
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are absent of endogenous PRKN. Our results which indicated that myoblasts lacked 

detectable levels of PRKN are contradicted by a study that examined PRKN content in 

differentiated C2C12 myoblasts [12]. However, in the same study BNIP3 levels were not 

measured, further amplifying the need for studies investigating the interaction of BNIP3 

and PINK1 on the possible recruitment of PRKN to the mitochondria in C2C12 

myoblasts. 

5.7 A dual function of BNIP3 in mitophagy and apoptosis 

The mitophagy receptor BNIP3 contains a BH3-only domain that can interact with 

pro-apoptotic BAX and anti-apoptotic BCL2 proteins [20]. However, the mechanism of 

how BNIP3 induces cell death merits further research because BNIP3 can be exploited 

as a molecular switch between mitophagy and cell death [39], [68]. In our study, BNIP3 

overexpression partly compensated for the mitochondrial fission deficiency achieved by 

mdivi-1 and permitted C2C12 myoblast differentiation. An advantage for BNIP3 

mitochondrial localization is the potential role for inducing mitophagy as a repair 

mechanism to prevent premature cell death [20], [54]. It is possible that mdivi-1 treated 

cells overexpressed with BNIP3 had sufficient levels of BNIP3 present to interact with 

other BH3-only proteins such as BAX, BCL2, and BECN1, each with reported functions 

for promoting cell death, cell survival, and autophagy [39], [113], [114]. In contrast, 

PRKN is absent of a BH3-only domain and thus possibly lacks the same level of control 

as BNIP3 governing the signaling events in response to DNM1L inhibition during 

myoblast differentiation. 
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5.8 Limitations and future directions 

 Our study further demonstrated that DNM1L inhibition with mdivi-1 impaired 

C2C12 myoblast differentiation. With the new data reported here, we found that BNIP3 

overexpression partially restored myoblast differentiation for DNM1L inhibited cells 

despite no effect with PRKN overexpression. However, some limitations can be 

addressed with follow-up studies. One example was the use of a mitochondrial 

fluorescent reporter because transfections induces stress to cells which can affect the 

morphology of the mitochondrial network. Thus, using more than one method to 

visualize mitochondria would support our mitochondrial network analyses. This can be 

achieved with photostable chemical dyes specific for mitochondrial staining 

(e.g. MitoTracker) [17], [115]. With respect to the mitochondrial puncta observed in 

CCCP treated cells, co-expression of a LC3 reporter then chloroquine treatment to 

block autophagosome-lysosome fusion, would identify mitochondria targeted for 

autophagy. Previously, the pDsRed2-Mito reporter was used in conjunction with a 

GFP-tagged LC3 expression vector to quantify colocalization events as a measure for 

mitophagy [11]. 

We attempted to genetically knockdown DNM1L with a short hairpin RNA against 

Dnm1l (shDnm1l). A shortcoming of our knockdown experiments was the effectiveness 

of the knockdown on reducing DNM1L levels. Despite the reduction of DNM1L content 

which approached statistical significance, future studies should validate the knockdown 

effect of shDnm1l with increased adenoviral multiplicity of infection (MOI), a measure of 

the ratio of viral particles to the number of host cells used to standardize cell culture 

transduction experiments. 
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It was established in the literature that DNM1L translocation to the mitochondria 

mediates mitochondrial fission [5], [74], [94]. In our study, we measured DNM1L content 

in whole cell lysates. Although we observed reductions in DNM1L content for both 

mdivi-1 treated and shDnm1l cells, the cellular localization of DNM1L would reinforce 

our findings. This can be accomplished by subcellular fractionation and centrifugation 

techniques that separate the cellular compartments of the nucleus, cytosol, and 

mitochondria-enriched fractions [11]. 

To study the interplay between DNM1L and mitophagy receptors, we treated 

C2C12 myoblasts with mdivi-1 then overexpressed BNIP3 or PRKN. As noted earlier, 

subcellular fractionation could advance our findings and further support the relationship 

between DNM1L and mitophagy proteins. Moreover, a future study utilizing 

CRISPR-Cas9 generated bnip3-/- myoblasts could examine whether DNM1L or PRKN 

overexpression recovers the abolished levels of MYH observed in differentiated BNIP3-

deficient myoblasts [11]. 

Mitochondrial dynamics of fission and fusion as well as the biogenesis and 

degradation of mitochondria all contribute to the remodelling of the mitochondrial 

network [3], [23], [116]. Our study could further examine the levels of mitochondrial 

fusion and mitochondrial biogenesis proteins in the context of DNM1L inhibition during 

myoblast differentiation. In short, future studies investigating the effect of DNM1L 

inhibition or DNM1L knockdown on other mitochondrial network remodelling processes 

should be conducted. 
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5.9 Summary and Conclusion 

In this study we showed that DNM1L inhibition decreased mitochondrial fission 

and impaired C2C12 myoblast differentiation. Through a combination of mitochondrial 

network analyses and MYH expression-based experiments, we demonstrated that 

mdivi-1 resulted in a hyperfused mitochondrial network while CCCP stimulated 

mitochondrial fission. Importantly, we identified that BNIP3 overexpression partially 

recovered myoblast cell fusion for DNM1L inhibited cells during myoblast differentiation. 

However, we found that PRKN overexpression in mdivi-1 treated myoblasts did not 

rescue myotube formation to the same extent. Thus, our findings further support the 

requirement for DNM1L and the involvement of mitophagy receptors during myoblast 

differentiation. 
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Appendix 

 

  Supplementary Figure 1. Adenoviral vector delivery in C2C12 myoblasts. Representative 

immunoblots of proliferating (Day 0) C2C12 cells transduced for 24 hours at various multiplicity of 

infections (MOI) with an adenovirus harbouring constructs for either GFP (a), DNM1L (b), shDnm1l 

(c), BNIP3 (d), or PRKN (e). 



63 
 

 

Supplementary Figure 2. BNIP3 overexpression resulted in no impairments in myogenesis and 

BNIP3 overexpression in differentiated mdivi-1 treated myoblasts upregulated differentiation-related 

proteins MYOG and MYH. Representative immunoblots (a) and quantitative analysis of mitophagy 

proteins BNIP3 (b) and BNIP3L (c), mitochondrial fission protein DNM1L (d), autophagy-related 

protein SQSTM1 (e), early and late markers of differentiation MYOG (f) and MYH (g), respectively. 

*p < 0.05 compared to D0 (within group), †p < 0.05 compared to time-matched ad-GFP+20 µM Mdivi-1 

group. 
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Supplementary Figure 3. PRKN overexpression resulted in no impairments in myogenesis and PRKN 

overexpression in differentiated mdivi-1 treated myoblasts neither restored the protein levels of 

differentiation-related proteins MYOG and MYH, nor increased the cell fusion of myoblasts. 

Representative immunoblots (a) and quantitative analysis of mitophagy proteins PRKN (b), PINK1 (c), and 

BNIP3 (d), mitochondrial fission protein DNM1L (e), autophagy-related protein SQSTM1 (f), LC3B-I (g), 

LC3B-II (h), and calculated LC3B-II:I ratio (i), early and late markers of differentiation MYOG (j) and MYH 

(k), respectively, and DNA damage marker p-H2AFX (l). Representative immunofluorescent images (m) of 

myotube formation in mdivi-1 treated cells at day 5 of differentiation. Cells were stained with DAPI (blue) 

and for MF20 (green) to visualize nuclei and MYH, respectively. Scale bar = 300 µm. *p < 0.05 compared 

to D0 (within group), †p < 0.05 compared to time-matched ad-GFP+Veh control group, &p < 0.05 compared 

to time-matched ad-GFP+20 µM Mdivi-1 group. 
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