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ABSTRACT 
 

MERRF (Myoclonic Epilepsy with Ragged-Red Fibers) syndrome is one of the most 

common mitochondrial disorders, principally caused by the m.8344A>G mutation in 

mitochondrial DNA (mtDNA). This mutation affects the translation of                

mtDNA-encoded proteins; therefore, the assembly of the electron transport chain 

(ETC) complexes is disrupted, leading to a reduced mitochondrial respiratory 

function.  

In this thesis, we report how the autophagy flux and the selective degradation of 

defective mitochondria (mitophagy) become essential mechanisms for the balance 

between survival and cell death in this disease. We evaluated autophagy and 

mitophagy flux in transmitochondrial cybrids and fibroblasts derived from MERRF 

patients, reporting that Parkin-mediated mitophagy is increased in MERRF cell 

cultures harbouring the m.8344A>G mutation. Our results suggest that 

supplementation with coenzyme Q10 (CoQ) prevents Parkin translocation to 

mitochondria. In addition, CoQ acts as an enhancer of autophagy and mitophagy 

flux, improving cell pathophysiology. Our findings support the hypothesis that both a 

regulated autophagy and Parkin-mediated mitophagy act as cell survival 

mechanisms in a mitochondrial dysfunction background.  

 

However, the use of cybrids and skin fibroblasts as MERRF cellular models has 

shortcomings, since they are not the cell types mostly affected in MERRF patients 

and they are not much vulnerable to energy-dependent defects resulting from 

mitochondrial dysfunction. For that reason, in this thesis we report how            

patient-specific induced neurons (iNs) are originated by direct reprogramming of 

dermal fibroblasts derived from different individuals carrying the m.8344A>G 

mutation. The pathophysiological characterization of MERRF iNs indicates that they 

can be used as an excellent cellular model to elucidate the mechanisms underlying 

MERRF syndrome, as well as a screening platform for testing drugs that can correct 

the phenotype of the disease. 

According to our results, iNs generation would provide an opportunity to study 

mitochondrial diseases in one of the cell types primarily affected. 
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RESUMEN  
 

MERRF (del inglés, Myoclonic Epilepsy with Ragged-Red Fibers) es una de las 

enfermedades mitocondriales más comunes, principalmente causada por la 

mutación m.8344A>G en el ADN mitocondrial. Esta mutación afecta a la traducción 

de proteínas codificadas por el ADN mitocondrial; por lo tanto, el ensamblaje de los 

complejos de la cadena de transporte de electrones está alterado, provocando una 

disminución de la función respiratoria mitocondrial. 

En esta tesis se estudia cómo el flujo autofágico y la degradación selectiva de 

mitocondrias disfuncionales (mitofagia) son mecanismos esenciales para el balance 

entre supervivencia y muerte celular en esta enfermedad. Evaluamos los flujos 

autofágico y mitofágico en cíbridos transmitocondriales y fibroblastos dérmicos 

procedentes de pacientes con síndrome MERRF, observando que la mitofagia 

mediada por Parkina está aumentada en los cultivos celulares MERRF con la 

mutación m.8344A>G. Nuestros resultados sugieren que el tratamiento con 

coenzima Q10 (CoQ) previene la translocación de Parkina a la mitocondria. Además, 

la CoQ actúa como un acelerador del flujo autofágico y mitofágico, mejorando la 

fisiopatología celular. Nuestros hallazgos respaldan la hipótesis de que una 

autofagia y mitofagia mediada por Parkina reguladas actúan como un mecanismo de 

supervivencia celular en un contexto de disfunción mitocondrial.  

 

Sin embargo, el uso de cíbridos y fibroblastos dérmicos como modelos celulares del 

síndrome MERRF presenta desventajas, ya que no son las células más afectadas 

en los pacientes y no son demasiado vulnerables a defectos dependientes de la 

falta de energía provocada por la disfunción mitocondrial. Por esta razón, en esta 

tesis se presenta la generación de neuronas inducidas mediante reprogramación 

celular directa a partir de fibroblastos dérmicos de pacientes con la mutación 

m.8344A>G. La caracterización fisiopatológica de las neuronas inducidas MERRF 

indica que éstas pueden constituir un excelente modelo para dilucidar los 

mecanismos moleculares de la enfermedad, así como una plataforma de cribado 

para el estudio de moléculas que puedan corregir su fenotipo.  
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ABBREVIATIONS 
 
3D: Three-dimensional  

AAA: ATPases associated with 

diverse cellular activities 

AAV: Adeno-associated virus  

AD: Alzheimer’s disease  

ADP: Adenosine diphosphate 

AHSCT: Allogenic hematopoietic stem 

cell transplantation  

AICAR: 5-aminoimidazole-4-

carboxamide 1-β-D-ribofuranoside  

AIF1: Allograft inflammatory factor 1 

AKT: Protein kinase B 

AL: Albumin 

ALS: Amyotrophic lateral sclerosis  

AMN: Apoptotic microtubule network  

AMP: Adenosine monophosphate  

AMPK: 5ʹ-adenosine monophosphate-

activated protein kinase  

AOX: Alternative oxidase  

APS: Ammonium persulfate 

Arg: Arginine 

ASCL1: Achaete-scute complex-like 1  

ATG: Autophagy-related  

ATP: Adenosine triphosphate 

ATP6:  ATP synthase F0 subunit 6 

BAF: Bafilomycin A1 

BCL11B: B-cell lymphoma 11b 

BCL2: B-cell lymphoma 2 

BDNF: Brain-derived neurotrophic 

factor 

bFGF: Basic fibroblast growth factor 

BN-PAGE: Blue Native-PAGE 

BNIP3: Bcl2/adenovirus E1B 19 kDa 

protein-interacting protein 3 

Bp: Base pair 

BRN2: Brain-2 

BRN3A: Brain-specific 

homeobox/POU domain protein 3A  

BSA: Bovine serum albumin 

CaMKK: Calmodulin-dependent 

protein kinase-kinase 

cAMP: Cyclic AMP 

Cas9: CRISPR-associated protein 9 

CCCP: Carbonyl cyanide m-

chlorophenylhydrazone 

CDKN2A: Cyclin dependent kinase 

inhibitor 2A  

CLPP: ATP-dependent Clp protease 

proteolytic subunit  

CM-H2DCFDA: Chloromethyl 

H2DCFDA 

CMA: Chaperone-mediated autophagy 

CMs: Cardiomyocyte-like cells 

CMT2A: Charcot–Marie–Tooth 

neuropathy type 2A  

CNTF: Ciliary neurotrophic factor 

CO: Cytochrome c oxidase 

CoA: Coenzyme A 

CoQ: Coenzyme Q10 

CoQH2: Ubiquinol 
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COX: Cytochrome oxidase  

CRISPR: Clustered Regularly 

Interspaced Short Palindromic 

Repeats  

CSF: Cerebral spinal fluid  

cTNT: Cardiac troponin T  

CYTB: Cytochrome B  

Cyt. c: Cytochrome c 

DAPI: 4′,6-diamidino-2-phenylindole 

db-cAMP: Dibutyryl-cyclic AMP 

DCF: 2′,7′-di-chlorofluorescein 

DLXs: Distal-less homeobox proteins 

(1,2 and 5) 

DMEM: Dulbecco's modified Eagle's 

medium  

DMSO: Dimethyl sulfoxide 

DNA: Deoxyribonucleic acid  

DNP: 2,4-dinitrophenyl 

DNPH: 2,4-dinitrophenylhydrazine 

dNTP: Deoxyribonucleotide 

triphosphate 

DPI: Days post infection 

DRP1: Dynamin-like protein 1  

EBV: Epstein-Barr virus  

ECAR: Extracellular acidification rate 

EDTA: Ethylenediaminetetraacetic 

acid 

EE: Ethylmalonic encephalopathy  

EGTA: ethylene glycol-bis (β-

aminoethyl ether)-N, N, N′, N′-

tetraacetic acid 
EIF4EBP1: Eukaryotic translation 

initiation factor 4E-binding protein 1 

EN1: Homeobox protein engrailed-1  

EPCs: Endothelial progenitor cells 

ER: Endoplasmic reticulum  

ESCs: Embryonic stem cells 

ETC: Electron transport chain 

ETF: Electron-transferring-flavoprotein  

FACS: Fluorescence-Activated Cell 

Sorting  

FAD+: Oxidized Flavin adenine 

dinucleotide 

FADH2: Reduced Flavin adenine 

dinucleotide 

FBS: Fetal bovine serum  

FCCP: Carbonyl cyanide-4- 

(trifluoromethoxy)phenylhydrazone  

FD: Familial dysautonomia 

FDA: Food and Drug Administration 

FEV: Fifth Ewing variant protein 

FF: Form factor 

FGF8: Fibroblast growth factor 8  

FIP200: 200 kDa FAK family kinase-

interacting protein 

FIS1: Mitochondrial fission 1 

FITC: Fluorescein Isotiocyanate 

FOXAs: Forkhead box A proteins (1,2 

and 3) 

FOXG1: Forkhead box G1 

FP: Forward primer 

FUNDC1: FUN14 Domain containing 1 

Gag: Group-specific antigen 

(retrovirus) 

GAPDH: Glyceraldehyde-3-phosphate 

dehydrogenase 

GATAs: GATA binding proteins (2 and 

4) 
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GDNF: Glial cell derived neurotrophic 

factor 

GFP: Green fluorescent protein 

Gln: Glutamine 

Glu: Glutamic acid 

Gly: Glycine 

GRACILE: Growth retardation, 

aminoaciduria, cholestasis, iron 

overload and early death  

GSH: Glutathione 

GTP: Guanine triphosphate 

GuttaQ: Guttaquinon CoQ10 

H2DCFDA: 2′,7′-

dichlorodihydrofluorescein diacetate 

HAND2: Heart and neural crest 

derivatives expressed 2 

HBSS: Hank's balanced salt solution 

HD: Huntington’s disease  

HDAC6: Histone deacetylase 6 

HEK293T: Human embryonic kidney 

293 cell line 

HEPES:  4-(2-hydroxyethyl)-1- 

piperazineethanesulfonic acid  

HIF1: Hypoxia-inducing factor-1 

hiPSCs: Human iPSCs 

His: Histidine 

hmtPAP: Mitochondrial poly-A 

polymerase 

HNFs: Hepatocyte nuclear factors (1 

and 4) 

HRP: Horseradish peroxidase  

HSC-70: Heat shock cognate protein 

of 70 kDa 

HSP60: 60 kDa heat shock protein 

HUVECs: Human umbilical vein 

endothelial cells 

IDD: Intervertebral disc degeneration 

IGFs: Insulin-like growth factors (1 and 

1R) 

Ile: Isoleucine 

IBM: Inner boundary membrane  

IMM: Inner mitochondrial membrane  

iNs: Induced neurons 

iPSCs: Induced pluripotent stem cells  

IS: Intermembrane space  

ISLS: Insulin gene enhancer proteins 

(1 and 2) 

JC-1: 5,5’,6,6’-tetrachloro-1,1’3,3’ 

tetraethylbenzimidazolecarbocyanine 

iodide  

KA: Kainic acid 

KEAP1: Kelch-like ECH-associated 

protein 1  

KLFs: Kruppel-like factors (4 and 7) 

KSS: Kearns–Sayre syndrome  

LC3-I: LC3 cleaved at the C terminus 

by Atg4  

LC3-II: LC3-I lipided by conjugation to 

PE 

LC3: Microtubule-associated proteins 

1A/1B light chain 3 

LC3B: LC3 isoform (antibody against 

LC3B was used during this thesis)  

LCLs: Lymphoblastoid cell lines  

Leu: Leucine  

LHON: Leber hereditary optic 

neuropathy 



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 30 

LHXs: LIM/homeobox proteins (3 and 

6) 

LIR: LC3-interacting region 

LMX1A: LIM homeobox transcription 

factor 1 alpha 

LMX1B: LIM homeobox transcription 

factor 1 beta 

LONP1: Lon peptidase 1 

Lys: Lysine 

MAFA: MAF bZIP transcription factor 

A 

MAM: Mitochondria-associated ER 

membrane 

MAP-2: Microtubule-associated 

protein 2 

Mdivi-1: Mitochondrial division 

inhibitor 1  

MEF2C: Myocyte enhancer factor 2C 

MEFs: Mouse embryonic fibroblasts  

MELAS: Mitochondrial 

Encephalomyopathy, Lactic Acidosis, 

and Stroke-like episodes 

MERRF: Myoclonic Epilepsy with 

Ragged-Red Fibers 

MFN1: Mitofusin-1 

MFN2: Mitofusin-2 

MILS: Maternally inherited Leigh 

syndrome 

miR: Micro-RNA 

miRNA: Micro-RNA 

MIRO: Mitochondrial rho GTPase 

mLST8: Mammalian lethal with SEC13 

protein 8 

MMPs: Matrix metalloproteinases 

MNGIE: Mitochondrial 

neurogastrointestinal encephalopathy 

Mnm (E, G, A): 5-

carboxymethylaminomethyluridine-

tRNA synthase GTPase subunit (E, G, 

A) 

MnSOD: Superoxide dismutase 

MNX1: Motor neuron and pancreas 

homeobox 1 

MOI: Multiplicity of infection 

MPP: Mitochondrial processing 

peptidase  

MPT: Mitochondrial permeability 

transition  

MRC: Mitochondrial respiratory chain 

MRI: Magnetic resonance imaging  

mRNAs: Messenger RNAs 

MRS: Magnetic resonance 

spectroscopy  

mt-aaRSs: Aminoacyl mt-RNA 

synthetases  

mt-rRNAs: Mitochondrial ribosomal 

RNAs 

MT-TK: Mitochondrially encoded tRNA 

lysine 

mt-tRNA: Mitochondrial transfer RNA  

mtDNA: Mitochondrial DNA 

MTDR: MitoTrackerTM Deep Red 

MTO1: Mitochondrial tRNA translation 

optimization 1 

mTOR: Mammalian target of 

rapamycin  

mTORC1: mTOR complex 1  

mTORC2: mTOR complex 2  
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MTS: Mitochondrial targeting 

sequence  

mtSSBP: Mitochondrial single strand 

binding protein  

mtTERM: Mitochondrial transcription 

terminator factor  

mtTFA: Mitochondrial transcription 

factor A  

mtTFB: Mitochondrial transcription 

factor B (1,2). 

MTU1: tRNA 5-methylaminomethyl-2-

thiouridylate methyltransferase  

MUL1: Mitochondrial E3 ubiquitin 

protein ligase 1 

MYC: MYC proto-oncogene 
MYLs: Myosin light chains (2 and 7)  

MYOD1: Myoblast Determination 1 

MYT1L: Myelin transcription factor 1 

like 

N or N0: Number of cells � 

N-CAM: Neural cell adhesion molecule 

n: Proliferation rate� 

NAC: N-acetylcysteine  

NADH: Reduced nicotinamide adenine 

dinucleotide 

NARP: Neuropathy, ataxia and retinitis 

pigmentosa 

NBR1: Neighbour of BRCA1 gene 1 

ND: NADH dehydrogenase 

ND5: NADH-ubiquinone 

oxidoreductase chain 5 

nDNA: Nuclear DNA 

NDUFS4: NADH-ubiquinone 

oxidoreductase core subunit S4 

NDUFV1: NADH: ubiquinone 

oxidoreductase core subunit V1 

NEUROD: Neurogenic Differentiation 

factor (1 and 4) 

NGN1: Neurogenin 1 

NGN2: Neurogenin 2 

NGN3: Neurogenin 3 

NIX: NIP3-like protein X  

NKX2-2: NK2 homeobox 2 

Np: Nucleotide positions 

NP: Nucleus pulposus 

NPCs: Neural progenitor cells  

NRF1: Nuclear respiratory factor 1 

NRF2: Nuclear factor (erythroid-

derived 2)-like 2 

Nt: Nucleotide 

NT3: Neurotrophin-3 

NuoL: NADH: quinone oxidoreductase 

subunit L 

NURR1: Nuclear receptor related 1 

protein 

O/N: Overnight 

OAβ: Oligomeric amyloid β 

OCR: Oxygen consumption rate 

OH: Replication origin of heavy strand 

of mtDNA 

OL: Replication origin of light strand of 

mtDNA 

OMM: Outer mitochondrial membrane 

OPA1: Optic atrophy 1  

OPTN: Optineurin 

OXPHOS: Oxidative phosphorylation  
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P: P-value (statistics)� 

P62/SQSTM1: Sequestosome-1 

p70S6K: Ribosomal S6 kinase 

PAGE: Polyacrylamide gel 

electrophoresis  

PANK2: Pantothenate kinase 2 

PARK2: Parkin gene 

PARL: Presenilins-associated 

rhomboid-like  

PAS: Phagophore assembly sites 

PAX: Paired box (6 and 7) 

PBS: Phosphate-buffered saline  
PCR: Polymerase chain reaction 

PCR-RFLP: PCR-Restriction fragment 

length polymorphism  

PD: Parkinson’s disease  

Pdr-1: E3 ubiquitin-protein ligase 

parkin 

PDX1: Pancreas and duodenum 

homeobox 1 

PE: Phosphatidylethanolamine 

PEI: Polyethyleneimine 

PEO: Progressive external 

ophtalmoplegia  

PFA: Paraformaldehyde 

PFK2: Phosphofructokinase 2  

PFL: Polyornithine-fibronectin-laminin 

PGC1A: Peroxisome proliferator-

activated receptor gamma coactivator 

1-alpha 

PGK: Phosphoglycerate kinase 

Phe: Phenylalanine 

Pi: Inorganic phosphate  

PI3K: Phosphatidylinositol kinase type 

III  

PI3P: Phosphatidylinositol 3-

phosphate 

PINK1: PTEN-induced putative kinase 

1 

PITX3: Pituitary homeobox 3  

PKB: Protein kinase B  

Pol: Polymerase (retrovirus) 

POLRMT: Mitochondrial RNA 

polymerase 

POLγ: Mitochondrial DNA polymerase 

POU5F1: POU class 5 homeobox 1 

PPAR: Peroxisome proliferative-

activated receptor 

PRAS40: Proline-rich Akt substrate of 

40 kDa 

Pro: Proline 

PT: Permeability transition 

PTB: Polypyrimidine tract-binding  

qPCR: quantitative PCR 

RE: Restriction enzyme 

REST: RE-1 silencing transcription 

factor 

Rev: Regulator of virion (retrovirus) 

RHEB: Ras homolog enriched in brain 

RIPA: Radioimmunoprecipitation 

assay (buffer), 50 mM Tris-HCl, 150 

mM sodium chloride, 1.0% Triton X-

100, 0.5% sodium deoxycholate, 0.1% 

SDS, pH 8.0. 

RNA: Ribonucleic acid  

RNS: Reactive nitrogen species 

ROI: Region of interest 
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ROS: Reactive oxygen species 

RP: Reverse primer 

rRNAs: Ribosomal RNAs 

RT: Room temperature 

SC: Supercomplex 

SD: Standard deviation 

SDH: Succinate dehydrogenase 

SDR: Strand displacement replication 

SDS: Sodium dodecyl sulphate  

Ser: Serine 

sgRNA: Single guide RNA  

Shh: Sonic hedgehog  

shRNA: Short hairpin RNA 

SIRT1: NAD-dependent protein 

deacetylase sirtuin-1 

SLM3: tRNA-5-taurinomethyluridine 2-

sulfurtransferase  

SMA: Spinal muscular atrophy 

SMURF1: SMAD specific E3 ubiquitin 

protein ligase 1 

SOX2: SRY-box 2 

SV40: Simian virus 40 

T-TBS: TBS with 0.05% Tween 

TAL: Transcription activator-like  

TALENs: Transcription activator-like 

effector nucleases 

TBK1: TANK binding kinase 1 

TBS: Tris-buffered saline  

TBX5: T-box 5 

TEMED: Tetramethylethylenediamine  

TG: Transfer buffer (  

TGS: Running buffer (25 mM Tris, 190 

mM glycine, 0.1% SDS, pH 8.3)  

Thr: Threonine 

TIM: Translocase of inner membrane  

TOM: Translocase of outer membrane  

TOMM20: Translocase of outer 

mitochondrial membrane 20  

TrkB: Tropomyosin-related kinase B 

TRMU: Mitochondrial tRNA-specific 2-

thiouridylase 1 

tRNAs: Transfer RNAs 

Trp: Tryptophan 

TSC: Tuberous Sclerosis Complex (1 

and 2) 

TYMP: Thymidine phosphorylase 
TUJ1: βIII-Tubulin 

UBA: Ubiquitin-associated 

UBL: Ubiquitin-like 

ULK1: Unc-51 Like Kinase 1 

UPRmt: Mitochondrial unfolded protein 

response 

UPS: Ubiquitin-proteasome system 

URFs: Unidentified reading frames  

VDAC1: Voltage-dependent anion-

selective channel 1 

VHL: Von Hippel-Lindau  

VPA: Valproic acid  

VPS: Vacuolar protein sorting 

VSV-G: Vesicular stomatitis virus G 

WPRE: Woodchuck Hepatitis Virus 

Posttranscriptional Regulatory Element 

WT: Wild-type  

ZFNs: Zinc-finger endonucleases  

ΔΨm: Mitochondrial membrane 

potential
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INTRODUCTION  
Mitochondria  

Structure, morphology and functions 
Mitochondria are vital organelles for every nucleated cell as they generate energy by 

producing adenosine triphosphate (ATP) by the oxidative phosphorylation 

(OXPHOS) system. Therefore, these organelles are necessary for the energetic 

survival of the cell without being dependent on anaerobic glycolysis. They are also 

important for several aspects of the cell metabolism, since they regulate apoptosis, 

calcium homeostasis and the response against oxidative stress, mainly caused by 

the mitochondrial production of reactive oxygen species (ROS)1. Mitochondria were 

first identified during the nineteenth century and it is widely accepted that they have 

an endosymbiotic origin2: mitochondria are suggested to evolve from bacteria that 

endocytosed in a primal eukaryotic cell which acquired bacteria’s OXPHOS system3.  

 

Structure, organization and functions of mitochondria are strongly interconnected. 

However, it is difficult to stablish a static mitochondrial morphology due to the plastic 

and dynamic nature of the organelle. Besides, mitochondria can be observed as 

discrete entities or interconnected as tubular networks by which they can move, fuse 

and fission. Therefore, mitochondria have no permanent size, but typically they can 

be defined as rod-like shaped organelles with dimensions of 3-4 μm (length) and 0.5-

1 μm (diameter)4. 

 

Mitochondria contain two different, highly specialized membranes: the outer 

mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM). They 

create two independent internal compartments: the mitochondrial matrix and the 

intermembrane space (IS)5 (Figure I1). The biochemical composition, the 

morphology and the roles of the two membranes are different. 

 

The OMM is a phospholipid bilayer similar to the plasma membrane, which is freely 

permeable to small molecules and ions smaller than 6 kDa. The OMM contains 

many copies of a transport channel protein called VDAC1 (Voltage-Dependent Anion 

Channel 1) which allows the free diffusion of molecules. Therefore, the IS and the 
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cytosol share a similar biochemical composition and the presence of specific 

proteins such as cytochrome c5.  

Moreover, OMM associates mitochondria with the cytoskeleton, allowing 

mitochondrial movement across the cell6. Recently, interaction areas between OMM 

and the endoplasmic reticulum (ER) have been observed (mitochondria-associated 

ER membrane, [MAM])7. These contact areas are required for crucial cellular events 

including the import of calcium and phosphatidylserine into mitochondria, the 

autophagosomes formation or the regulation of the mitochondrial morphology and 

motility8. 

 
 
Figure I1. Structure of mitochondrion (diagrammatic).  
Mitochondria are bounded by a double membrane: a smooth outer membrane and 
a folded inner membrane. The folds of the inner membrane are called cristae. The 
gap between both membranes is called the intermembrane space. The space 
within the inner membrane is called the matrix, which contains DNA, ribosomes 
and granules. 

 

In contrast to OMM, the lipid composition of the IMM is special, since it contains a 

huge percentage of cardiolipin, a phospholipid with four fatty acids that helps IMM to 

be impermeable to most ions and small molecules. This allows the maintenance of 

the proton gradient that drives OXPHOS. Besides, it is postulated that cardiolipin 

may be essential for either the assembly of the complexes of the mitochondrial 
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respiratory chain (MRC) in the IMM or their maintenance in their functional 

conformation. 

The IMM forms numerous invaginations named cristae which expand IMM surface 

area and contain mainly proteins (70% of the total components) which have an 

essential role in OXPHOS (ATP generation) and the import and export of metabolites 

or small molecules required by the enzymes of the matrix. Due to the presence of 

these invaginations, IMM can be divided into two distinct regions, the inner boundary 

membrane (IBM) and cristae9. 

The number and morphology of cristae are likely to reflect the response of the 

mitochondria to the energy demands of the cell.  Recently, technical advances in 

ultrastructure analysis of mitochondria have led to the current view of cristae as 

tubules, in which three components can be observed: cristae junctions (sites where a 

given crista extends inward from the IBM), cristae stalks (digitiform segments which 

harbor ETC supramolecular complexes) and cristae tips (regions which cap the 

cristae, seal the membranes and contain the ATP synthase complex)9. 

 

The matrix contains the mitochondrial DNA (mtDNA), mitochondrial ribosomes, 

different mitochondrial transfer RNAs (mt-tRNAs) and the enzymes responsible for 

the central reactions of oxidative metabolism (Figure I1): the catabolism of pyruvate 

and fatty acids to produce acetyl coenzyme A (CoA) and its oxidation in the citric 

acid cycle. The oxidation of acetyl CoA to CO2 produces the bulk of reduced 

nicotinamide adenine dinucleotide (NADH), which is the main source of electrons for 

transport along the MRC.    

 

Despite of the specialized mitochondrial compartmentalization, mitochondrial 

sections are interconnected by transport protein complexes, such as the translocase 

of outer membrane (TOM) and the translocase of inner membrane (TIM)10, which 

allow the import of proteins into the IS or the mitochondrial matrix.  
 

The main function of mitochondria is the ATP production in aerobic organisms, a 

metabolic process termed OXPHOS that is carried on through the MRC by 

transferring electrons from reduced species (NADH or reduced Flavin adenine 

dinucleotide, [FADH2]) to O2, obtaining water as an end product. This process is 
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coupled to a proton pumping through the IMM from the mitochondrial matrix to the 

IS, generating an electrochemical gradient, which provides mitochondrial membrane 

potential (ΔΨm).  

Among the components of MRC that carry on the OXPHOS process, four are 

multiprotein complexes (complex I-IV) located in the IMM, which are connected 

through two electron transporters: coenzyme Q10 (CoQ) and cytochrome c, and the 

ATP synthase (complex V)5 (Figure I2).  

 
Figure I2. Mitochondrial electron transport chain.  
The mitochondrial electron transport chain consists of a series of large proteins 
bound to the inner mitochondrial membrane. Four large proteins are associated 
with electron transport, called complexes I through IV. The electron transport 
chain and OXPHOS are coupled by a proton gradient across the inner 
mitochondrial membrane, which creates an electrochemical gradient that is used 
by ATP synthase (complex V) to produce ATP. 

 

The complex I or NADH dehydrogenase is the largest enzyme of the MRC and has a 

characteristic L shape with an extensive part being embedded in the IMM and a 

smaller part protruding into the mitochondrial matrix11. This multiprotein complex 

takes 2 electrons from NADH and transfers them to one CoQ molecule, which is 

Complex I
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reduced to ubiquinol (CoQH2). This process generates a pumping of 2 protons 

through the IMM from the matrix to the IS.  

The other main entry way to the MRC is the complex II or succinate dehydrogenase, 

whose fourth subunit is part of the Krebs cycle and oxidizes succinate to fumarate, 

reducing one oxidized Flavin adenine dinucleotide (FAD+) molecule to FADH2 at the 

same time. This reduced molecule feeds the electrons into the electron transport 

chain (ETC) by transferring them to one CoQ molecule. Complex II does not pump 

protons across the IMM and therefore does not contribute to the generation of the 

ΔΨm12.  

FADH2 reducing equivalents also can enter MRC through other proteins such as the 

electron-transferring-flavoprotein (ETF) dehydrogenase, which directly reduces 

CoQ13. CoQH2 is oxidized by the dimer complex III or cytochrome c oxidoreductase 

and as a result four protons can be pumped to the IS. The electrons from CoQH2 are 

passed to the electron carrier cytochrome c via cytochromes b and c1 of complex III. 

 

The last component of the ETC is the complex IV or cytochrome c oxidase, which is 

able to get electrons from cytochrome c and transfer them to an oxygen molecule to 

convert it to two water molecules. Two protons are pumped to the IS during this 

process11.  

 

Complexes I, III and IV produce a proton pumping that provides an electrochemical 

proton gradient through the IMM, the mitochondrial membrane potential, that 

indicates the functional state of mitochondria. Complex V or ATP synthase uses the 

dissipation of protons from the IS to the mitochondrial matrix to generate ATP from 

adenosine diphosphate (ADP) and inorganic phosphate (Pi)14. 

 

Currently, there is a consensus about the existence of higher-order organization of 

the OXPHOS-ETC: MRC complexes are organized into supercomplexes (SCs) of 

varying stoichiometry. In mitochondria from mammalian tissues, BN-PAGE has 

revealed SCs including CI/CIII2/ CIV1-4, CI/CIII2, and CIII2/CIV1-2. Respirasomes are 

considered SCs that contain CI, CIII, and CIV and are capable of NADH:O2 

oxidoreduction in vitro15. 
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Mitochondrial DNA 
As a relic of their evolutionary past, mitochondria contain their own genetic material 

(mtDNA)16. In 1981, the complete sequence of human mtDNA was published17, but 

the complete characterization of all the Unidentified Reading Frames (URFs) was 

achieved in 198618,19. 

 

Several differences between mtDNA and nuclear genome can be found. For 

example, there is little non-codifying or regulatory mtDNA in humans, almost every 

nucleotide (nt) is part of a coding sequence and there are no introns.  

Moreover, the mitochondrial genetic system uses a slightly different genetic code, 

with a relaxed codon usage, which is different from the “universal” genetic code used 

by both prokaryotic and eukaryotic cells. Human mtDNA only encodes 22 transfer 

RNA (tRNA) species, and these are the only ones used for translation of 

mitochondrial messenger RNAs (mRNAs). This is accomplished by an extreme form 

of wobble in which the uracil (U) in the anticodon of the tRNA can pair with any of the 

four bases in the third codon position of the mRNA, allowing four codons to be 

recognized by a single tRNA. In addition, some codons specify different amino acids 

in mitochondria than in the universal code17 (Table I1). 
 

Codon Universal code Human mitochondrial code 

UGA STOP Tryptophan 

AGA Arginine STOP 

AGG Arginine STOP 

AUA Isoleucine Methionine 

 

Table I1. Differences between the Universal and Mitochondrial genetic codes. 

 

The human mitochondrial genome is a compact, 16,569 base pair (bp), circular, 

double-stranded molecule found in the mitochondrial matrix and present in multiple 

copies20, which are usually distributed in several clusters, called nucleoids. 

Nucleoids are thought to be attached to the IMM and are made up of an aggregate of 

mtDNA genomes (5-7 copies per nucleoid)21 and a group of mitochondrial proteins 
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such as mitochondrial transcription factor A (mtTFA), mitochondrial single strand 

binding protein (mtSSBP) and the mitochondrial helicase TWINKLE22. The nucleoid 

may also serve as a mitochondrial genetic unit as it has been shown that there is 

very little mtDNA exchange between individual nucleoids23.  

 

Most mitochondrial genes were transferred to the nucleus along evolution, so most 

of the proteins in mitochondria are encoded by special genes devoted to this 

purpose in nuclear DNA (nDNA) and imported into the mitochondria24, with the 

exception of 37 genes encoded by mtDNA: 13 protein-coding genes together with 

two mitochondrial ribosomal RNAs (mt-rRNAs, 16S and 12S) genes and 22 mt-tRNA 

genes (MTT)17,25, necessary for the mitochondrial proteins synthesis. The 13 

proteins encoded by mtDNA are structural subunits of the MRC: constituents (ND1–

6, ND4L) of complex I (NADH-coenzyme Q oxidoreductase), complex III 

(cytochrome b), cytochrome oxidase (COI, COII, COIII of complex IV), and ATP 

synthase or complex V (ATPase 6, 8). However, the rest of components of the MRC 

are encoded by nuclear genes; therefore, the mitochondrial and nuclear genomes 

must work together to ensure the normal functioning of the mitochondria26 (Figure 
I3). 

 
Figure I3. Mitochondrial DNA structure.  



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 46 

The two DNA strands of the human mtDNA differ in their nucleotide composition. 

Therefore, they are identified as either the heavy (H) strand or the light (L) strand. 

The H strand has more guanine nucleotides; the L strand has more cytosine 

nucleotides.  

The unique non-coding control region of the human mtDNA is located into the 

displacement loop (D loop) region, which has the promoters of both H and L strands 

and the replication origin of H strand. 

Replication and transcription are coupled in mitochondria, with unique machinery 

that carries out these processes. 

Each strand has a single promoter site and both strands are transcribed at the same 

rate, so two different enormous polycistronic RNAs precursors are produced during 

transcription by the mitochondrial RNA polymerase (POLRMT), which is recruited by 

mtTFA to the promoter sites. Other proteins, such as the mitochondrial transcription 

factors B1 and B2 (mtTFB1 and mtTFB2) and the mitochondrial transcription 

terminator factor (mtTERM) are involved. Then, RNAs precursors are fragmented in 

individual RNA molecules27, but not in the same way.  

The transcripts made on the H strand are extensively processed by nuclease 

cleavage to yield the two mt-rRNAs, 14 mt-tRNAs, and 12 proteins (poly-A-

containing RNAs, mt-mRNAs). In contrast, the transcript of the L strand is processed 

to produce only 8 mt-tRNAs and 1 protein (poly-A-containing RNA, mt-mRNA). The 

mt-mRNAs lack a cap structure at their 5’ end and the poly-A tail at their 3’ end is 

posttranscriptionally added by a mitochondrial poly-A polymerase (hmtPAP)17. 

Translation of the mt-mRNAs takes place in the mitochondrial matrix by the 

mitoribosomes and different proteins responsible for translation, initiation and 

elongation processes and mitoribosomes recycling28. 

 

Human mtDNA has two origins of replication, one responsible for each strand: OH 

(origin of H-strand synthesis) and OL (origin of L-strand synthesis). RNA processing 

of L-strand transcripts is the first critical step in the initiation of mtDNA replication, 

since necessary RNA primers are generated29. 

Two different mechanisms of human mtDNA replication have been elaborated30: a) 

the Strand Displacement Replication (SDR), in which a leading strand synthesis 

starts at a specific site and advances approximately two thirds of the way around the 

molecule before the second-strand DNA synthesis initiates31. In this model, initiation 
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and elongation of the H-strand is the first event, and it proceeds a considerable 

distance around the circle. Only after the second origin (OL) is displaced as a single-

stranded template, DNA replication of the other strand in the opposite direction will 

begin. Therefore, OH is dominant. b) the coupled leading and lagging strand DNA 

synthesis, in which a fully double-stranded structure is formed32. 

 

Anyway, there are different proteins involved in mtDNA replication: the mtDNA 

polymerase (POLγ) has 3’–5’ exonuclease and 5’-deoxyribose phosphate lyase 

activities. TWINKLE is essential to loosen the mtDNA duplex and mtSSBP maintains 

the mtDNA molecule as a single strand27. 

 

Heteroplasmy 
Each cell contains a variable number of mitochondria, and mitochondria are 

polyploid: each mitochondrion contains several copies of mtDNA, so there can be 

several hundred or thousand copies of their genome per cell.   

The polyploidy aspect of mitochondrial genetics invokes the concepts of 

homoplasmy and heteroplasmy.  

Usually, all copies of mtDNA of a human cell are identical between them 

(homoplasmy). However, heteroplasmy is considered when mutations of mtDNA are 

present in some but not all copies, so there is a mixture of mutant and wild-type (WT) 

mtDNA within each cell (Figure I4).  

 

The ratio of different types of mtDNAs in a heteroplasmic population may be 

variable, being usually one mitotype prevalent over the rest of alternative 

configurations, which are present at very low proportions. Generally, the phenotype 

of the organism is determined by the predominant mtDNA variant33. Furthermore, it 

has been demonstrated that low levels of heteroplasmy are maternally inherited in 

humans34. 

Therefore, mtDNA populations may frequently contain variable proportions of mutant 

and WT mtDNA (heteroplasmy load)35. At least 20% of the population harbours 

heteroplasmy loads that have been reported to be implicated in several diseases36. 
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Heteroplasmy origin. 
The mitochondrial genome has a high mutation rate compared to the nuclear 

genome due to many factors: the lack of a protective chromatin-type packaging of 

mtDNA, insufficient mechanisms of mtDNA repair and high ROS production in 

mitochondria37. Therefore, the presence of heteroplasmy in the cell can be caused 

by different phenomena. 

 

• Spontaneous mutations in mtDNA:  

The most common cause of heteroplasmy is the appearance of single nucleotide 

mutations: single base insertions or single base deletions which provoke point 

mutations, deletions or duplications in mtDNA38. These mutations are usually 

consequences of the harmful action of ROS. MRC complexes-derived ROS are 

thought to have the highest impact on oxidative damage of mtDNA. In fact, 

evidences suggest that mtDNA is more affected by ROS than nDNA39. Nucleotide 

misincorporations by POLγ or spontaneous base hydrolysis are responsible for the 

accumulation of point mutations in mtDNA40.  

 

• mtDNA recombination: 

Although mtDNA recombination has been described in mammals41, heteroplasmy of 

human mtDNA driven by that process has been rarely described42. Recombinant 

mtDNA molecules are able to be inherited; however, to have a real repercussion on 

the cell, recombination must occur between two different mtDNA molecules, when 

there is previous heteroplasmy43. 

 

• Paternal mtDNA leakage: 

Mitochondria are transferred by a single progenitor, almost exclusively the mother 

(maternal inheritance pattern). Paternal mtDNA is almost never passed on to 

progeny44. However, it has been proven that heteroplasmy can be produced by 

occasional paternal mtDNA leakage resulted from a failure in mechanisms that 

normally maintain maternal mtDNA inheritance45,46. However, this is a rare 

phenomenon and only a few cases of paternal mtDNA transmission are reported in 

humans47. 
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Heteroplasmy segregation and expansion. 
The variation of the heteroplasmy load between the offspring of a mother carrying a 

mtDNA mutation is stablished before the formation of the primary oocyte.  

During the early development of the oocyte, a restriction of the mtDNA copy number 

occurs (bottleneck phenomenon): mitochondrial genomes are distributed by chance 

during cytokinesis; therefore, only a subset of all embryo cells and consequently 

mtDNAs present in the zygote will ultimately contribute to the embryo itself48.  

 

This process is responsible for heteroplasmy load variation between the offspring, 

but it does not explain the clinical heterogeneity of mitochondrial diseases49. 

When a heteroplasmic cell divides, the mtDNA molecules randomly pass to the 

daughter cells in a process called vegetative segregation (Figure I4). 

By chance, each daughter cell can receive a different proportion of mutant mtDNA. 

When vegetative segregation occurs in somatic cells, phenotypic variation can 

emerge in the same organism: different cells of the organism differ in the 

heteroplasmy load, with different phenotypes between tissues. In the case of 

pathological mtDNA mutations, disease phenotypes are only observed in the tissue 

once the proportion of WT mtDNA drops below a threshold level. This phenomenon 

is called mitochondrial threshold effect50 (Figure I4). 

The threshold level required to trigger the mitochondrial dysfunction depends on 

each mutation, tissue or patient51. Tissues and organs with high energetic demand 

such as neurons, renal and endocrine systems and muscle (including heart) are 

more vulnerable to low proportions of heteroplasmic mutations, meanwhile tissues 

with low energetic demand have higher threshold levels52.  

 

Regarding heteroplasmy load of specific somatic tissues or cell cultures, 

mitochondrial dynamics has an essential role in heteroplasmy expansion and, for 

hence, in mitochondrial quality control. 

During mitochondrial fission and fusion, mitochondria mix their genome and gene 

products53. Thus, balancing fission and fusion is crucial for both combining mtDNA 

genomes which allows functional complementation and promoting the elimination of 

defective mitochondria (with mutant mtDNA) by mitophagy54. 

 



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 50 

 
Figure I4. Heteroplasmy origin, segregation and expansion.   
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Mitochondrial quality control 
Currently, how dysfunctional mitochondria are distinguished from functional ones on 

a molecular level is not fully understood. However, it is known that mitochondria 

have different quality control mechanisms that keep them functional. These 

pathways act at the molecular, mitochondrial and cellular level and form an efficient 

integrated network55. At the molecular level, the ROS scavenging process mainly 

catalyzed by the manganese superoxide dismutase (MnSOD) is the first line of 

defense in the mitochondrial quality control pathways. Other key components of the 

mitochondrial ROS scavenging system are small molecules, such as thioredoxin and 

glutathione, and other enzymes such as glutathione peroxidase or peroxiredoxin56,57. 

The second molecular quality control pathway is the damaged mtDNA repair 

machinery58. Moreover, mitochondrial proteins homeostasis machinery is able to 

repair oxidized mitochondrial proteins by reductase systems and refold back 

misfolded proteins by mitochondrial chaperones and the activation of the so-called 

“mitochondrial Unfolded Protein Response” (UPRmt)59,60. Currently, since protein 

damage can impair mitochondrial function, mitochondrial proteases are considered 

to have a key role in damaged soluble mitochondrial proteins degradation, 

maintaining mitochondrial functional and structural integrity (Figure I5). Lon 

peptidase 1 (LONP1) and ATP-dependent Clp protease proteolytic subunit (CLPP) 

are the most important matrix proteases. Both proteins belong to the AAA 

(ATPases Associated with diverse cellular Activities) proteins family61,62. LONP1 is 

involved in oxidized proteins degradation63 and also prevents the accumulation of 

misfolded proteins due to its chaperone activity64. CLPP is also able to degrade 

oxidatively damaged proteins and it has an important role in the UPRmt too61.  

 

The molecular quality control pathways are not enough to counteract the adverse 

effects of mitochondrial function, and different strategies at mitochondrial and cellular 

level are needed: removal of mitochondria by both bulk or selective autophagy 

(mitophagy), mixing and separating mitochondrial content by fusion and fission 

processes and producing new mitochondria by the novo biogenesis. If mitochondrial 

damage is not counteracted by molecular, mitochondrial or cellular quality control, 

apoptosis is finally induced (Figure I5).  
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Figure I5. Mitochondrial quality control mechanisms.  
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for hydrolytic degradation and recycling of the resulting macromolecules. Autophagy 

is typically activated by fasting and nutrient deprivation for generating amino acids 

and metabolic intermediates to maintain ATP production65. Furthermore, autophagy 

allows the removal of defective or useless organelles. In that context, some authors 

describe bulk autophagy or macroautophagy as a survival mechanism of the cell, 

because it represents a way to adapt to stressful situations, preventing death by 

apoptosis66. Therefore, an appropriate regulation of autophagy is essential for 

cellular homeostasis, since only aberrant or defective organelles have to be 

degraded.  

Three main types of autophagy have been described: macroautophagy, 

microautophagy and Chaperone-Mediated Autophagy (CMA). In macroautophagy 

(hereinafter, autophagy), cargo is sequestrated from the rest of the cytosol by the 

autophagosome and is degraded upon fusion of this vesicle with secondary 

lysosomes, which contain a broad range of enzymes required for hydrolysis of the 

cargo67. By contrast, during microautophagy, the lysosomal membrane invaginates 

to engulf the cytosolic components without any intermediaries68. In CMA, the 

cytosolic chaperone protein HSC-70 recognizes targeted proteins through the 

exposure of a pentapeptide motif biochemically related to the pentapeptide KFERQ. 

The interaction between the chaperone and the substrate in the cytosol forms a 

complex, which is specifically translocated across the lysosomal membrane69. 

 

The molecular mechanism underlying autophagy has been extensively researched in 

the past decade, and the genes participating in this process, denoted ATGs 

(AuTophaGy-related genes), were found to be conserved from yeast to humans70,71. 

Among these ATGs, two major cytosolic kinase complexes, the                         

Beclin-1/phosphatidylinositol kinase type III (PI3K) complex and mammalian Target 

Of Rapamycin (mTOR) kinase, together with its accessory proteins regulate 

induction of autophagy, whereas autophagic-auxiliary proteins and lipids are involved 

in the formation of autophagosomes72. 

 

There are different pathways which regulate induction of autophagy, being the 5ʹ 

Adenosine Monophosphate-activated Protein Kinase (AMPK) and mTOR pathways 

the most important ones73.  
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The autophagy checkpoint is a major mechanism for the maintenance of intracellular 

homeostasis that can be up-regulated by nutrient deprivation and/or organelle 

damage. Therefore, autophagy is controlled by several metabolites, including the 

AMP/ATP ratio and the availability of acetyl CoA, which affect the activity of various 

acetyltransferases74. Since AMPK was primarily characterized as a kinase 

allosterically activated by adenosine monophosphate (AMP)75, it was logical to 

hypothesize that AMPK would have a critical role in autophagy regulation.  

 

Energy levels reduction manifested in the form of an increased AMP/ATP ratio 

triggers autophagy by activating AMPK76. Moreover, oxidative stress activates AMPK 

by different pathways, some of them in an AMP-independent manner77-79. 

In addition to energy levels, it has been hypothesized that others stimuli trigger 

autophagy by AMPK activation, such as intracellular calcium (Ca2+) levels80-82. 

Independently of the stimuli, AMPK activation can induce the autophagic process 

through two different mechanisms: inhibition of mTOR and direct phosphorylation of 

Unc-51 Like Kinase 1 (ULK1), a mammalian orthologue of Atg1.  

mTOR is a main regulator of diverse intracellular pathways that control growth, 

proliferation and survival. It is an effector in the PI3K/Protein Kinase B (PKB) 

pathway, and it carries out its action by two different complexes, called mTOR 

Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2). mTORC1 promotes 

protein synthesis, lipid biogenesis and cell growth as well as anabolism and inhibits 

cellular catabolism by preventing autophagy. Instead, mTORC2 regulates cell 

survival, cell proliferation and metabolism.  

mTOR name comes from its sensitivity to rapamycin, which inhibits autophagy by 

solely affecting mTORC1, which is formed by the serine/threonine kinase mTOR, 

mLST8, PRAS40 and raptor, a regulatory protein which recruits downstream 

substrates such as EIF4EBP and p70S6K. mTORC1 inhibits autophagy by blocking 

the autophagy initiator complex activity, which is formed by ULK1, ATG13, ATG101 

and FIP20083,84. ULK1 is the essential protein for autophagy initiation in mammalian 

cells85-87. The autophagy initiator complex is assembled independently of mTOR 

activity or nutrients conditions. However, under fed conditions, mTORC1 

phosphorylates ULK1 in Serine (Ser) 638 and Ser758 and inhibits its kinase activity, 

preventing autophagy initiation88. ATG13 is also a substrate of mTOR kinase and its 

phosphorylation has negative effects on ULK1 activity84. Moreover, ULK1 
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phosphorylation by mTOR disrupts its interaction with AMPK, preventing autophagy. 

Under starvation conditions, mTORC1-dependent phosphorylation of ULK1 is 

removed and ULK1 autophosphorylates and phosphorylates ATG13 and FIP200, 

initiating autophagy.  

 

 
Figure I6. Dual regulation of autophagy by mTOR and AMPK.  
Adapted from Villanueva-Paz et al. (2016)89.  

 

Since activation of mTORC1 is the principal mechanism to inhibit autophagy in 

mammalian cells, one of the mechanisms of AMPK-dependent induction of 

autophagy is inhibition of mTORC1 activity. AMPK is able to inhibit mTORC1 in a 

direct way by phosphorylating raptor, the mTORC1 binding partner90 and through an 

indirect way by phosphorylating TSC2, an upstream inhibitor of mTORC1 which 

inactivates RHEB, an activator of mTORC191,92.  

More recently, it has been observed that AMPK can also activate autophagy by 

direct phosphorylation of ULK193,94.  

Interestingly, the patterns of activation of AMPK and mTOR are opposite, regulating 

by this way the activation of autophagy depending on the nutrient conditions95,96 

(Figure I6). 
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Autophagy can be a nonselective or selective process, because autophagy receptors 

and proteins of the growing autophagosome can specifically interact with the 

cytoplasmic component that needs to be eliminated97-100. 

There is a controversy about considering whether autophagy promotes or prevents 

cell death. If autophagy removes damaged organelles that would otherwise activate 

caspases and apoptosis, then autophagy could be protective. On the other hand, 

some authors describe autophagy as other way of programmed cell death different 

from apoptosis, since autophagy is essentially a catabolic process that could 

potentially be used by the cell to its self-destruction101. Therefore, regulation of 

autophagy in the cell appears to be essential for the balance between survival and 

cell death.  

 

Mitophagy 
Although autophagy usually refers to the non-selective elimination of any component 

of the cytoplasm, the term mitophagy was coined by J.J. Lemasters in 2005 to 

exclusively define the selective degradation of mitochondria by autophagy98. 

Damaged or useless mitochondria are selectively degraded by a regulated and 

complex process which allows controlling the number of functional mitochondria in 

the cell, both for satisfying the metabolic demand and performing a mitochondrial 

quality control. Within the mitochondria, the main ROS produced is superoxide anion 

(O2•−), most of which is converted to hydrogen peroxide (H2O2) by the action of 

superoxide dismutase. The production of O2•−  by mitochondria has been assigned 

to several enzymes of the ETC, including complexes I and III and glycerol-3-

phosphate dehydrogenase102. If mitochondria are defective or cellular respiration is 

inhibited, the level of ROS produced by mitochondria increases. Due to the 

production of these reactive species, mitochondria are highly exposed to oxidative 

stress, which causes both the opening of permeability transition (PT) pores in the 

IMM and the permeability of mitochondrial membranes to molecules of less than 1.5 

KDa. Induction of the mitochondrial PT (MPT) can lead to mitochondrial swelling and 

cell death through apoptosis or necrosis depending on the particular biological 

situation103. Moreover, induction of MPT causes mitochondria to become uncoupled 

and depolarized, and as a consequence, mitochondria show a defective synthesis of 

ATP. In addition, ROS are implicated in genotoxicity and cause the accumulation of 
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mutations in the mtDNA. The accumulation of oxidative damage in the mitochondria 

over time causes the dysfunction of the organelle and can even cause cell apoptosis 

due to release of proapoptotic proteins. Therefore, mitochondrial quality control must 

occur in the cell to eliminate ancient or damaged mitochondria that produce high 

levels of ROS. This process is mainly performed by mitophagy104. In fact, ROS-

induced mitochondrial damage may be an important upstream activator of 

mitophagy105.  

 

Mitophagy is a complex process that shares elements and mechanisms of bulk 

autophagy. For example, besides activating macroautophagy, AMPK is 

demonstrated to promote mitophagy73. In mammals, loss of AMPK resulted in 

aberrant accumulation of the autophagy adaptor protein Sequestosome-1 

(P62/SQSTM1) and defective mitophagy93. P62 binds to specific cargo targeted for              

autophagy-mediated degradation. Especially, P62 is bound to dysfunctional 

mitochondria targeted for mitophagy, and is involved in mitochondrial aggregation 

and clearance106. Moreover, although the best-known function of the autophagy 

initiating factor ULK1 is the autophagy induction107,108, recent studies suggest that 

ULK1 has a more selective function in mitophagy109,110. It has been described that 

ULK1 translocates to dysfunctional mitochondria in response to hypoxia or carbonyl 

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) treatment. Translocated ULK1 

phosphorylates FUN14 Domain Containing 1 (FUNDC1) protein (a mitophagy 

receptor located in the OMM) allowing its interaction with the microtubule-associated 

protein-light chain 3 (LC3) and inducing mitochondria degradation by autophagy111. 

In relation to this novel role of ULK1, it has been demonstrated that specific 

phosphorylation of ULK1 at Ser555 by activated AMPK is crucial for ULK1 

translocation to the mitochondria112. Therefore, AMPK-mediated phosphorylation of 

ULK1 is essential for mitophagy initiation under stress conditions such as hypoxia.  

 

Understanding of mitophagy mechanisms at the molecular level was pioneered in 

yeasts113-116. Although mitophagy needs autophagy machinery to initiate and keep 

going; interestingly, there are a few genes that are specifically required for 

mitophagy, but not for other forms of autophagy. Atg32 is of particular interest 

because of its role as a mitophagy receptor. It is anchored to the OMM and recruits 

Atg8, a protein essential for autophagosome formation. Mitochondria-derived ROS, 
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at low concentrations, may act as signalling molecules and trigger mitophagy 

through regulation of Atg4, an essential cysteine protease in the autophagic 

pathway117. The formation of autophagosomes depends on Atg4-mediated cleavage 

of Atg8 and its subsequent conjugation to phosphatidylethanolamine (PE) at 

autophagosomal membranes.  

 

In mammals, autophagosome formation proceeds in morphologically and 

biochemically distinct phases referred to as the initiation, execution and maturation 

phases118. The process starts with the formation of a sickle-shaped isolation 

membrane, called phagophore, in the phagophore assembly sites (PAS)119. The 

ER120, mitochondria121 and plasma membrane122 are membrane sources for 

phagophores. The formation of the phagophore requires two Vacuolar Protein 

Sorting (VPS) proteins, VPS34 and VPS15, which act in a macromolecular complex, 

along with Beclin-1 (mammalian Atg6) and ATG14 to form phosphatidylinositol 3-

phosphate (PI3P)123.  

The expansion and closing of the phagophore give rise to the autophagosome by the 

action of different ubiquitin-like systems: first, ATG12 is conjugated to ATG5 by 

ATG7. Then, the ATG5–ATG12 complex interacts with ATG16L1 and this resulting 

complex associates with phagophores but dissociates from completed 

autophagosomes.  

Second, LC3, the mammalian homologue of yeast Atg8, is conjugated with a 

molecule of PE by ATG7 and ATG3, resulting in a lipidated form of the protein (LC3-

II) that anchors the autophagosome membrane. The ATG5–ATG12–ATG16L 

complex may determine the sites of autophagosome synthesis by regulating the 

targeting of LC3-II to ATG5–ATG12-associated membranes, forming the double 

membrane of the autophagosome that engulfs the content to be degraded.  

Finally, the autophagosome fusions with the lysosome to form the autolysosome, 

where the cargo is degraded by hydrolysis. At this point, the LC3-II inside the 

autolysosomes is degraded and the LC3-II on the cytoplasmic surface is delipidated 

(LC3-I) and recycled123. 

Documentation of changes in autophagic proteins levels provides an incomplete 

picture of the process of autophagy within cells. A difficulty in assessing autophagy 

and mitophagy is that they are highly dynamic processes and static measures are 

difficult to interpret. Therefore, measures of autophagy flux are required. The term 
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autophagy flux refers to the whole process of autophagy, including autophagosome 

formation, maturation, fusion with lysosomes, subsequent breakdown and the 

release of macromolecules back into the cytosol124,125. 

Considering that LC3-II is present in the initiation, elongation and maturation of the 

autophagosome, this protein is an essential marker to study autophagy flux and 

autophagosome dynamics126. The accumulation of autophagosomes (LC3-II protein) 

could indicate either autophagy activation or a blockage of downstream steps in 

autophagy, such as inefficient fusion or decreased lysosomal degradation. 

Therefore, to monitor autophagy flux, detection of LC3-II or other autophagosome 

markers in the presence and absence of lysosomal degradation inhibitors is 

necessary. Bafilomycin A1 is widely used since it inhibits vacuolar H+ ATPase (V-

ATPase), preventing fusion between autophagosome and lysosome127 (Figure I7). 
 
At the same way, mitophagy flux can be evaluated by detecting mitochondrial mass 

changes in the presence and absence of lysosomal degradation inhibitors such as 

bafilomycin A1. An increase in mitochondrial mass markers in presence of 

autophagy flux inhibitors suggests a proper mitophagy flux, meanwhile the absence 

of accumulation of mitochondrial mass markers suggests a mitophagy flux slowdown 

or blockage. Moreover, mitophagy flux enhancers or inhibitors can be discovered 

using this methodology128,129. 

 

In mammals, three different mechanisms of mitophagy are known130. First of all, 

most mammals’ erythrocytes lose their mitochondria by mitophagy during 

maturation. NIP3-like protein X (NIX), located in the OMM, has a WXXL-like domain 

in its cytosolic side, which is capable of binding to LC3 protein. The binding of NIX 

and LC3 promotes the isolation of mitochondria in the phagophore131,132. 
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Figure I7. The process of autophagy flux and the effect of bafilomycin A1, the 
lysosomal inhibitor generally used.  
A normal autophagy flux includes the autophagosome formation and maturation 
step, the autophagolysosome formation step and the degradation step. Under 
pathological conditions or autophagy inhibitors, autophagy flux may be blocked, 
leading to the accumulation of dysfunctional autophagosomes and 
autophagolysosomes. 
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accumulation and the action of harmful agents in mitochondria, such as ROS105. This 

process is dependent on the interaction between PTEN-induced putative kinase 1 

(PINK1) and the ubiquitin ligase Parkin.  

Finally, as a third mechanism of mitophagy, the existence of a Parkin-independent 

mitophagic mechanism mediated by iron metabolism has been recently 

suggested133. It has been observed in different cell lines that cellular iron chelation 

induces mitophagy without altering the normal conditions of PINK1 and Parkin. 

However, more studies are needed to determine the influence of iron on mitophagy. 

  

Parkin-mediated mitophagy 
PINK1/Parkin-mediated mitophagy is the best characterized mechanism for the 

elimination of damaged mitochondria by autophagy in mammalian cells. 

In 2008, Parkin recruitment to depolarized mitochondria and the subsequent 

degradation of mitochondria by mitophagy was described134. Parkin is a cytosolic E3 

ubiquitin ligase with a ubiquitin-like (UBL) domain in its N-terminal end, which allows 

the transference of ubiquitin to lysine residues of target proteins, including Parkin 

itself135. Parkin catalyzes a range of different ubiquitination events, from             

mono-ubiquitination (which has various cellular functions) until polyubiquitination of 

proteins, which results in a signalling to the proteasome, aggregates formation and 

therefore, proteins degradation. PINK1 is a serine/threonine kinase whose cellular 

localization is not yet clear, as it is found both in the cytosol and some mitochondrial 

compartments, most likely anchored to the OMM by a transmembrane domain.  

 

Under steady-state conditions, PINK1 and Parkin regulate cell morphology by 

interacting with mitochondrial fusion/fission machinery. In these conditions, PINK1 is 

imported to mitochondria in a voltage-dependent manner and is rapidly degraded by 

proteolytic processing in a mitochondrial membrane potential-dependent manner, 

cleaved by the presenilins-associated rhomboid-like (PARL) protein in the IS and by 

the mitochondrial processing peptidase (MPP) in the mitochondrial matrix136-138 

(Figure I8). Moreover, under these physiological conditions, Parkin maintains an 

inactive conformation due to the association of its N-terminal UBL and RING1 

domains. 
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Figure I8. PINK1 degradation in mitochondria under physiological conditions. 

 

Thus, while PINK1 is normally kept at low levels on healthy mitochondria, it rapidly 

and selectively accumulates on mitochondria that have lost membrane 

potential130,139. Under dissipation of mitochondrial membrane potential due to 

mitochondrial damage (ROS), loss of cellular respiration, mtDNA mutations, use of 

uncoupling agents, etc., PINK1 is recruited to the OMM by TOM/TIM complex and it 

is stabilized in a voltage-dependent manner. Therefore, PINK1 is kept in the OMM of 

depolarized mitochondria interacting with the TOM complex139. In these conditions, 

PINK1 autophosphorylates140,141, dimerizes and recruits Parkin to mitochondria 

through direct phosphorylation at Ser65, increasing Parkin ubiquitin ligase capacity 

by promoting a conformational change142,143. A second PINK1-mediated 

phosphorylation of a ubiquitin molecule also at Ser65 is essential for full activation of 

Parkin. The phosphorylated ubiquitin binds to the UBL domain of Parkin to fully 

activate its E3 ligase activity144,145. Once Parkin is phosphorylated, it remains in the 

OMM and ubiquitinates numerous proteins on the OMM and in the cytosol, including 

VDAC1, mitochondrial rho (MIRO) GTPase, translocase of outer mitochondrial 

membrane 20 (TOMM20), Mitofusin-1 (MFN1) and Mitofusin-2 (MFN2)146. Following 

Parkin-mediated ubiquitination of OMM proteins, the selective autophagy adapter 
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protein P62 and the Neighbor of BRCA1 gene 1 (NBR1) protein are recruited to 

mitochondria to initiate mitophagy106,147. These proteins are able to interact with both 

ubiquitinated proteins of the OMM (through its ubiquitin-associated [UBA] domain) 

and autophagic membrane proteins such as LC3 (through its LC3-interacting region 

[LIR] domain). The interaction between P62 and NBR1 with LC3 allows the 

sequestration of depolarized mitochondria by the membrane of the 

autophagosome106,134 (Figure I9). 

 
Figure I9. PINK1/Parkin-mediated degradation of damaged mitochondria by 
autophagy. 
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The adaptor protein histone deacetylase 6 (HDAC6) has also an important role in 

mitophagy. This cytosolic protein is able to bind ubiquitinated proteins to the 

microtubule transport system (by interaction with dynein protein), and concentrates 

depolarized mitochondria near to the nucleus to be removed by selective autophagy. 

Finally, in this particular area, this structure called “mito-agresomme” is fused with 

lysosomes. Then, autophagolysosomes are formed and the subsequent degradation 

of mitochondria is performed135. 

Ubiquitination and proteasomal degradation of MFN1 and MFN2 result in 

mitochondrial fission and fragmentation148. Mitochondrial fission has been shown to 

be important for mitophagy induction given that mitochondrial depolarization 

prevents fusion and leads to mitochondria isolation and subsequent degradation by 

mitophagy149. In contrast, increased mitochondrial fusion has been shown to inhibit 

the mitophagic process150. 

 

Mitochondrial dynamics 
As dynamic organelles, mitochondria are constantly undergoing fission and fusion to 

adapt toward changes in the cellular environment. 

Fission produces small spherical mitochondria, whereas fusion produces tubular or 

elongated mitochondria. It is well established that mitochondrial dynamics plays a 

crucial role in the quality control of mitochondria151. When mitochondria are 

functional, fusion and fission occur in a constant and balanced manner to adapt the 

morphology of the mitochondrial network to the metabolic needs of the cell152. 

Healthy mitochondria form elongated tubules that continually divide and fuse to form 

a dynamic interconnected network. The molecular machinery that mediates this 

organelle fission and fusion is necessary to maintain mitochondrial integrity, perhaps 

by facilitating DNA or protein quality control153. The fusion process is critical for the 

maintenance of mitochondrial function, as interruption of mitochondrial fusion results 

in a loss of mitochondrial membrane potential154. In fact, mitochondrial fusion allows 

the spreading of metabolites and mitochondrial gene products throughout the entire 

mitochondrial compartment. This serves to optimize mitochondrial function and to 

counteract the accumulation of mitochondrial mutations during aging. Therefore, it is 

suggested that mitochondrial fusion prevents the induction of mitophagy150.  
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Mitochondrial fusion in mammals is mediated by the proteins MFN1, MFN2 and optic 

atrophy 1 (OPA1). MFN1 and MFN2 are dynamin-related GTPases which are 

responsible for fusion of OMMs. OPA1 is also a dynamin-related GTPase, which is 

responsible for fusion of IMMs155 (Figure I10). In fact, mutations in MFN2 can cause 

neurodegenerative diseases such as Charcot–Marie–Tooth neuropathy type 2A 

(CMT2A)156, suggesting that these protein is necessary to preserve the correct 

function of mitochondrial fusion, to satisfy energy demands of the cell and to keep 

mtDNA molecules under control by mixing mitochondria and their content.  

 

In contrast, mitochondrial fission plays an important role in the removal of damaged 

organelles by selective autophagy. As soon as individual parts of the mitochondrial 

network become dysfunctional, fission events, induced by proteins like mitochondrial 

fission 1 (FIS1) and dynamin-like protein 1 (DRP1), permit damaged mitochondria to 

become spatially isolated (Figure I10). Thus, dysfunctional mitochondria are 

distinguished on a morphological basis from the rest and can be presumably 

degraded by selective autophagy157. Since mitochondrial fission may be necessary 

for the beginning of mitophagy, ubiquitination of MFN2 by Parkin could be important 

for dysfunctional mitochondria signalling149. In fact, it is hypothesized that Parkin 

facilitates mitophagy by eliminating functional mitofusins and increasing the fission 

process, thus there is an increase in the number of small and isolated mitochondria 

which can be easily handled by the phagosome. However, mitochondrial fission 

would be necessary but not sufficient for mitophagy activation, since mitochondria 

have to be depolarized and/or dysfunctional to prevent mitochondrial fusion and 

induce mitophagy158.  

 

Besides mitochondrial fusion and fission, mitochondrial mobility through the 

cytoskeleton is very important for mitochondrial quality control. Mitochondria make 

use of the kinesin-dynein motor to move along the microtubules. 

The attachment between the mitochondria and microtubules is performed by the 

interaction between a mitochondrial membrane protein (MIRO) and the adapter 

protein Milton159 (Figure I10). 

Although it is not clear if mitochondrial motility prevents mitophagy, it has been 

demonstrated in HeLa cells that knockdown of MIRO accelerates the mitochondrial 
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removal by mitophagy160. Moreover, Parkin ubiquitinates MIRO, preventing 

mitochondrial movement and facilitating mitochondrial isolation161. 

 

 
 

Figure I10. Mitochondrial dynamics. 
Mitochondria are highly dynamic organelles that remodel their network in order to 
maintain their shape, distribution and size. The balance between fission and 
fusion events modulates mitochondrial morphology depending on the metabolic 
needs of the cell.  
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Mitochondrial biogenesis  
Extensive mitophagy of dysfunctional mitochondria can suppose a loss of 

mitochondrial mass resulting in energy disruption of the cell. The lack of energy input 

would increase mitochondrial damage and eventually it would trigger cell death by 

apoptosis. Therefore, it is reasonable to hypothesize that mitophagy in the presence 

of defective mitochondrial function must be accompanied by an increase in 

mitochondrial biogenesis to preserve cell homeostasis. If mitochondrial elimination is 

not compensated by mitochondrial biogenesis, mitophagy is no longer protective and 

becomes detrimental for cell survival. For example, during subacute sepsis in the 

liver, mitochondrial function is impaired and mitochondria are removed by 

autophagy. However, clearance of mitochondria is followed by mitochondrial 

replenishment162. Moreover, it has been observed an increase in mitochondrial 

biogenesis after promoting mitochondrial dysfunction by oxidant injury in renal 

cells163. 

Mitochondrial biogenesis can be triggered by characteristic signals of mitochondrial 

dysfunction. When cells contain low levels of ATP, the AMP/ATP ratio increases and 

AMPK is activated and promotes mitochondrial biogenesis to maintain the overall 

ATP-generating capacity of cells and avoid cell death. The most important regulator 

of mitochondrial biogenesis is peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC1A)164. It has been observed that PGC1A is directly 

phosphorylated and transactivated by AMPK165. PGC1A can also be activated by 

Sirtuin 1 (SIRT1)-mediated deacetylation, which is also induced by AMPK 

activation166. PGC1A upregulates the activity of transcription factors involved in 

mitochondrial biogenesis, such as Nuclear respiratory factor 1 (NRF1) and Nuclear 

factor (erythroid-derived 2)-like 2 (NRF2), which in turn modulate the expression of 

other factors such as mtTFA, important for the regulation of mtDNA replication and 

transcription.  

Therefore, although mitochondrial biogenesis and mitophagy are opposite 

processes, they must be highly linked and coordinated to determine the 

mitochondrial function, structure and homeostasis. In fact, both processes regulate 

cellular adaptation to mitochondrial dysfunction. Interestingly, AMPK is able to initiate 

a dual response that promotes mitophagy as well as mitochondrial biogenesis167. It is 

important to highlight that mitochondrial biogenesis in the absence of balanced 
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mitophagy to remove defective mitochondria may be detrimental, since there would 

be high ROS generation, accumulation of damaged mitochondria                                                                                                              

and finally cellular degeneration and death. Therefore, a balanced function of these 

two processes is essential for cellular adaptation and dysfunction resistance.   

 

Other mitochondrial quality control mechanisms 
Recently, other less known mechanisms to perform mitochondrial quality control 

have been suggested, such as Parkin-independent mitophagic pathways or 

mitochondrial spheroids formation155.  

It has been observed that mitophagy induction during hypoxia can be mediated by 

different proteins such us Bcl2/adenovirus E1B 19 kDa protein-interacting protein 3 

(BNIP3), NIX and FUNDC1. Both BNIP3 and NIX are hypoxia-inducing factor-1 

(HIF1) target genes that contain a LIR domain to interact with LC3, which can 

promote mitophagy by recruiting autophagosomes to damaged mitochondria and 

protect against ROS168. In fact, depletion of both BNIP3 and NIX inhibits the 

mitophagic response to hypoxic conditions169.  

Moreover, during hypoxia, FUNDC1 is dephosphorylated, which allows for it to 

interact with LC3 on autophagosome membranes via its LIR motif170. 

Other mitochondrial E3 ubiquitin ligases play a role in mitophagy induction, such as 

SMURF1171 and MUL1172. 

Moreover, it has been observed that peroxidation status of cardiolipin can regulate 

both apoptosis and mitophagy173. After mitochondrial depolarization, cardiolipin 

translocates to the OMM. If cardiolipin is peroxidized, cell death through apoptosis is 

initiated, whereas non-peroxidized cardiolipin initiates mitophagy to prevent cell 

death.  
 

On the other hand, recently a novel mitochondrial quality control mechanism called 

mitochondrial spheroids has been described174,175. Mitochondrial spheroids are 

mitochondria with a cup-like morphology that can envelop different contents of the 

cytosol. Formation of mitochondrial spheroids is independent of autophagy pathways 

but requires the presence of ROS and either MFN1 or MFN2. These structures may 

allow mitochondrial remodelling in response to different stresses avoiding mitophagy 

activation.  
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Mitochondrial diseases 

General considerations 
Mitochondrial diseases are a group of rare genetic disorders with very 

heterogeneous origins. The estimated prevalence of these diseases is at least 1 out 

of 5,000 people, even though it could be much higher176. In fact, together they 

represent the most common cause of inherited metabolic disease. In general, the 

term “mitochondrial disease” refers to those disorders caused by total or partial 

dysfunction of the mitochondrial ETC coupled to the OXPHOS system177. This 

alteration leads to an energy deficiency in the cell. Therefore, clinical manifestations 

of mitochondrial diseases typically involve organs with high energy requirements, 

such as the neuronal tissue, muscle, heart, kidney and the endocrine system178. The 

age of onset of mitochondrial diseases may range from very early in the neonatal 

period to very late in adulthood. Some symptoms may be precipitated by 

environmental factors and the natural course of the illness can be slowly progressive 

or punctuated with periods of good health179. 

Genes responsible for mitochondrial metabolism (including OXPHOS components) 

are encoded by both nDNA and mtDNA; therefore, mitochondrial diseases can be 

caused by mutations in both genomes. This double genetic control of mitochondrial 

function gives rise to different patterns of inheritance of mitochondrial diseases, and 

consequently complicates their characterization and diagnosis. 

Additionally, it is still difficult to establish the relationship between the molecular 

pathology of mitochondrial diseases and the variety of phenotypes associated with 

them, because the phenotype depends on the type of mutation, the patient genetic 

background and the existence of other mutations, among other features180. 

 

The nuclear genome encodes over 1,500 proteins that contribute to all aspects of 

mitochondrial structure and function, including MRC subunits or assembly factors, 

protein import machinery, intergenomic signalling, mitochondrial motility and 

dynamics or lipid composition of the IMM. Therefore, there is a great number of 

nuclear genes associated with mitochondrial diseases181-183 (Table I2).  
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Table I2. Main nuclear gene mutations associated with mitochondrial diseases 
classified by their function. 

 

Mutations in these genes can have autosomal dominant, autosomal recessive or X-

linked inheritance patterns. These mutations in the nDNA, which encodes proteins 

with a role in mtDNA maintenance, manifest with a wide variety of clinical 

syndromes, such as Mitochondrial NeuroGastroIntestinal Encephalopathy (MNGIE) 

or Progressive External Ophtalmoplegia (PEO), both caused by mtDNA deletions. 

Other mitochondrial diseases caused by mutations in nDNA are characterized by 

mtDNA depletions or MRC defects; for example, Alpers syndrome, Leigh syndrome 

or Growth Retardation, Aminoaciduria, Cholestasis, Iron overLoad and Early death 

Function Genes

MRC subunits Complex I: NDUFS1-8, NDUFV1-2, NDUFA1-2, 
NDUFA9-13, NDUFAF2, NDUFAF6, NDUFB11 
Complex II: SDHA, SDHB, SDHC, SDHCD, 
SDHAF1 
Complex III: UQCRB, BCS1L, UQCRQ, UQCRC2, 
CYC1, TTC19, LYRM7, UQCC2, UQCC3  
Complex IV: COA5, SURF1, COX10, COX14, 
COX15, COX20, COX6B1, FASTKD2,  
SCO1, SCO2, LRPPRC, TACO1, PET100  
Complex V: ATPAF2, TMEM70, ATP5E, ATP5A1 

Electron transporters PDSS1, PDSS2, COQ2, COQ4, COQ6, COQ8A, 
COQ8B, COQ9 
ETFDH

MRC assembly factors ACAD9, AIFM1,FOXRED1,NUBPL, HCCS, 
FAM36A,SCO1-2

mtDNA replication and maintenance APTX, ANT1 ,TWINCLE, POLG1, POLG2, DGUOK, 
DNA2, MGME1, MPV17, RRM2B, SUCLA2, 
SUCLG1, TDP1, TK2, TYMP, RNASEH1, C10orf2 

mtDNA transcription and translation MTO1, GTP3BP, TRMU, PUS1, MTFMT, TRIT1, 
TRNT1, TRMT5, AARS2, DARS2, EARS2, RARS2, 
YARS2, FARS2, HARS2, LARS2, VARS2, TARS2, 
IARS2, CARS2, PARS2, NARS2, KARS, GARS, 
SARS2, MARS2, C12orf65, TUFM, TSFM, GFM1, 
MRPS16, MRPS22, MRPL3, MRP12, MRPL44, 
ELAC2, PNPT1, HSD17B10, MTPAP, PTCD1,  
SPG7, AFG3L2

Mitochondrial dynamics OPA1, MNF2, MFF, DLP1

Mitochondrial membrane integrity AGK, SERAC1, TAZ , CHKB, GDAP1, LP1N1

Mitochondrial protein transport TIMM8A, HSP60

Mitochondrial metabolism HIBCH, ECHS1, ETHE, SCLC25A3

Mitochondrial iron metabolism ISCU, BOLA3, NFU1, IBA57, FXN, GLRX5, ABCB7



INTRODUCTION 

 71 

(GRACILE). Defects in CoQ synthesis or failures in iron metabolism cause 

encephalomyopathy and different types of ataxias. Finally, failures in mitochondrial 

motility and dynamics cause CMT2A or optic atrophy184.  

 

Sequencing the human mitochondrial genome in 1981 allowed the further 

identification of numerous pathogenic point mutations in mtDNA, representing a 

breakthrough in the molecular diagnosis and understanding of multiple mitochondrial 

diseases17. Two types of mutations of mtDNA can be distinguished179,185,186.  

First, point mutations, which can affect 1 of the 13 genes encoding mtDNA proteins, 

the 2 genes encoding ribosomal RNAs (rRNAs) or the 20 genes encoding tRNAs 

which globally affect mitochondrial protein synthesis. For example, Mitochondrial 

myopathy, Encephalopathy, Lactic Acidosis and Stroke-like episodes (MELAS) and 

Myoclonic Epilepsy with Ragged-Red Fibers (MERRF) syndromes, which are mainly 

caused by point mutations in genes codifying mt-tRNAs187,188 or Neuropathy, Ataxia 

and Retinitis Pigmentosa (NARP) and Leber Hereditary Optic Neuropathy (LHON) 

syndromes, caused by mutations in genes encoding mtDNA proteins, ATP6 and 

ND1, respectively189,190.  

Second, some mitochondrial diseases are caused by mtDNA rearrangements: large 

deletions, insertions or mtDNA duplication. For example, Kearns–Sayre Syndrome 

(KSS) and Pearson syndrome are mitochondrial diseases caused by a single, large-

scale deletion which includes several genes191,192 (Table I3). 
 

In the case of mitochondrial diseases caused by mtDNA mutations, understanding 

the phenotypes is even more complicated due to the characteristic presence of 

heteroplasmy (coexistence of WT and mutant mtDNA in the same cell).  

Almost 55% of the reported mtDNA mutations involved in mitochondrial diseases 

have been observed at sites known to be prone to heteroplasmy193. 

 

In general, it is accepted that the higher the percentage of heteroplasmy is, the more 

severe the symptomatology of the patient is, but it depends on the patient’s 

background and the disease53. Mutational load of the tissues varies, usually being 

higher in the muscle (the best choice for diagnosis) and buccal mucosa and lower in 

the blood cells. The mutational load can be also detected in urine sediment and 

dermal fibroblasts194. This uneven distribution of mutant mtDNA leads to a mosaic 
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respiratory chain deficiency in affected tissues that is an important determinant in 

disease pathophysiology195.  

 

 
Table I3. Main mitochondrial disorders associated with mutations in mtDNA. 

 

Mutational load increases with age in most tissues. However, in lymphocytes 

mutational load decreases with age, which is due to a selection of positive clones 

that have more WT mtDNA. This fact explains why there is no correlation between 

the degree of heteroplasmy detected in blood and the clinical symptoms of the 

patient196.  

Disease phenotypes are only observed once the proportion of WT mtDNA drops 

below a threshold level associated with high accumulations of heteroplasmic 

mutations: this phenomenon is called mitochondrial threshold effect50. Generally, a 

Mitochondrial disorder(s) mtDNA mutation Affected genes 

MELAS Point mutation Protein synthesis gene 
mt-tRNA(Leu(UUR)) 
Protein-encoding genes 
MT-ND1, MT-ND5

MERRF Point mutation Protein synthesis gene 
mt-tRNA(Lys) 
Protein-encoding genes 
MT-ND1, MT-ND5

Leigh syndrome Point mutation Protein-encoding gene 
MT-ND2, MT-ND3, MT-ATP6

Hypertrophic cardiomyopathy, 
neuropathy, ATP deficiency

Point mutation Protein-encoding gene 
MT-ATP8

LHON Point mutation Protein-encoding gene 
MT-ND1, MTND4, MTND4L, MT-
ND6, MT-CYTB

NARP, MILS (if homoplasmic) Point mutation Protein-encoding gene  
MT-ATP6

Mitochondrial myopathy Point mutation Protein synthesis genes 
mt-tRNA(Ala), mt-tRNA(Asn), 
mt-tRNA(Leu(CUN)), 
mt-tRNA(Phe), mt-tRNA(Tyr), 
mt-tRNA(Ser(AGY)), 
mt-tRNA(Ser(UCN)) 
Protein-encoding genes 
MT-CYTB 
MT-CO1, MT-CO2, MT-CO3

PEO, Kean-Sayre syndrome, 
Pearson syndrome

mtDNA rearrangement (deletion/
depletion) 

Protein synthesis genes

Diabetes and deafness mtDNA rearrangement (deletion) Protein synthesis genes
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critical threshold level above 60-80% of heteroplasmy is required to trigger the 

OXPHOS defects in specific tissues, but it depends on each mutation, organ or 

patient51. Tissues and organs with high energetic demand such as neurons, renal 

and endocrine systems and muscle (including heart) are more vulnerable to low 

proportions of heteroplasmic mutations52. Differences in the levels of heteroplasmy 

and the precise thresholds are thought to contribute to the characteristic patterns of 

organ vulnerability observed in different mitochondrial diseases and the clinical 

heterogeneity observed in patients harbouring the same mtDNA mutation197. 

Therefore, increasing the proportion of WT mtDNA in affected tissues is seen as a 

viable therapeutic strategy for the treatment of diseases caused by mtDNA 

mutations. 

 

Clinical features of mitochondrial diseases are very complex due to the wide range of 

tissues affected and the variety of phenotypes involved, depending on the mutational 

load, patient’s background and the existence of other mutations. The most common 

features in mitochondrial diseases involve several clinical areas: neurological 

symptoms (migraine, epilepsy, dementia, ataxia, dysphagia, etc.), cardiomyopathy 

(heart muscle weakness), respiratory problems (hypoventilation, apnea, pneumonia), 

diabetes, ophtalmoplegia and optic atrophy, muscular problems (ptosis, dystonia, 

myopathy) and, less commonly, renal tubular defects and hepatic failures198 (Figure 
I11).  
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Figure I11. Common clinical features of mitochondrial diseases. 
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Pathophysiological features of mitochondrial diseases  
Due to the heterogeneous origin of mitochondrial diseases, the understanding of 

their pathogenic mechanisms is still very limited. ATP shortage and ROS excess are 

the main pathogenic factors that cause most of clinical manifestations of 

mitochondrial diseases199,200. In most of the cases, ATP shortage is due to a 

dysfunction in the OXPHOS system. Due to the reduction of ATP synthesis capacity, 

cells with mitochondrial dysfunction show a chronic stage of energy insufficiency 

which finally induces a disruption of cell homeostasis.  

Other specific molecular features of mitochondrial diseases are:  

i. Decrease in the activity of the complexes of the OXPHOS system.  

ii. Increase in glycolytic pathways, anaerobic metabolism of glucose.  

iii. Increase in lactate production.��

iv. Lower respiratory capacity per mitochondrion.  

v. Lower ΔΨm.  

vi. Increase in cytosolic calcium levels.  

vii. Increase in ROS production.  

viii. Premature aging.  

ix. Decrease in CoQ levels.  

x. Reduction of insulin secretion.  

xi. Increase of apoptosis levels.  

 

Besides these characteristics, it has been demonstrated that several cellular models 

of mitochondrial diseases show high levels of bulk autophagy and/or mitophagy. 

These processes are gaining importance nowadays due to their regulation could be 

a promising therapeutic target for mitochondrial dysfunctions. There is not a common 

agreement about the presence of autophagy/mitophagy activation and/or disruption 

in mitochondrial diseases, and different authors show diverse hypothesis about the 

importance and role of both processes.  

 

Autophagy and mitophagy in mitochondrial diseases 
In the recent years, increased or imbalanced autophagy has been reported in 

several cellular and murine models of mitochondrial diseases. Autophagy could be 

induced as a compensatory mechanism to obtain energy or to eliminate damaged 
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organelles whose accumulation could exacerbate the mitochondrial dysfunction. 

Thus, in a mouse model of mitochondrial myopathy due to a mutation in the 

mitochondrial helicase TWINKLE, an increased recycling of mitochondria through 

autophagy in muscle fibers has been observed201. Furthermore, an increase of 

autophagy has also been observed in muscle biopsies of patients harbouring the 

m.8344A>G mutation, the most common mutation that causes MERRF syndrome202. 

Recently, the role of bulk autophagy in fibroblast models of mitochondrial 

dysfunctions due to deficiencies in OXPHOS system has been described203. The 

authors found an accumulation of autophagosomes and lysosomes in the cells, but a 

selective process of mitochondria degradation could not be detected. The increase 

of autophagic markers in these models of mitochondrial diseases can be due to an 

impairment of the autophagy flux, which causes an accumulation of 

autophagosomes. This blockade of lysosome flux can be caused by a depletion of 

ATP levels, a characteristic of mitochondrial dysfunction, because ATP is necessary 

to maintain lysosome function and seclude the cytosolic components203,204. 

 

Although there is no longer doubt about the importance of autophagy in 

mitochondrial diseases, there is not a common consensus about if autophagy has a 

protective or pathological role during the course of these diseases.  

The protective role of autophagy has been confirmed in multiple cellular types and 

situations by a large number of studies. Among others, it has been observed that 

autophagy activation has a neuroprotective role during brain damage205 and 

improves resistance under hyperoxia situations and oxidative stress in the lung 

endothelium206. In fact, protection of autophagy has been suggested to be a possible 

future therapy for brain disorders like schizophrenia207. However, autophagy has 

been demonstrated to be harmful in different situations such as establishment and 

progression of tumors208 or progression of pathogenesis of different lung diseases209. 

Moreover, a recent study shows a protective effect of inhibition of autophagy on 

MRC disruption by an mTOR-independent mechanism210. Recently, the protective 

role of autophagy in diseases with mitochondrial dysfunction like osteoarthritis has 

been suggested. Autophagy protects chondrocytes with mitochondrial dysfunction 

from oxidative stress; therefore, regulation of autophagy could be a promising 

therapeutic target for age-related skeletal disorders211. In the same way, deficient or 

disrupted autophagy is characteristic of other diseases that present mitochondrial 
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dysfunction, mostly neurodegenerative disorders, since deficient elimination of toxic 

aggregates in neurons and other cell types promotes cellular stress and death. 

Dysregulation of autophagy is a contributing factor of chronic, disabling diseases like 

Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and 

amyotrophic lateral sclerosis (ALS)212. 

 

In the same way, mitophagy seems to exert a protective role on cell homeostasis in 

many situations. For example, mitophagy is considered to be an adaptive 

metabolism to prevent oxidative damage and hypoxia168. 

Selective degradation of mitochondria by autophagy can be considered as a defense 

mechanism to face stress situations caused by mitochondria alterations. Thus, it has 

been demonstrated that mitophagy is activated during sepsis and the activity of 

Parkin is implicated in cardiac recovery213. In neurodegenerative diseases like AD, 

an alteration in mitochondrial function has been suggested. Some mitochondrial 

dysfunctions have been found in the preliminary stages of AD, such as an imbalance 

in the oxidative status, bioenergetics deficit, decrease in cytochrome oxidase (COX) 

activity, and an increase in oxidative damage that occurs prior to senile plaque 

formation214-216. Currently, the role of mitochondrial fission/fusion and mitophagy in 

AD is gaining importance. Although there is evidence of mitophagy in AD217, it is not 

clear if a correct degradation of sequestered mitochondria is being performed or if all 

the degraded mitochondria are damaged. In addition, it has been suggested that 

mitochondrial fission is upregulated in AD, probably in an attempt to segregate 

damaged mitochondria in order to facilitate degradation by mitophagy. However, if 

mitophagy is efficient or not has to be clarified218. 

In the case of mitochondrial diseases, an augmented mitophagic response in cellular 

models of MELAS and MERRF syndromes has been observed. In both disorders, 

cells show low membrane potential, high level of ROS and CoQ deficiency. In fact, 

CoQ supplementation restored mitochondrial morphology, membrane potential and 

levels of ROS, as well as mitophagy levels204,219-221.  

However, in the specific case of mitochondrial diseases, there is not a common 

agreement about the failure of mitophagy regulation. Since the expression levels of 

PINK1 and/or Parkin in the cell are critical for mitophagy, some authors propose that 

cells with mutant mtDNA have decreased levels of PINK1 and/or Parkin, possibly 

due to unknown transcriptional inhibition mechanisms. In fact, it has been observed 
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that cybrids cells with mtDNA mutation (A3243G) have less Parkin expression levels 

than WT cybrids cells, and this fact may impair mitophagy of dysfunctional 

mitochondria222. In light of these data, some authors have hypothesized that 

mitochondrial dysfunction per se is not sufficient to recruit mitophagic factors to 

damaged mitochondria and to activate mitophagy. Although high levels of ROS 

and/or low ΔΨm are necessary to promote mitophagy, Parkin expression levels may 

be critical to allow the degradation of dysfunctional mitochondria. Likewise, the 

presence of the non-selective autophagy machinery would be necessary for the 

progression of mitophagy223. 

 

Therapies for mitochondrial diseases 
Treatments for mitochondrial diseases in general are largely inadequate224. 

Nowadays, there is only supportive therapy for mitochondrial diseases and its 

effectiveness is not total for most of them.  

Among the challenges for finding a successful mitochondrial disorder treatment are 

the lack of large groups of similar patients and the heterogeneity of the symptoms. 

The partial accessibility of bioactive molecules to mitochondria is also a difficulty that 

needs to be overcome225.  

Due to the intrinsic difficulties in the design of clinical trials for rare diseases, few 

randomized double-blinded placebo-controlled trials for mitochondrial diseases have 

been completed226,227.  

However, in the last decade, due to advances in defining the pathophysiology of 

these diseases, new therapies are being developed in the laboratory and are 

entering human clinical trials228.  

 

We can divide the therapies for mitochondrial diseases in different groups:  

1. Clinical therapies 

 

- Pharmacological and dietary supplement therapies 

Multiple vitamins and cofactors are used in patients with mitochondrial diseases, 

although currently, only a few compounds seem to be effective. The effects of these 

compounds are thought to be: 1) increase MRC flux, 2) counteract the effects of 
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oxidative stress caused by ROS (antioxidants), 3) act as cofactors, 4) act as 

mitochondrial substrates (e.g. l-carnitine). 

In practice, the majority of patients take a cocktail of at least four dietary 

supplements.  

Most of current therapies are a combination of creatine, CoQ (in its reduced form, 

ubiquinol) and alpha-lipoic acid229. Antioxidants such as riboflavin, thiamine and 

vitamins C and E or analogues with water-solubility (trolox ornithylamide 

hydrochloride) are also used to counteract the effects of oxidative stress caused by 

ROS230,231. 

 

• CoQ 

CoQ is the most common utilized treatment for mitochondrial diseases therapy, since 

it has demonstrated to be effective in different in vitro and in vivo models of 

mitochondrial dysfunctions and no serious side effects have been reported from the 

treatment with CoQ, even with high dosage.  

 

CoQ molecule was characterized for the first time by Festenstein and Crane in the 

second half of the XX century232,233. Its structure was determined by Folkers and 

collaborators in 1958234.  

CoQ is described as a lipophilic molecule composed by a benzoquinone ring 

conjugated in the third position to a carbon isoprenoid side chain. The number of 

isoprenoid units of the carbon chain determines the type of coenzyme Q. The 

predominant form of coenzyme Q in humans is coenzyme Q10, which contains 10 

isoprenoid units in the tail235.  

Functionally, CoQ is an essential component of the MRC and thus in the generation 

of ATP. Moreover, ubiquinol (reduced CoQ), works as a ROS scavenger, being able 

to repeatedly suffer reduction and oxidation236. Therefore, it is an excellent 

membrane antioxidant that can be found in many cell organelles and compartments 

such as lysosomes, Golgi apparatus or plasma membrane237. In addition, CoQ 

exerts its antioxidant function by re-establishing the antioxidant properties of other 

molecules such as vitamin E and ascorbate238.  

Moreover, CoQ has other different functions in the cell metabolism such as 

apoptosis inhibition239,240, regulation of the MPT241, stimulation of cell growth242,243 

and regulation of inflammatory response244,245. 
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CoQ also regulates the expression of genes involved in metabolism, autophagy and 

mitophagy204,219-221, as well as cellular signalling and transport.  

Although CoQ is synthesized de novo by the cell246, its dietary supplementation can 

provide health benefits in a great variety of disorders that undergo mitochondrial 

dysfunction. However, only CoQ supplements with more water-soluble formulations, 

such as idebenone, are able to act on mitochondria and other cellular compartments 

and cross the blood-brain barrier. Therefore, CoQ analogues with increased      

water-solubility, similar effect and better bioavailability are being investigated237.  

 

Physiological levels of CoQ are altered in different disorders such as 

cardiovascular247 and neurodegenerative diseases248 and some mitochondrial 

dysfunctions236, mainly primary and secondary CoQ deficiencies224,249. Moreover, 

CoQ levels diminish with age, and this decline might contribute in part to some of the 

manifestations of aging250,251. 

CoQ supplementation has had different effects in patients with mitochondrial 

dysfunctions. In patients with primary CoQ deficiencies causing encephalomyopathy, 

muscle symptoms improved after CoQ therapy252. Moreover, in patients showing 

myopathy caused by primary CoQ deficiency, CoQ supplementation improved 

clinical symptoms with a synergistic effect in conjunction with riboflavin253.  

The CoQ treatment of secondary deficiencies of CoQ (resulted from mutations in 

genes not involved in CoQ synthesis) has shown benefits in cellular models of 

mitochondrial diseases such as MELAS or MERRF syndromes204,219-221,254.  

Moreover, oral administration of CoQ to patients with mitochondrial dysfunctions has 

shown improvements in exercise intolerance, muscle weakness, neurological 

function, lactate levels, ataxia and stroke-like episodes255-260.  

The CoQ analogue idebenone has demonstrated benefits in a subgroup of patients 

with LHON and in some cases of MELAS261. 

In spite of all the research carried out, the clinical evidence supporting the beneficial 

effects of CoQ treatment in mitochondrial diseases is scarce, probably due to the 

heterogeneity of mitochondrial diseases included in clinical trials.  

 

- Exercise therapies 

Endurance training has been proven to be beneficial in some patients with 

mitochondrial diseases262-264. Aerobic exercise training has demonstrated some 
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improvements in exercise capacity and quality of life in patients with mtDNA 

mutations, since mitochondrial biogenesis and activities of mitochondrial enzymes 

are stimulated.   

 

2. Pre-clinical (emerging) therapies 

There are some potential treatments under study which target different molecular 

features of mitochondrial diseases. 
These new approaches can be divided in “disease-tailored” strategies, designed to 

act on characteristics of specific mitochondrial diseases, and “non-tailored” 

strategies, acting on common pathways relevant to different mitochondrial 

diseases265. 

 

2.1. Disease-tailored therapies 

- Scavenging of specific toxic compounds 

Mitochondrial diseases are often characterized by accumulation of different toxic 

substances. For example, patients with ethylmalonic encephalopathy (EE) 

accumulate high levels of hydrogen sulphide (H2S), which provokes COX activity 

inhibition. Treatments such as N-acetylcysteine (NAC) are able to buffer H2S in a 

mouse model of EE, although this treatment has not been tested in clinical trials 

yet266. Other possible strategy may be removing the toxins by hemodialysis, although 

it has not been effective yet267.  

 

- Deoxynucleotide bypass therapies 

Some mitochondrial diseases caused by mtDNA depletions or mutations in enzymes 

involved in mitochondrial deoxynucleotide triphosphate (dNTP) metabolism show 

dNTP pool unbalance with a consequent mtDNA instability. 

Supplementation with deoxyribonucleotides and deoxyribonucleosides has been 

shown to ameliorate mtDNA instability in vitro268 and in vivo269.  

 

- Cell replacement therapies 

*Enzyme replacement therapies 

MNGIE syndrome is the first mitochondrial disorder treated by this approach, using 

erythrocyte-encapsulated thymidine phosphorylase to revert the loss-of-function 
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mutation of TYMP, which encodes thymidine phosphorylase. The first preliminary 

results of the therapy in a patient are promising270. 

 

*Allogenic hematopoietic stem cell transplantation (AHSCT)  

Thymidine phosphorylase activity has been restored by performing AHSCT in 

patients with MNGIE syndrome. However, the immunosuppression treatment 

required after the transplantation can damage the mitochondria271.  

 

*Organ transplantation 

Recently, liver transplantation in a patient with EE has been able to replace the 

deficient persulfide dioxygenase enzyme and ameliorate the symptoms of the 

disease272.  

 

- Gene therapy approaches 

*Tissue-specific adeno-associated virus (AAV)-mediated gene therapy  

AAV-mediated gene therapy has been performed in different mouse models of 

mitochondrial diseases. For example, AAV vector targeted to retina was used to 

express AIF1 in the eye of the Harlequin mouse and restore complex I deficiency273. 

Moreover, AAV vectors have been used to deliver mitochondrial proteins by using a 

viral capsid protein which can be fused with a mitochondrial targeting sequence 

(MTS). AAV vectors carrying the MT-ND4 gene targeted to mitochondria were used 

to express ND4 in cells with the G11778A mutation (LHON syndrome) and 

restoration of defective ATP synthesis was observed274.  

In patients with LHON, AAV-mediated gene therapy has demonstrated to be safe 

and ameliorate visual acuity275.  

 

*Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/Cas9 system based gene therapy 

Using the CRISPR/Cas9 system approach in induced pluripotent stem cells (iPSCs), 

mitochondrial dysfunctions due to COQ4 gene mutation have been rescued276. 

 

- Heteroplasmy shiftment 

Since the percentage of heteroplasmy is directly proportional to the severity of 

mitochondrial diseases53, the modulation of heteroplasmy could be a promising 
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therapeutic strategy. Nowadays, several heteroplasmy removal/reduction strategies 

have been proposed277. 

*Pharmacological approach 

An important role of mitophagy in mitochondrial diseases caused by mtDNA 

mutations could be its capability to modulate the percentage of heteroplasmy. 

Stimulating mitophagy seems to be a possible strategy to decrease the level of 

heteroplasmy, because only defective mitochondria, with high percentage of 

heteroplasmy, will be eliminated and healthy mitochondria will proliferate.  

This strategy has been examined by using the autophagy activator rapamycin. 

Lengthy treatment with rapamycin in a culture of cybrids harbouring the 

heteroplasmic mitochondrial mutation m.11778G>A, the most common in patients 

with LHON, has demonstrated to decrease the mutational load from 71% to 13% 

after 20 weeks of treatment278. 

  

*Protein overexpression or silencing 

Overexpression of Parkin in cybrids with 80% of mutated mtDNA (COX-I mutation) 

led to an increase in mitophagy, which allowed a reduction of the mutational load up 

to 26.7%. Importantly, the reduction of heteroplasmy load remained over time279. 

Moreover, COX activity was restored in cybrid cells enriched for WT mtDNA, 

indicating that decrease of heteroplasmy could improve the pathophysiology of the 

disease. Therefore, upregulation of Parkin expression may be beneficial for 

mitochondrial diseases.  

The importance of Parkin in heteroplasmy regulation has been recently examined in 

an in vivo model of mitochondrial dysfunction. Thus, in a strain of Caenorhabditis 

elegans carrying a heteroplasmic mtDNA truncation, it has been demonstrated that 

mutations in pdr-1 (PARK2 orthologue) caused an increase in the ratio mutant/WT 

mtDNA (up to 2.2-fold)280. These results showed the first evidence of Parkin 

involvement in heteroplasmy modulation in vivo.  

Furthermore, targeting mitochondrial dynamics can be another strategy to modulate 

heteroplasmy. Thus, it has been suggested that mitochondrial fission prevents the 

increase of heteroplasmy in cellular models of mitochondrial diseases. In fact, it has 

been observed that the knockdown of DRP1 causes an increase of the percentage 

of heteroplasmy from 80% to 96% of m.3243A>G in a human cell culture of 

rhabdomyosarcoma281. 
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*Mitochondrial genome editing 

All of the genetic approaches are based on the elimination of mutant mtDNA and the 

reduction of the levels of the mutant copies below the threshold levels282.  

1. Mitochondrial-targeted endonucleases:  

If the mutation of the mtDNA is located in a recognition site of a restriction enzyme 

(RE), the development of mitochondrial-targeted endonucleases by modifying 

bacterial REs could be a possible therapeutic strategy283.  

In human cells, a recombinant mitochondrial-targeted SmaI was used to reduce the 

heteroplasmy load of the m.8993T>C mutation (related to Leigh and NARP 

syndromes) in a cybrid cell line284. 

Although mitochondrial-targeted endonucleases have been reported to change 

mtDNA heteroplasmy, their clinical application is limited due to the fact that only a 

few mtDNA mutations create restriction sites. To solve this limitation, there are 

nucleases which can recognize multiple sequences: transcription activator-like 

effector nucleases (TALENs) and zinc-finger endonucleases (ZFNs).  

2. Mitochondrial TALENs (mitoTALENs):  

TALENs are engineered restriction enzymes made by fusing a TAL effector DNA-

binding domain to a DNA-cleavage domain. 

MitoTALENs are TALENs designed to exclusively target mitochondria and work as 

endonucleases producing a double-strand break point in the sequence followed by a 

quick degradation. MitoTALENs have been used to induce heteroplasmy shiftment in 

different cybrid cells models of mitochondrial diseases such as MERRF, MELAS or 

Leigh syndromes, ameliorating also the OXPHOS function285. 

MitoTALENs have also been effective in reducing heteroplasmy levels in mammalian 

oocytes286. This approach to induce heteroplasmy shiftment in the germline might be 

an effective alternative to mitochondrial replacement techniques to prevent the 

maternal transmission of mitochondrial diseases caused by mtDNA defects.  

3. ZFNs: 

ZFNs are artificial restriction enzymes generated by fusing a zinc finger DNA-binding 

domain to a DNA-cleavage domain. ZFNs are DNA-binding proteins adapted to 

operate in the nucleus, even in the absence of nuclear localization signals287. 

Designed ZFNs which manipulate mtDNA incorporate mitochondrial localization 

signals and nuclear export sequences288. 
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ZFNs technology has been used to target pathogenic mtDNA mutations in cybrid cell 

lines, such as those harbouring the mutation mt.8993T>G (NARP)289. 

4. CRISPR/Cas9 system: 

The CRISPR/Cas9 system has been broadly used for nDNA editing to generate 

specific mutations or correct pathogenic alleles290. Recently, its functional application 

for mitochondrial genome editing has been demonstrated by attaching MTS to Cas9 

protein and using mtDNA specific single guide RNAs (sgRNAs)291.  

 

- Stabilization of mutant mt-tRNA 

Most of mtDNA mutations are located in mt-tRNA genes. Therefore, overexpressing 

aminoacyl mt-tRNA synthetases (mt-aaRSs) or their fragments can be a novel 

therapeutic approach for the treatment of these diseases. In fact, there are some 

studies that confirm that the overexpression of mt-aaRSs stabilizes mt-tRNAs and 

attenuates the detrimental effect of the mtDNA mutations located in tRNA genes in 

human cellular models of MELAS292,293. 

 

2.2 Non-tailored therapies 

- Activation of mitochondrial biogenesis 

Most of the new strategies for the treatment of mitochondrial diseases mainly 

promote mitochondrial biogenesis with the intention of increasing mitochondrial 

function by having a greater mitochondrial mass227, thus ameliorating the phenotype. 

For example, it has been observed that an increased mitochondrial content in LHON 

patients’ cells decreases the pathogenic effects of the mtDNA mutation294.  

Increasing mitochondrial biogenesis is driven by the activation of PCG1A. Just as 

mentioned before, PCG1A activation can be targeted by AMPK, SIRT1 or 

peroxisome proliferative-activated receptors (PPARs), whose functions result in 

increased transcription of nDNA-encoded mitochondrial genes and therefore 

increased mitochondrial biogenesis295. 

Currently, PGC1A stimulators such as benzafibrate (PPAR agonist), epicatechin and 

RTA 408 (isoprenoid that activates NRF2) are under clinical study to assess their 

effectivity in patients with different mitochondrial diseases295.  

Other compounds such as resveratrol (SIRT1 activator) and the AMP analogue 5-

aminoimidazole-4-carboxamide 1-β-D-ribofuranoside (AICAR) have demonstrated to 
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possess potential therapeutic utility in mitochondrial diseases, although they have 

not been tried in patients yet296,297. 

However, controversy exists regarding whether increasing biogenesis of 

dysfunctional, as well as healthy mitochondria will ultimately be beneficial or harmful.  

 

- Bypassing OXPHOS defects 

The use of enzymes derived from yeast or low eukaryotes to bypass MRC defects 

has been tested in in vitro and in vivo models228. For example, the alternative 

oxidase (AOX) is present in lower eukaryotes and bypasses complex III and IV by 

accepting electrons from CoQ. Expression of these enzymes has been used to 

bypass complex I and complex III-IV deficiencies in human cells298, but not in 

patients.  

 

- Mitochondrial genome replacement therapy 

The prevention of pathogenic mtDNA transfer is a novel method to avoid maternal 

transmission of mtDNA mutations. Using mitochondrial donation techniques such as 

maternal spindle transfer and pronuclear transfer, mutant mtDNA in the oocyte or 

fertilized embryo is substituted with normal copies of the mitochondrial genome299. 

The procedure involves removing the mtDNA from an oocyte or zygote containing 

mutated mtDNA and transferring its nuclear content to an enucleated oocyte or 

zygote that contains WT mtDNA from a healthy donor. In 2017, the first human birth 

after using mitochondrial genome replacement therapy to reduce transmission of the 

m.8993T>G mutation causing Leigh syndrome was published300.  

 

- Hypoxia 

Another interesting therapeutic strategy for the treatment of mitochondrial diseases 

is the activation of the hypoxic response pathway301. In a recent study, the von 

Hippel Lindau (VHL) factor (a key regulator of the hypoxia response pathway) was 

identified as the most effective genetic suppressor of mitochondrial diseases.  

VHL negatively regulates the HIFs, whose transcriptional response shifts cellular 

bioenergetic reliance on mitochondrial OXPHOS. Studies using zebrafish and mouse 

models of mitochondrial dysfunctions support this new therapeutic approach301. 
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- Regulating autophagy/mitophagy and mitochondrial dynamics 

Autophagy and mitophagy modulation has been proposed as a possible therapy for 

numerous different diseases which present mitochondrial dysfunctions (Table I4).  

 

Autophagy/mitophagy as targets for different diseases 

Disease Characteristics Potential treatments 

Neurodegenerative diseases 
(e.g. PD, AD, HD)212 

Failed elimination of damaged 
mitochondria. 

Extensive accumulation of 
autophagosomes. 

Defects in mitochondrial 
dynamics. 

Autophagy inducers302 

Cancer 

Autophagy is essential for tumor 
suppression in pre-malignant 

stages. 
Autophagy promotes the 

pathogenesis of established 
malignancies. 

Autophagy inducers: 
Temsirolimus, 
rapamycin303. 

Autophagy inhibitors: 
chloroquine, 

hydroxychloroquine. 

Mitochondrial diseases Autophagy/mitophagy 
imbalance. 

Autophagy/mitophagy 
inducers296,304 

Chronic inflammation diseases 
(e.g. Chron disease)305 

Defects of autophagy have 
been associated with higher 

production of proinflammatory 
cytokines implicated in 

pathogenesis of inflammation 
diseases. 

Autophagy inducers 

Lung diseases209 
Protective or harmful role of 
autophagy depending on the 

type of lung disease 

Autophagy inducers 
Autophagy inhibitors 

Diabetes type 2306 
Autophagy deficiency in β-cells 
could help to the progression 

from obesity to diabetes 

Autophagy inducers 
(metformin) 

Liver diseases307 

Autophagy has a protective role 
(eliminating lipid droplets and 

protein aggregates), except for 
hepatitis B and C infections 

(virus promote their replication 
by autophagy) 

Autophagy inducers 
Autophagy inhibitors 

 

Table I4. Autophagy and mitophagy as therapeutic targets for different diseases.  
Adapted from Villanueva-Paz et al. (2016)89.  

 

Various autophagy inducers such as rapamycin, rapalogs (rapamycin derivatives), 

metformin278,308 and trehalose and autophagy inhibitors (chloroquine, 

hydroxychloroquine) are already approved for the treatment of various diseases. 
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Moreover, the nicotinamide adenine dinucleotide pathway, with nicotinamide 

mononucleotide and riboside309, has been explored as a potential option for future 

therapies.  

Because the accumulation of defective mitochondria seems to be the main cause of 

the worsening of mitochondrial diseases, autophagy and mitophagy are gaining 

importance as future therapeutic targets for these disorders. The most studied 

strategies to pursue this approach are targeting two different autophagy regulation 

pathways: AMPK and mTOR pathways. 

 

AMPK pathway 
AMPK is gaining attention as a potential therapeutic target for mitochondrial 

diseases in the future, because it has many functions related to maintain the 

mitochondrial and cellular homeostasis.  

As we have mentioned before, AMPK functions as an initiator of autophagy via 

mTOR complex inhibition and ULK1 activation. It also participates in the 

transcriptional control of lipogenesis and mitochondrial proliferation and regulates 

other metabolic processes such as glycolysis, lipolysis or fatty acid oxidation.  

AMPK can be activated by Food and Drug Administration (FDA)-approved drugs, 

including AICAR or the anti-diabetic biguanide metformin and several natural 

products310. 

Although autophagy is a general process in the cell, some authors suggest that 

activation of autophagy is necessary for mitophagy progression222. Therefore, 

induction of autophagy by activated AMPK and the recruitment of Parkin to defective 

mitochondria contribute to the induction of mitophagy in mammalian cells. In fact, it 

has been demonstrated that cells with AMPK deficiency exhibit defective 

mitophagy93. Therefore, increasing the activity of AMPK could ameliorate the 

symptoms of mitochondrial diseases that course with dysfunctional mitophagy. Thus, 

it has been recently proved that AICAR partially corrects the mitochondrial 

dysfunction in a mouse model of COX deficiency311. 

Moreover, besides its importance in autophagy regulation, AMPK activation is also 

crucial for the metabolic switch from respiration to glycolysis caused by mitochondrial 

dysfunction73, and activation of AMPK pathway could contribute to the adaptation of 

mitochondrial diseased cells to oxidative stress. 
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mTOR machinery  
The use of pro-autophagic agents as a therapy for different diseases is increasing in 

the recent years. Among these compounds, rapamycin and its derivatives are the 

most studied as therapeutic agents for the treatment of tumors303 and 

neurodegenerative diseases such as HD302. 

Rapamycin exerts its pro-autophagic effect by competitive inhibition of mTOR 

complex by affecting mTORC1. 

Recently, the beneficial effect of rapamycin treatment in mitochondrial diseases and 

other pathologies that undergo mitochondrial dysfunctions has been demonstrated. 

For example, it has been observed that treatment with rapamycin after cerebral 

ischemia promotes a reduced infarct volume, improves neurological outcomes and 

inhibits mitochondrial dysfunction in experimental animals. The beneficial effects of 

rapamycin are due to an increase in mitophagy312. In addition, promotion of 

mitophagy by rapamycin has demonstrated to be protective against the effects of 

rotenone, a complex I inhibitor which causes mitochondrial dysfunction313. Using 

human chondrocytes treated with oligomycin to induce mitochondrial dysfunction, it 

has been proven that autophagy induction by rapamycin treatment protects 

chondrocytes from oxidative stress211. Therefore, regulation of autophagy could be a 

promising therapeutic target for aging-related musculoskeletal disorders too, 

because mitochondrial dysfunction has an important role in these diseases. 

Rapamycin benefits have been also demonstrated in in vivo models of mitochondrial 

diseases. Rapamycin treatment has been shown to improve survival and attenuate 

the progression of the disease in a mammalian model of Leigh syndrome, the 

NDUFS4 knockout (NDUFS4−/−) mouse314. Improved motor function was observed, 

as well as a decrease in brain inflammation and prevention of the brain lesions 

characteristic of Leigh syndrome.  

 

Manipulating mitochondrial dynamics is potentially an attractive approach to treat 

mitochondrial diseases, because shifting the equilibrium of fission and fusion may 

allow damaged mitochondria to be rescued by mitochondrial fusion or else be 

selectively eliminated by mitophagy.  

Genetic approaches have shown that inhibiting mitochondrial fusion shifts the 

fusion/fission equilibrium towards fission154 and vice versa315. Thus, adding a 

pharmacological agent that inhibits fission to cells containing fragmented 
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mitochondria should increase the proportion of tubular mitochondria. In fact, a 

compound termed mitochondrial division inhibitor 1 (mdivi-1), a DRP1 inhibitor, 

selectively inhibits mitochondrial division316. More recently, mdivi-1 has been 

demonstrated to rescue mitochondrial morphological and functional defects induced 

by mutations in PINK1317.   

 

MERRF syndrome 
MERRF syndrome is a rare, maternally inherited, multisystemic mitochondrial 

disease318, that is defined as a mitochondrial encephalomyopathy characterized by 

myoclonic seizures. MERRF syndrome was described for the first time in 1980 by 

Fukuhara et al. after the study of the symptoms and pathology of two patients with 

dyssynergia cerebellaris myoclonica and mitochondrial myopathy. Muscle biopsies of 

these patients revealed ragged-red fibers319. MERRF is estimated to affect about 1 in 

5,000 people worldwide320.  

Two important medical landmarks are ascribed to MERRF syndrome. MERRF was 

the first human disease in which a maternal inheritance pattern was clearly 

demonstrated, suggesting a defect in mtDNA. MERRF was also the first disorder in 

which a molecular defect was associated with a particular form of epilepsy321. 

 

Genetics 
There are at least 18 mutations responsible for MERRF syndrome321, majority of 

them affecting mt-tRNA genes, although mutations in MTND5 gene or POLG gene 

are also described318 (Table I5). However, 80% of MERRF patients possess an 

adenine to guanine transition in the 8344 position in the tRNALys gene of mtDNA 

(MT-TK gene)187,322, with a frequency of between 0 and 1.5: 100,000 in populations 

from Western Europe323. The m.8344A>G mutation is localized in the T-arm of the 

mt-tRNA324 and causes low aminoacylation of the mutant mt-tRNA, incomplete 

translation at some lysine codons325 and hypomodification of its anticodon wobble-

position due to the lack of the taurine-containing modified uridine tm5s2U326. This fact 

hinders the translation of both AAA and AAG codons (Figure I12), resulting in 

marked defects in the whole mitochondrial proteins synthesis and dysfunction of the 

MRC327.  
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Table I5. Mitochondrial and nuclear DNA mutations associated with MERRF 
syndrome. 

 

The m.8344A>G mutation is heteroplasmic; therefore, both heteroplasmy load and 

the variation of the tissue distribution of mutant mtDNA have an impact in the clinical 

manifestations of the disease. Moreover, the threshold effect of each tissue has also 

a role in phenotype. For the m.8344A>G mutation, the threshold of mutation load 

seems to be between 75 and 90%347,348.  
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The m.8344A>G mutation is usually present in all tissues with a high proportion 

(above 90%); therefore, it is often detected in mtDNA from blood leukocytes. If the 

heteroplasmy load is low, it is necessary to detect the mutation in other tissues, such 

as cultured skin fibroblasts, urinary sediment, oral mucosa, saliva, hair follicles or 

(most reliably) skeletal muscle.  

 
Figure I12. Proposed molecular pathogenesis caused by the wobble modification 
deficiency of mutant mt-tRNA associated with MERRF syndrome.  
The pathogenic point mutation m.8344A>G impairs the wobble modification of the 
mutant mt-tRNA and the pattern of codon recognition. Adapted from Kirino et al. 
(2005)327. 

 

Molecular pathophysiology 
Defects in the whole mitochondrial proteins synthesis due to the m.8344A>G 

mutation provoke lower function of MRC complexes I and IV, decreased 

mitochondrial respiration rate and reduced ΔΨm349-352. Complex IV seems to be the 

most affected in MERRF patients, meanwhile complex II is the least affected321. 

Furthermore, oxidative stress caused by the MRC deficiency has a high impact on 

the pathogenesis and progression of MERRF syndrome, since high ROS 

accumulation induces tissue damage353.  

The inhibition of mitochondrial proteins synthesis due to the m.8344A>G mutation 

was observed for the first time by the accumulation of aberrant polypeptides due to a 

premature termination of translation.   
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The main abnormal protein characteristic of MERRF mitochondrial synthesis is a 

polypeptide translated from MT-COI mRNA, derived from premature termination of 

translation. Other abnormal polypeptides are different products of premature 

termination of translation of MT-ND2 mRNA325. 

Therefore, the mechanisms that trigger the main manifestations of MERRF 

syndrome are thought to be correlated with a combination of neuronal loss and 

hyperexcitability dysfunction initiated by the failure of the OXPHOS system in 

specific areas of the brain tissue321. 

 

Clinical description 
Clinically, MERRF is classified as one of the progressive myoclonic epilepsies. There 

are four canonical features of this disorder: myoclonus, generalized seizures, ataxia 

and ragged-red fibers within muscle tissue354.  

It is also associated with dementia, muscular weakness and other secondary clinical 

manifestations such as peripheral neuropathy, renal dysfunction, cardiomyopathy, 

hearing loss, optic atrophy, short stature and exercise intolerance355,356. Less 

common findings are ophthalmoparesis and multiple lipomas.  

MERRF patients also suffer from lactic acidosis and elevated pyruvate levels in 

serum at rest, and especially after moderate exercise357, and often complain of 

vomiting, abdominal pain, fatigue, muscle weakness and difficulty breathing. 

Depression may be an under-recognized feature of MERRF syndrome358.    

Sometimes, patients showing the clinical manifestations for MERRF also have 

strokes (MERRF/MELAS overlap)342,344 or progressive external ophtalmoplegia and 

retinopathy, symptoms of KSS333,334. 

Age onset of MERRF syndrome is diverse. Early development is usually normal 

before presentation in adolescence or early adulthood. However, a late onset in 

adults is not uncommon in patients with MERRF359.  

 

Diagnostic methods 
MERRF is diagnosed based on clinical, biochemical/molecular and genetic 

testing360.  
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Clinical testing: 

-Measurement of lactate and pyruvate concentrations in blood and/or cerebral spinal 

fluid (CSF). In individuals with MERRF, the concentrations of lactate and pyruvate 

are commonly elevated at rest and excessively increase after moderate activity357.  

-Measurement of CSF protein. Levels of this protein may be elevated in MERRF 

syndrome, but rarely exceed 100 mg/dL.  

-Magnetic resonance imaging (MRI). This technique looks for stroke-like lesions. 

MERRF patients often show brain atrophy and basal ganglia calcification. MERRF 

syndrome preferentially involves the inferior olivary nucleus, cerebellar dentate 

nucleus, red nucleus and pons of the brainstem, as well as the gray matter361. 

-Magnetic resonance spectroscopy (MRS). It is used to look for lactate in the brain. 

-Electrocardiogram. It is used to diagnose heart rhythm abnormalities. MERRF 

patients often show pre-excitation events. 

-Electroencephalogram. It usually shows generalized spike and wave discharges 

with background slowing, but focal epileptiform discharges may also be seen.  

-Muscle biopsy. It usually shows ragged-red fibers with the modified Gomori- 

trichrome staining and hyperactive fibers with the succinate dehydrogenase (SDH) 

staining, COX negative muscle fibers and lactate accumulation362 (Figure I13). 

 

Biochemical/Molecular testing:  

Biochemical analysis of respiratory chain enzymes in muscle extracts of MERRF 

patients usually shows decreased activity of respiratory chain complexes containing 

mtDNA-encoded subunits, especially COX deficiency. 

 

Genetic testing:  

Two main genetic strategies can be followed: 

-Serial single-gene molecular genetic testing, which is based on the order in which 

pathogenic variants most commonly occur: MT-TK (analysis for the m.8344A>G, 

m.8356T>C, m.8363G>A, and m.8361G>A pathogenic variants), MT-TF, MT-TL1, 

MT-TI, and MT-TP.  

-Full mtDNA sequencing, which looks for pathogenic variants that are not exclusive 

for MERRF syndrome.   
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Figure I13. Common examination of muscle tissue biopsies derived from MERRF 
patients.  
Arrows indicate ragged-red fibers stained with modified Gomori-trichrome, SDH 
and COX stainings, respectively. Adapted from Lorenzoni et al. (2014)321. 

 

Treatments for MERRF syndrome 
Like many mitochondrial diseases, there is no specific cure for MERRF syndrome 

and treatment is primarily symptomatic.  

Seizures can be treated with conventional anticonvulsant therapies 

(Levetiracetam363, clonazepam, zonisamide187), but valproic acid (VPA) should be 

administered with care and in association with L-carnitine320, since VPA may cause 

secondary carnitine deficiency and a subsequent worsening of the mitochondrial 

dysfunction. However, no controlled studies have compared the efficacy of different 

anticonvulsants. 

In the absence of proper clinical trials, it is difficult to evaluate the effect of proposed 

supportive treatments such as CoQ (50-100 mg 3x/day) and its analogue idebenone 

or L-carnitine (1000 mg 3x/day), although all of them have been beneficial in some 

patients of heterogeneous mitochondrial diseases by increasing energy 

production360.  

In addition, physical therapy and aerobic exercise have shown to be helpful for any 

impaired motor abilities in MERRF and other mitochondrial diseases364.  

MERRF patients with low CSF folate can be also treated with folinic acid, although 

there is no a clear consensus323.  

 

Models of MERRF syndrome  
The development of new potential treatments for mitochondrial diseases is 

complicated due to the rarity of patients and the lack of animal models to study this 

group of disorders in general and MERRF syndrome in particular. This situation has 
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led to the development of different systems in order to study the tissue specific 

effects of mtDNA mutations (Figure I14). 

 

Microorganisms 
• Escherichia coli 

Prokaryotic bacteria have proven to be a useful model system to investigate MRC 

proteins structure and function. For example, E. coli can be beneficial for 

comprehensive studies investigating effects of mtDNA mutations known to cause 

human complex I deficient mitochondrial diseases. E. coli complex I is a powerful 

model system to exploit the gene manipulation (especially site-specific 

mutagenesis), which is virtually impossible in human complex I for mtDNA-encoded 

subunits such as ND5. For example, mutational analyses of the corresponding 

mutations at E144 and D400 of the E. coli NuoL (ND5) subunit suggested that these 

residues are critical for the complex I functions of electron transfer and/or proton 

pumping365. 

Moreover, the equivalent E. coli mutant of the common M64V LHON mutation in 

ND6 demonstrated a mild effect on E. coli complex I activity366. 

Although there is no an equivalent mutation to m.8344A>G in E. coli, xm5 and 

xm5s2U (being x ammonium, glycine or taurine) modifications of the wobble position 

of mt-tRNA are a result of enzymes that are evolutionary conserved from bacteria to 

humans367-369. 

Bacterial proteins MnmE-MnmG and MnmA form an enzymatic complex that 

modifies the 5 position of wobble U position of tRNALys, tRNAGlu, tRNAGln, tRNAGly, 

tRNALeu and tRNAArg. Mutations in these proteins are associated with alterations in 

protein synthesis, growth deficiency, acid pH sensitivity and lethality368,370-374.  

However, although E. coli model is very easy to use in the laboratory, there are 

some limitations to the utilization of the bacterial system due to its prokaryotic nature 

and the lack of phenotypes caused by some mutations.   
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• Yeast models 

Mitochondrial functions are highly conserved between humans and Saccharomyces 

cerevisiae. Therefore, yeasts are a good model to study mitochondrial diseases, 

providing insight into both physiological and pathophysiological processes.  

Moreover, yeasts have the ability to survive with fermentable carbon sources in the 

absence of mitochondrial function. Therefore, pathogenic mutations that lead to 

mitochondrial dysfunction are able to be maintained in yeast, as long as a 

fermentable carbon source is available375. 

The ability to transform yeast mtDNA and the conservation between yeast and 

human mt-tRNAs allow pathogenic mt-tRNA mutations to be modelled in yeast376,377. 

In fact, the molecular consequences of pathogenic mutations at conserved sites are 

the same in yeast as in humans. For example, the A14G mutation in tRNALeu (UUR) 

in yeasts is equivalent to the m.3243A>G mutation causing MELAS in humans378. 

This yeast model has been successfully used as a screening platform to find new 

drug candidates for the treatment of MELAS disease254. 

Although there is no an equivalent mutation to m.8344A>G in yeasts, other yeasts 

models have been used to study the pathophysiology of MERRF syndrome. 

As before commented, human mt-tRNALys has a taurine-containing modified uridine 

(tm5s2U) at its anticodon wobble position and the m.8344A>G mutation in humans 

provokes that the mt-tRNALys lacks that tm5s2U modification.  

The tRNA-modifying enzyme TRMU (tRNA 5-methyl 

aminomethyl-2-thiouridylate methyltransferase) is responsible for the 2-thiolation of 

the wobble position of mt-tRNALys and other mt-tRNAs in human and yeasts. Yeast 

SLM3 gene is homologous to human TRMU, and it has been observed that 

disruption of this gene eliminated the 2-thio modification of mt-tRNAs and impaired 

mitochondrial proteins synthesis, which led to reduced respiratory activity, similar 

phenotypic features observed in MERRF human cellular models. Furthermore, 

when MTO1, which is responsible for the C5 substituent of the modified uridine, was 

disrupted along with MTU1, a much more severe reduction in mitochondrial activity 

was observed379. 

 

However, the aspect of heteroplasmy cannot be modelled in yeasts, since yeasts 

become homoplasmic within a few generations380. Therefore, using this model it is 
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not possible to study the threshold effect, which has an essential role in the 

pathophysiology and appearance of symptoms of MERRF syndrome. 

 

 
 

Figure I14. Current models for the study of MERRF syndrome’s molecular 
pathophysiology. 
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Animals models 
• Caenorhabditis elegans 

Extensive evolutionary conservation exists in mitochondrial composition, function 

and mtDNA between humans and C. elegans381. In fact, several well-characterized 

strains have been described that harbour classical gene mutations in              

nuclear-encoded subunits of the MRC. These include missense and/or deletion 

mutants in subunits of complex I, complex II and complex III, as well as in CoQ 

biosynthesis genes382-385. Moreover, C. elegans has been widely used to investigate 

the effect of oxidative stress in lifespan and the mechanisms and efficacy of different 

mitochondrial therapies386. For example, using the nuo-1 (NDUFV1 homologue) 

mutant worm, which has been observed to show low respiration rate, low ATP 

production and reduced lifespan, the beneficial effects of riboflavin have been 

checked387. 

However, in C. elegans, mutations in mtDNA have a mild effect, even they do not 

show any phenotype388. In fact, mtDNA mutations have not been reported to affect 

motility, reproduction, development or other important functions in the worm389. 

Therefore, there is no a worm model for MERRF syndrome that mimics the 

pathophysiological characteristics of the disease. 

Although the worm model is very easy to manipulate in the laboratory (they are 

transparent, hermaphrodites and reach adulthood in less than three days), the 

expression of some mitochondrial diseases phenotypes and their maintenance over 

time is intriguingly386. 
 

• Drosophila melanogaster 

The fruit fly D. melanogaster offers many advantages as a model system since its 

genetics has been studied for a long time and there are a lot of genetic tools 

developed390. 

The utility of modelling human diseases in the fly has been repeatedly demonstrated, 

in particular for neurodegenerative diseases391-393. Markedly important are                

D. melanogaster mutants for the orthologues of the genes PARK2 and PINK1 that 

show distinctive mitochondrial morphology and phenotypes394,395.  

 

Apart from Drosophila mutants of MRC components that show neurodegeneration, 

motor dysfunction, increased ROS production and abnormal mitochondrial 
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morphology396,397, some fly mutants of mtDNA have been described, such as a 

model of Leigh syndrome (conserved homoplasmic mutation in ATP6)398 that 

revealed altered IMM structure and has been used as a well characterized model of 

mitochondrial encephalomyopathies pathophysiology. 

Moreover, fly has been used to investigate the efficacy of new mitochondrial 

therapies such as heteroplasmy shiftment399.   

However, currently it is not possible to introduce an engineered precise 

mitochondrial genome and generate intermediate mutant heteroplasmy in 

Drosophila400; therefore, there are no fly MERRF models yet. 

 

• Mouse models 

Mammalian in vivo model systems are ultimately necessary for answering the many 

questions regarding mtDNA biology, mitochondrial diseases pathogenesis and tissue 

specificity that still remain.  

With the possibility to make transgenic mice at will, different murine models with 

mutations in several nuclear genes encoding mitochondrial proteins have been 

reported401-403. 

This is far from being the case for diseases due to mutations in the mtDNA, which 

modelling is technically difficult404. 

Different mutagenesis methods to generate mutations in mouse mtDNA have been 

described, and besides, several groups have shown that mtDNA mutations can be 

transferred from cultured cells into mice, thereby creating transmitochondrial mice 

(mito-mice)405-409.  

However, the generation of heteroplasmic mice with pathological mtDNA mutations 

has proven challenging due to the multicopy nature of the mitochondrial genome. 

Furthermore, the transfection of plasmids or modified mtDNA into mouse 

mitochondria has not been successful410.  

Recently, a mito-mice carrying a G7731A mutation in the tRNALys gene encoded by 

mtDNA has been generated. This mutation is equivalent to the human mtDNA 

mutation G8328A, which provokes mitochondrial encephalomyopathy, COX-deficient 

fibers, myopathy and exercise intolerance411,412. Mito-mice-tRNALys7731 expressed 

respiration defects and disease-related phenotypes; therefore, it can be used as a 

model for diseases caused by mutations in the mt-tRNALys gene, such as MERRF, 

MELAS or PEO.  
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However, generating and maintaining transgenic mice is costly and time-consuming 

and thus unfeasible for each individual mutation.  

 

Patient-derived cells 
• Skin fibroblasts model  

Obtaining skin fibroblasts is a little invasive procedure that can be requested at a 

later stage. Moreover, they are convenient to maintain in culture as primary cells that 

show most of pathophysiological features of the mitochondrial disease, at least the 

nuclear-encoded ones. For example, patient-derived fibroblasts have been used to 

study the assembly of MRC complexes I413 and IV414, the process of mtDNA 

translation415 and mitochondrial structure416. 

Moreover, skin fibroblasts have been widely used as a screening tool for searching 

individualized treatments, for example in the case of patients with complex I 

defects417 or MELAS220,254. 

In the case of MERRF syndrome, it has been observed that primary skin fibroblast 

cultures established from MERRF patients show imbalanced gene expression of 

antioxidant enzymes, excessive ROS production, OXPHOS system disruption and 

increased levels of matrix metalloproteinases (MMPs), which are a progressive 

marker of neurodegenerative diseases219,349,353,418.  

However, patient-derived fibroblasts show some disadvantages as cellular models of 

mitochondrial diseases. Skin fibroblasts, unlike the cell types mostly affected in 

MERRF patients, are proliferative and rely on glycolytic metabolism for energy 

production. Therefore, a more relevant in vitro model is desired since skin fibroblasts 

are not much vulnerable to energy-dependent defects resulting from mitochondrial 

dysfunction. 

Moreover, the phenotype may not be evident in defects involving the expression and 

maintenance of mtDNA.  

 

• Transmitochondrial cytoplasmic hybrids (cybrids) model 

Cybrid cell lines can incorporate patients’ mitochondria and perpetuate its mtDNA-

encoded components, maintaining the same nuclear background.  
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Cybrids have been very useful to exclusively study the influence of mtDNA mutations 

on cell function and phenotype alterations, independently of the patient’s nuclear 

background419.  

Transmitochondrial cybrids models for MERRF syndrome have been widely used for 

the study of the pathophysiology of the disease and also as a screening platform for 

the discovery of new potential treatments or toxics219,420-423.  

However, the cybrid model shows important limitations and several criticisms of their 

application in mitochondrial diseases modelling have arisen.  

The most important disadvantage of the cybrid model is that the ρ0 (mtDNA-less) 

cell line (nuclear background) used for cybrid generation can influence the 

mitochondrial genotype–phenotype relationship. In different studies using MELAS 

cybrids, it has been observed that MELAS cybrids made using osteosarcoma cell 

lines required a mutational burden of 85% for phenotypic consequences were 

observed and only a 30% decrease in COX activity was shown. However, a A549 

lung carcinoma MELAS cybrid model required only a 55% mutational burden to 

observe a 50% reduction in COX activity424. 

Therefore, the loss of patients’ nDNA and mtDNA interactions possibly modifies the 

behaviour of the diseased cells. 

 

• Lymphoblastoid cell lines model  

B lymphoblastoid cell lines (LCLs) constitute a valuable source of mitochondria to 

investigate mitochondrial function in patients affected by respiratory chain 

disorders425. LCLs are mainly generated by transformation of peripheral B 

lymphocytes by Epstein-Barr virus (EBV)426. 

Recently, LCLs from one patient with MERRF were derived by EBV transformation of 

peripheral blood mononuclear cells. This model was used to evaluate the feasibility 

of delivering WT mitochondria using the cell-penetrating peptide Pep-1 as a 

treatment for MERRF syndrome. Interestingly, a harmful effect on mitochondrial 

function was observed427.  

Although this model is still the preferred choice of storage for patients’ genetic 

material due to its low somatic mutation rate and ease of maintenance, LCLs have 

some limitations, such as induction of micro-RNAs (miRNAs) expression due to 

infection of EBV428, the presence of two different cellular stages426 and different 
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cellular response in comparison to lymphocytes429,430.  Moreover, LCLs are difficult 

to manipulate and the phenotype is often not evident. 

 

• Patient-derived myoblasts model 

Cultured myoblasts have been an important in vitro model for mitochondrial diseases 

research since tissues that have a higher energy demand such as the muscle and 

neurons are the most affected in mitochondrial myopathies.  

Myoblasts derived from patients with MELAS or different mitochondrial myopathies 

have been used to study the role of antioxidant enzymes, ATP levels, heteroplasmy 

distribution and mitochondrial proteins translation in these diseases431,432.   

Cultured MERRF myoblasts have been used to study the distribution and expression 

of mutant mtDNAs351. Moreover, the heteroplasmy threshold for the biochemical 

expression of the mutation was determined. 

However, using myoblasts as a cellular model for mitochondrial diseases has several 

disadvantages. First, large quantities of proliferative myoblasts are difficult to isolate 

from muscle tissue biopsy at later stages; therefore, it is probable that more than one 

muscle biopsy is necessary to obtain enough cells for the analysis required. In the 

case of OXPHOS dysfunction, a repeat of an invasive muscle biopsy is problematic.  

Moreover, primary myoblasts require special conditions for optimal growth and 

myoblasts enrichment protocols are needed in order to obtain a pure cell culture.  

 

• Human iPSCs (hiPSCs) model 

In 2006, a hallmark publication by Yamanaka et al. redefined the field of stem cells 

biology. For the first time, adult fully differentiated somatic cells were dedifferentiated 

to the pluripotent state using four transcription factors; OCT4 (also known as 
POU5F1), SOX2, KLF4 and MYC, yielding iPSCs, which have the capacity to 

differentiate into all types of somatic cells433. This technology allows to create 

patient-specific iPSCs that are suitable for studying mitochondrial diseases caused 

by mtDNA mutations. The development of this model has led to numerous advances 

in neurodegenerative disorders, as well as in mitochondrial diseases.  
For example, the reduction of heteroplasmy load of a MELAS hiPSCs model 

stablished from skin fibroblasts by a treatment with a specific mtDNA-targeted 

platinum TALEN has been reported434.  
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Moreover, in the recent years, various MERRF-specific hiPSC models have been 

developed435-438. Different MERRF hiPSCs lines have been generated with different 

heteroplasmy levels, including one with the same heteroplasmy level than the 

starting somatic cells and one line with no mutant allele. Moreover, MERRF hiPSCs 

lines exhibited impaired mitochondrial function, reduced growth, fragmented 

mitochondrial morphology and elevated levels of ROS. All of these features validate 

MERRF hiPSCs applicability for disease modelling. 

 

However, the use of hiPSCs for disease modelling has several disadvantages, such 

as its complexity and high cost of production.  

Moreover, induction of pluripotency is accompanied by epigenetic reprogramming 

and a metabolic shift from OXPHOS toward glycolysis and vice versa during 

differentiation. Furthermore, the high expression of pluripotency genes increases the 

number of tumorigenic cells remaining in culture after differentiation439. 

In addition, the nuclear genome of hiPSCs was reported to be genetically instable 

and additionally they frequently harbour mtDNA aberrations440.  

Furthermore, it has been reported that nuclear reprogramming reduces the copy 

number of mtDNA and may change the proportions of WT and mutant mtDNA, i.e., 

the degree of heteroplasmy, which determines the onset and severity of the 

symptoms of the mitochondrial disease. The degree of mtDNA heteroplasmy has 

been suggested to vary among different iPSC clones, indicating uneven 

mitochondrial segregation during reprogramming. Therefore, it is possible to obtain 

mtDNA mutation-free clones of iPSCs from patients with a pathogenic mtDNA 

mutation. However, this fact can be an advantage since patient-derived         

mutation-free clones of iPSCs could be used for cell replacement therapies. 

 

• Myotubes or cardiomyocytes derived from hiPSCs 

Obtaining muscle cells from iPSCs has been technically difficult. However, not long 

ago an efficient method to obtain muscle fibers from iPSCs in order to model 

different diseases has been described441.  

Recently, MELAS and MERRF patients-derived iPSCs were differentiated into iPSC-

derived myotubes which retained a non-proliferative PAX7-/Ki67-satellite-like cell 

niche, although further investigations about pathophysiology manifestation using this 

model are required442.  



INTRODUCTION 

 105 

Interestingly, MERRF-hiPSC-derived cardiomyocytes-like cells have been recently 

generated by induction with a cardiac differentiation medium. After two weeks, cells 

expressed cardiac-specific markers such as cardiac troponin T (cTNT), α-actinin, 

myosin light chain 7 (MYL7) and myosin light chain 2 (MYL2). Moreover, MERRF-

hiPSCs-derived cardiomyocytes-like cells showed a decreased oxygen consumption, 

increased levels of ROS and mitochondrial fragmentation438. 

 

• Neural progenitor cells (NPCs) derived from hiPSCs  

Nowadays, the most common route to obtain patient- and disease-specific neurons 

is through reprogramming of somatic cells into hiPSCs, followed by direct neural 

differentiation. This approach has led to a number of important insights into 

neurodevelopmental disorders and mechanisms underlying neural pathologies443-445. 

MERRF syndrome is clinically characterized by generalized epilepsy, cerebellar 

ataxia, deafness, dementia and hereditary polyneuropathies. Therefore, evaluation 

of mitochondrial function in MERRF neural cells is necessary to understand the 

pathophysiological mechanisms of the disease.  

Patient-derived iPSCs can be differentiated into iPSCs-derived NPCs or neurons by 

exposing them to a mixture of growth factors and specific cell culture conditions. This 

technology offers numerous advantages, since a large number of differentiated cells 

can be obtained. In addition, during iPSCs conversion, mutation-free cells are 

generated. Therefore, iPSCs approach can be considered an autologous source of 

cells suitable for cell therapy, without the risk of immune rejection446.   

Moreover, last year NPCs derived from hiPSCs with a deleterious homoplasmic 

mutation in the mitochondrial gene ATP6 have been generated by induction with a 

neurodifferentiation culture medium447. The metabolic switch toward OXPHOS was 

observed in NPCs, as well as defective ATP production and altered calcium 

homeostasis, indicating that iPSCs-derived NPCs could provide an effective model 

for drug screening to target mtDNA disorders that affect the nervous system.  

Specifically, a recent research demonstrated that MERRF-hiPSCs-derived NPCs 

showed impaired mitochondrial function, increased ROS production and fragmented 

mitochondrial network438.  

 

However, this approach has several disadvantages since the technique is complex, 

expensive and time-consuming. Besides, it has been reported that it resets cellular 
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age, thus it could not be the most appropriate approach in order to study age-related 

neural disorders such as mitochondrial diseases. Moreover, some studies show that 

iPSCs conversion can rejuvenate mitochondria and the energetic capacity of derived 

cells439, a disadvantage in mitochondrial disorders modelling.  

 

Direct reprogramming 
Due to the fact that obtaining a brain biopsy is aggressive and not efficient, the 

establishment of neuronal cells models using reprogramming techniques is 

necessary in order to elucidate the cellular pathophysiology of different mitochondrial 

diseases, such as MERRF syndrome, which is considered a mitochondrial 

encephalomyopathy.  

 

Traditionally, Conrad Hal Waddington’s illustration of the cell fate hierarchy has been 

considered the classic concept of lineage specification: lineage commitment and 

differentiation have been thought to be unidirectional and irreversible; only 

uncommitted stem cells differentiate into different tissue-specific cell types. 

Waddington’s epigenetic landscape model showed the progressive restriction of cell 

differentiation potential during normal development. The pluripotent cell, at the top of 

the hill (representing the maximal differentiation potential) falls down a slope with 

different grooves, which represent distinct tissue-specific cell fates without 

differentiation potential448 (Figure I15). 

 

Figure I15. The epigenetic landscape.  
Waddington’s illustration of the cell fate hierarchy. Adapted from Waddington 
(1957)448. 
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However, although Waddington’s model is still very useful in the context of normal 

development, it does not take account of new progresses in cell reprogramming, 

such as the advent of iPSCs449 and advances in direct cell fate conversion. 

Therefore, currently the Waddington’s model has to be modified to include the 

capacity of a somatic cell to be reprogrammed to pluripotency and the possibility to 

be directly redifferentiated into another somatic cell type450 (Figure I16). 

 
Figure I16. Scheme of Waddington’s model. 
The model represents a somatic cell which is reprogrammed to pluripotency (a) 
and a somatic cell which can be directly converted into a cell type of the same or 
a different germ layer (b). Adapted from Ladewig et al. (2013)450. 

 

In fact, a few years ago a new epigenetic landscape model was proposed by 

Ladewig and colleagues to include the advances in cell reprogramming and 

transdifferentiation across germ layers450. In this new model, cell fates are 

represented in a disc in which the pluripotent state is not higher in hierarchy than 

other cell states and, therefore, it can be bypassed in the process of cell fate 

conversion (Figure I17).  

 
Figure I17. The epigenetic disc model. 
It describes an actualization of the Waddington’s landscape model that lacks 
hierarchy between different cell types, being the pluripotent state only one more. 
Conversion of one cell type into another can be achieved by extrinsic factors that 
‘tilt’ the disc and/or function as guides between distinct fates. Adapted from 
Ladewig et al. (2013)450. 
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Other recent models of cell identity try to represent the current known barriers and 

facilities to cell reprogramming. One interesting example is the Cook’s epigenetic 

landscape, which represents cellular development as a navigation map in which 

each island represents a cell stable state and the sea routes the flexibility between 

different cell fates451. 

 

The idea that cells from different somatic fates are interconvertible reaches back 

more than 30 years. Direct reprogramming of a differentiated cell into another cell 

type was achieved for the first time in 1987 with the conversion of fibroblasts into 

myoblasts using the expression of a single transcription factor, Myoblast 

Determination 1 (MYOD1)452. It was the first study providing successful cell fate 

conversion between lineages within the same germ layer (mesoderm). In the 

following years, several new studies confirmed that direct conversion was possible 

by only overexpressing transcription factors, at least between lineages within 

mesoderm such as the smooth muscle453,454, the blood lineage455-457 or the cardiac 

muscle458. In fact, using different cocktails of transcription factors (GATA4, MEF2C, 

TBX5 and HAND2), in vivo conversion of cardiac fibroblasts into functional 

cardiomyocytes was possible459,460. Apart from the use of transcription factors, 

miRNAs can mediate direct conversion through the direct repression of multiple 

genes. 

For example, it has been observed that combined overexpression of miR-1, miR-

133, miR-208 and miR-499 mediated direct conversion from fibroblasts into 

cardiomyocytes both in vitro and in vivo461. 

 

Cell fate conversion between lineages within the endoderm has been very important 

in different studies about diabetes. For example, only the pancreatic marker 

Pancreas and duodenum homeobox 1 (PDX1) overexpression was shown to be 

enough to induce insulin expression in the liver462,463. Moreover, recently the 

overexpression in pancreatic exocrine cells of a combination of the transcription 

factors NGN-3, PDX1 and MAFA successfully induced b-cell direct conversion in 

vivo464. 

 

Numerous studies have been focus on cell fate conversion between lineages within 

the ectoderm due to the importance of cellular development of nervous system. The 



INTRODUCTION 

 109 

first successful researches were carried out using glial cells: both pre- and postnatal 

astrocytes were converted into functional neurons by the unique or combined 

expression of three transcription factors: PAX6, Achaete-scute complex-like 1 

(ASCL1) and DLX2465-467.  

Due to the successful experiments described above and the advances in generation 

of iPSCs, a few years ago several groups tried to achieve the direct conversion of 

somatic cells into cell fates of different germ layers. 

For example, different combinations of transcription factors involved in hepatocyte 

differentiation such as GATA4, HNF1A, HNF4A, FOXA1, FOXA2 or FOXO3 and the 

inactivation of the tumour suppressor gene CDKN2A have been observed to induce 

direct conversion of mouse fibroblasts into hepatocyte-like cells that expressed 

hepatocyte-associated markers such as albumin and α-fetoprotein. Moreover, 

converted cells were able to be engrafted into the adult liver and increase survival in 

a mouse model of liver failure468,469.  
 

However, due to the post-mitotic nature of neurons and the lack of models of several 

diseases that undergo neurodegeneration, direct conversion approach has been 

mostly exploited in order to obtain neural progenitors or specific neuronal subtypes. 

The final aim is to study the mechanisms underlying neurodegenerative disorders 

and use neuron-like cells as screening platforms or for cell replacement therapies.  

 

Direct neuronal reprogramming 
Since the first direct reprogramming of a differentiated cell type into another was 

achieved, it took more than twenty years to reprogram fibroblasts into neuronal 

cells470.  

The first successful direct conversion of murine fibroblasts into induced neurons 

(iNs) was achieved in 2010, when Wernig and colleagues identified a combination of 

three proneural factors (the proneural gene ASCL1 and the transcription factors 

Brain-2 [BRN2] and Myelin transcription factor 1 like [MYT1L]), which were able to 

convert murine embryonic and postnatal fibroblasts into functional neurons in vitro471. 

The expression of these three transcription factors was required to obtain 

electrophysiologically functional neurons. Since then, iNs are defined as the product 
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of directly reprogrammed neurons starting from somatic cells avoiding passing 

through the pluripotent stage. 

About one year later, this approach was transferred to human fibroblasts, using the 

additional factor Neurogenic Differentiation factor 1 (NEUROD1) to obtain iNs472. It 

was observed that longer conversion times were needed for human cells in 

comparison to mouse cells.  

Since then, the strategy of solely expression of different transcription factors has 

been successfully used to generate iNs473-475. 

However, from the beginning, the generation of iNs using direct reprogramming has 

had a main challenge: reaching a high conversion efficiency, which is defined as the 

percentage of iNs obtained relative to the number of starting cells plated. Although it 

can be very variable depending on the starting cells and the protocol used, the first 

approaches using direct reprogramming obtained very poor conversion 

efficiencies450,476. Moreover, it is also necessary to reach a good purity percentage, 

which is defined as the number of iNs in the final population related to the total cells 

in the plate. These two parameters are crucial since neurons are post-mitotic cells 

not able to further expand.  

Over the next years, new tools and strategies have been found to improve efficiency 

and purity of neuronal conversion (Table I6).  

For example, the expression of different combinations of neuronal specific miRNAs 

has been shown to direct the conversion of somatic cells into iNs477,478, although 

most times the iNs generated were immature and conversion efficiencies were low.   

Apart from using miRNAs, it has been demonstrated that derepression of neural 

genes can be a different approach to neural direct conversion. For example, 

repression of RNA-binding polypyrimidine tract-binding (PTB) protein enabled the 

miRNA action on several components of the REST (RE1-silencing transcription 

factor) complex and the subsequent expression of neuronal-specific genes479.  

REST is considered a relevant guardian for reprogramming, since it is expressed in 

non-neuronal cells where it represses neuronal genes480.  

 

A few years ago, it was shown that combinations of small molecules inhibiting both 

glycogen synthase kinase-3β and SMAD signalling together with the expression of 

neurogenic factors could improve conversion efficiency481. In fact, recently it was 
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demonstrated that it is possible to undergo direct reprogramming into iNs by only 

chemically manipulating pathways involved in neural differentiation482.  

Currently, the combination of the different strategies seems to be the best approach 

to achieve high conversion efficiencies during iNs generation (Table I6).   

For example, a combination of proneural genes overexpression (ASCL1, MYT1L and 

NEUROD1) with miRNAs such as miR9/9* or miR124 resulted in the generation of 

functional neurons with mature physiological properties from human fibroblasts476.  

Combinations of small molecules together with the overexpression of proneural 

factors have successfully converted adult somatic cells into iNs483,484. Some 

strategies have combined small molecules, transcription factors and miRNAs 

expression485 or repression of p53, hypoxic conditions and expression of proneural 

transcription factors486. 

 

Strategies for neuronal direct conversion in vitro 
Pan-neuronal induced population 

Starting 
population 

 
Transcription 
factors used 

 
Other factors 

used Efficiency 
of 

conversion 
Reference(s) 

Mouse and 

human fibroblasts 
ASCL1 Hypoxia Up to 10% 

Chanda, S. et 

al.487 

Mouse 

hepatocytes 

 

ASCL1 

BRN2 

MYT1L 

- 

 

12-15% 

 

Marro, S. et al.488 

 

Mouse embryonic 

fibroblasts (MEFs) 

and 

murine tail 

fibroblasts 

 

ASCL1 

BRN2 

MYT1L 

- 

 

1.8–7.7% 

 

Vierbuchen, T. et 

al.471 

Human fibroblasts 

(post-mortem) 

 

ASCL1 

BRN2 

MYT1L 

- 

 

- 

 

Iovino, M. et al.489 
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Human fibroblasts 

(schizophrenia) 

 

ASCL1 

BRN2 

MYT1L 

SB-431542 

Noggin 

CHIR99021 

cAMP 

VPA 

GDNF 

NT3 

- 

 

Passeri, E. et al.490 

 

Human fibroblasts 

(schizophrenia) 

 

ASCL1 

BRN2 

MYT1L 

bFGF 

 

- 

 
Siegert, S. et al.491 

Human postnatal 

fibroblasts 

 

ASCL1 

MYT1L 

NEUROD1 

miR-9/9* 

miR-124 

VPA 

db-cAMP 

Up to 50% 
Yoo, A. S. et al.476 

 

Human fibroblasts 

ASCL1 

MYT1L 

NEUROD1 

miR-9/9* 

miR-124 

VPA 

- 

 

Bavamian, S. et 

al.492 

Pericyte-derived 

cells 

ASCL1 

SOX2 
- - Karow, M. et al.493 

Human fibroblasts 

(PD, HD, ALS, 

AD) 

ASCL1 

BRN2 

REST knockdown 

LM-22A4 

GDNF 

NT3 

db-cAMP 

CHIR99021 

SB431542 

Noggin 

LDN-193189 

VPA 

Up to 50% Drouin-Ouellet, J. 
et al.494 

Postnatal human 

fibroblasts 

BRN2 

MYT1L 
miR-124 - 

Ambasudhan, R. 
et al.495 
 

Human fibroblasts 
P16 and p19 

knockdown 

db-cAMP 

bFGF 

BDNF 

NT3 

- Sun, C.K. et al.496 

MEFs 

 

PTB protein 

knockdown 

- 

 

Up to 15% 

 
Xue, Y. et al.479 
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Human fibroblasts 

(PD) 

 

PTB protein 

knockdown 

bFGF, BDNF, 

GDNF, NT3, CNTF 
- 

Fiesel, F. et al.497 

and Puschmann, 

A. et al.498 

 

Human fibroblasts 

(HD) 

 

PTB protein 

knockdown 

bFGF, BDNF, 

GDNF, NT3, CNTF 
- 

Liu, Y. et al.499 

 

Human fibroblasts 

(ALS) 

PTB protein 

knockdown 

bFGF, BDNF, 

GDNF, NT3, CNTF 

 

up to 90%* 
Lim, S. et al.500 * 

and Su, Z. et al.501 

Postnatal human 

fibroblasts 

 

ASCL1 

NGN2 

SB-431542 

Noggin 

CHIR99021 

 

Up to 200% 

 

Ladewig, J. et 

al.481 

 

Human fibroblasts 

(AD) 

ASCL1 

NGN2 

SB-431542 

cAMP 

Noggin 

LDN-193189 

CHIR99021 

BDNF 

GDNF 

NT3 

10-13% Hu, W. et al.482 

MEFs, postnatal 

mouse astrocytes 

ASCL1/NGN2 

BCL2 

Calcitriol 

Alpha-tocotrienol 

Forskolin 

Up to 40% 
Gascon, S. et 

al.502 

Embryonic and 

postnatal human 

fibroblasts 

ASCL1 

BRN2 

MYT1L 

NEUROD1 

- 3-5% 

Pang, Z. P. et 

al.472 

 

Postnatal mouse 

astrocytes, human 

fetal astrocytes 

NEUROD4 - Up to 50% 
Masserdotti, G. et 

al.503 

GABAergic neurons 

Mouse Astrocytes 

NGN2 

DLX2 

 

- 

 

Up to 35% 

 

Heinrich, C. et 
al.465 
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MEFs 

ASCL1 

SOX2 

FOXG1 

DLX5 

LHX6 

- 

 
Up to 10% Colasante, G. et 

al.504 

Dopaminergic neurons 
Fetal and adult 

human fibroblasts 

(PD) 

 

ASCL1 

NURR1 

LMX1A 

- 

 

3-10% 

 

Caiazzo, M. et 

al.475 

 

Human fibroblasts 

(PANK2 mutation) 

ASCL1 

NURR1 

LMX1A 

- 

 
5% 

 

Santambrogio, P. 

et al.505 

Mouse fibroblasts 

ASCL1 

PITX3 

NURR1 

LMX1A 

FOXA2 

EN1 

Shh 

FGF8 
Up to 9% Kim, J. et al.506 

Lung fetal 

fibroblasts and 

MEFs 

ASCL1 

BRN2 

MYT1L 

LMX1A 

FOXA2 

- 6-8%* 

Pfisterer, U. et 

al.507* and Sheng, 

C. et al.508 

Mouse astrocytes 

ASCL1 

NURR1 

LMX1B 

- Up to 20% 
Addis, R.C. et 

al.509 

Mouse prenatal 

fibroblasts 

ASCL1 

NURR1 

LMX1A 

- - 
Dell’Anno, M.T. et 

al.510 

Motor neurons 

Mouse/human 

fibroblasts 

ASCL1 

BRN2 

MYT1L 

LHX3 

NGN2 

MNX1 

ISL1 

- 5-7% Son, E. Y. et al. 511 
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Mouse/human 

embryonic and 

adult fibroblasts 

- 

Kenpaullone 

Forskolin 

Purmorphamine 

Rosmarinic acid 

Y-27632 

Up to 90% Qin, H. et al.512 

Human fibroblasts 

(SMA) 

ASCL1 

BRN2 

MYT1L 

NEUROD1 

NGN2 

ISL1 

MNX1 

LHX3 

bFGF 

BDNF 

GDNF 

IGF1 

cAMP 

Up to 6% 
Zhang, Q. J. et 

al.513 

Human fibroblasts 

(ALS) 

NEUROG2 

SOX11 

ISL1 

LHX3 

Forskolin 

Dorsomorphin 
- Liu, Y. et al.514 

Glutamatergic neurons 
Postnatal mouse 

and human 

astrocytes 

 

NEUROD1 - Up to 90% Guo, Z. et al.515 

Human astrocytes - 

LDN-193189 

SB431542 

TTNPB 

Thiazovivin 

CHIR99021 

DAPT 

SAG 

Purmorphamine 

Up to 67% Zhang, L. et al.516 

Serotonergic neurons 

Human fibroblasts 

 

ASCL1 

FOXA2 

LMX1B 

FEV 

 

P53 knockdown 

Hypoxia 

dorsomorphin, 

SB431542, BDNF, 

GDNF, 

PD0332991 

 

- 

 
Xu, Z. et al. 486 
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Human fibroblasts 

 

ASCL1 

NGN2 

NKX2.2 

FEV 

GATA2 

LMX1B 

Laminin 

db-cAMP 

Noggin 

LDN-193189 

A83-1 

CHIR99021 

Forskolin 

SB431542 

- Vadodaria, K. C. 
et al.517 

Striatal neurons 

Human postnatal 

and adult 

fibroblasts 

MYT1L 

DLX1 

DLX2 

BCL11B 

miR-9/9* 

miR-124 

 

Up to 60% Victor, M. B. et 
al.478 

Sensory neurons 

Mouse and 

human fibroblasts 

(FD) 

ASCL1 

MYT1L 

ISL2 

NGN1 

KFL7 

BNDF 

CNTF 

GDNF 

Up to 20% Wainger, B. J. et 
al.518 

Mouse and 

human fibroblasts 

NGN1/NGN2 

BRN3A 
- Up to 6% Blanchard, J.W. et 

al.519 

 

Table I6. Strategies for neuronal direct conversion in vitro . 

  

Apart from reaching a high conversion efficiency, other obstacles in neural direct 

reprogramming are the origin and the state of the starting cells. Human iNs take 

longer to mature and be able to origin action potentials compared to mouse 

iNs475,479,520. Moreover, embryonic or young donor cells are converted with higher 

efficiency than aged donor cells, which is a challenge for the modelling of late-onset 

diseases474,483 

Recently, it was shown that combinations of small molecules and growth factors, the 

overexpression of two proneural transcription factors (ASCL1 and BRN2) and the 

silencing of the neural barrier REST complex480 can improve conversion efficiency 

up to more than 50% using aged donor cells as a starting material494,521.  

This single-step and single-vector based approach developed by Drouin-Ouellet et 

al.470,494,522 can generate very high yields of iNs from patients with 
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neurodegenerative disorders, independently of the passage number of the skin 

fibroblasts. This simple method has facilitated the application of direct neuronal 

reprogramming for disease modelling studies.  

 

Although most studies have been performed on a pan-neuronal or unspecified 

neuronal subtype, direct reprogramming to a specific subtype of neurons is currently 

possible (Table I6). In the case of some diseases it is important to study the 

pathophysiological mechanisms in the subtypes of neurons affected470, since 

different neuron subtypes may express distinct disease-related phenotypes523. In 

fact, the correct way to study disease-associated phenotypes would be comparing 

iNs specific subtypes affected in the disease with iNs subtypes not affected.  

 

To date, the predominant method by which identify the iNs population is based on 

the expression of neuronal markers such as βIII-Tubulin (TUJ1), Microtubule 

associated protein 2 (MAP-2) and/or Tau protein, apart from the observation of 

neuronal morphology (decreased nucleus area, elongation, increased number of 

branches), since it has been observed that antibiotic selection to purify the iNs 

population is not efficient, obtaining a high percentage of non-converted cells that 

express reprogramming constructs478,520,524-526. 

 

Advantages and disadvantages of direct neuronal reprogramming 
Direct reprogramming has several advantages in comparison with the generation of 

iPSCs-derived cells, such as the relative simplicity and short time requirements; 

thus, the cost in a clinical setting is reduced450. In addition; iNs, unlike iPSCs, 

maintain the ageing524 and the epigenetic marks of the donor525,527, making them 

excellent candidates for modelling neuronal pathophysiology in age-related 

disorders. Moreover, unlike hiPSCs that are susceptible to form tumors following 

transplantation528, it has been demonstrated that iNs obtained through in vivo 

reprogramming do not cause tumorigenic processes. Therefore, in the future they 

could be a promising tool for cellular therapy, for example, by performing direct 

reprogramming in vivo of endogenous murine astrocytes or transplanted human 

cells529. For that reason, the generation of iNs or other cell types by direct 

reprogramming from patient-derived fibroblasts suffering from mitochondrial 
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diseases holds enormous promise for understanding the pathogenesis of these 

disorders and for discovering new therapy approaches.  

Meanwhile proliferating cells are preferred to perform iPSCs reprogramming530,531, 

proliferation is neither a prerequisite nor an advantage for direct neuronal 

conversion532, which is important to directly convert senescent patient-derived cells.  

 

Nevertheless, it remains unknown whether patient-derived fibroblasts can be directly 

reprogrammed into iNs that reflect the main pathological features of mitochondrial 

diseases. 

Moreover, the retroviral or lentiviral vectors commonly used to introduce transcription 

factors are potentially dangerous to cause undesired genetic mutations.  

Specifically, iNs have their own challenges as an in vitro model to study diseases 

pathophysiology. First, in vitro expansion and passaging of cells prior to 

reprogramming prevents successful conversion503,533.  

Moreover, maintaining iNs in culture is difficult and achieving a great number of iNs 

during long-term cultures is very challenging, restrictive and expensive, since cell 

death can be observed from 30 days post-infection (DPI). This fact may hinder 

electrophysiological characterization of iNs, since the earliest time point when 

spontaneous action potentials could be detected to date in human iNs is 46 DPI486 

and they are usually observed at 80-100 DPI494. Moreover, iNs tend to form clusters 

during the reprogramming process, hampering isolation of individual cells for further 

analysis. 

 

Applications of direct reprogramming  
Transdifferentiation holds great promise for biomedical applications such as 

regenerative medicine and cell-based disease modelling.  

Somatic cells (for example, skin fibroblasts) can be directly converted into other 

tissue-specific cell types. The converted cells can be used in disease modelling (to 

analyze a disease-specific phenotype in a disease-associated somatic cell type in 

vitro)482,492,498-500,505,513, pharmacological screening (to identify drugs interfering with 

the disease phenotype), drug toxicity testing (to identify side effects of potential 

drugs in different somatic cell types) and cell replacement therapy534, since it is 

possible to direct convert cells in vivo, avoiding the need of immunosuppression.  
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Currently, the cell therapy approach best studied and closest to clinical application is 

transplantation of fetal progenitor cells of the neuronal subtype affected in the 

disease535,536. However, in the last years, several investigations have been focus on 

in vivo neural reprogramming from astrocytes or oligodendrocyte progenitors/NG2 

glia537. 

It is important to realize that in vivo reprogramming not only takes place in a 

damaged and non-controlled environment, but also in a complex mixture of many 

different cell types.  

The first attempt was turning reactive glial cells into neurons after brain injury a few 

years ago538. Since then, great advances have been made regarding the efficiency 

of conversion and maturity of iNs539. Many cell types in several different brain 

regions have been targeted by various neurogenic fate determinants with the use of 

diverse viral vectors. For example, direct conversion of astrocytes into iNs in the 

striatum has been achieved using different reprogramming factors combinations, 

such as ASCL1/BRN2/MYT1L529, SOX2540,541 or NEUROD1542. Moreover, direct 

conversion from astrocytes has been achieved in the cortex515 and the spinal 

cord543,544.  

Using NG2-glia as starting cells, direct neural conversion has been achieved using 

similar reprogramming factors (NEUROD1, SOX2) in the spinal cord544 and 

cortex515,545. Other combinations of transcription factors (NEUROG2 and/or BCL2) 

have promoted the neural conversion from NG2-glia in striatum546 and cortex502.   

 

The potential clinical application of direct reprogramming in vivo is increasingly 

closer. Encouragingly, in vivo direct conversion of dopaminergic neurons from striatal 

astrocytes has been recently achieved, partially recovering the function and behavior 

in a PD mouse model547. Although this approach is still under development, it 

represents the main strategy to exploit the power of direct neuronal reprogramming. 

 

  



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 121 

  



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 122 

  



 

 123 

 
 
 

 

 

 

 

 

 

 

 

 

 

	
 

 
 
 
 
 

AIMS 
  



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 124 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



  AIMS
  

 125 

AIMS  
 

MERRF is a mitochondrial disease mainly caused by the m.8344A>G mutation in 

mtDNA. The molecular pathogenesis of MERRF syndrome remains poorly 

understood due to the lack of appropriate cellular models, particularly in those cell 

types most affected in the disease, such as neurons. This thesis arises from the 

presence of autophagy and mitophagy flux disruptions in primary fibroblasts derived 

from patients diagnosed with MERRF syndrome and the necessity of new cellular 

models to study the pathophysiology of the disease. Considering the importance of 

finding new molecular targets for mitochondrial diseases, we decided to explore the 

role of autophagy and mitophagy in MERRF cell lines. Given the lack of effective 

treatments, new and more appropriate cellular models of MERRF syndrome are 

necessary to characterize the pathophysiology of the disease and perform both drug 

screening and drug toxicity testing. 

 

To this end, we propose the following aims: 

 

1. To characterize Parkin-mediated mitophagy in fibroblasts derived from MERRF 

patients and stablish the effect of CoQ treatment. 

 

2. To evaluate the state of autophagy/mitophagy flux in cellular models of MERRF 

syndrome and stablish the effect of CoQ treatment and autophagy modulators. 

 

3. To elucidate the role of Parkin-mediated mitophagy in MERRF syndrome. 

 

4. To characterize iNs generated from MERRF patients-derived fibroblasts 

harbouring the m.8344A>G mutation. 

 

5. To confirm the suitability of MERRF iNs to study the pathophysiology of MERRF 

syndrome and to use them as a new screening platform. 
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MATERIALS & METHODS 
 

M-I. Reagents 
We purchased the following antibodies and chemicals from: 

§ Abcam (Cambridge, UK): Anti-Parkin, anti-Hsp60. 

§ BD Biosciences (New Jersey, USA): Anti-CD56 (anti-NCAM). 

§ Bio-Rad Laboratories Inc. (Hercules, CA, USA): Acrylamide/bisacrylamide 

solution 37.5:1, Clarity™ Western ECL Substrate, running buffer (TGS), SDS, 

Triton X-100, turbo transfer buffer (TG), Tween-20, SsoAdvanced™ Universal 

Probes Supermix.  

§ Cell Signalling Technology (Danvers, MA, USA): Anti-LC3B, Anti-PINK1. 

§ Eurofins Scientific (Luxembourg): Albumin (ALB) and WPRE forward and 

reverse primers. 

§ iNtRON Biotechnology (Korea): RedSafe™ Nucleic Acid Staining Solution. 

§ Invitrogen/Molecular Probes (Eugene, OR, USA): Monoclonal antibodies 

specific�for complex IV (subunit II), MitoSOXTM Red, MitoTrackerTM Red 

CMXRos, MitoTrackerTM Deep Red, 5,5’, 6,6’-tetrachloro-1,1’3,3’- 

tetraethylbenzimidazolecarbocyanine iodide (JC-1), 2′,7′-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA), Hoechst 3342, 4′,6-

diamidino-2-phenylindole (DAPI), secondary antibodies from Alexa Fluor® 

IgG (H+L) series (488, 555 and 647 nm), Hank's Balanced Salt Solution 

(HBBS). 

§ Jackson ImmunoResearch Laboratories (West Grove, PA, USA): Cy2 anti-

mouse, Cy3 anti-chicken. 

§ Merck Millipore (Burlington, MA, USA): OxyBlot™ Protein Oxidation Detection 

Kit. 

§ MSE Pharmazeutika GmbH (Bad Homburg, Germany): Guttaquinon CoQ10. 

§ Panreac (Barcelona, Spain): Potassium acetate, 2-propanol, ethanol, sucrose, 

n-hexane, methanol, sodium chloride, Tris-base, ammonium persulfate (APS), 

glacial acetic acid, KOH, KCl. 

§ Qiagen (Hilden, Germany): Qiagen DNeasy Blood and tissue kit.  
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§ Roche (F. Hoffmann-La Roche Ltd, Basel, Switzerland): Cocktail of proteases 

inhibitors. 

§ R&D System (Minneapolis, MN, USA):  SB431542, Noggin, LM-22A4, GDNF, 

NT3.   

§ Santa Cruz Biotechnology (Santa Cruz, CA, USA): Anti-AMPK, anti-phospho-

AMPK, anti-Actin, anti-GADPH, anti-P62, anti-DRP1, Parkin short hairpin (sh) 

RNA Lentiviral Particles and control scrambled Lentiviral Particles, puromycin 

hydrochloride. 

§ Seahorse Bioscience Inc. (Billerica, MA, USA): Mito-stress test kit including 

oligomycin, FCCP, rotenone & antimycin A, as well as the XFe24 cell culture 

plates, sensor cartridges and XF base medium.  

§ Sigma-Aldrich (St. Louis, Missouri, USA): Agarose, anti-cytochrome c, anti-

VDAC1, fetal bovine serum (FBS), normal donkey serum, 

penicillin/streptomycin solution, coenzyme Q10, rapamycin, phenol-chloroform-

IAA solution, trypan blue solution, EDTA, sodium deoxycholate, TEMED, 

pounceau reagent, glycerol, paraformaldehyde, CCCP (carbonyl cyanide m-

chlorophenylhydrazone), uridine, Bafilomycin A1, DMEM 4.5 g/L glucose, 

polyethyleneimine, gelatin, polyornithine, fibronectin, laminin, db-cAMP, 

CHIR99021, LDN-1931189, VPA, phosphate-buffered saline (PBS), DMSO.  

§ Takara Bio Inc. (Nojihigashi, Kusatsu, Japan): Ndiff 227 medium. 

§ ThermoFisher Scientific (Waltham, MA, USA): FastDigestTM PdiI enzyme, 

DMEM + Glutamax medium, DMEM no glucose medium, Trypsin 10x, anti-

Tau clone HT7, ALB probe and WPRE probe. 

§ Vector Laboratories (Burlin-game, CA, USA): Vectashield mounting 

medium.�� 

 

M-II. Fibroblasts cultures 
Cultured fibroblasts were derived from a skin biopsy of two patients harbouring a 

heteroplasmic m.8344A>G mutation. Clinically, the patients had MERRF syndrome. 

The heteroplasmy of the m.8344A>G mutation was 66% in MERRF 1 fibroblasts and 

38% in MERRF 2 fibroblasts. We verified that the heteroplasmy load in MERRF 

fibroblasts did not significantly change during this study. Control fibroblasts at similar 

passage number were derived from two healthy volunteers. When indicated in the 



MATERIALS & METHODS 

 133 

figure legends, data were shown as a mean of two control fibroblast cultures. 

Differential behavior and characteristics of several control and MERRF patient-

derived dermal fibroblasts was determined in previous studies of our group219. 

Samples from patients and controls were obtained according to the Helsinki 

Declarations of 1964, as revised in 2001. Fibroblasts from MERRF patients and 

controls were cultured at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium 

(DMEM) + Glutamax with 100 mg/mL penicillin/streptomycin and 10% FBS. 

 

M-III. Construction and culture of transmitochondrial 
cybrid cell lines  
Transmitochondrial cybrids were a gift from Elena García Arumi from Vall d'Hebron 

Hospital, Barcelona. 

Methodology to generate transmitochondrial cybrids is described below.  

Transmitochondrial MERRF cybrids were generated by fusing enucleated fibroblasts 

from MERRF patients or controls with 143B osteosarcoma cells which lack mtDNA 

(r° cells), using the method described by King and Attardi548. These cells thus 

possess mtDNA from patients or controls in a control nuclear background. 

Osteosarcoma parental and r° cells, control osteosarcoma cybrid cells (100% WT at 

nucleotide position 8344) and cybrid cells harbouring the m.8344A>G mutation (90% 

heteroplasmy at nucleotide position 8344) were cultured at 37ºC and 5% CO2 in 

DMEM containing 4.5 g/L glucose and 100 mg/mL sodium pyruvate, supplemented 

with 5% FBS, uridine (50 µg/mL) and penicillin/streptomycin (100 mg/mL). We 

verified that the heteroplasmy load in MERRF cybrids did not significantly change 

during the study. 

 

M-IV. Generation of iNs from fibroblasts by direct 
reprogramming 
Neurons were generated from MERRF and control fibroblasts by direct neuronal 

reprogramming as previously described by Drouin-Ouellet et al.494,522. Controls and 

MERRF patients-derived fibroblasts were plated onto 0.1% gelatin-coated 24-well 

plates or µ-Slide 4/8 Well Ibidi plates (2.8e4 cells/cm2) with DMEM + Glutamax with 

100 mg/mL penicillin/streptomycin and 10% FBS (hereinafter, fibroblasts medium). 
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The day after, dermal fibroblasts were transduced with one-single lentiviral vector 

containing neural lineage-specific transcription factors (ASCL1 and BRN2) and two 

shRNA against the REST complex, generated as previously described with a non-

regulated ubiquitous phosphoglycerate kinase (PGK) promoter549. The plasmid was 

a gift from Dr. Malin Parmar (Developmental and Regenerative Neurobiology, Lund 

University, Sweden). Transduction was performed at a multiplicity of infection (MOI) 

of 30. The day after, the cells were switched into fresh fibroblasts medium and after 

a further 48 h, the medium was replaced with neural differentiation medium 

(NDiff227; Takara-Clontech) supplemented with neural growth factors and small 

molecules at the following concentrations494: LM-22A4 (Tropomyosin-related kinase 

B [TrkB] agonist, 2 µM), GDNF (neurotrophic factor, promotes the survival of 

motoneurons, 2 ng/mL), NT3 (neurotrophic factor, promotes the survival of neurons, 

10 ng/mL), dibutyryl cyclic AMP (db-cAMP, promotes neuronal 

differentiation/survival, 0.5 mM), CHIR99021 (a potent inhibitor of GSK-3, 2 µM), SB-

431542 (a neural fate inducing factor, 10 µM), noggin (BMP signalling inhibitor, 50 

ng/ml), LDN-193189 (a neural fate inducing factor, 0.5 M) and VPA (a histone 

deacetylase inhibitor, 1 mM).  

Half of the neuronal differentiation medium was replaced every 2-3 days. Eighteen 

DPI, the medium was replaced with neuronal medium supplemented with only the 

growth factors until the end of the conversion. The medium was changed every 2-3 

days for a further 10 days. We followed up the conversion process by taking pictures 

every 2-3 days using a Leica DMi1 brightfield microscope (Leica Microsystems 

GmbH, Wetzlar, Germany). 

Neuronal cells were identified by the expression of Tau or Neural cell adhesion 

molecule (NCAM). DAPI+ and Tau+/NCAM+ cells were considered iNs. Conversion 

efficiency was calculated as the number of Tau+ cells over the total number of 

fibroblasts seeded for conversion. Neuronal purity was calculated as the number of 

Tau+ cells over the total cells in the plate after reprogramming. 

Conversion efficiency and neuronal purity were calculated by using images of each 

whole well obtained with a CellDiscoverer7 microscope (Zeiss, Oberkochen, 

Germany) fitted with an Axiocam 506 camera. Whole well images (10x 

magnification) were acquired in a lineal fashion starting from the left of the well. 

DAPI+/Tau+ cells per well were quantified using the ImageJ software (NIH). 
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M-V. Lentivirus production and titration 
Lentivirus production 

Third-generation lentiviral vectors were generated as previously described549. 

HEK293T cells (derived from the HEK 293 cell line, that expresses a mutant version 

of the SV40 large T antigen) were used for the transfections. On day one, cells were 

seeded in T175 flasks with DMEM + Glutamax with 100 mg/mL 

penicillin/streptomycin and 10% FBS. One batch of cells was considered two T175 

flask of HEK293T. When a 75-90% confluency was achieved (25 million cells per 

flask, approximately), cells were transfected with the packaging plasmids and the 

transfer vector of interest (all of them were a gift from Malin Parmar’s Lab, Lund 

University, Sweden). 

Three packaging plasmids were used: 

pMDLg/pRRE: 3rd generation lentiviral packaging plasmid. Contains Gag and Pol. 

pRSV-Rev: 3rd generation lentiviral packaging plasmid. Contains Rev.  

pMD2.G: VSV-G envelope expressing plasmid.  

In a vial, the three packaging plasmids were mixed in the following proportions: 

§ 7.5 µg pMDLg/pRRE per batch  

§ 3.9 µg pRSV-Rev per batch 

§ 5.5 µg pMD2.G per batch 

Next, 25 µg of the transfer vector containing the proneural genes ASCL1, BRN2 and 

the two shRNA sequences against the REST complex was added to the mixture per 

batch. Finally, 3.5 mL PBS 1X and 126 µL polyethyleneimine (PEI) were added to 

complete the transfection mix per batch. The mixture was incubated at room 

temperature (RT) for 15 min. Transfection mix was added to the flasks and mixed 

with the culture medium by tilting the flask. The cells were incubated for 45 hours.  
After that period of time, supernatant of each batch was collected in a 50-mL tube 

and centrifuged at 800g for 10 min at 4ºC to eliminate cellular debris. Then, the 

supernatant was filtered through a 0.45 µm pore size filter and transferred to a 

Beckman ultracentrifugation tube. The supernatant was centrifuged at 65000g for 2 

hours at 4°C to collect the lentiviral vectors. After, the supernatant was discarded 

and the lentiviruses were resuspended in 100 µL PBS 1X. The lentiviruses were 

leaved overnight (o/n) at 4°C, covered with parafilm. The day after, lentiviruses were 

aliquoted for titration.  
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Lentivirus titration 

For lentivirus titration, we performed quantitative polymerase chain reaction (qPCR) 

as previously described by Georgievska et al.550. Briefly, 50,000 HEK293T cells per 

well were seeded in 6-well plates. Every titration needed 3 control wells (only cells, 

without virus infection), 3 reference wells (cells infected with a GFP-expressing virus, 

previously titrated by Fluorescence-Activated Cell Sorting [FACS]) and 3 wells for the 

titration of the new viruses. One aliquot of the produced virus was used for titration. 

A 1:10 dilution of the virus on PBS 1X was used to infect one well with 3 µL, one well 

with 10 µL and one well with 30 µL. The same procedure was done with the 

reference virus. The infected cells were incubated for 72 h.  

After the period of infection, the medium was aspirated and the cells were trypsinized 

in order to extract their DNA, using the Qiagen DNeasy Blood and tissue kit (Qiagen, 

Hilden, Germany).  

After DNA quantification, virus titration was performed using qPCR with Taqman 

probes, since the transfer vector possessed a known sequence, the Woodchuck 

Hepatitis Virus Posttranscriptional Regulatory Element (WPRE). The expression of 

WPRE was normalized to Albumin (AL) gene (cellular gene). The sequences of the 

primers and the probes were the following: 

 

AL Forward Primer (FP): 5'-TGAAACATACGTTCCCAAAGAGTTT-3' 

AL Reverse Primer (RP): 5'-CTCTCCTTCTCAGAAAGTGTGCATAT-3' 

AL probe:5'Fam-TGCTGAAACATTCACCTTCCATGCAGA-Tamra-3' 

 

WPRE FP: 5'-GGCACTGACAATTCCGTGGT-3' 

WPRE RP: 5'-AGGGACGTAGCAGAAGGACG-3' 

WPRE probe: 5'Fam-ACGTCCTTTCCATGGCTGCTCGC -Tamra-3' 

 

The program of qPCR was the following:  

1X 95ºC 

1X 50ºC 

45X 60ºC 

1X 4ºC 

 

Virus titration ranged from 5E+08 to 2E+09. 
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M-VI. Treatments 
During the conduction of this thesis, both fibroblasts and transmitochondrial cybrids 

were used to test the effect of different drugs (100 μM CoQ and 100 nM rapamycin) 

on pathophysiology. iNs were exposed to 1 μM of a water-

soluble stock solution of MSE 2001, Guttaquinon CoQ10 (MSE Pharmazeutika 

GmbH, Bad Homburg, Germany) due to the harmful effects of ethanol.                  

Non-confluent fibroblast cultures, iNs and cybrid cells were exposed to these drugs 

at 37°C and 5% CO2 during 72 hours. The pharmacological blockage of autophagy 

and mitophagy flux was achieved with 100 nM bafilomycin A1 during 6 or 12 hours 

before collecting the cells. The pharmacological induction of mitophagy was 

achieved with 50 μM CCCP supplementation for 2 hours before the flow-cytometry 

assay. In cybrids, to make more evident the mitochondrial defects and discard 

compensatory effects by other pathways, during treatments they were cultured in an 

oxidative medium (DMEM no glucose supplemented with 0.25 g glucose/L, 0.75 g 

galactose/L, 5 mM sodium pyruvate, 50 μg/mL uridine, 2 mM glutamine, 100 mg/mL 

penicillin/streptomycin and 5% FBS). 

 

M-VII. Measurement of heteroplasmy load 
Heteroplasmy load was determined by mismatched PCR-Restriction fragment length 

polymorphism (RFLP) analysis as previously described187. Genomic DNA extraction 

from fibroblasts, cybrids and iNs was performed using the Qiagen DNeasy Blood and 

tissue kit (Qiagen, Hilden, Germany).  DNA was quantified using a NanodropTM 

instrument (Savant SPD111V, Thermo Scientific). To detect the A8344G MERRF 

mutation, DNA amplification was performed by using reverse primer                         

5’-GGGGCATTTCACTGTAAAGAGGTGCCGG-3’ (nucleotide positions [np] 8372–

8345) (mismatched positions underlined) and forward primer                                     

5’-GTATTTACCCTATAGCACCCCCTCTAC-3’ (np 8255–8281).  

 

PCR conditions for all reactions were 95ºC for 5 min; 33 cycles at 95ºC for 15 s, at 

55ºC for 30 s, and at 72ºC for 1 min; finally, at 72ºC for 7 min and a final hold at 4°C. 

The primers introduced a cleavage site for the enzyme PdiI when there was a G in 

the position 8344 (mutant mtDNA). After PCR, the amplicon of 92 bp was digested 

with PdiI (ThermoFisher Scientific, USA) for 10 min at 37°C and 15 min at 65ºC 
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(inactivation), generating a 79 bp fragment if there was a G in the position 8344. WT 

and mutant mtDNA fragments were separated in 15% polyacrylamide gel. Gel 

stained with RedSafeTM Nucleic Acid Staining Solution (iNtRON Biotechnology, Inc., 

Korea) was placed on a Molecular Imager ChemiDoc XRS+ System (Bio-Rad 

Laboratories Inc., USA) and PCR and digested products were visualized. The bands 

were analyzed using ImageLabTM software (Bio-Rad Laboratories Inc., USA). 

In the case of measuring iNs heteroplasmy, this assay was performed using an 

enriched fraction (more than 90% of iNs) of the cell culture. Twenty-seven DPI, cells 

were detached from cultureware using accutase (Gibco) and then, they were seeded 

in culture plates coated with a combination of polyornithine (P, 15 µg/mL), fibronectin 

(F, 0.5 ng/µL) and laminin (L, 5 µg/mL) (hereinafter, PFL) with neural late medium 

and placed in a 37°C incubator with 5% CO2. The seeding of the iNs in a PFL-coated 

plate has been observed to increase the purity of the iNs culture up to 95% without 

the need of a purification step494. Neuronal purity of reseeded iNs population was 

confirmed by immunostaining with anti-Tau antibody. 

 

M-VIII. Measurement of mitochondrial generation of 
superoxide 
During oxidative phosphorylation, superoxide anion is produced in the mitochondria 

as an incidental product551,552. In fact, mitochondria are considered the major 

intracellular source of ROS. 

It is known that disruption of the OXPHOS system is the main cause of pathogenicity 

in mitochondrial diseases since it causes accumulation of ROS553, being superoxide 

anion the most predominant in mitochondria.  

Therefore, flow cytometric analysis of the mitochondrial generation of ROS was 

performed by using MitoSOXTM Red mitochondrial superoxide indicator 

(Invitrogen/Molecular Probes, Eugene, OR, USA), which is a fluorogenic dye for 

selective detection of superoxide in the mitochondria of live cells. MitoSOXTM Red 

dye permeates live cells and targets the mitochondria, where is exclusively oxidized 

by superoxide and exhibits red fluorescence.  

 

Fibroblasts and cybrid cells were cultured in 12-well plates and, at 80% confluence, 

incubated with 5 μM MitoSOXTM Red prepared in HBSS for 15 minutes at 37°C and 
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5% CO2. After incubation, cells were harvested by trypsinization, washed with HBSS 

1X and analyzed by flow cytometry (FACScaliburTM, BD Biosciences, San Jose, CA, 

USA). Results were expressed as mean ± SD.  

 

M-IX. Measurement of intracellular generation of ROS 
Cell permeant indicators for ROS, such as derivatives of reduced fluorescein, are 

widely used to estimate the accumulation of general intracellular ROS in live cells.  

Reduced forms of 2′,7′-di-chlorofluorescein (DCF) are nonfluorescent until the 

acetate groups are removed by intracellular esterases and oxidation occurs within 

the cell554-556. Therefore, oxidation of these probes can be detected by monitoring the 

increase in fluorescence using excitation sources and filters appropriate for 

fluorescein (FITC)557,558. 

During the conduction of this thesis, ROS accumulation in control and MERRF iNs 

was measured using a derivative of reduced DCF with a thiol-reactive chloromethyl 

group (CM-H2DCFDA), that allow for covalent binding to intracellular components, 

permitting even longer retention within the cell.  

iNs generated from fibroblasts were incubated with mouse anti-human CD56 (1:100) 

(anti-NCAM; BD Biosciences) for 1 h at 37ºC, with goat anti-mouse Alexa Fluor® 

555 (1:300) for 1 h at 37ºC, with CM-H2DCFDA 20 μM for 20 min at 37ºC and with 2 

μg/mL of Hoechst 33342 for 5 min at RT. The cells were washed and analyzed by 

DeltaVision system (Applied Precision; Issaquah, WA, USA) with an Olympus IX-71 

microscope. The fluorescence of CM-H2DCFDA from NCAM+ cells was measured to 

compare the relative ROS levels.  

 

M-X. Mitochondrial membrane potential determination  
To estimate ΔΨm, control and MERRF fibroblasts and cybrids were exposed to 0.5 

μM JC-1 (Molecular Probes; Invitrogen, Carlsbad, CA, USA). Approximately 1×106 

cells were trypsinized, incubated with JC-1 for 20 min at 37 °C, washed twice with 

PBS, resuspended in 500 µL of PBS and analyzed by flow cytometry. As a control 

for ΔΨm depolarization, a sample was treated for 4 h with 10 µM of the uncoupling 

agent CCCP before labelling with JC-1.  
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JC-1 was excited with the 488-nm argon laser. The fluorescence signals of JC-1 

monomers and aggregates were detected through the FL1 (525 ± 5 nm band pass 

filter) and FL2 channels (575 ± 5 nm band pass filter), respectively. 

To confirm the results of the JC-1 assays, cells were loaded with 100 nM 

MitoTrackerTM Red CMXRos for 45 min at 37ºC and immunostaining was performed. 

Samples were analyzed using DeltaVision system (Applied Precision; Issaquah, WA, 

USA) with an Olympus IX-71 microscope. 

In the case of control and MERRF iNs, cells were incubated in neuronal medium with 

100 nM MitoTrackerTM Red CMXRos for 45 min at 37ºC. When indicated, cells were 

previously treated with DMSO (vehicle control) or 10 µM CCCP (negative control) for 

4 h. After washing with PBS 1X, iNs were fixed in 4% paraformaldehyde (PFA) for 10 

min at RT and permeabilized with 0.1% Triton X-100 for 10 min. Cells were blocked 

in 5% donkey serum for 60 min at RT and were incubated with mouse anti-Tau 

(1:500) and, when convenient, with sheep anti-cytochrome-c (1:100) or rabbit anti-

Hsp60 (1:200) o/n at 4ºC. The day after, cells were incubated with Cy2 anti-mouse 

antibody (1:200) and, when convenient, with Alexa Fluor® 647 anti-sheep antibody 

(1:200) or Alexa Fluor® 647 anti-rabbit antibody (1:200) for 2 hours at RT. After 

washing twice with PBS 1X, nuclei were stained with DAPI (1 µg/mL) for 15 min at 

RT. The cells were washed and analyzed using DeltaVision system (Applied 

Precision; Issaquah, WA, USA) with an Olympus IX-71 microscope and a Nikon 

eclipse Ti microscope equipped with Plan Apo VC 60x/1.4 objective and a A1R 

scanner (Nikon, Garden City, NY), using a pinhole of 1.2 airy unit. The fluorescence 

of MitoTrackerTM Red CMXRos from Tau+ cells was measured to compare the 

relative ΔΨm.  

 

M-XI. Immunoblotting assay  
Western blotting was performed by using standard methods. Samples were lysed 

using RIPA buffer [50 mM Tris-HCl, 150 mM sodium chloride, 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.1% SDS, pH 8.0] and for cytoplasmic proteins after 

subfractionation by using a subfractionation buffer [250 mM sucrose, 10 mM Tris, 1 

mM EDTA, pH 7.4]. Proteins were quantified by using a Lowry based assay559 (DC 

Protein Assay Kit, Bio-Rad, USA) and separated in 12% acrylamide/bisacrylamide 

SDS-PAGE gels (TGX Stain-Free™ FastCast™ Acrylamide Kit, Bio-Rad, USA), at 
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120 V in running buffer TGS (25 mM Tris, 190 mM glycine, 0.1% SDS, pH 8.3). After 

running, gels photoactivation using ChemiDocTM XRS+ Imaging System was 

performed to check the running quality. This step allowed the immediate visualization 

of proteins at any point during electrophoresis and blotting. 

Transference of proteins to 0.45 µm nitrocellulose membranes (Hybond-ECL, 

Amerscham Biosciences) was performed with a Trans-Blot Turbo system (Bio-Rad, 

USA) at 25 V for 10 minutes using Trans-Blot Turbo transfer buffer (TG). After 

transference, visualization of proteins was performed using the Stain-free imaging 

technology. 

Blocking step was performed with 5% BSA in 0.05% T-TBS (blocking buffer) at RT 

for 1 hour. Membranes were incubated with primary antibody at the appropriate 

dilution (1:500-1:1000) in blocking buffer with gentle agitation o/n at 4°C. Three 

washes with 0.05% T-TBS were performed to remove the unbound antibody. Then, 

species-appropriate HRP-conjugated secondary antibodies (1:2500) in blocking 

buffer were used to detect the protein of interest with gentle agitation for 2 hours at 

RT. Finally, three washes more were performed with 0.05% T-TBS and proteins of 

interest were identified using the Clarity Western ECL Substrate (Bio-Rad, USA). 

ChemiDocTM XRS+ Imaging System was used to visualize signals in membranes.  

 

M-XII. Cell fractionation and isolation of mitochondrial 
proteins 
Cells were harvested and homogenized using a fractionation buffer containing 250 

mM sucrose, 10 mM Tris, 1 mM EDTA and proteases inhibitors cocktail, pH 7.4. Cell 

suspension was passed through a 25-gauge needle 10 times using a 1 mL syringe. 

Next, nuclei and intact cells were removed by centrifugation at 1500g for 20 min. The 

supernatant containing intact mitochondria was transferred into a new tube and 

centrifuged at 12000g for 10 min. Supernatant (“cytosolic fraction”) was transferred 

into another new tube, and the mitochondria-enriched pellet (“mitochondrial fraction”) 

was dissolved in RIPA buffer containing a mixture of proteases and phosphatases 

inhibitors (Roche). Cytosolic fractions were concentrated using Centricon YM-10 

devices (Millipore) according to the manufacturer’s instructions. Proteins of the 

mitochondrial and cytoplasmic fractions were separated by SDS-PAGE. 
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M-XIII. Immunofluorescence microscopy  
Fibroblasts and cybrids were seeded on 24x24 mm glass coverslips 

(ThermoScientific™ Gold Seal™, Waltham, MA, USA). iNs were grown on ibiTreat 

µ-Slide 4/8 Well chamber slides (Ibidi Inc., Martinsried, Germany). Cells were rinsed 

once with PBS, fixed in 4% PFA for 10 min at RT, washed twice with PBS and 

permeabilized with Triton X-100 0.1% for 10 min. For immunostaining, cells were 

incubated with 5% donkey serum (blocking solution) for 1 hour at RT. After, cells 

were incubated with primary antibodies diluted 1:100-1:500 in blocking solution o/n 

4ºC. After two washes with PBS, secondary antibodies were diluted 1:200 in 

blocking solution and added on the cells. The samples were incubated for 2 h at 

37°C. Cells were then washed with PBS, incubated for 20 min with DAPI (1 µg/mL) 

and washed twice with PBS. Finally, the coverslips were mounted onto microscope 

slides using Vectashield Mounting Medium (Vector Laboratories, Burlin-game, CA, 

USA) and the cells were analyzed using a DeltaVision system (Applied Precision; 

Issaquah, WA, USA) with an Olympus IX-71 fluorescence microscope and/or a 

Nikon eclipse Ti microscope equipped with Plan Apo VC 60x/1.4 objective and a 

A1R scanner (Nikon, Garden City, NY), using a pinhole of 1.2 airy unit. 

Deconvolution studies and 3D projections were performed using a DeltaVision 

system (Applied Precision; Issaquah, WA, USA).  

 

M-XIV. Proliferation assay  
Fibroblasts were seeded in 12-well plates. Several pictures of different 10X-fields 

were taken by using a Leica DMi1 brightfield microscope (Leica Microsystems 

GmbH, Wetzlar, Germany). Cells were counted by using ImageJ software (NIH) 

before and after CoQ treatment in order to analyze cell growth. To measure 

proliferation rate, a known initial number of cells (N0) was seeded and after 

treatment, cells were harvested and quantified (N) by using a TC10TM Automated 

Cell Counter (Bio-Rad). Cell viability was assessed by trypan blue exclusion.  

Proliferation rate (n) was calculated by using the formula n = Log2 (N/N0), starting 

from N=N0x2n. Results were expressed as mean ± SD. 

 



MATERIALS & METHODS 

 143 

M-XV. Cell area measurement  
Increase in cell size has been considered one of the evidences of aging fibroblasts in 

culture560. Control and MERRF fibroblasts were treated with 100 µM CoQ for 72 h 

and cell areas were quantified by ImageJ (NIH) software. More than 150 cells (50 

cells per experiment, randomly selected) were measured in three independent 

experiments. Results were expressed as mean ± SD. 

 

M-XVI. Determination of LC3B puncta as an autophagy 
marker  
Fibroblasts or iNs generated from fibroblasts were fixed in 4% PFA for 10 min at RT 

and permeabilized with 0.1% Triton X-100 for 10 min. Cells were blocked in 5% 

donkey serum for 60 min at RT and were incubated with the primary antibodies 

rabbit anti-LC3B (1:100) and mouse anti-Tau (1:500) in the case of iNs o/n at 4°C. 

Respective secondary antibodies, Cy2 anti-mouse antibody (Jackson 

ImmunoResearch Laboratories, West Grove, PA, USA) and Alexa Fluor® 555 anti-

rabbit antibody (ThermoFisher Scientific, Waltham, MA, USA) were diluted 1:300 and 

cells were incubated for 2 h at 37°C. Finally, cells were incubated for 20 min with 

DAPI (1 µg/mL) and washed with PBS 1X (3 times 5 min). LC3B puncta were 

analyzed to compare the relative autophagy activation using a DeltaVision system 

(Applied Precision; Issaquah, WA, USA) with an Olympus IX-71 microscope and a 

Nikon eclipse Ti microscope equipped with Plan Apo VC 60x/1.4 objective and a 

A1R scanner (Nikon, Garden City, NY), using a pinhole of 1.2 airy unit. LC3B puncta 

per cell were quantified using Spot Counter macro, designed to count fluorescent 

spots in images stacks. In the case of iNs, only LC3B puncta from Tau+ cells were 

analyzed to compare the relative autophagy activation. Moreover, in order to 

evaluate autophagy flux, Control 1 and MERRF 1 iNs were treated with DMSO 

(vehicle control) or 100 nM Bafilomycin A1 for 6 h before immunostaining. 

 

M-XVII. Mitophagy analysis  
Fibroblasts, cybrids and iNs generated from fibroblasts were fixed in 4% PFA for 10 

min at RT and permeabilized with 0.1% Triton X-100 for 10 min. Then, mitophagy 

analysis was performed by standard immunofluorescence techniques by using LC3B 
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(autophagosome marker), Tau (neuronal marker for iNs) and MitoTrackerTM Deep 

Red (mitochondrial selective probe, well retained in both polarized and depolarized 

mitochondria561,562) or cytochrome c (mitochondrial marker). Colocalized signal of 

LC3B/MitotrackerTM Deep Red or LC3B/cytochrome c was assessed by using 

DeltaVision system (Applied Precision; Issaquah, WA, USA) with an Olympus IX-71 

microscope and calculating the Pearson’s coefficient of correlation. In the case of 

iNs, only colocalized signal of LC3B/MitoTrackerTM Deep Red from Tau+ cells was 

measured. Positive puncta (positive LC3B/MitoTrackerTM Deep Red or 

LC3/cytochrome c) were considered when Pearson’s coefficients of correlation were 

higher than 0.75. To quantify LC3B/MitoTrackerTM Deep Red or LC3B/cytochrome c 

puncta, the Red and Green Puncta Colocalization ImageJ macro developed by 

Ruben K. Dagda et al.563 was used. Mitophagic cells were scored when more of 5 

puncta were observed per cell. Results were expressed as mean ± SD of three 

separate experiments. 

 

To study the presence or absence of Parkin-mediated mitophagy activation, a 

standard immunofluorescence was performed by using Parkin and MitoTrackerTM 

Red CMXRos, cytochrome c or COXIV (mitochondrial markers). 

Colocalized signal of Parkin/MitoTrackerTM Red CMXRos, Parkin/cytochrome c or 

Parkin/COXIV was assessed by using DeltaVision system (Applied Precision; 

Issaquah, WA, USA) with an Olympus IX-71 microscope and calculating the 

Pearson’s coefficient of correlation. Positive puncta (positive Parkin/MitoTrackerTM 

Red, Parkin/cytochrome c or Parkin/COXIV) were considered when Pearson’s 

coefficients of correlation were higher than 0.75. To quantify colocalized puncta per 

cell, the Red and Green Puncta Colocalization ImageJ macro developed by Ruben 

K. Dagda et al.563 was used.  

 

M-XVIII. Mitophagy flux analysis 
Mitophagy flux of control and MERRF fibroblasts was assessed using the method of 

Mauro-Lizcano et al.128. Cells were seeded in 12-well plates. When 70% confluency 

was reached, cells were treated with 50 µM CCCP for 2 hours (as a positive control) 

or with 100 µM CoQ for 72 h. The pharmacological inhibition of autophagy flux was 

achieved with 100 nM bafilomycin A1 supplementation for 12 h before trypsinizing 



MATERIALS & METHODS 

 145 

the cells. After these treatments, cells were trypsinized for 5 min at 37ºC and 

resuspended in complete medium containing 10 nM MitoTrackerTM Deep Red 

(Invitrogen) and then incubated for 30 min at 37ºC.  

The fluorescence signal of MitoTrackerTM Deep Red (10,000 cells) was detected 

using flow cytometer BD FACSAria through the APC-A (660/20) channel.  

Mitophagy flux was defined as the ratio of fluorescence in the presence of 

bafilomycin A1 (lysosomal inhibitor) to that in the absence of bafilomycin A1, 

normalized to the corresponding value in control cells.  

 

M-XIX. Assessment of protein carbonylation by western 
blotting  
Proteins are one of the major targets of oxygen free radicals and other reactive 

species. Oxidative modification of proteins modifies the side chains of methionine, 

histidine and tyrosine, and forms cysteine disulfide bonds564,565. Metal catalyzed 

oxidation of proteins introduces carbonyl groups (aldehydes and ketones) at lysine, 

arginine, proline or threonine residues in a site-specific manner566,567. 

The oxidative modification of proteins can modulate their enzymatic activity568, DNA 

binding activities of transcription factors569 and the susceptibility to proteolytic 

degradation570,571. This fact suggests the importance of oxidative modification of 

individual proteins in the pathophysiology of diseases that undergo free radical 

mediated processes, such as mitochondrial diseases.  

 

Therefore, the detection of oxidatively modified proteins by immunoblotting was 

performed by using OxyBlotTM Protein Oxidation Detection Kit (Millipore, USA), 

which provides a sensitive methodology for detection and quantification of proteins 

modified by oxygen free radicals and other reactive species by detecting carbonyl 

groups (hallmark of the oxidation status of proteins). 

Protein carbonyl groups were measured following the protocol provided by the 

manufacturer. Proteins (5 μg) were incubated with 2,4-dinitrophenylhydrazine 

(DNPH) to form the 2,4-dinitrophenyl (DNP) hydrazine derivatives by derivatization of 

carbonyl groups. The DNP-derivatized protein samples were separated by SDS-

PAGE and blotted to nitrocellulose membranes. DNP-containing proteins were then 

immunostained using rabbit anti-DNP antiserum (1:150) and goat anti-rabbit IgG 
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conjugated to HRP (1:300). Carbonylated proteins were identified using the Clarity 

Western ECL Substrate (Bio-Rad, USA). ChemiDocTM XRS+ Imaging System was 

used to visualize signals in membranes.  

M-XX. Analysis of mitochondrial network and morphology 
Fibroblasts, cybrids and iNs generated from fibroblasts were incubated with 100 nM 

MitoTrackerTM Red CMXRos for 45 min at 37ºC. After washing with PBS 1X, cells 

were fixed in 4% PFA for 10 min at RT and permeabilized with 0.1% Triton X-100 for 

10 min. In the case of iNs, cells were blocked in 5% donkey serum for 60 min at RT 

and were incubated with mouse anti-Tau (1:500) o/n at 4ºC. The day after, iNs were 

incubated with Cy2 anti-mouse antibody (1:200) for 2 hours and with DAPI (1 µg/mL) 

for 15 min at RT. The cells were washed and analyzed using DeltaVision system 

(Applied Precision; Issaquah, WA, USA) with an Olympus IX-71 microscope. The 

fluorescence of MitoTrackerTM Red CMXRos was measured to compare the relative 

mitochondrial morphology using ImageJ (NIH) software. In the case of iNs, only the 

fluorescence of MitoTrackerTM Red CMXRos from Tau+ cells was measured. 

Mitochondrial morphology was evaluated using the image processing package Fiji 

(ImageJ) by the method described by Merrill et al.572. Briefly, raw images were 

preprocessed to remove the background and noise and then they were binarised, 

thresholded and skeletonized to better detect mitochondria using another ImageJ 

macro previously described by Merrill et al. When the images were cleaned up, we 

used the morphometry macro to measure four different parameters of mitochondrial 

shape (aspect ratio, form factor, area-weighted form factor and length).  

Aspect ratio: It is defined as the ratio of the major and short axis of an ellipse fit to an 

object (mitochondria). It has a minimum value of 1 that indicates a perfect circle, and 

aspect ratio increases as mitochondria elongates and become more elliptical. � 

Form factor (ff): It describes mitochondria’s shape complexity (0-1). A form factor 

value of 0 corresponds to a circular, unbranched mitochondrion, and higher ff values 

indicate longer, more branched mitochondria. 

Area-weighted form factor: Variant of form factor that takes into account the 

mitochondrial network. This parameter averages across the region of interest (ROI) 

with a bias towards larger mitochondria or mitochondrial networks. It is calculated as 

the product of the mitochondrial network area and the form factor. 
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Length: It indicates the average length (number of microns) of the mitochondrial 

network. ��

 

M-XXI. Electron microscopy 
Electron microscopy was performed using a protocol previously described221. 

Fibroblasts were fixed for 15 min in the culture plates with 2% glutaraldehyde in 

culture medium and then for 30 minutes in Buffer A (2% glutaraldehyde, 0.1 M Na 

Cacodylate/HCl, pH 7.4). Cells were then washed three times with Buffer B (0.2 M 

Na Cacodylate/HCl, pH 7.4) for 10 minutes and then post-fixed with Buffer C (1% 

OsO4, 0.15 M NaCacodylate/HCl, pH 7.4) for 30 minutes. After dehydration in 

increasing concentrations of ethanol, 5 min for each step: 30, 50, 70 and 95%, 

impregnation steps and inclusion were performed in Epon and finally polymerized at 

60°C for 48 hours. 60–80 nm sections were obtained using an ultramicrotome RMC-

MTX (Tucson, Arizona, USA), and contrasted with uranyl acetate and lead citrate. 

Observations were performed on a Philips CM-10 transmission electron microscope. 

For quantification of autophagic vesicles per μm2 of cytoplasm, the number of 

autophagosomes and autophagolysosomes were scored in 50 cells. Data were 

presented as mean ± SD. 

  

M-XXII. Characterization of iNs: areas, perimeters and 
neurites features  
Imaging of DAPI+/Tau+ control and MERRF cells was performed using the 

DeltaVision system (Applied Precision; Issaquah, WA, USA) with an Olympus IX-71 

inverted microscope hosting a 60x objective (1.42, oil). Control and MERRF iNs 

(DAPI+/Tau+ cells) neurites structures, total areas, body areas and perimeters were 

observed and/or quantified by ImageJ (NIH) software. Characterization and 

measurement of number and length of neurites of Tau+ cells was assessed using 

Simple Neurite Tracer (SNT), a free software plugin distributed by Fiji-ImageJ that 

was developed by Longair et al.573. More than 150 cells (50 cells per experiment, 

randomly selected) were analyzed in three independent experiments. 
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M-XXIII. Parkin silencing  
Inhibition of Parkin expression in MERRF cybrids was performed using Parkin 

shRNA (h) Lentiviral Particles (Santa Cruz, CA, USA), which is a pool of viral 

particles containing 3 target-specific constructs that encode 19-25 nt (plus hairpin) 

shRNA designed to knock down PARK2 gene expression. As a negative control for 

the different experiments using Parkin shRNA Lentiviral Particles, we used control 

shRNA Lentiviral Particles, that contain a shRNA construct encoding a scrambled 

sequence that does not lead to the specific degradation of any known cellular 

mRNA. MERRF cybrids were infected with Parkin shRNA (shParkin) Lentiviral 

Particles or control scrambled lentiviral particles (shControl) according to the 

manufacturer’s instructions. Cells were seeded in a 12-well plate for 24 h before the 

viral infection. Cells were grown to ~50% confluence and then were transduced. 

Stable clones expressing the shRNA were selected by incubating cells with a mixture 

of complete medium with puromycin hydrochloride 2 µg/µL (Santa Cruz, CA, USA). 

Next, the medium was replaced with fresh puromycin-containing medium every 3 to 

4 days until resistant colonies were identified. Colonies were expanded and assayed 

for Parkin protein expression and the subsequent experiments.  

 

M-XXIV. Apoptotic cells quantification  
Quantification of apoptotic cells was assessed by fluorescence microscopy analysis, 

analyzing nuclear fragmentation (blebbing) by using DAPI staining, caspase 3 

activation and apoptotic microtubule network (AMN) formation. At least ten pictures 

of different 60x-fields were randomly taken for quantification in all cases. Samples 

were visualized using a DeltaVision system (Applied Precision; Issaquah, WA, USA) 

with an Olympus IX-71 microscope. 

 

M-XXV. Microscopy 
Widefield microscopy was performed using: 

• Leica DMi1 brightfield microscope (Leica Microsystems GmbH, Wetzlar, 

Germany), fitted with a camera Leica DFC350 FX, with image capture and 

analysis performed using a Leica Application Suite software. 

Fluorescence microscopy was performed using: 
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• DeltaVision system (Applied Precision; Issaquah, WA, USA) with an Olympus 

IX-71 microscope. 

• CellDiscoverer7 microscope (Zeiss, Oberkochen, Germany) fitted with an 

Axiocam 506 camera, with image capture and analysis performed using a 

ZEN software. 

Confocal microscopy was performed using: 

• Nikon eclipse Ti microscope equipped with Plan Apo VC 60x/1.4 objective 

and a A1R scanner (Nikon, Garden City, NY), with image capture and 

analysis performed using a NIS-Elements C software. 

 

M-XXVI. Assessment of mitochondrial respiratory function 
using Seahorse extracellular flux analyzer. 
Mitochondrial respiratory function and profile of controls and MERRF fibroblasts, 

cybrids and iNs were measured by using Mito-stress test assay by XFe24 

extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, USA). The optimal 

seeding density was determined to be 15,000 cells/well in the case of fibroblasts; 

30,000 cells/well in the case of cybrids and 35,000 cells/well in the case of iNs. The 

optimal concentrations of the injection compounds were determined to be 1 µM 

oligomycin, 2 µM FCCP and 1 µM and 2.5 µM rotenone & antimycin A, respectively.   

Fibroblasts and cybrids were seeded in XFe24 cell culture plates in 100 µL growth 

medium and placed in 37°C incubator with 5% CO2. After cells adhered within 1 h, 

150 µL growth medium were added and cells were returned to 37°C incubator with 

5% CO2.  

In the case of iNs, twenty-seven DPI, cells were detached from cultureware using 

accutase (Gibco) and they were seeded in XF24 cell culture plates coated with PFL 

in 100 µL of neural late medium and placed in 37°C incubator with 5% CO2. After 

cells adhered within 1 h, 150 µL of culture medium were added and the cells were 

returned to 37°C incubator with 5% CO2.  

After 24 h incubation, growth medium or neural late medium from each well was 

removed, leaving 50 µL of media. Cells were washed twice with 500 µL of pre-

warmed assay medium (XF base medium supplemented with 10 mM glucose, 1 mM 
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glutamine and 1 mM sodium pyruvate; pH 7.4). Then, 450 µL of assay medium (500 

µL final) were added.  

Cells were incubated in 37°C incubator without CO2 for 1 h to allow pre-equilibration 

with the assay medium. Pre-warmed oligomycin, FCCP and rotenone & antimycin A 

were loaded into the injector ports A, B and C of sensor cartridge, respectively. The 

final concentrations of injections were as follows: 1 µM oligomycin, 2 µM FCCP and 

1 µM rotenone & 2.5 µM antimycin A.  

The cartridge was calibrated by the XFe24 analyzer and the assay was carried out 

using cell Mito-stress test assay protocol as described by Nicholls et al.574. In the 

case of fibroblasts and cybrids, protein quantification of each well was performed 

when the experiment was finished. 

In the case of iNs, cell number and neuronal purity of each well was calculated by 

performing a double staining with DAPI/Tau when the experiment was finished. 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured followed by the sequential addition of oligomycin, FCCP and rotenone & 

antimycin A. This approach allows to determine different parameters of mitochondrial 

function such as basal respiration, maximal respiration, spare respiratory capacity 

and ATP production. 

Basal respiration: Measurement of the cells’ relative utilization of mitochondrial 

respiration under resting conditions. It is calculated as the value of the last rate 

measurement before oligomycin injection minus the non-mitochondrial respiration 

rate.  

Maximal respiration: Measurement of the cells’ relative utilization of mitochondrial 

respiration and glycolysis when stressed. It is calculated as the value of the 

maximum rate measurement after FCCP injection minus the non-mitochondrial 

respiration rate. 

Spare respiratory capacity: Measurement of the cells' ability to respond to an 

energetic demand. It is an indicator of cell fitness or flexibility. It is calculated as the 

value of the maximal respiration minus the basal respiration.  

ATP-linked respiration: Measurement of the cells’ oxygen consumption coupled to 

ATP production. It is calculated as the value of the last rate measurement before 

oligomycin injection minus the minimum rate measurement after oligomycin injection.  
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M-XXVII. Data analysis of Seahorse assays 
The XF Mito-stress test report generator automatically calculates the XF Mito-stress 

test parameters from Wave data that have been exported to Excel. Respiration and 

acidification rates are presented as the mean ± SD of 3 independent experiments in 

all experiments performed with 4 replicate wells in the Seahorse XFe24 analyzer. 

Significance level was determined by performing ANOVA on the complete data set 

with Tukey’s post-hoc testing. The results were considered significant at P<0.05. 

 

M-XXVIII. Electrophysiological recordings 
Somatic whole-cell patch-clamp recordings were made from iNs after 27 and 60-80 

DPI. Individual coverslips were placed in the recording chamber perfused at a flow-

rate of 3 mL/min with salt solution consisting of 124 mM NaCl, 2.69 mM KCl, 1.25 

mM KH2PO4, 2 mM MgSO4, 1.8 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose 

(pH 7.2, 300 mOsm) (bubbled with 95% O2, 5% CO2), at RT (22–25°C). Patch 

electrodes were made from borosilicate glass and had a resistance of 4–7 MΩ when 

filled with 120 mM CsCl, 8 mM NaCl, 1 mM MgCl2, 0.2 mM CaCl2, 10 mM HEPES, 2 

mM EGTA and 20 mM QX-314 (pH 7.2, 290 mOsm). Current-clamp recordings were 

performed with a Multiclamp 700B amplifier (Molecular Devices, Foster City, CA, 

USA). Data were filtered at 4 kHz, digitized at 10 kHz, and stored on a computer 

using pClamp software (Molecular Devices). Axon pCLAMP software was used to 

generate command signals and to collect data. 

 

M-XXIX. Statistical analysis  
All results are expressed as mean ± SD of the mean, unless stated otherwise. The 

samples were assumed to come from a Normal distribution. Multiple groups were 

compared using a one-way ANOVA. Bonferroni post-hoc testing was employed after 

ANOVA for testing for significant differences between groups. In case of only two 

groups, they were compared using a Student’s t-test with a Welch’s correction. 

Statistical analyses were conducted using the GraphPad Prism 7.0 (GraphPad 

Software, San Diego, CA). P-values of less than 0.05 were considered significant. 

Pearson’s coefficient of correlation was calculated in order to evaluate colocalization. 

Correlation was considered when r values were more than 0.7.  
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RESULTS 
 

R-I. Characterization of mitochondrial dysfunction in skin 
fibroblasts derived from a MERRF patient and evaluation of 
the effect of CoQ treatment. 
 

The fibroblast cellular model has been very efficient to study the molecular 

mechanisms of mitochondrial diseases and to evaluate the effect of potential 

treatments that ameliorate pathophysiological alterations of mitochondrial 

dysfunctions203,204,219-221,254,415-417. Although CoQ has been widely used as a therapy 

for MERRF syndrome, there are no evidences of its efficacy and the molecular 

mechanisms by which CoQ supplementation ameliorates the clinical symptoms of 

MERRF patients259,575,576. 

 

Therefore, in this Results subsection, skin fibroblasts derived from one MERRF 

patient (hereinafter, MERRF) were used for unravelling the pathophysiological 

manifestations of the disease and the effects of CoQ treatment. The MERRF 

fibroblasts harboured the heteroplasmic m.8344A>G mutation. The mutational load 

of MERRF fibroblasts was quantified by mismatched PCR-RFLP resulting in 54% 

(Figure R1). Skin fibroblasts derived from one healthy volunteer (hereinafter, control) 

were used as a control of heteroplasmy load. Heteroplasmy loads were continuously 

followed-up during the conduction of this work to rule out any potential changes in 

the percentage of mutant mtDNA.  

 

To assess the functional consequences of mitochondrial dysfunction in MERRF 

fibroblasts and the effect of CoQ supplementation on the pathophysiological 

manifestations of the disease, several parameters such as proliferation rate, cell 

area, mitochondrial shape, ΔΨm or ROS levels were analyzed. 
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Figure R1. Heteroplasmy load in control and MERRF fibroblasts.  
Heteroplasmy loads were determined by mismatched PCR-RFLP assay. Results 
are expressed as mean ± SD. Significance of MERRF respect to control 
fibroblasts is represented as **P<0.01. 

 

First, the proliferation assay showed a decreased growth rate by 76.6% in MERRF 

fibroblasts compared to controls, suggesting a lack of optimum conditions for cell 

proliferation. Supplementation with CoQ was able to increase MERRF fibroblasts 

growth rate by 127.3% compared to untreated MERRF fibroblasts (Figure R2).  

 

Low proliferation rate has been related with cell size. Aged cells show increased 

area and less division capacity. Due to this fact, we determined cell size of control 

and MERRF fibroblasts before and after supplementation with CoQ. Examination of 

cell morphology by brightfield microscopy revealed that MERRF fibroblasts showed 

characteristic morphological changes that accompany replicative senescence in 

cultured cells. The cell size was quantified by determining cell area. This parameter 

was 2.65-fold higher in MERRF fibroblasts than in controls. Supplementation of CoQ 

reduced MERRF cells area to control levels (Figure R3). 
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Figure R2. Proliferation rate in untreated and CoQ-treated control and MERRF 
fibroblasts.  
Growth rate of cells without treatment (NT) and treated with CoQ (100 μM) was 
determined by quantifying the number of cells after 72 hours of incubation, as 
described in Materials & Methods section. Results are expressed as mean ± SD. 
Significance of MERRF respect to control fibroblasts is represented as 
****P<0.0001. Significance between the presence and the absence of CoQ is 
represented as aP<0.05. 

 

 
Figure R3. Cell area in untreated and CoQ-treated control and MERRF fibroblasts. 
Cell area was determined as described in Materials & Methods section. Results 
are expressed as mean ± SD. Significance of MERRF respect to control 
fibroblasts is represented as ****P<0.0001. Significance between the presence and 
the absence of CoQ is represented as dP<0.0001. [Scale bar = 50 μm]. 
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Low growth rate could easily be associated with defects in the energy production by 

mitochondria. The complex V or ATP synthase uses the gradient of protons 

generated from the IS due to the MRC function to generate ATP14. Therefore, the 

assessment of ∆Ψm is a good indicator of mitochondrial health, because when some 

or all MRC complexes are disrupted, ∆Ψm is dissipated.  

 
Figure R4. Mitochondrial network morphology assessment in untreated and CoQ-
treated control and MERRF fibroblasts.  
Tubular and rounded mitochondria were quantified from MitoTrackerTM Red 

CMXRos stained samples as described in the Materials & Methods section. 
Results are expressed as mean ± SD. Significance of MERRF respect to control 
fibroblasts is represented as ****P<0.0001. Significance between the presence and 
the absence of CoQ is represented as bP<0.01. [Scale bar = 15 μm and 5 μm for 
MERRF]. 

 

For that reason, the ∆Ψm of control and MERRF fibroblasts was examined using 

MitoTrackerTM Red CMXRos, a mitochondrion selective dye which is concentrated 

by active mitochondria in a membrane potential–dependent manner. Staining and 

imaging analysis revealed discrete staining of mitochondria in control cells, with the 

mitochondria organized in a tubular network, whilst in MERRF fibroblasts a diffuse 

staining was observed, indicating reduced mitochondrial uptake of MitoTrackerTM 

Red CMXRos. In addition, the mitochondrial network was fragmented in MERRF 

fibroblasts, with small rounded mitochondria apparent throughout the cytoplasm. 

Supplementation with CoQ (100 µM) restored normal mitochondrial morphology and 

uptake of MitoTrackerTM Red CMXRos in MERRF fibroblasts, indicating the 
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restoration of ∆Ψm (Figure R4). Additionally, treatment with CoQ partially restored 

mitochondrial network (Figure R4 and R5). 

 

 
Figure R5. Cytochrome c and MitoTrackerTM Red CMXRos staining of mitochondria 
in untreated and CoQ-treated control and MERRF fibroblasts. 
Colocalisation of MitoTrackerTM Red CMXRos and cytochrome c signal in 
mitochondria revealed the specificity of MitoTrackerTM to mitochondria. Two 
relevant populations of mitochondria were found in MERRF fibroblasts; a tubular 
mitochondrial network with high polarization degree and some smaller, rounded 
and fragmented mitochondria with low polarization degree. Supplementation with 
CoQ restored normal mitochondrial network morphology and uptake of 
MitoTrackerTM Red CMXRos in MERRF fibroblasts. [Scale bar = 15 μm and 5 μm for 
MERRF].   
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The MitoTrackerTM Red CMXRos staining co-localized with cytochrome c, a 

mitochondrial marker, confirming the specificity of MitoTrackerTM staining and 

verifying that mitochondrial depolarization in MERRF fibroblasts was not a result of 

cytochrome c release, as occurs in apoptosis577 (Figure R5). 
 

To confirm mitochondrial depolarization in MERRF fibroblasts, cells were stained 

with JC-1, a fluorescent radiometric probe. The ratio red/green fluorescence was 

reduced in MERRF fibroblasts and it was significantly improved under CoQ 

treatment (Figure R6).  

 

 
Figure R6. Analysis of mitochondrial membrane potential in untreated and       
CoQ-treated control and MERRF fibroblasts by using JC-1 as a ratiometric probe. 
Green and red fluorescence signals were measured by flow cytometry in control 
and MERRF fibroblasts by using JC-1 as a probe. Whereas green signal (FL1 
channel) is associated to JC-1 monomers and dissipated mitochondrial potential, 
red signal (FL2 channel) represents the aggregated form of JC-1, which indicates 
the intact mitochondrial membrane potential. The stacked bar graph shows the 
percentage of main JC-1 fluorescence. Ratio between FL2/FL1 signals was 
estimated. Significance of MERRF respect to control fibroblasts is represented as 
****P<0.0001. Significance between the presence and the absence of CoQ is 
represented as aP<0.05 and bP<0.01. 
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One of the main causes of mitochondrial depolarization is thought to be the 

accumulation of high levels of ROS. Therefore, we examined mitochondrial 

superoxide levels in control and MERRF fibroblasts by flow cytometry by using 

MitoSOXTM Red, a mitochondrial superoxide fluorescent probe. ROS levels were 

increased by 2-fold in MERRF fibroblasts and they were significantly decreased by 

50% after CoQ treatment (Figure R7). These results suggested increased ROS 

production in MERRF fibroblasts.  

 

 

Figure R7. ROS levels in untreated and CoQ-treated control and MERRF 
fibroblasts.  
ROS levels were quantified by using MitoSOXTM as a sensor. Flow cytometry 
signal is represented as mean fluorescence intensity ± SD (a.u; arbitrary units) of 
three independent experiments. Significance of MERRF respect to control 
fibroblasts is represented as ***P<0.001. Significance between the presence and 
the absence of CoQ is represented as aP<0.05. 
 

Given that mitochondrial ROS levels were elevated in MERRF fibroblasts, we 

wanted to determine the general cellular oxidative status in control and MERRF 

fibroblasts and its relationship with CoQ treatment by quantifying the content of 

carbonylated proteins in cellular extracts by using OxyBlotTM Protein Oxidation 

Detection Kit (Millipore, USA). The results confirmed that MERRF fibroblasts showed 

increased carbonylated proteins levels compared to control cells and that CoQ 

treatment was able to reduce carbonylated proteins in MERRF fibroblasts (Figure 
R8). 
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Figure R8. Levels of carbonylated proteins in untreated and CoQ-treated control 
and MERRF fibroblasts.  
Cellular extracts were assayed by the OxyBlotTM Protein Oxidation Detection Kit. 
One representative of three independent experiments is shown. Carbonylated 
proteins levels quantification was performed as described in Materials & Methods 
section. Significance of MERRF respect to control fibroblasts is represented as 

*P<0.05 Significance between the presence and the absence of CoQ is 
represented as aP<0.05. 

 
Two of the main features in MERRF syndrome are the reduction in mitochondrial 

proteins synthesis and complex IV deficiency351,352. 

Therefore, we next analyzed mitochondrial proteins expression levels in control and 

MERRF fibroblasts by immunoblotting. As shown in Figure R9, MERRF cells 

showed decreased mitochondrial proteins expression levels, and CoQ treatment was 

able to increase the amount of mitochondrial proteins to control levels. 
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Figure R9. Levels of mitochondrial proteins in untreated and CoQ-treated control 
and MERRF fibroblasts.  
Significance of MERRF respect to control fibroblasts is represented as ***P<0.001. 
Significance between the presence and the absence of CoQ is represented as 
aP<0.05, bP<0.01, cP<0.001 and dP<0.0001. 

 

To test whether reduced mitochondrial proteins expression levels and the different 

pathological characteristics shown above had an effect on mitochondrial function, we 

next measured mitochondrial respiratory function and profile of control and MERRF 

fibroblasts. For that purpose, we performed the Mito-stress test assay by the XFe24 

extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, USA),	 a platform 

which assesses mitochondrial respiration in living cells by directly measuring the 

OCR in the extracellular medium. Moreover, we determined if CoQ supplementation 

restored cellular bioenergetics in MERRF fibroblasts. 

The overall respiratory responses of untreated and treated control and MERRF 

fibroblasts are shown in Figure R10. Aerobic respiration (OCR) was reduced in 

MERRF fibroblasts compared to control cells; meanwhile treatment with CoQ 

increased OCR both in control and MERRF treated cells.  
 

After carrying out the Mito-stress test, different cellular bioenergetic parameters were 

calculated using the Seahorse XF Report Generator, a data analysis tool provided by 

Seahorse Bioscience. 
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Figure R10. Representative respiratory flux profiles of untreated and CoQ-treated 
control and MERRF fibroblasts.  
One representative of three independent experiments is shown. Addition of ATP 
synthase inhibitor oligomycin, electron transport chain uncoupler FCCP and 
complex I and III inhibitors rotenone and antimycin A are indicated. Untreated and 
CoQ-treated control and MERRF fibroblasts were seeded to 15,000 cells/well and 
incubated for 24 h. OCR was measured in XF base medium under basal conditions 
followed by the sequential addition of oligomycin (1 µM), FCCP (2 µM), as well 
as rotenone (1 µM) & antimycin A (2.5 µM), as indicated. Each data point 
represents an OCR measurement. Data are expressed as mean ± SD. 

 

The description of the procedure to calculate the most important mitochondrial 

respiratory parameters is shown in Figure R11. For a more detailed explanation of 

the meaning of the different parameters of mitochondrial respiration (basal 

respiration, maximal respiration, spare respiratory capacity and ATP production) see 

Materials & Methods section.  

 

MERRF fibroblasts showed reduced basal respiration, maximal respiration and spare 

respiratory capacity compared to the control cells. Moreover, OCR coupled to ATP 

production was also reduced in MERRF fibroblasts (Figure R12). This reduced 

respiratory ability is in agreement with the presence of mitochondrial dysfunction, 

since different mutations in the mtDNA have been reported to cause impairment of 

ATP synthesis200,578,579. 
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Figure R11. Schematic of oxygen consumption trace from extracellular flux 
analysis, indicating various parameters of mitochondrial function.  
These include: basal respiration (basal OCR measurement minus 
rotenone/antimycin A response); maximal respiration (FCCP response minus 
rotenone/antimycin A response); spare respiratory capacity (maximum OCR 
divided by basal mitochondrial OCR) and ATP-linked OCR (basal measurement 
minus oligomycin response). 

 

These findings confirmed that the m.8344A>G mutation led to a decreased 

mitochondrial respiration in a fibroblast model of MERRF syndrome. 

CoQ treatment significantly increased maximal respiration, spare respiratory capacity 

and ATP production of MERRF fibroblasts (Figure R12). 

 

Recent data suggest the involvement of ROS and mitochondrial dysfunction in 

autophagy activation203,580-582. To determine whether autophagy was increased in 

MERRF fibroblasts, we first investigated the conversion of LC3B-I to LC3B-II, as the 

amount of the latter is closely correlated with the number of autophagosomes. The 

amount of LC3B-II was significantly increased in MERRF fibroblasts (Figure R13), 

indicating enhanced autophagosome formation in MERRF cells.  Supplementation of 

the culture medium with 100 µM CoQ resulted in a significant decrease in the 

relative amount of LC3B-II in MERRF cultures.  
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Figure R12. Parameters of mitochondrial respiratory function of untreated and 
CoQ-treated control and MERRF fibroblasts.  
Basal mitochondrial respiration, maximal respiration, spare respiratory capacity 
and ATP-linked respiration were calculated as described above. Results are 
expressed as mean ± SD, n = 3 independent experiments. Significance of MERRF 
respect to control fibroblasts is represented as ****P<0.0001. Significance between 
the presence and the absence of CoQ is represented as cP<0.001 and dP<0.0001. 
All OCR readings were normalized to µg of proteins as described in Materials & 
Methods section. 
 

Expression levels of P62, an autophagy substrate that is used as a reporter of 

autophagy activity and autophagy flux, were also increased in MERRF fibroblasts, 

indicating autophagy impairment. Treatment with 100 µM CoQ resulted in a 

significant decrease in the relative amount of P62 in MERRF cultures (Figure R13). 
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Figure R13. Expression levels of autophagic proteins in untreated and CoQ-
treated control and MERRF fibroblasts.  
Protein expression levels of LC3B and P62 were determined in control and MERRF 
fibroblasts cultures before and after CoQ treatment by Western blotting. 
Densitometry analysis of Western blotting was performed by using ImageLab 
software. Actin was used as a loading control. Data represent the mean ± SD of 
three separate experiments. Significance of MERRF respect to control fibroblasts 
is represented as *P<0.05 and ***P<0.001. Significance between the presence and 
the absence of CoQ is represented as aP<0.05 and bP<0.01. 
 

Given that AMPK is one of the main autophagy activators in the cell76,164 and 

MERRF fibroblasts showed high levels of autophagic proteins compared to controls, 

we checked whether AMPK was involved in autophagy activation in MERRF 

fibroblasts and the observed beneficial effects of CoQ treatment. AMPK has been 

shown to be activated in MERRF cellular models in response to cellular stress583,584, 

and we have observed in Figure R7 and R12 that MERRF fibroblasts showed high 

levels of ROS and mitochondrial respiration dysfunction. Consequently, we next 

examined AMPK activation in MERRF fibroblasts by exploring the phosphorylation 

state of AMPK, since activation of AMPK requires phosphorylation of threonine 

172585. Phospho-AMPK/total-AMPK ratio was increased by 250% in MERRF 

fibroblasts (Figure R14).  

 

Moreover, we observed the effect of CoQ treatment in AMPK phosphorylation. 

Interestingly, CoQ treatment stimulated AMPK phosphorylation in MERRF fibroblasts 

(Figure R14), in accordance with recent studies which suggest that CoQ induces 

AMPK activation220,586,587.  

 



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 170 

 
Figure R14. AMPK activation in MERRF fibroblasts and pharmacological 
stimulation of AMPK pathway through CoQ treatment.  
Western blottings of phosphorylated and total AMPK were performed according to 
standard methods. Densitometry of Western blotting was performed by using the 
ImageLab software. Actin was used as loading control. Results are expressed as 
mean ± SD. Significance of MERRF respect to control fibroblasts is represented 
as *P<0.05. Significance between the presence and the absence of CoQ is 
represented as aP<0.05. 

 

Since MERRF fibroblasts showed high levels of phospho-AMPK compared to control 

cells and some studies suggest that AMPK activation is involved in mitophagy 

initiation73,93, we wondered whether mitochondria were selectively being degraded by 

mitophagy in MERRF cell cultures.		

To determine whether bulk autophagy or mitophagy was activated, mitophagic 

events were detected by colocalisation of LC3B with cytochrome c. Colocalized 

cytochrome c/LC3B puncta were increased in MERRF fibroblasts. Treatment with 

CoQ significantly reduced the number of detectable mitophagic events (Figure R15). 

 

Colocalisation of cytochrome c/LC3B signal was found in MERRF fibroblasts 

indicating a general activation of the selective degradation of mitochondria. CoQ 

treatment reduced the number of cytochrome c/LC3B colocalized puncta per cell to 

control levels.  
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Figure R15. Mitophagy analysis in untreated and CoQ-treated control and MERRF 
fibroblasts.  
Immunostaining of cytochrome c (mitochondrial marker) and LC3B 
(autophagosome marker) was performed to visualize autophagosomes (puncta) in 
untreated and treated control and MERRF fibroblasts. Immunostaining of MERRF 
fibroblasts showed two populations of mitochondria: a smaller, rounded and 
fragmented one (white arrows) with high cytochrome c/LC3B colocalisation 
degree (Pearson’s coefficient of correlation ~ 0.88) and another tubular with low 
cytochrome c/LC3B colocalisation degree. To quantify mitophagy, cytochrome 
c/LC3B colocalized puncta per cell were measured with the Red and Green puncta 
Colocalization ImageJ macro563. Data are shown in the plot as the mean ± SD of 
three independent experiments (at least 50 cells for each condition and 
experiment were examined). Significance of MERRF respect to control fibroblasts 
is represented as **P<0.01. Significance between the presence and the absence of 
CoQ is represented as cP<0.001. [Scale bar = 15 μm].   
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Mitophagy activation in MERRF fibroblasts and CoQ treatment effect on mitophagy 

were also confirmed by electron microscopy. Control cells showed mitochondria with 

typical ultrastructure. In contrast, MERRF fibroblasts showed laminar bodies and 

autophagosomes containing mitochondria-like organelles (white arrows) (Figure 
R16). CoQ treatment reduced the number of autophagosomes in MERRF fibroblasts 

to control levels.   

 
Figure R16. Electron microscopy of untreated and CoQ-treated control and 
MERRF fibroblasts.  
Mitophagy activation in MERRF fibroblasts was detected by using electron 
microscopy as described in Materials & Methods section. To quantify mitophagy 
activation, number of autophagosomes per μm2 were plotted. Significance of 
MERRF respect to control fibroblasts is represented as ****P<0.0001. Significance 
between the presence and the absence of CoQ is represented as bP<0.01. [Scale 
bar = 1 μm and 0.5 μm in magnified picture]. 
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In conclusion, MERRF fibroblasts showed severe pathophysiological alterations 

characterized by low ∆Ψm, high ROS levels, mitochondrial respiration dysfunction 

and autophagy and mitophagy activation, as well as AMPK activation. CoQ 

treatment ameliorated most of pathophysiological aspects and induced AMPK 

activation in MERRF fibroblasts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 174 

 

 

 

 

 

  



RESULTS 

 175 

R-II. Characterization of Parkin-mediated mitophagy in 
fibroblasts derived from a MERRF patient and effect of 
CoQ treatment. 
 

Mitophagy is regulated in most mammalian cell types by the E3 ubiquitin ligase 

Parkin and PINK1130. Moreover, mounting evidence indicate that Parkin also 

modulates mitochondrial dynamics and autophagy588.  

Depolarization of mitochondrial membrane potential is necessary to induce Parkin-

mediated mitophagy139. Since depolarized mitochondria have been observed in 

MERRF fibroblasts in the previous Results subsection, we wonder whether 

PINK1/Parkin-mediated mitophagy was involved in the pathophysiology of MERRF 

fibroblasts. 

Therefore, in this Results subsection, we deeply investigated the mechanisms of 

mitophagy observed on the skin fibroblasts derived from a MERRF patient studied in 

the previous Results subsection.  

 

Protein-specific degradation in cells occurs through the ubiquitin-proteasome 

system (UPS), by which proteins to be degraded are covalently binded to several 

ubiquitin molecules trough a specific lysine residue. Then, the polyubiquitinated 

protein is transported to the proteasome for degradation589. Recently, a link between 

mitochondrial health and the UPS has been observed. Reduced UPS activity and 

therefore an increase in the amount of ubiquitinated proteins are related to a decline 

of the mitochondrial function590,591. Although Parkin-mediated mitophagy is a more 

general process leading to global degradation of mitochondria, it is also related to 

ubiquitination of proteins since Parkin ubiquitinates mitochondrial proteins through its 

E3 ubiquitin ligase activity592,593.  

 
For all these reasons, first we checked the amount of ubiquitinated proteins in 

MERRF and control fibroblasts, untreated and treated with CoQ. The total levels of 

ubiquitinated proteins were significantly increased in MERRF fibroblasts, and CoQ 

treatment restored the levels (Figure R17). 
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Figure R17. Endogenous levels of ubiquitinated proteins of untreated and CoQ-
treated control and MERRF fibroblasts.  
Western blotting of ubiquitinated proteins was performed by using standard 
methods. Protein extracts were separated on a 12.5% SDS polyacrylamide gel and 
immunostained with antibodies against ubiquitin and GAPDH for loading control. 
Densitometry of Western blotting was performed by using the ImageLab software. 
Results are expressed as mean ± SD. Significance of MERRF respect to control 
fibroblasts is represented as ***P<0.001. Significance between the presence and 
the absence of CoQ is represented as cP<0.001. 

 

Therefore, we wanted to further confirm the increase of the amount of ubiquitinated 

proteins in MERRF fibroblasts and checked if the majority of ubiquitinated proteins 

were located into the mitochondria targeted for degradation (depolarized 

mitochondria). Therefore, immunofluorescence of ubiquitin and MitoTrackerTM Red 

CMXRos (a mitochondrial probe which fluorescence is dependent on mitochondrial 

membrane potential) was performed. Control fibroblasts showed diffuse ubiquitin 

staining and a healthy mitochondrial network, meanwhile increased expression of 

ubiquitin and colocalization between ubiquitin and fragmented, depolarized 

mitochondria were found in MERRF fibroblasts. These effects were prevented by 

CoQ treatment (Figure R18). 
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Figure R18. Ubiquitin colocalization with depolarized mitochondria in MERRF 
fibroblasts.  
Immunofluorescence microscopy of MitoTrackerTM Red and ubiquitin was 
performed as described in Materials & Methods section. Magnification of a small 
area of MERRF fibroblasts showing ubiquitin colocalization with depolarized 
mitochondria (white arrows) is shown. Colocalisation analysis of ubiquitin and 
depolarized mitochondria resulted in a high colocalisation (Pearson’s coefficient 
of correlation ~ 0.86). [Scale bar = 15 µm and = 5 µm in magnified picture]. 
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Moreover, since the induction of mitophagy following Parkin recruitment is thought to 

involve the Parkin-mediated ubiquitination of VDAC1106, we wanted to observe 

whether VDAC1 was ubiquitinated in MERRF fibroblasts. Therefore, 

immunofluorescence of ubiquitin and VDAC1 was performed. Control fibroblasts 

showed a decreased ubiquitin staining, diffused by the cytoplasm, without specific 

colocalization with VDAC1. However, increased expression of ubiquitin and 

colocalization between ubiquitin and VDAC1 were found in MERRF fibroblasts. 

Moreover, colocalized proteins seemed to stablish aggresome-like structures, 

typically formed when the protein-degradation system of the cell is overwhelmed 

(Figure R19). 

 
Figure R19. Ubiquitin colocalization with VDAC1 in MERRF fibroblasts. 
Immunofluorescence microscopy of VDAC1 and ubiquitin was performed as 
described in Materials & Methods section. Magnification of a small area of MERRF 
fibroblasts showing ubiquitin colocalization with VDAC1 in aggresome-like 
structures (white arrows) is shown. [Scale bar = 15 µm and 5 µm in magnified 
picture]. 
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We further observed that the endogenous levels of Parkin, PINK1 and DRP1, a 

protein involved in mitochondrial fission and required for Parkin-mediated mitophagy, 

were increased in MERRF fibroblasts and CoQ treatment restored the levels (Figure 
R20).  

 

 
Figure R20. Endogenous levels of proteins involved in Parkin-mediated mitophagy 
of untreated and CoQ-treated control and MERRF fibroblasts.  
Western blotting of Parkin, PINK1 and DRP1 was performed by using standard 
methods. Protein extracts were separated on a 12.5% SDS polyacrylamide gel and 
immunostained with antibodies against Parkin, PINK1 and DRP1. Densitometry of 
Western blotting was performed by using the ImageLab software. Results are 
expressed as mean ± SD. Significance of MERRF respect to control fibroblasts is 
represented as *P<0.05, **P<0.01 and ***P<0.001. Significance between the 
presence and the absence of CoQ is represented as aP<0.05 and bP<0.01.   

 

To further examine the effect of mitochondrial dysfunction in MERRF fibroblasts on 

Parkin cytosolic/mitochondrial partition, we prepared subcellular fractions from 

control and MERRF fibroblasts, untreated and treated with CoQ, since a prerequisite 

for Parkin’s actions on mitochondria may be its translocation from the cytosol to 

mitochondria. These experiments demonstrated that endogenous Parkin was 

enriched in the mitochondrial fraction of MERRF fibroblasts, and CoQ treatment 

decreased the traslocation of Parkin to the mitochondrial fraction (Figure R21).  

 

To further investigate Parkin mitochondrial translocation in MERRF fibroblasts, 

immunofluorescence of Parkin and COXIV subunit II, a mitochondrial marker, was 

performed. To quantify Parkin-mediated mitophagy, Parkin/COXIV colocalized 

puncta per cell were measured with the Red and Green puncta Colocalization 

ImageJ macro563. Increased expression and mitochondrial traslocation of Parkin 
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were found in MERRF fibroblasts. These effects were prevented by CoQ treatment 

(Figure R22).  
 

 

Figure R21. Parkin protein levels in the cytosolic and mitochondrial fractions of 
untreated and CoQ-treated control and MERRF fibroblasts.  
Subfractionation of control and MERRF cells was performed as described in 
Materials & Methods section, and cellular lysates were processed to isolate 
cytosolic and mitochondrial fractions. Translocation of Parkin to the 
mitochondria was determined by standard Western blotting of this protein. 
Cytosolic and mitochondrial proteins fractions were separated on a 12.5% SDS 
polyacrylamide gel and immunostained with antibodies against Parkin. The purity 
of cytosolic and mitochondrial fractions was determined with anti-Actin and anti-
VDAC1 antibodies, respectively. The graph shows the increased mitochondrial 
Parkin levels in MERRF fibroblasts when compared with controls. CoQ treatment 
prevented Parkin traslocation to mitochondria. Densitometry of Western blotting 
was performed by using the ImageLab software. Results are expressed as mean ± 
SD. Significance of MERRF respect to control fibroblasts is represented as 
*P<0.05. Significance between the presence and the absence of CoQ is 
represented as aP<0.05. 
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Figure R22. Parkin-mediated mitophagy analysis in untreated and CoQ-treated 
control and MERRF fibroblasts. 
Immunostaining of COXIV and Parkin was performed to visualize Parkin-
translocated mitochondria in untreated and CoQ-treated control and MERRF 
fibroblasts. Data are shown in the plot as the mean ± SD of three independent 
experiments (at least 50 cells for each condition and experiment were examined). 
Significance of MERRF respect to control fibroblasts is represented as 
****P<0.0001. Significance between the presence and the absence of CoQ is 
represented as dP<0.0001. [Scale bar = 15 µm and 5 µm in magnified picture]. 
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Immunostaining of MERRF fibroblasts showed two populations of mitochondria: a 

smaller, rounded and fragmented one (white arrows) with high Parkin/COXIV 

colocalisation degree (Pearson’s coefficient of correlation ~ 0.90) and another 

tubular with low Parkin/COXIV colocalisation degree. 

 
Immunofluorescence of Parkin and cytochrome c, other mitochondrial marker, was 

performed obtaining the same results (Figure R23).  Immunostaining of MERRF 

fibroblasts showed two populations of mitochondria: a smaller, rounded and 

fragmented one (white arrows) with high Parkin/cytochrome c colocalisation degree 

(Pearson’s coefficient of correlation ~ 0.91) and another tubular with low 

Parkin/cytochrome c colocalisation degree. To quantify Parkin-mediated mitophagy, 

Parkin/cytochrome c colocalized puncta per cell were measured as previously 

described in Materials & Methods section.  

 

Moreover, since Parkin translocation occurs to depolarized mitochondria, we also 

performed an immunofluorescence assay of Parkin and MitoTrackerTM Red (Figure 
R24). We observed that in MERRF fibroblasts the mitochondrial network became 

altered and MERRF cells exhibited colocalization of Parkin with depolarized, 

fragmented, rounded mitochondria, primarily in the vicinity of the nucleus. CoQ 

treatment partially restored mitochondrial network and prevented Parkin 

translocation to mitochondria. 
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Figure R23. Parkin-mediated mitophagy analysis in untreated and CoQ-treated 
control and MERRF fibroblasts.  
Immunostaining of cytochrome c and Parkin was performed to visualize Parkin-
translocated mitochondria in untreated and treated control and MERRF 
fibroblasts. Data are shown in the plot as the mean ± SD of three independent 
experiments (at least 50 cells for each condition and experiment were examined). 
Significance of MERRF respect to control fibroblasts is represented as 
****P<0.0001. Significance between the presence and the absence of CoQ is 
represented as bP<0.01. [Scale bar = 15 µm and 5 µm in magnified picture]. 
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Figure R24. Parkin translocation to depolarized mitochondria in MERRF 
fibroblasts.  
Immunofluorescence microscopy of MitoTrackerTM Red and Parkin was performed 
as described in Materials & Methods section. Magnification of a small area of 
MERRF fibroblasts showing translocated Parkin into small, rounded depolarized 
mitochondria (white arrow) is shown. Colocalisation analysis of Parkin and 
depolarized mitochondria resulted in a high colocalisation (Pearson’s coefficient 
of correlation ~ 0.91). [Scale bar = 15 µm and 5 µm in magnified picture]. 
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In conclusion, MERRF fibroblasts showed Parkin-mediated mitophagy activation, 

characterized by accumulation of ubiquitinated proteins (presumably most of them 

mitochondrial proteins) and Parkin translocation to depolarized mitochondria. CoQ 

treatment prevented high levels of ubiquitinated proteins and diminished Parkin 

translocation to mitochondria in MERRF fibroblasts, also ameliorating the 

mitochondrial network. 
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R-III. Autophagy and mitophagy flux disruption in 
fibroblasts derived from a MERRF patient and evaluation of 
the effect of CoQ treatment. 
 

So far, our studies indicated that MERRF fibroblasts showed autophagy and 

mitophagy activation and the autophagosomes accumulation was prevented by CoQ 

treatment. The fact that the mitophagic events were detectable without the presence 

of autophagy inhibitors such as bafilomycin A1 suggested the possibility that the 

autophagy/mitophagy flux could be disrupted in MERRF fibroblasts. Therefore, in the 

present Results subsection we deepened into the state of the autophagy/mitophagy 

flux in this cellular model of MERRF syndrome and the possible effect of CoQ not in 

the prevention of autophagy but in the enhancement of the autophagy/mitophagy 

flux.  

Moreover, slow or disrupted autophagy flux is a main characteristic of the 

pathophysiology of different diseases594-597. 

 

In light of the possible autophagy flux alteration in MERRF fibroblasts, we first 

studied the effects of bafilomycin A1 and CoQ treatments on the levels of the    

LC3B-II protein. 

 

As previously shown, the analysis of LC3B-II protein expression in MERRF 

fibroblasts resulted in high levels of this autophagic protein, which could suggest a 

higher autophagy activation compared to the controls or a blockage of the autophagy 

flux due to an inefficient autophagosome-lysosome fusion or autolysosome 

degradation. To distinguish between these two possibilities, we treated the cells with 

bafilomycin A1, a specific inhibitor of vacuolar H+-ATPases and a blocker of 

autophagosome-lysosome fusion127. Control and MERRF fibroblasts were incubated 

for 12 hours with 100 nM bafilomycin A1. 

As expected, bafilomycin A1 treatment in control fibroblasts led to a significant 

increase in the amount of LC3B-II protein, suggesting that autophagy flux was 

correct in control cells. However, bafilomycin A1 treatment in MERRF fibroblasts had 

no effect on LC3B-II levels indicating that autophagy flux was disrupted (Figure 
R25). 
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As shown in the first Results subsection, CoQ treatment reduced the levels of   

LC3B-II protein in MERRF fibroblasts. However, this reduction could be due to a 

prevention of autophagy activation or a reduction of autophagolysosome 

accumulation (autophagy flux enhancing). Therefore, in order to check the specific 

effect of CoQ on autophagy, CoQ pre-treated control and MERRF fibroblasts were 

exposed to bafilomycin A1 and LC3B-II expression levels were examined by 

Western blotting (Figure R25). 

 

 
Figure R25. Autophagy flux analysis in control and MERRF fibroblasts and effect 
of CoQ treatment on autophagy flux.  
Autophagy flux was checked by determining LC3B-II protein expression levels in 
the presence and absence of bafilomycin A1 (BAF). Control and MERRF 
fibroblasts were incubated with 100 nM BAF for 12 h, and, when indicated, cells 
were pre-treated with 100 µM CoQ for 72 hours. Total cellular extracts were 
analyzed by immunoblotting with an antibody against LC3B. Actin was used as a 
loading control. Densitometry of LC3B-II was performed by using ImageLab 
software. Data are represented as mean ± SD of three separate experiments. 
Significance of MERRF respect to control fibroblasts is represented as 
****P<0.0001. Significance between presence and absence of CoQ treatment is 
represented as dP<0.0001. Significance between presence and absence of 
bafilomycin A1 treatment is represented as ####P<0.0001. 
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Bafilomycin A1 incubation induced a significant increase on LC3B-II protein 

expression levels of CoQ-treated MERRF fibroblasts, suggesting that CoQ treatment 

enhanced autophagy flux by promoting autophagolysosome clearance in 

pathological cells. This is in accordance with AMPK activation due to CoQ treatment 

observed in the first Results subsection, since AMPK is considered to enhance 

autophagy flux598-600. 

 

Altogether, our results suggested that bulk autophagy flux was disrupted in MERRF 

fibroblasts. However, we observed in the previous Results subsection that selective 

degradation of mitochondria by autophagy was also activated in MERRF fibroblasts. 

Therefore, checking the state of mitophagy flux in this model of MERRF disease was 

necessary.  

Along the last years, there has been a lack of quantitative methods for the study of 

mitophagy and mitophagy flux, since the colocalization analysis of LC3B and 

mitochondrial proteins does not provide data about the correct or altered flux of 

mitophagy. There is thus a great need for novel techniques for the accurate and 

rapid assessment of mitophagy. Recently, a flow-cytometric assay was developed by 

Mauro-Lizcano et al.128 to study mitophagy, mitophagy flux and the effect of different 

compounds on them.  

This method uses the mitochondrial probe MitoTrackerTM Deep Red (MTDR), which 

is not dependent on mitochondrial membrane potential, in combination with 

lysosomal inhibitors such as bafilomycin A1 (BAF).  

By performing this method, mitochondrial population levels of control and MERRF 

fibroblasts in absence or presence of BAF and/or CoQ were determined. We used 

CCCP as a control of mitophagy inducer, since it reduces mitochondrial membrane 

potential promoting Parkin-mediated mitophagy106,134. Figure R26 displays the 

histogram in which the normalized levels of mitochondrial population in each 

condition are shown. First, we observed that mitochondrial population was 

decreased in MERRF fibroblasts compared to controls, which is in relation with the 

previous results shown in Figure R9 in the first Results subsection. Moreover, BAF 

treatment induced an accumulation of MTDR signal in control cells (indicating 

mitochondrial degradation by mitophagy), but not in MERRF fibroblasts, suggesting 

that mitophagy flux was disrupted or slower in MERRF cells than in control cells.  
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Interestingly, CoQ treatment in BAF-treated MERRF fibroblasts significantly 

increased the mitochondrial population, suggesting that CoQ was acting has an 

enhancer of mitophagy. CCCP promoted mitochondrial degradation by mitophagy in 

both control and MERRF fibroblasts (Figure R26). 

 
Figure R26. Mitophagy induced by CoQ and CCCP treatments in MERRF 
fibroblasts is blocked by bafilomycin A1 (BAF) treatment.  
Control and MERRF fibroblasts were treated with CCCP or CoQ and also pre-
treated with the lysosomal inhibitor bafilomycin A1 6 h before analysis to block 
autolysosomal degradation. MitoTrackerTM Deep Red (MTDR) probe was used to 
determine mitochondrial population by flow cytometry. * Indicates comparisons 
between control and MERRF fibroblasts. a Indicates comparisons between the 
presence or absence of CoQ. $ Indicates comparisons between the presence or 
absence of CCCP. # Indicates differences between the presence and absence of 
BAF. *, a, $ or #P<0.05, $$ or ##P<0.01, ###P<0.001. 
 

With all the data shown in Figure R26, mitophagy flux index of control and MERRF 

fibroblasts in each condition could be calculated. 

How the index for the measurement of mitophagy flux was calculated is described in 

Figure R27. 

 

 
Figure R27. Mitophagy flux calculation. 
Mitophagy flux is defined as the ratio of MTDR fluorescence in the presence of 
lysosomal inhibitor to that in the absence of inhibitor, normalized to the 
corresponding value in control cells. 
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The calculation of mitophagy flux of control and MERRF fibroblasts, untreated and 

treated with 100 µM CoQ for 72 hours or 50 µM CCCP for 6 hours is represented in 

Figure R28. Mitophagy flux of untreated MERRF fibroblasts was reduced compared 

to control cells, indicating a disrupted or slower degradation of mitochondria. 

Interestingly, treatment with CoQ increased the mitophagy flux index in MERRF 

fibroblasts to control levels, suggesting that CoQ increased the degradation of 

mitochondria by selective autophagy. CCCP treatment increased mitophagy flux in 

both control and MERRF cells.  

 

 
Figure R28. Mitophagy flux determinations of untreated and CoQ-treated control 
and MERRF fibroblasts.  
Mitophagy flux for non-treated (NT), CCCP-treated and CoQ-treated control and 
MERRF fibroblasts was calculated as described in Materials & Methods section. 
Significance of MERRF respect to control fibroblasts is represented as *P<0.05. 
Significance between presence and absence of CoQ treatment is represented as 
aP<0.05. Significance between presence and absence of CCCP treatment is 
represented as bP<0.01, cP<0.001. 
 

In conclusion, MERRF fibroblasts showed autophagy/mitophagy flux disruption, 

characterized by a slower degradation of mitochondria by autophagy compared to 

control cells that could explain the accumulation of autophagosomes and increased 

Parkin traslocation to mitochondria. CoQ treatment enhanced autophagy and 

mitophagy flux in MERRF fibroblasts, promoting the degradation of mitochondria by 

autophagy at a rate similar to control cells.  
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R-IV. Characterization of mitochondrial dysfunction and 
autophagy flux disruption in MERRF cybrids harbouring a 
90% heteroplasmy load and effect of CoQ treatment. 
 

Our findings indicated the presence of mitochondrial dysfunction, autophagy and 

Parkin-mediated mitophagy activation and autophagy/mitophagy flux disruption in 

MERRF fibroblasts with a 57% heteroplasmy load. It is assumed that 

pathophysiology of MERRF syndrome and other mitochondrial diseases caused by 

mutations in mtDNA could be related to heteroplasmy load. In order to definitively 

confirm pathophysiological characteristics associated to the MERRF mutation 

m.8344A>G, we decided to extend our observations to a transmitochondrial cybrid 

MERRF cell line harbouring an extremely high heteroplasmy load (90 %). Cybrid 

cells are very useful tools to exclusively study the influence of mtDNA mutations on 

cell function and phenotype alterations, independently of the patient’s nuclear 

background419. Therefore, there is a loss of patients’ nDNA and mtDNA interactions 

that could modify the behavior of the diseased cells. Cybrids have been widely used 

for the study of the pathophysiology of MERRF disease and also as a screening 

platform for the discovery of new potential treatments or toxics219,420-423.  

 

Accordingly, we investigated different pathophysiological parameters in 

transmitochondrial cybrid cells harbouring the MERRF mutation m.8344A>G. 

Moreover, we wanted to observe whether CoQ treatment was also effective on 

MERRF cybrids with a high heteroplasmy load, independently of the patient’s 

nuclear background.  

 

MERRF cybrids were generated as described in Materials & Methods section. 

First, we performed a heteroplasmy analysis to check the mutational load of MERRF 

cybrids. We confirmed that MERRF cybrids harboured an extremely high 

heteroplasmy load close to 90 % (86%) (Figure R29). 
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Figure R29. Heteroplasmy load in control and MERRF cybrids.  
Heteroplasmy loads were determined by mismatched PCR-RFLP assay. Results 
are expressed as mean ± SD. Significance of MERRF respect to control cybrids is 
represented as ****P<0.0001. 

 

Cybrids are supposed to show a glycolytic metabolism due to their tumor nDNA 

background and their proliferative nature. Therefore, cellular pathophysiology due to 

mitochondrial dysfunction could be difficult to study. To induce oxidative metabolism, 

cybrids were cultured in a glucose-restricted medium (hereinafter, oxidative medium) 

as described in the Materials & Methods section. Then, first we examined the ∆Ψm 

and the ROS levels in control and MERRF cybrids clones. Additionally, we checked 

the effectiveness of CoQ treatment on these parameters.  

 

First, we determined the ∆Ψm of control and MERRF cybrids and the effect of CoQ 

using the mitochondrial probe JC-1. The ratio red/green fluorescence was 

significantly reduced by 96% in MERRF cybrids and it was slightly improved under 

CoQ treatment (Figure R30).  
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Figure R30. Analysis of mitochondrial membrane potential in untreated and CoQ-
treated control and MERRF cybrids by using JC-1 as a ratiometric probe.  
Green and red fluorescence signals were measured by flow cytometry in control 
and MERRF cybrids untreated and treated with CoQ by using JC-1 as a probe. 
Whereas green signal (FL1 channel) is associated to JC-1 monomers and 
dissipated mitochondrial membrane potential, red signal (FL2 channel) represents 
the aggregated form of JC-1, which indicates the intact mitochondrial membrane 
potential. The stacked bar graph shows the percentage of each JC-1 
fluorescence. Ratio between FL2/FL1 signals was estimated. Significance of 
MERRF respect to control cybrids is represented as ****P<0.0001. Significance 
between the presence and the absence of CoQ is represented as bP<0.01 and 
cP<0.001. 

 

Moreover, ROS levels were increased in MERRF cybrids and they were significantly 

decreased by 16% after CoQ treatment (Figure R31). These results suggested 

increased ROS production in MERRF cybrids. 
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Figure R31. ROS levels in untreated and CoQ-treated control and MERRF cybrids. 
ROS levels were quantified by using MitoSOXTM as a sensor. Flow cytometry 
signal was represented as mean fluorescence intensity ± SD (a.u; arbitrary units) 
of three independent experiments. Significance of MERRF respect to control 
cybrids is represented as **P<0.01. Significance between the presence and the 
absence of CoQ is represented as aP<0.05. 

 

Since mitochondrial ROS levels were elevated in MERRF cybrids, we wanted to 

determine the general cellular oxidative status in control and MERRF cybrids and its 

relationship with CoQ treatment by quantifying the content of carbonylated proteins 

in cellular extracts, using the OxyBlotTM Protein Oxidation Detection Kit (Millipore, 

USA). The results confirmed that MERRF cybrids showed increased carbonylated 

protein levels compared to control cells and that CoQ treatment was able to reduce 

carbonylated proteins levels in both control and MERRF cybrids (Figure R32). 

 

As we have explained before, two of the main features in MERRF syndrome are the 

reduction in mitochondrial proteins synthesis and the complex IV deficiency351,352. 

Therefore, we next analyzed mitochondrial proteins expression levels in control and 

MERRF cybrids by immunoblotting. As shown in Figure R33, MERRF showed 

decreased mitochondrial proteins expression levels, but CoQ treatment only was 

able to increase the amount of VDAC1 (OMM protein), not affecting the expression 

of the subunit II of complex IV (IMM protein). 
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Figure R32. Levels of carbonylated proteins in untreated and CoQ-treated control 
and MERRF cybrids.  
Cellular extracts were assayed by the OxyBlotTM Protein Oxidation Detection Kit. 
One representative of three independent experiments is shown. Carbonylated 
proteins levels quantification was performed as described in Materials & Methods 
section. Significance of MERRF respect to control cybrids is represented as 
*P<0.05. Significance between the presence and the absence of CoQ is 
represented as aP<0.05. 
 

 

Figure R33. Levels of mitochondrial proteins in untreated and CoQ-treated control 
and MERRF cybrids.  
Significance of MERRF respect to control cybrids is represented as **P<0.01. 
Significance between the presence and the absence of CoQ is represented as 
aP<0.05. 
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To test whether the different pathological characteristics shown above had an effect 

on mitochondrial function, we next measured mitochondrial respiratory function and 

profile of control and MERRF cybrids. For that purpose, we performed the Mito-

stress test assay by the XFe24 extracellular flux analyzer (Seahorse Bioscience, 

Billerica, MA, USA). Moreover, we wanted to determine if CoQ supplementation 

restored cellular bioenergetics in MERRF cybrids. 

The overall respiratory responses of untreated and CoQ-treated control and MERRF 

cybrids are shown in Figure R34. Aerobic respiration (OCR) was reduced in MERRF 

cybrids compared to controls. Treatment with CoQ did not change OCR neither in 

control nor in MERRF treated cells.  
 

 
Figure R34. Representative respiratory flux profiles of untreated and CoQ-treated 
control and MERRF cybrids.  
One representative of three independent experiments is shown. Addition of ATP 
synthase inhibitor oligomycin, electron transport chain uncoupler FCCP and 
complex I and III inhibitors rotenone and antimycin A are indicated. Untreated and 
treated control and MERRF cybrids were seeded to 30,000 cells/well and 
incubated for 24 h. OCR was measured in XF base medium under basal conditions 
followed by the sequential addition of oligomycin (1 µM), FCCP (2 µM), as well 
as rotenone (1 µM) & antimycin A (2.5 µM), as indicated. Each data point 
represents an OCR measurement. Data are expressed as mean ± SD. 

 

After carrying out Mito-stress test, different cellular bioenergetic parameters were 

calculated using the Seahorse XF Report Generator, a data analysis tool provided by 

Seahorse Bioscience. 
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MERRF cybrids showed highly reduced basal respiration, maximal respiration and 

spare respiratory capacity compared to the control cells. Moreover, OCR coupled to 

ATP production was also reduced in MERRF cybrids (Figure R35).  

These findings confirmed that the m.8344A>G mutation led to decreased 

mitochondrial respiration in a cybrid model of MERRF syndrome, indicating that the 

mitochondrial dysfunction associated to this mutation is not dependent on the 

nuclear background.  

 

 
Figure R35. Parameters of mitochondrial respiratory function of untreated and 
CoQ-treated control and MERRF cybrids.  
Basal mitochondrial respiration, maximal respiration, spare respiratory capacity 
and ATP-linked respiration were calculated as described above. Results are 
expressed as mean ± SD, n = 3 independent experiments. Significance of MERRF 
respect to control cybrids is represented as ****P<0.0001. Significance between 
the presence and the absence of CoQ is represented as aP<0.05. All OCR readings 
were normalized to µg of proteins as described in Materials & Methods section. 
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However, CoQ treatment did not change the levels of any parameters of the 

mitochondrial function in MERRF cybrids, suggesting that the beneficial effects of 

this molecule can be altered depending on the heteroplasmy load of the cells 

(Figure R35). 

 
To determine whether autophagy activation in MERRF syndrome was caused by the 

effect of m.8344A>G mutation, independently of the patient’s background, we 

investigated the conversion of LC3B-I to LC3B-II in MERRF cybrids. The amount of 

LC3B-II was significantly increased in MERRF cybrids (Figure R36), indicating 

enhanced autophagosome formation in MERRF cells. Supplementation of the culture 

medium with 100 µM CoQ resulted in a significant decrease in the relative amount of 

LC3B-II in MERRF cybrids cultures.  

P62 expression levels were also increased in MERRF cybrids, indicating autophagy 

impairment. Treatment with 100 µM CoQ resulted in a significant decrease in the 

relative amount of P62 in MERRF cybrids cultures (Figure R36). 

 

 
Figure R36. Expression levels of autophagic proteins in untreated and            
CoQ-treated control and MERRF cybrids.  
Protein expression levels of LC3B and P62 were determined in control and MERRF 
cybrids cultures before and after CoQ treatment by Western blotting. 
Densitometry analysis of Western blotting was performed by using ImageLab 
software. Actin was used as a loading control. Data represent the mean ± SD of 
three separate experiments. Significance of MERRF respect to control cybrids is 
represented as **P<0.01 and ****P<0.0001. Significance between the presence and 
the absence of CoQ is represented as aP<0.05, bP<0.01 and dP<0.0001. 
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The increased LC3B-II protein expression in MERRF cybrids could suggest a higher 

autophagy activation compared to the controls or a blockage of the autophagy flux. 

To distinguish between that two possibilities, we treated control and MERRF cybrids 

with 100 nM bafilomycin A1 for 12 hours. 

 

As expected, bafilomycin A1 treatment in control cybrids led to a significant increase 

in the amount of LC3B-II, suggesting that autophagy flux was correct in control cells. 

However, bafilomycin A1 treatment in MERRF cybrids had no effect on LC3B-II 

levels, indicating that autophagy flux was disrupted (Figure R37). 

As shown in Figure R36, CoQ treatment reduced the levels of LC3B-II in MERRF 

cybrids. However, this reduction could be due to a prevention of autophagy 

activation or a reduction of autophagolysosome accumulation (autophagy flux 

enhancing). Therefore, in order to check the specific effect of CoQ on autophagy, 

CoQ pre-treated control and MERRF cybrids were exposed to bafilomycin A1 and 

LC3B-II protein levels were examined by Western blotting (Figure R37). 

Bafilomycin A1 incubation induced a significant increase on LC3B-II expression 

levels of CoQ-treated MERRF cybrids, suggesting that CoQ treatment enhanced 

autophagy flux by promoting autophagolysosome clearance in pathological cells. In 

control cells, with a correct autophagy flux, CoQ treatment had no effect in BAF-

treated cells.  

 

Altogether, our findings indicated that MERRF cybrids with high heteroplasmy load 

reproduced severe pathophysiological alterations that we had previously observed in 

patient-derived skin fibroblasts, such as reduced ∆Ψm, high levels of mitochondrial 

ROS, increased levels of carbonylated proteins, decreased mitochondrial mass and 

decreased mitochondrial respiration. However, not all of these alterations could be 

ameliorated by CoQ treatment, suggesting that the beneficial effects of this molecule 

can be altered depending on the heteroplasmy load of the cells. 
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Figure R37. Autophagy flux analysis in control and MERRF cybrids and effect of 
CoQ treatment on autophagy flux.  
Autophagy flux was checked by determination of LC3B-II protein expression 
levels in the presence and absence of bafilomycin A1 (BAF). Control and MERRF 
cybrids were incubated with 100 nM BAF for 12 h, and, when indicated, cells were 
pre-treated with 100 µM CoQ for 72 hours. Total cellular extracts were analyzed by 
immunoblotting with an antibody against LC3B. Actin was used as a loading 
control. Densitometry of LC3B-II was performed by using ImageLab software. Data 
are represented as mean ± SD of three separate experiments. Significance 
between presence and absence of CoQ treatment is represented as aP<0.05 and 
cP<0.001. Significance between presence and absence of bafilomycin A1 
treatment is represented as #P<0.05 and ####P<0.0001. 

 

Moreover, the use of MERRF cybrid cells model has reinforced the role of autophagy 

flux in this disease, since we have observed a disruption of the correct functioning of 

the process as a direct result of the mitochondrial m.8344A>G mutation and not as a 

consequence of nuclear defects in patient-derived cells. 

Furthermore, the role of CoQ as an enhancer of autophagy flux has been confirmed 

in this cellular model. 



RESULTS 

 203 

R-V. Rapamycin as an alternative to CoQ treatment in 
MERRF fibroblasts and cybrids. 
 
As far as we have shown in the previous Results subsections, CoQ ameliorates 

several aspects of the pathophysiology of MERRF fibroblasts and cybrids by 

enhancing the autophagy/mitophagy flux, which is disrupted in the diseased cells. 

However, we wanted to further investigate and confirm the beneficial effects of 

autophagy/mitophagy induction in MERRF syndrome, since CoQ is a pleiotropic 

agent that could have an impact in different cellular pathways601. 

Moreover, the use of pro-autophagy agents as a plausible therapy for different 

diseases has increased in the last years.  

The most studied autophagy inducers are rapamycin and its analogues, which are 

considered potential therapeutic agents for tumors602,603 or neurodegenerative 

diseases such as HD302.  

Moreover, the beneficial effect of rapamycin treatment in a mouse model of Leigh 

syndrome has been recently published314, and its potential use in the therapy of 

mitochondrial diseases is being currently discussed. 

For all these reasons, we were interested in investigating the potential use of 

rapamycin in the treatment of MERRF syndrome and its effect on the mitochondrial 

dysfunction shown by the different MERRF cellular models.  

 

First, we used skin fibroblasts derived from one MERRF patient (the same model 

used in subsections R-I-III) with 54% of heteroplasmy load and control fibroblasts 

derived from two healthy volunteers. We measured the mitochondrial respiratory 

function and profile of control and MERRF fibroblasts, untreated and treated with 100 

nM rapamycin for 30 days. Moreover, we wanted to observe whether rapamycin 

effect on mitochondrial function was sustained over time after removing the 

treatment. Therefore, after rapamycin treatment, we maintained pre-treated MERRF 

fibroblasts for other 30 days (hereinafter, MERRF post-rapamycin). 

To measure mitochondrial respiratory function of all cell populations described 

above, we performed the Mito-stress test assay by the XFe24 extracellular flux 

analyzer (Seahorse Bioscience, Billerica, MA, USA). 
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The overall respiratory responses of untreated and treated controls and MERRF 

fibroblasts are shown in Figure R38. As observed in R-I subsection, aerobic 

respiration (OCR) was reduced in MERRF fibroblasts compared to controls. 

Treatment with rapamycin increased OCR both in control and MERRF treated cells. 
Moreover, the increase of OCR in MERRF fibroblasts due to rapamycin treatment 

was sustained over time after rapamycin removal. 

 

 
Figure R38. Representative respiratory flux profiles of untreated and rapamycin-
treated control and MERRF fibroblasts.  
One representative of three independent experiments is shown. Addition of ATP 
synthase inhibitor oligomycin, electron transport chain uncoupler FCCP and 
complex I and III inhibitors rotenone and antimycin A are indicated. Untreated and 
treated control and MERRF fibroblasts were seeded to 15,000 cells/well and 
incubated for 24 h. OCR was measured in XF base medium under basal conditions 
followed by the sequential addition of oligomycin (1 µM), FCCP (2 µM), as well 
as rotenone (1 µM) & antimycin A (2.5 µM), as indicated. Each data point 
represents an OCR measurement. Data are expressed as mean ± SD. 

 

After carrying out Mito-stress test, different cellular bioenergetic parameters were 

calculated using the Seahorse XF Report Generator, a data analysis tool provided by 

Seahorse Bioscience. 

 

As we have observed in subsection R-I, MERRF fibroblasts showed reduced basal 

respiration, maximal respiration and spare respiratory capacity compared to the 

control cells. Moreover, OCR coupled to ATP production was also reduced in 

MERRF fibroblasts (Figure R39).  
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Figure R39. Parameters of mitochondrial respiratory function of untreated and 
rapamycin-treated control and MERRF fibroblasts.  
Basal mitochondrial respiration, maximal respiration, spare respiratory capacity 
and ATP-linked respiration were calculated as described above. Results are 
expressed as mean ± SD, n = 3 independent experiments. Significance of MERRF 
respect to control fibroblasts is represented as ****P<0.0001. Significance between 
the presence and the absence of rapamycin (rapa) is represented as cP<0.001 and 
dP<0.0001. All OCR readings were normalized to µg of proteins as described in 
Materials & Methods section. 

 

Rapamycin treatment significantly increased basal respiration, maximal respiration, 

spare respiratory capacity and ATP production of both control and MERRF 

fibroblasts (Figure R39). Moreover, 30 days after removal of rapamycin treatment, 

the maximal respiration, spare respiratory capacity and ATP production of MERRF 

fibroblasts were still increased, almost reaching the levels of the control cells. 

  

Since CoQ was unable to improve any mitochondrial respiratory parameters in 

MERRF cybrids harbouring an extremely high heteroplasmy load (Figure R35), we 
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wanted to check whether rapamycin, as a direct autophagy promoter, was able to 

rescue mitochondrial function in this MERRF cellular model.  

We measured the mitochondrial respiratory function and profile of control and 

MERRF cybrids, untreated and treated with 100 nM rapamycin for 72 hours (Figure 
R40 and R41). The overall respiratory responses of untreated and rapamycin-

treated controls and MERRF cybrids are shown in Figure R40. 

 
Figure R40. Representative respiratory flux profiles of untreated and rapamycin-
treated control and MERRF cybrids.  
One representative of three independent experiments is shown. Addition of ATP 
synthase inhibitor oligomycin, electron transport chain uncoupler FCCP and 
complex I and III inhibitors rotenone and antimycin A are indicated. Untreated and 
treated control and MERRF cybrids were seeded to 30,000 cells/well and 
incubated for 24 h. OCR was measured in XF base medium under basal conditions 
followed by the sequential addition of oligomycin (1 µM), FCCP (2 µM), as well 
as rotenone (1 µM) & antimycin A (2.5 µM), as indicated. Each data point 
represents an OCR measurement. Data are expressed as mean ± SD. 

 

After carrying out Mito-stress test, different cellular bioenergetic parameters were 

calculated using the Seahorse XF Report Generator, a data analysis tool provided by 

Seahorse Bioscience. 

As we have previously observed in Figure R35, MERRF cybrids showed reduced 

basal respiration, maximal respiration and spare respiratory capacity compared to 

the control cells. Moreover, OCR coupled to ATP production was also reduced in 

MERRF fibroblasts (Figure R41).  
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Figure R41. Parameters of mitochondrial respiratory function of untreated and 
rapamycin-treated control and MERRF cybrids.  
Basal mitochondrial respiration, maximal respiration, spare respiratory capacity 
and ATP-linked respiration were calculated as described above. Results are 
expressed as mean ± SD, n = 3 independent experiments. Significance of MERRF 
respect to control cybrids is represented as ****P<0.0001. Significance between 
the presence and the absence of rapamycin (rapa) is represented as aP<0.05, 
bP<0.01 and dP<0.0001. All OCR readings were normalized to µg of proteins as 
described in Materials & Methods section. 

 

Interestingly, rapamycin treatment significantly increased the levels of some 

parameters of mitochondrial function in MERRF cybrids, such as the spare 

respiratory capacity and ATP production. However, rapamycin treatment decreased 

basal mitochondrial respiration and OCR coupled to ATP production in control 

cybrids (Figure R41). 
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Altogether, these results suggest that rapamycin treatment is able to improve some 

parameters of mitochondrial respiration in different models of MERRF syndrome. 

Therefore, autophagy induction in mutant cells exerts a protective role, ameliorating 

cellular pathophysiology. The differential behavior after rapamycin treatment 

between MERRF fibroblasts and cybrids could be due to their different mutational 

load. Indeed, MERRF cybrids showed a much more severe pathological phenotype.  

The unexpected effect of rapamycin treatment in basal respiration and ATP 

production in control cybrids can be due to the concentration of the treatment and/or 

the response of the tumor cells to the treatment. Although it has been generally 

accepted that rapamycin impairs mTORC1 function by inhibiting the interaction of 

raptor with mTOR604, it has been observed that high concentrations or chronic 

treatments with rapamycin also interfere with assembly of mTORC2 and inhibits its 

function605, decreasing cellular proliferation and cell growth. In fact, rapamycin 

treatment has been investigated as a potential therapy for many cancers606-608. 

Therefore, a fine regulation of concentration and length of rapamycin treatment is 

crucial.  

Given that, an in-depth characterization of rapamycin effects in MERRF cellular 

models is necessary to provide new insights for unravelling the role of 

autophagy/mitophagy promotion in mitochondrial diseases. 
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R-VI. Role of Parkin-mediated mitophagy in MERRF 
syndrome. 
 

Currently, there is a controversy whether mitophagy is protective or detrimental for 

mitochondrial diseases. Although a dysfunction of mitophagy is associated with a lot 

of pathological conditions, such as PD161, AD609,610, HD611,612 and different chronic 

kidney diseases613-615; in other illnesses, such as lung disease616,617 or 

cardiovascular diseases618, mitophagy factors could be damaging. 

 

In the case of mitochondrial diseases, the role of mitophagy is not clear. In some 

cases, activation of mitophagy in mitochondrial diseases seems to be protective, 

because it has been demonstrated that disruption of mitophagy by autophagy 

sequestration using chemicals such as 3-methyl adenine or wortmannin or by 

genetic knockdown of ATG genes in MELAS or primary CoQ-deficient fibroblasts 

results in cell death by apoptosis204,221. Nevertheless, high activation of mitophagy in 

these cellular models can suppose a loss of mitochondrial mass, resulting in the 

energetic collapse of the cell. Therefore, if mitophagy activation is not compensated 

by increased mitochondrial biogenesis, degradation of dysfunctional mitochondria 

cannot be protective and becomes detrimental for cell survival167. 

 

In order to elucidate the role of Parkin-mediated mitophagy in MERRF syndrome, we 

decided to use MERRF cybrids with silenced Parkin expression (transfected with 

lentiviral vectors carrying shRNA-Parkin sequences). Lentiviral vectors carrying non-

silencing shRNA sequences were used as control. We first checked the knockdown 

of the expression of Parkin protein by Western Blotting (Figure R42). 
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Figure R42. Silencing of endogenous Parkin expression in MERRF cybrids cells. 
The shRNA-Parkin sequences induced Parkin knockdown in transfected MERRF 
cybrids. Total cellular extracts of MERRF, MERRF shControl and MERRF shParkin 
cybrids were analyzed by immunoblotting with an antibody against Parkin. Actin 
was used as a loading control. Densitometry of Parkin was performed by using 
ImageLab software. Data are represented as mean ± SD of three separate 
experiments. Significance of MERRF shParkin cybrids respect to MERRF cybrids 
is represented as ****P<0.0001. 

 

The expression of Parkin protein was reduced by 80% in MERRF shParkin cybrids.  

To further check the drop of Parkin protein expression, we performed a double 

immunofluorescence with Parkin antibody and MitoTrackerTM Red CMXRos (Figure 
R43). This double staining allowed us to also assess whether Parkin was indeed 

translocated to fragmented, depolarized mitochondria in MERRF cybrids. 

The fluorescence of Parkin signal was reduced by 90% in MERRF shParkin cybrids, 

confirming the reduced expression of the protein in these cells.  

Moreover, Parkin translocation to fragmented mitochondria was clearly observed in 

MERRF cybrids. 
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Figure R43. Immunofluorescence microscopy of MitoTrackerTM Red CMXRos and 
Parkin in MERRF cybrids.  
Transfection of shRNA Parkin sequences markedly decreased Parkin signal in 
MERRF cybrids compared with that in scramble shRNA-transfected cells. 
Magnification of a small area of MERRF cybrids showing translocated Parkin into 
small, rounded depolarized mitochondria (white arrows) is shown. Data represent 
the mean ± SD of three separate experiments. Significance of MERRF shParkin 
cybrids respect to MERRF cybrids is represented as *P<0.05. [Scale bar = 15 µm 
and 5 µm in magnified picture]. 
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Mitochondrial ROS accumulation is thought to be one of the main signals which 

induce mitophagy in mammalian cells. Damaged or dysfunctional mitochondria 

produce ROS at levels that exceed the capacity of the antioxidant system and can 

result in cell death, since ROS accumulation contributes to opening of the MPTP619.  

Therefore, mitophagy is considered a mitochondrial quality control mechanism that 

can be triggered in response to the high levels of ROS accumulated in dysfunctional 

mitochondria, which could provoke the oxidative modification of mitochondrial 

proteins, lipids and mtDNA. 

To observe the impact of Parkin-mediated mitophagy in ROS levels regulation in 

MERRF syndrome, we examined mitochondrial superoxide levels in MERRF cybrids 

with endogenous Parkin expression and MERRF shParkin cybrids by flow cytometry. 

For that purpose, we used MitoSOXTM as a mitochondrial superoxide fluorescent 

probe.  

Interestingly, MERRF shParkin cybrids showed an increased by 54% in 

mitochondrial ROS levels compared to MERRF cybrids (Figure R44). 

 

 
Figure R44. Silencing of endogenous Parkin expression in MERRF cybrids 
increases mitochondrial ROS levels.  
ROS levels were quantified by using MitoSOXTM as a sensor. Flow cytometry 
signal is represented as mean fluorescence intensity ± SD (a.u; arbitrary units) of 
three independent experiments. Significance of MERRF shParkin cybrids respect 
to MERRF cybrids fibroblasts is represented as **P<0.01. 
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Figure R45. Increased apoptosis levels in MERRF shParkin cybrids.  
MERRF cybrids with endogenous or silenced expression of Parkin were cultured 
in oxidative medium. Immunostaining of tubulin (cytoskeleton protein) and active 
caspase 3 (apoptotic marker) was performed to visualize apoptosis activation in 
MERRF cybrids. DAPI staining was used to visualize blebbing or nuclear 
fragmentation. After, apoptosis levels were analyzed and quantified as described 
in Materials & Methods section. Data represent the mean ± SD of three separate 
experiments. Significance of MERRF shParkin cybrids respect to MERRF cybrids 
is represented as *P<0.05. [Scale bar = 15 µm]. 
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Moreover, we were interested in the evaluation of viability of MERRF shParkin cells 

since there are several studies that link autophagy/mitophagy induction and 

prevention of cell death204,221.  

Therefore, we verified the role of Parkin-mediated mitophagy in survival of MERRF 

cells by examining the levels of apoptosis in MERRF cybrids with endogenous levels 

of Parkin and with knockdown Parkin expression, after 24 hours in oxidative medium. 

We quantified the number of apoptotic cells by visualization of nucleus 

fragmentation, caspase 3 activation and the presence of the AMN620,621.  

We observed that MERRF cybrids with knockdown expression of Parkin showed an 

increase of apoptosis level by 22% compared to MERRF cybrids with endogenous 

Parkin expression (Figure R45). 

 

In conclusion, these results suggest that Parkin-mediated mitophagy could have a 

protective role in MERRF syndrome. Mitophagy prevented the accumulation of 

mitochondrial ROS and avoided the induction of apoptotic cell death in MERRF 

cybrids.  

These preliminary results in cellular models of MERRF syndrome are encouraging, 

because an improvement of mitochondrial pathophysiology after the treatment with 

autophagy/mitophagy modulators has been observed in different mitochondrial 

diseases. Therefore, we can speculate that the promotion of elimination of 

dysfunctional mitochondria by autophagy can be a potential therapeutic approach for 

mitochondrial dysfunctions. 
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R-VII. MERRF iNs as a new cellular model to study the 
pathophysiology of MERRF syndrome. 
 

It is widely known that in diseases that undergo neurodegeneration, such as PD, HD, 

AD or some neurodegenerative mitochondriopathies such as MELAS or MERRF 

syndromes, disease molecular pathophysiology is not always exclusive to neurons 

and as a result, several pathogenic characteristics can be observed in other cell 

types such as fibroblasts or cybrids219,254,505,622-625. 

In accordance to that, so far, our studies using patient-derived skin fibroblasts and 

cybrids cells models have shed light on the role of autophagy and mitophagy in the 

molecular pathophysiology of MERRF syndrome and the importance of the 

heteroplasmy load in the molecular and clinical phenotype of the disease.  

 

However, these cellular models have shortcomings. Both cybrids and skin 

fibroblasts, unlike the cell types mostly affected in MERRF patients, are proliferative 

and rely on glycolytic metabolism for energy production. Therefore, they are not 

much vulnerable to energy-dependent defects resulting from mitochondrial 

dysfunction. Moreover, the phenotype may not be evident in defects involving the 

expression and maintenance of mtDNA. Therefore, they are not the perfect cellular 

model to study the pathophysiology of mitochondrial diseases.  

 

In fact, the molecular pathogenesis of MERRF syndrome remains poorly understood 

due to the lack of appropriate cellular models, particularly in those cell types mostly 

affected in the disease such as neurons.  

For that reason, we wanted to stablish a new cellular model for the study of the 

pathogenesis of the disease, generating patient-specific iNs from dermal fibroblasts 

(carrying the particular mutation causing the disease) by direct reprogramming. We 

thought that MERRF iNs generation would provide an opportunity to study 

mitochondrial diseases in one of the cell types primarily affected. 

 

Therefore, we started from primary fibroblasts derived from skin biopsy samples from 

two healthy volunteers (hereinafter, Control 1 and Control 2) and two MERRF 

patients (hereinafter, MERRF 1 and MERRF 2), carrying the most common MERRF 
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mutation m.8344A>G. For direct reprogramming of fibroblasts into neurons, we 

employed a recently described method to express proneural genes ASCL1 and 

BRN2 and knock down REST complex by infecting control and MERRF fibroblasts 

with lentiviral vectors494 (see Materials & Methods section).  

The neural conversion lasted 27 days. During that time, fibroblasts suffered different 

morphological changes shown in Figure R46. Five DPI, fibroblasts’ morphology 

started to change, showing a decreased cell body area. Branches were detectable 

from 15 DPI both in control and MERRF iNs. 

 
Figure R46. Representative images of the morphological changes of controls and 
MERRF cells during the days 0, 15 and 27 of neuronal conversion.  
Cell morphology was observed using a Leica DMi1 brightfield microscope (Leica 
Microsystems GmbH, Wetzlar, Germany). [Scale bar=50 μm]. 

 

The neural conversion was stopped at 27 DPI, when we observed that most of the 

cells in the plate exhibited a typical neuron-like morphology, with small body areas, 

two or more branches and even connections between iNs (Figure R47). 
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Figure R47. Generation of iNs from controls and MERRF fibroblasts.  
Direct reprogramming was stopped twenty-seven DPI and iNs morphology was 
observed (black arrows) using a brightfield microscope (Leica DMi1, Leica 
Microsystems GmbH, Wetzlar, Germany). [Scale bar = 50 μm and 15 μm in 
magnified pictures]. 

 

We next analyzed the mature neuronal properties of the resulting iNs. We found that 

both control and MERRF iNs showed positive immunoreactivity against Tau (a 

microtubule-associated protein predominantly found in neuronal axons of vertebrate 

brain that stabilizes neuronal microtubules and is involved in the establishment of 

neuronal polarity) and MAP-2, which is expressed only in neuronal cells (Figure 48). 

In contrast, undifferentiated cells did not show Tau or MAP-2 staining and only 

showed the nuclear staining.  

 

We used Tau+ cells to evaluate neuronal conversion efficiency, which was almost 

50% in control cells (48.2 ± 2.3 %) and up to 70% in MERRF 1 (70.3 ± 24.5 %) and 

MERRF 2 cells (74.4 ± 21.4 %). Neuronal purity (percentage of Tau+ cells in the cell 

culture 27 DPI) was approximately 50% (45.2 ± 8.08 %) in control cells and up to 

67% (66.8 ± 7.9 %) in MERRF 1 cells and 78% (78.2 ± 10.2 %) in MERRF 2 cells 

(Figure R49). 
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Figure R48. Detection of neuronal markers Tau and MAP-2 in controls and MERRF 
iNs.  
The iNs were immunostained for Tau and MAP-2, different neuronal markers, as 
described in Materials & Methods section. DAPI was used to stain cell nuclei (in 
blue). [Scale bar = 15 μm]. 
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Figure R49. Conversion efficiency and neuronal purity of controls and MERRF 
iNs.  
The iNs were immunostained for Tau, a neuronal marker, in order to calculate 
conversion efficiency and neuronal purity as described in Materials & Methods 
section. DAPI was used to stain cell nuclei (in blue). Results are expressed as 
mean ± SD. Significance of MERRF respect to control iNs is represented as 
*P<0.05, **P<0.01, ns = no significant. [Scale bar = 10 μm]. 
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To further check iNs maturation, we performed image analysis of controls and 

MERRF Tau+ cells and this revealed the presence of elongated axons and elaborate 

neurites with bouton-like structures and/or spine-like protrusions (27 DPI; Figure 
R50), suggesting iNs maturation. 

 
Figure R50. Elaborate neurites with elongated axons and bouton-like and/or 
spine-like structures in control and MERRF iNs.  
Analysis of fluorescence images of Tau/DAPI immunostaining of control and 
MERRF iNs at 27 DPI revealed very elaborate neurites with elongated axons and 
bouton-like (white arrows) and/or spine-like (orange arrows) structures. The blue 
and red boxes (*, **) display higher magnifications of the images. [Scale bars 
represent 10 μm and 5, 3 or 1 μm in magnified pictures]. 
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Moreover, in vitro patch-clamp electrophysiological recordings of the iNs after 

terminal differentiation and maturation in culture (60-80 DPI) showed that they had 

acquired the functional properties of neurons (Figure R51). 

 

 
Figure R51. iNs electrophysiological properties. 
The electrophysiological properties of cultured cells (iNs) at two different 
differentiation times (27 DPI, n = 12; 60-80 DPI, n = 17) were investigated using 
whole-cell recordings. The proportion of iNs firing action potentials increased 
over differentiation time (27 DPI, 0%; 60-80 DPI, 18%). The resting membrane 
potential (RMP) of iNs from both populations was weakly polarized (27 DPI, -9.4 ± 
1.3 mV; 60-80 DPI, -24.8 ± 3.4 mV). The proportion of iNs firing action potentials 
increased over differentiation time (27 DPI, 0%; 60-80 DPI, 18%).  Rin, Inward 
resistance, time constant. 

 

Next, we analyzed different functionally relevant morphological characteristics of 

controls and MERRF iNs generated to evaluate neuronal morphological maturation, 

as described in Materials & Methods section. Summarized results are shown in 

Table R1. This analysis revealed that iNs from MERRF 1 fibroblasts did show 

smaller body area than controls iNs. Both MERRF 1 and MERRF 2 iNs did show 

significantly smaller total area and perimeter compared to controls iNs. Neither 

MERRF 1 nor MERRF 2 iNs did show significant differences compared to control iNs 

in relation to the number of neurites per cell, number of branch points and roots. 

However, both MERRF 1 and MERRF 2 iNs showed significantly shorter neurites 

compared to controls iNs. These results suggest that MERRF-derived neurons show 

a decrease in neurite outgrowth and maintenance.   
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Table R1. Functionally relevant morphological features of controls and MERRF 
iNs generated from skin fibroblasts.  
SD, Standard deviation on mean; P, p-value of Student’s t-test. Measurements 
pertain to at least 150 cells (50 cells per experiment, randomly selected, in three 
independent experiments). Bold numbers indicate significant results.  

 

By this way, we have made a further step in mitochondrial diseases’ pathophysiology 

modelling, producing for the first time MERRF patients-derived induced neurons by 

direct reprogramming from dermal fibroblasts.  

Both control and MERRF iNs showed high levels of conversion efficiency and neural 

purity, as well as presented a high degree of maturation, with the presence of 

branches, bouton-like structures and spine-like protrusions.  

 

Once MERRF patients-derived iNs were generated, we wondered whether they 

would be a good model to study the pathophysiology of the disease, conserving the 
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pathological alterations that we have been previously observed in other models such 

as skin fibroblasts or cybrids. 

 

The first characteristic we wanted to examine was whether levels of m.8344A>G 

heteroplasmy of MERRF cells were affected by direct reprogramming, since there 

are no antecedents in the literature about direct reprogramming of heteroplasmic 

cells.  

 
Figure R52. Heteroplasmy load of controls and MERRF patient-derived dermal 
fibroblasts.  
Heteroplasmy load measurement was determined by mismatched PCR-RFLP. 
Results are expressed as mean ± SD. Significance of MERRF respect to control 
fibroblasts is represented as ****P<0.0001. 

 

In order to check heteroplasmy maintenance, first the mutational load (m.8344A>G 

mutation) of MERRF 1 and MERRF 2 skin fibroblasts was quantified by mismatched 

PCR-RFLP, as described in Materials & Methods section. The heteroplasmy load 

quantification resulted in 65% for MERRF 1 and 38% for MERRF 2 (Figure R52). 
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Heteroplasmy loads were continuously followed-up during the conduction of this 

work to rule out any potential changes in the percentage of mutated mtDNA. Then, 

we compared m.8344A>G heteroplasmy levels between both patient-derived primary 

fibroblasts and the iNs successfully generated. Twenty-seven DPI and before DNA 

extraction, controls and MERRF iNs were seeded onto PFL-coated plates in order to 

enrich the population of neurons, reaching at least a 90% of neuronal purity (see 

Materials & Methods section).  

 

 
Figure R53. Heteroplasmy load of controls and MERRF patient-derived iNs.  
Heteroplasmy load measurement was determined by mismatched PCR-RFLP. 
Results are expressed as mean ± SD. Significance of MERRF respect to control 
iNs is represented as ****P<0.0001. The neuronal purity was calculated after 
seeding iNs onto PFL-coated µ-slides 4-well Ibidi plates for DNA extraction. 

 

By mismatched PCR-RFLP analysis, we checked the levels of m.8344A>G 

heteroplasmy for these iNs, resulting in 58% for MERRF 1 iNs and 43% for MERRF 

2 iNs (Figure R53).  
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Heteroplasmy levels of both control and MERRF iNs closely reflected those of the 

corresponding primary fibroblasts (Figure R54). Therefore, we concluded that 

m.8344A>G proportions did not significantly change during direct cellular 

reprogramming.  

 
Figure R54. Heteroplasmy load in MERRF 1 and MERRF 2 fibroblasts and iNs 
derived from them.  
Heteroplasmy loads were determined by mismatched PCR-RFLP assay. Results 
are expressed as the mean ± SD. Significance of MERRF respect to controls 
fibroblasts or iNs is represented as ****P<0.0001. There were no statistically 
significant differences (ns) between fibroblasts and iNs heteroplasmy loads.  

 

Since MERRF iNs maintained the heteroplasmy load of m.8344A>G mutation, we 

wonder whether pathogenic characteristics attributed to the mtDNA mutation were 

also maintained in MERRF iNs. 

 

First, considering ∆Ψm as a good indicator of mitochondrial health, we performed a 

double immunostaining with MitoTrackerTM Red CMXRos and Tau (see Materials & 

Methods section), and we measured ΔΨm of controls and MERRF iNs by quantifying 

the MitoTrackerTM Red CMXRos fluorescence signal in Tau+ cells. First, to confirm 

the dependence of MitoTrackerTM Red CMXRos fluorescence to mitochondrial 

membrane potential, we included a negative control with CCCP. After 4 hours of 

incubation with 10 µM CCCP, ΔΨm was approximately a 60% lower compared to 

DMSO (vehicle) in control 1 iNs and a 30% lower in MERRF 1 iNs (Figure R55).  
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Figure R55. Mitochondrial membrane potential collapse after mitochondrial 
uncoupling in control 1 and MERRF 1 iNs.  
Control 1 and MERRF 1 iNs were treated with 10 µM CCCP or DMSO (vehicle) for 4 
hours and then loaded with MitoTrackerTM Red CMXRos. MitoTrackerTM 
fluorescence signal from Tau+ cells was quantified, and the data are shown in the 
plot as mean ± SD of at least 20 iNs. **P<0.01 (difference between control and 
MERRF cells), dP<0.0001 (difference between DMSO and CCCP treatments). 
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The quantification of MitoTrackerTM Red CMXRos fluorescence intensity showed that 

both MERRF iNs had significantly decreased ΔΨm (approximately by 35%) 

compared to controls iNs (Figure R56). 

 

 
Figure R56. Tau and MitoTrackerTM Red CMXRos staining in controls and MERRF 
iNs.  
The merged images are shown in the righter panels, with nuclei stained with 
DAPI. [Scale bar = 10 μm]. The MitoTrackerTM fluorescence signal from Tau+ cells 
was quantified as described in Materials & Methods section. The data are shown 
in the plots as the mean ± SD of three independent experiments, ****P<0.0001, ns = 
not statistically significant. 
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Moreover, the MitoTrackerTM Red CMXRos staining co-localized with cytochrome c, a 

mitochondrial marker, confirming the specificity of MitoTrackerTM Red CMXRos 

staining to mitochondria and verifying that mitochondrial depolarization in MERRF 

iNs was not a result of cytochrome c release, as occurs in apoptosis (Figure R57).  

 
Figure R57. Visualization of mitochondria and ΔΨm by MitoTrackerTM Red CMXRos 
and cytochrome c staining in control 1 and MERRF 1 iNs by fluorescence 
microscopy.  
Nuclei were counterstained by DAPI. Colocalisation of MitoTrackerTM Red CMXRos 
and cytochrome c signal in mitochondria revealed specificity of MitoTrackerTM to 
dyed mitochondria. The magnification of a small area in MERRF iNs revealed two 
relevant populations of mitochondria: white arrows point out a tubular 
mitochondrial network with high polarization degree and cyan arrows some 
smaller, rounded and fragmented mitochondria with low polarization degree. 
[Scale bar = 10 μm and 5 μm in magnified pictures]. 
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As a further check of the mitochondrial specificity of MitoTrackerTM Red CMXRos 

probe, a double immunofluorescence assay with MitoTrackerTM Red CMXRos and 

the mitochondrial matrix protein Hsp60 was performed (Figure R58). 

 

 
Figure R58. Hsp60 and MitoTrackerTM Red CMXRos staining of mitochondria in 
control 1 and MERRF 1 iNs.  
Visualization of mitochondria and ΔΨm by MitoTrackerTM Red CMXRos and Hsp60 
staining in control and MERRF iNs by fluorescence microscopy (see Materials & 
Methods). Nuclei were counterstained by DAPI. [Scale bar = 10 μm]. 
Colocalisation of MitoTrackerTM Red CMXRos and Hsp60 signal in mitochondria 
revealed specificity of MitoTrackerTM to dyed mitochondria. Magnification of a 
small area in MERRF 1 iNs is shown. [Scale Bar = 5 μm]. 
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Visualization of mitochondria in MERRF iNs revealed a distinct mitochondrial 

population in comparison with control iNs. To check whether there were significant 

differences in mitochondrial populations between controls and MERRF iNs, we 

investigated the mitochondrial network morphology after incubating cells with 

MitoTrackerTM Red CMXRos using fluorescence microscopy. By observing controls 

and MERRF iNs, we could distinguish between different mitochondrial networks. 

Interestingly, MERRF iNs frequently showed a poorer tubular mitochondrial network 

compared to control iNs, with the presence of some smaller, rounded and 

fragmented mitochondria with low polarisation degree. Representative images of 

these types of mitochondrial morphology are shown in Figure R57 and Figure R58. 

 

 
Figure R59. Mitochondrial shape parameters in controls and MERRF iNs. 
Controls and MERRF iNs were incubated with MitoTrackerTM Red CMXRos 
fluorescent probe. The evaluation of the mitochondrial shape was performed on 
images obtained by fluorescence microscopy. Morphometry macro was used to 
calculate different parameters of mitochondrial morphology. The histograms 
show the different average metrics of four mitochondrial morphology descriptors 
between controls and MERRF iNs: aspect ratio, form factor, area-weighted form 
factor and mitochondrial length. The data are shown in the plots as the           
mean ± SD of three independent experiments (at least 50 neurons per condition), 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 and ns = not statistically significant. 
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The characteristics of the mitochondrial network were evaluated using the method 

described by Merrill et al.572 (see Materials & Methods section).  

Both the degree of mitochondrial elongation (aspect ratio) and mitochondrial 

branching (form factor) were lower in MERRF 1 iNs than in controls iNs, indicating 

that MERRF 1 mitochondria were smaller and less elongated than controls ones 

(Figure R59). 

 

Both MERRF 1 and MERRF 2 iNs showed more mitochondrial fragmentation in 

comparison with controls iNs, since both showed a decreased area-weighted form 

factor, a measure of shape complexity that accounts for the object area, since it is 

described as the product of the area of the mitochondrial network and the form factor 

(Figure R59). Moreover, both MERRF 1 and MERRF 2 iNs had significantly shorter 

mitochondrial network than controls iNs (Figure R59). 
 

One of the main causes of mitochondrial depolarization is thought to be the 

accumulation of high levels of ROS, which are also accumulated in different models 

of neurodegenerative diseases626-628. Therefore, we analyzed the ROS levels in 

controls and MERRF iNs 27 DPI by immunofluorescence. The live cells were loaded 

with the fluorescent general oxidative stress indicator CM-H2DCFDA (Figure R60). 

The identity of iNs was checked by the expression of the neuron-specific marker 

NCAM. Only the NCAM+ cells were used to measure the fluorescence of CM-

H2DCFDA. The quantification of iNs fluorescence intensity showed that both MERRF 

iNs contained higher ROS levels than controls iNs, with a 5-fold increase in MERRF 

1 iNs and 3.5-fold increase in MERRF 2 iNs (Figure R60).  
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Figure R60. NCAM and CM-H2DCFDA staining in controls and MERRF iNs. 
Live cells were stained with the ROS-sensing fluorescent probe CM-H2DCFDA and 
with the neuron-specific anti-NCAM antibody. Merged images are shown in the 
righter panels, with the nuclei stained with Hoechst. [Scale bar = 10 μm]. The CM-
H2DCFDA fluorescence signal from NCAM+ cells was quantified using Image J 
software and the data are shown in the plot as the mean ± SD of three 
independent experiments (at least 50 neurons for each condition and experiment 
were examined), **P<0.01 and ****P<0.0001.  
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Increased or disrupted autophagy has been observed in different cellular models of 

MERRF syndrome202,219,629 and other mitochondrial diseases201,203,204. To evaluate 

autophagy in MERRF iNs, we performed immunofluorescence double staining with 

antibodies against LC3B (autophagosome marker) and Tau. Only the Tau+ cells 

were used to quantify the LC3B puncta.  

 
Figure R61. LC3B and Tau staining in controls and MERRF iNs. 
Immunostaining of LC3B and Tau was performed to visualize LC3B puncta in 
control and MERRF iNs. To quantify the number of LC3B puncta/cell, Spot 
Counter ImageJ macro was used and the data are shown in the plot as the mean ± 
SD of three independent experiments (at least 50 neurons for each condition and 
experiment were examined), *P<0.05 and ****P<0.0001. [Scale bar = 10 μm]. 
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LC3B staining was hardly detectable in controls iNs, whereas in both MERRF iNs we 

observed a significant increase in LC3B puncta per cell, suggesting autophagy 

activation (Figure R61). 

 
Figure R62. Autophagy flux in control 1 and MERRF 1 iNs. 
Representative images of immunostaining of LC3B and Tau in control and MERRF 
iNs treated with DMSO (vehicle control) or Bafilomycin A1 (BAF). Quantification 
of LC3B puncta/cell was assessed by using Spot Counter ImageJ macro. Data are 
shown in the plot as the mean ± SD of three independent experiments (at least 20 
neurons for each condition and experiment were examined), *P<0.05 (control 
versus MERRF), aP<0.05 (DMSO versus BAF) and ns = not statistically significant. 
[Scale bar=10 μm]. 
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In order to evaluate if MERRF iNs showed increased or disrupted autophagy flux, we 

treated control 1 and MERRF 1 iNs with BAF. 
After treatment with BAF, LC3B puncta per cell were markedly increased in control 1 

iNs, indicating that the autophagy flux was not disrupted. On the other hand, BAF 

treatment had no effect on LC3B puncta in MERRF iNs, suggesting that autophagy 

flux was impaired in mutant cells (Figure R62). 
 

To observe whether selective mitochondrial degradation or mitophagy was increased 

in MERRF iNs, we performed immunofluorescence double staining with antibodies 

against LC3B and Tau and with the fluorochrome MitoTrackerTM Deep Red, which is 

independent of ΔΨm (Figure R63). 

 
Figure R63. LC3B, Tau and MitoTrackerTM Deep Red staining in controls and 
MERRF iNs.  
Representative images of Immunostaining of MitoTrackerTM Deep Red 

(mitochondrial marker), LC3B (autophagosome marker) and Tau (neuronal 
marker). This immunofluorescence triple staining was performed to visualize 
degrading mitochondria (puncta) in controls and MERRF iNs.  [Scale bar = 5 μm]. 

 

Whereas in control iNs a rich tubular mitochondrial network negative for LC3B 

staining was observed, both MERRF 1 and MERRF 2 iNs showed a stronger LC3B 
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staining signal and more small, fragmented mitochondria, which were positive for 

LC3B (Pearson’s coefficient of correlation, r>0.85). Quantification of MitoTrackerTM 

Deep Red/LC3B colocalized puncta confirmed mitophagy activation in both MERRF 

iNs (Figure R64).   

 
 
Figure R64. Mitophagy analysis in controls and MERRF iNs.  
Magnified images of controls and MERRF iNs, stained with MitoTrackerTM Deep 
Red (red, mitochondrial marker), LC3B (green, autophagosome marker) and DAPI 
(blue, nucleus) are shown. Controls iNs show tubular mitochondria with low 
MitoTrackerTM Deep Red/LC3B colocalisation degree (Pearson’s coefficient of 
correlation ~ 0.009). Both MERRF iNs show a smaller, rounded and fragmented 
population with high MitoTrackerTM Deep Red/LC3B colocalisation degree (white 
arrows). Colocalisation analysis resulted in a high colocalisation (Pearson’s 
coefficient of correlation ~ 0.85). [Scale bar = 5 μm]. To quantify mitophagy, 
MitoTrackerTM Deep Red/LC3B colocalized puncta per cell were measured with the 
Red and Green puncta Colocalization ImageJ macro563. A positive mitophagic cell 
was scored when more than 5 puncta were observed per cell. Data are shown in 
the plot as the mean ± SD of three independent experiments (at least 50 neurons 
for each condition and experiment were examined), **P<0.01, ****P<0.0001, ns = not 
statistically significant. 
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It has been reported that m.8344A>G mutation can alter mitochondrial function in 

fibroblasts derived from patients with MERRF syndrome219,349,350, and we have 

observed a failure in mitochondrial respiration in both MERRF fibroblasts and cybrids 

(subsections RI and RIV).  

 
Figure R65. Enriched populations of controls and MERRF iNs for bioenergetic 
assays.  
Representative brightfield images of the iNs morphology and connections after 
seeding them onto PFL-coated wells are shown [Scale bar = 50 µm]. 
Representative immunofluorescence images showing a high density of 
Tau+/DAPI+ cells in PFL-coated wells are shown [Scale bar = 50 µm].  The 
neuronal purity was calculated after seeding iNs onto PFL-coated Seahorse plates 
for bioenergetics assays.  
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Therefore, we used an extracellular flux analyzer to measure the OCR in order to 

evaluate the bioenergetic status of the controls and both MERRF iNs derived from 

dermal fibroblasts. All OCR measurements were normalized to cell number. 

Controls and MERRF iNs were seeded on Seahorse XFe24 plates coated with PFL 

in order to enrich the population of neurons. Representative photographs of seeded 

controls and MERRF iNs can be observed in Figure R65. 

To estimate the ETC function, we performed the Mito-stress test assay by the XFe24 

extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, USA). We 

sequentially added oligomycin A, FCCP as well as rotenone & antimycin A. When 

the experiment was finished, cell number and neuronal purity of each well was 

calculated by performing a double staining with Tau/DAPI. Neuronal purity of 

controls and MERRF iNs was higher than 90% (Figure R65).  

The overall respiratory responses of controls and MERRF iNs are shown in Figure 
R66.  

 
Figure R66. Representative respiratory flux profiles of controls and MERRF 
patients-derived iNs.  
One representative of three independent experiments is shown. Addition of ATP 
synthase inhibitor oligomycin, electron transport chain uncoupler FCCP and 
complex I and III inhibitors rotenone and antimycin A are indicated. Control and 
MERRF iNs were seeded to 35,000 cells/well and incubated for 24 h. OCR was 
measured in XF base medium under basal conditions followed by the sequential 
addition of oligomycin (1 µM), FCCP (2 µM), as well as rotenone (1 µM) 
& antimycin A (2.5 µM), as indicated. Each data point represents an OCR 
measurement. Data are expressed as mean ± SD. 
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After carrying out Mito-stress test, different cellular bioenergetic parameters were 

calculated using the Seahorse XF Report Generator, a data analysis tool provided by 

Seahorse Bioscience. 

A comparison of these parameters between controls and MERRF iNs showed 

significant differences. The basal respiration, maximal respiration and spare 

respiratory capacity of both MERRF 1 and MERRF 2 iNs were reduced compared to 

the controls iNs (Figure R67). Moreover, ATP production rate was reduced in 

MERRF 1 iNs (Figure R67). The extracellular flux analysis demonstrated that 

MERRF iNs exhibited decreased mitochondrial function parameters. These findings 

confirmed that the m.8344A>G mutation led to decreased mitochondrial respiration 

in iNs models of MERRF syndrome.  

 
Figure R67. Parameters of mitochondrial respiratory function of controls and 
MERRF patients-derived iNs.  
Basal mitochondrial respiration, Maximal respiration, Spare respiratory capacity 
and ATP-linked respiration are plotted. Results are expressed as mean ± SD. 
Statistical significance was evaluated by unpaired, two-tailed t-test. *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001, ns = not statistically significant. All OCR 
readings were normalized to cell number as described in Materials & Methods 
section. 
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In conclusion, this study demonstrates that MERRF iNs harbouring the m.8344A>G 

mutation show mitochondrial dysfunction, decreased mitochondrial membrane 

potential and elevated ROS levels. Moreover, MERRF-derived iNs contain a 

fragmented mitochondrial network, autophagy flux disruption and mitophagy 

activation, demonstrating that this model is also useful to carry on functional analysis 

of autophagy and/or mitophagy pathways and to profoundly study the role of those 

mechanisms in MERRF iNs pathophysiology in the future. 
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R-VIII. MERRF iNs as a platform to validate the 
effectiveness of potential treatments for MERRF syndrome. 
 

One of the most promising applications of iNs in the near future is the establishment 

of screening platforms to test the effects of potential therapeutic compounds or toxics 

in a neural cell model of different diseases, which is easier to generate and cheaper 

than other typical screening platforms, such as iPSCs450.  

 

So far, our investigations have generated a MERRF iNs model with the most 

common MERRF mutation that shows pathological characteristics in comparison to 

healthy volunteers-derived iNs.  

One of our final goals was to check the suitability of the MERRF iNs to be used as a 

screening platform, since currently there are no effective treatments for MERRF 

syndrome or other mitochondrial diseases, due to the lack of clinical assays or 

inconsistencies in the previous results. 

Along this work, we have demonstrated that MERRF iNs share common pathological 

characteristics with other models of MERRF diseases, such as patient-derived skin 

fibroblasts and cybrids, especially when mutational load is high. In this section, we 

propose the use of iNs generated from MERRF patient-derived skin fibroblasts with 

high heteroplasmy load for the evaluation of pre-screened selected drugs.  

For that reason, we wanted to check the behavior of MERRF iNs after treatment with 

CoQ, since this molecule has demonstrated to be beneficial for different models of 

mitochondrial diseases204,219,220,254 and we have confirmed that in the results 

presented in subsections RI-RIV. 

In the case of iNs, we did not treat them with CoQ since the nature of the molecule 

forced us to solve it in ethanol, which seriously affected viability of iNs. 

Consequently, instead of CoQ, we used a water-soluble stock solution of MSE 2001, 

Guttaquinon CoQ10 (hereinafter, GuttaQ), (MSE Pharmazeutika GmbH, Bad 

Homburg, Germany).  

 

First, skin fibroblasts derived from one MERRF patient (MERRF 1, with the highest 

percentage of heteroplasmy, 65%) and skin fibroblasts from one healthy volunteer 
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were used for direct reprogramming. MERRF fibroblasts harboured the 

heteroplasmic m.8344A>G mutation. 

Twenty-seven DPI, controls and MERRF iNs were seeded onto PFL-coated 

Seahorse XFe24 plates in order to enrich the population of neurons, reaching at 

least a 90% of neuronal purity (see Materials & Methods section) (Figure R68). 

After incubating them for 24 hours, control and MERRF iNs were treated with 1 µM 

GuttaQ for 72 hours.  

 
Figure R68. Untreated and GuttaQ-treated control and MERRF iNs purity after 
Mitostress test. 
Representative brightfield images of the iNs morphology and connections after 
seeding them onto PFL-coated Seahorse XFe 24-well plates are shown. [Scale bar 
= 50 µm].   Representative immunofluorescence images showing a high density of 
Tau+/DAPI+ cells in PFL-coated wells are shown. [Scale bar = 50 µm]. The 
neuronal purity was calculated after seeding iNs onto PFL-coated Seahorse plates 
for bioenergetics assays. 
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Next, we used the Seahorse XFe24 extracellular flux analyzer to measure the OCR 

in order to evaluate the bioenergetic status of untreated and treated control and 

MERRF iNs derived from dermal fibroblasts. All OCR measurements were 

normalized to cell number. 

 

To estimate the ETC function, we performed the Mito-stress test assay by the XFe24 

extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, USA). We added 

oligomycin A, FCCP as well as rotenone & antimycin A. When the experiment was 

finished, cell number and neuronal purity of each well was calculated by performing 

a double staining with Tau/DAPI (Figure R68). 

The overall respiratory responses of untreated and GuttaQ-treated controls and 

MERRF iNs are shown in Figure R69.  

 

 
 
Figure R69. Representative respiratory flux profiles of untreated and GuttaQ-
treated control and MERRF iNs.  
One representative of three independent experiments is shown. Addition of ATP 
synthase inhibitor oligomycin, electron transport chain uncoupler FCCP and 
complex I and III inhibitors rotenone and antimycin A are indicated. Untreated and 
GuttaQ-treated control and MERRF iNs were seeded to 35,000 cells/well and 
incubated for 24 h. OCR was measured in XF base medium under basal conditions 
followed by the sequential addition of oligomycin (1 µM), FCCP (2 µM), as well 
as rotenone (1 µM) & antimycin A (2.5 µM), as indicated. Each data point 
represents an OCR measurement. Data are expressed as means ± SD. 
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After carrying out Mito-stress test, different cellular bioenergetic parameters were 

calculated using the Seahorse XF Report Generator, a data analysis tool provided by 

Seahorse Bioscience. 

 

 
Figure R70. Parameters of mitochondrial respiratory function of untreated and 
GuttaQ-treated control and MERRF iNs.  
Basal mitochondrial respiration, Maximal respiration, Spare respiratory capacity 
and ATP-linked respiration are plotted. Results are expressed as mean ± SD. 
Statistical significance was evaluated by unpaired, two-tailed t-test. Significance 
of MERRF respect to control iNs is represented as *P<0.05. Significance between 
the presence and the absence of GuttaQ is represented as aP<0.05. All OCR 
readings were normalized to cell number as described in Materials & Methods 
section. 

 

A comparison of these parameters between untreated and GuttaQ-treated controls 

and MERRF iNs showed significant differences. The basal respiration, maximal 

respiration, spare respiratory capacity and ATP production rate of MERRF iNs were 

reduced compared to the controls iNs (Figure R70), confirming the results obtained 

in section R-VII and demonstrated that MERRF iNs exhibited decreased 
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mitochondrial function parameters. Moreover, excitingly, GuttaQ treatment was able 

to ameliorate some parameters of the mitochondrial function of MERRF iNs, such as 

the maximal respiration and the spare respiratory capacity, without affecting the 

mitochondrial function of the control iNs (Figure R70). 

 

In conclusion, these results suggest that iNs derived from MERRF skin fibroblasts 

can be used as a new cellular screening platform, suitable for screening new drug 

candidates or validating pre-screened potential treatments for MERRF syndrome. In 

these assays, we observed that GuttaQ treatment significantly improved some 

mitochondrial respiration parameters of MERRF iNs, confirming our expectations 

since we have previously observed that CoQ ameliorates the pathophysiology of 

other cellular models of MERRF syndrome219, (subsections RI-RIV) and this therapy 

is clinically used for the treatment of MERRF patients360. 
Therefore, iNs generated from MERRF patient-derived fibroblasts showing severe 

physiopathology and harbouring high heteroplasmy load seem to be appropriate 

models for testing the effects of potential treatments for MERRF patients.  
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DISCUSSION 
 

MERRF syndrome is a rare, maternally inherited, multisystemic mitochondrial 

disease318, which is associated in about 80% of cases with a mutation at position 

8344 in the mitochondrial gene MT-TK, encoding mt-tRNALys (m.8344A>G), although 

other mutations have also been described321. Like many mitochondrial diseases, 

there is no specific cure for MERRF syndrome and the treatments are primarily 

symptomatic. In the absence of proper clinical trials, it is difficult to evaluate the 

effect of proposed supportive treatments such as CoQ and its analogue idebenone, 

although both of them have been beneficial in some patients with mitochondrial 

diseases by increasing energy production360. 

 

In the first part of this thesis, we have studied the pathophysiology of the 

m.8344A>G mutation in two of the most commonly used MERRF cellular models: 

primary cultured skin fibroblasts derived from patients with MERRF syndrome and 

MERRF transmitochondrial cybrids harbouring the m.8344A>G mutation with an 

extremely high heteroplasmy load (90%). We were focused on the role of bulk 

autophagy and mitophagy as potential pathophysiological mechanisms of the 

disease, as well as the effect of CoQ supplementation in the correct flux of 

autophagy and mitophagy processes in MERRF cells. 

 

First, our findings revealed that the skin fibroblasts derived from a MERRF patient 

showed clear pathophysiological alterations compared to control fibroblasts. We 

found significant differences in pathophysiological parameters such as proliferation 

rate, cell area, ΔΨm, mitochondrial ROS levels or carbonylated proteins levels. We 

observed that CoQ supplementation reversed these pathophysiological changes in 

MERRF fibroblasts. Increased ROS production and oxidative stress is a common 

consequence of mitochondrial dysfunction204,221. We identified a significant increase 

in ROS generation in MERRF fibroblasts, which had a clear connection with the 

raised amount of carbonylated proteins, one of the major targets of oxygen free 

radicals and other reactive species. Both mitochondrial ROS levels and increased 

carbonylated proteins in MERRF fibroblasts could be ameliorated by CoQ treatment. 

It has been proposed that excessive ROS levels can cause the opening of non-
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specific high conductance PT pores in the IMM, inducing MPT104 and leading to the 

simultaneous collapse of ΔΨm. The opening of PT pores causes mitochondria to 

become permeable to all solutes up to a molecular mass of about 1500 Da630,631. 

Moreover, a possible involvement of the PT in the induction of autophagy of altered 

mitochondria has been postulated. Thus, oxidative stress may play a prominent role 

in the induction of the mitochondrial damage, MPT and autophagy activation which 

we observed in MERRF fibroblasts, since an increased expression of autophagic 

proteins in cells harbouring the m.8344A>G mutation was detected.  

In fact, autophagy machinery activation has been observed in different models of 

mitochondrial diseases203 and neurodegenerative diseases that undergo 

mitochondrial dysfunction212, and specifically in cellular models of MERRF 

syndrome202.  

 

CoQ treatment was able to decrease autophagic proteins levels in MERRF 

fibroblasts and cybrids. In light of this fact, we wondered whether CoQ treatment 

diminished autophagy activation or, on the other hand, accelerated the process, 

acting as an enhancer of autophagy flux. We will further discuss this question. 

 

Autophagy activation in MERRF fibroblasts seems to be mediated by AMPK protein, 

which is phosphorylated in Thr172 in a high proportion in MERRF fibroblasts in 

comparison with control cells.  

A few years ago, AMPK activation in skin fibroblasts derived from MERRF patients 

was reported583. In this work, the authors observed an increase of the expression of 

several proteins involved in the glycolytic pathways. The increase of ROS and 

reactive nitrogen species (RNS) in MERRF fibroblasts activated AMPK, leading to an 

increase of the glycolytic flux and an elevation of intracellular NADPH and 

glutathione (GSH) contents, due to the phosphorylation of the AMPK downstream 

target phosphofructokinase 2 (PFK2). This kinase promotes the oxidative branch of 

the pentose phosphate pathway. 

Therefore, the authors concluded that AMPK activation mediated the metabolic shift 

from OXPHOS to glycolysis in MERRF cells, contributing to the adaptation of 

MERRF skin fibroblasts to oxidative stress and promoting mitochondrial 

biogenesis584.  
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Actually, an induction of glycolytic genes has been observed in muscle biopsies of 

patients with other mitochondrial diseases such as MELAS, NARP and LHON632. 

 

We hypothesize that AMPK activation in MERRF fibroblasts is also involved in 

autophagy activation (Figure D1), since recently AMPK phosphorylation and 

subsequently activation have been observed in other models of mitochondrial 

diseases or mitochondrial dysfunctions that show autophagy and mitophagy 

enhancement, such as MELAS fibroblasts220,633 and CYTB-/- cells582, indicating that 

loss of mitochondrial respiration activates the AMPK signalling.  

 

Moreover, AMPK is not only involved in autophagy but also in mitophagy activation. 

It has been demonstrated that cells with AMPK deficiency exhibit defective 

mitophagy93. Moreover, AMPK ameliorates mitochondrial fission via directly inhibiting 

DRP1 activity and/or phosphorylating MFN1 and MFN2 during autophagy 

induction634. Mitophagy shares the bulk autophagy machinery and some authors 

suggest that autophagy activation is necessary for mitophagy progression222.  

During the conduction of this thesis, we have observed both bulk autophagy and 

mitophagy activation in MERRF fibroblasts and cybrids. These phenomena have 

been previously detected in cellular models of MERRF syndrome219 and in different 

models of mitochondrial diseases with primary and/or secondary CoQ 

deficiencies204,220,221,254. In those cases, disruption of mitophagy resulted in cell death 

by apoptosis. Furthermore, prevention of mitophagy in CoQ deficient cells by 

chemicals like 3-methyl adenine or wortmannin or by genetic knockdown of ATG 

genes caused apoptotic cell death204,221.  

 

The elimination of dysfunctional mitochondria could play a crucial role in protecting 

cells from the damage caused by perturbed mitochondrial function and the release of 

potentially proapoptotic molecules. Our finding that the autophagic protein LC3B 

colocalized with structurally abnormal mitochondria, but not with normal tubular 

mitochondria in MERRF fibroblasts, suggests that mitophagy specifically targets 

dysfunctional mitochondria in these cells. In this regard, it has been shown that 

VDAC1, a major component of the PT pore complex on the OMM, is more 

susceptible to oxidative damage in MERRF cybrids than in WT cybrids353.  

 



AUTOPHAGY AND MITOPHAGY FLUX DISRUPTION IN CELLULAR MODELS OF MERRF SYNDROME 

 254 

During this work, we have observed that CoQ treatment enhances activation of 

AMPK in MERRF cells by increasing phosphorylation of the Thr172 residue of the 

protein.   

This effect has been previously observed in a fibroblasts model of MELAS 

syndrome220, in 3T3-L1 preadipocytes586, in endothelial progenitor cells587 (EPCs), in 

human umbilical vein endothelial cells (HUVECs)635 and in a senescence-

accelerated mouse model636. 

 

However, the mechanism by which CoQ activates AMPK is still not fully understood. 

Currently, the main hypothesis is that CoQ treatment increases the levels of cAMP, 

an allosteric and direct activator of AMPK636,637.  Moreover, it has been observed that 

CoQ induces an increase in cytoplasmic calcium concentrations, which may activate 

Ca2+/calmodulin-dependent protein kinase-kinase (CaMKK), an upstream AMPK 

activator586. 

Interestingly, increasing the activity of AMPK has been observed to ameliorate the 

symptoms of mitochondrial diseases that course with dysfunctional mitophagy. For 

example, MELAS fibroblasts unable to activate AMPK ameliorated their severe 

phenotype by CoQ or AICAR treatment that activated AMPK pathway220. In 

accordance with these data, we have observed that stimulating AMPK pathway by 

CoQ supplementation ameliorated the pathophysiology of MERRF fibroblasts and 

cybrids.  

 

In this work, one of our main interests was to characterize mitophagy in MERRF 

syndrome, because different types of selective degradation of mitochondria have 

been described for mammals’ cells130. During the conduction of this thesis, we 

identified in MERRF cells the presence of necessary alterations for Parkin-mediated 

mitophagy to be initialize such as low ΔΨm, high levels of ROS, bulk autophagy 

activation and high levels of Parkin and PINK1 proteins. Actually, the induction of the 

autophagy machinery in a background of low levels of Parkin protein did not promote 

mitophagy even in cellular models of mitochondrial diseases222. 

In fact, different authors suggest that all of these pathological characteristics have to 

be present in the cell to undergo Parkin-mediated mitophagy222,223.  
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Besides all these features, we also found high levels of ubiquitinated proteins in 

MERRF fibroblasts, and interestingly, ubiquitin signal mostly colocalized with 

depolarized, fragmented mitochondria. 

Considering the relationship between mitochondrial proteins ubiquitination and 

Parkin-mediated mitophagy592,593, we hypothesized that mitophagy may be 

upregulated in MERRF cells. 

Moreover, we detected aggresome-like structures with both ubiquitin and VDAC1 

proteins in MERRF fibroblasts. This is in accordance with a study showed that 

Parkin-dependent ubiquitination of VDAC1 is a cardinal feature of mitophagy 

activation in a model of PD106. 

 

DRP1 protein levels were also increased in MERRF fibroblasts compared to 

controls. DRP1 is the main regulator of mitochondrial fission and several evidences 

have shown that mitochondrial fission coordinates with mitophagy in different 

mammalian cell types. Our data are in agreement with studies showing that DRP1-

mediated mitochondrial fission must occur prior to mitophagy, dividing mitochondria 

into small ones susceptible to autophagosome engulfment638-641. 

As mitochondrial fission is crucial for the distribution of mitochondria throughout the 

cell, especially in neurons, DRP1 plays an essential role in the pathophysiology of 

several neurodegenerative diseases that undergo mitochondrial dysfunction642, such 

as PD643 or HD644. Interestingly, increased levels of DRP1 have been found in 

postmortem HD brains compared to HD-unaffected brains645, suggesting an 

impairment in mitochondrial dynamics that could affect mitophagy flux. 

Although more research is needed to understand the role of DRP1 in mitochondrial 

diseases, an excessive mitochondrial fission may be involved in the 

pathophysiology, at least in MERRF syndrome’s. Currently, a great progress is being 

made in developing therapeutic molecules that can reduce excessive mitochondrial 

fission and at the same time maintain the fission–fusion balance in mitochondria.  

M-divi646-648, P110649,650 and Dynasore651 are the most promising mitochondrial 

fission inhibitors and it would be interesting to screen their effects in the 

pathophysiology of mitochondrial diseases in the near future.  

We confirmed the presence of Parkin-mediated mitophagy in MERRF cells by finally 

detecting Parkin translocation from cytosol to mitochondria, an essential event for 

Parkin-mediated mitophagy activation.  
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Parkin-mediated mitophagy activation has been observed in cells carrying different 

mtDNA mutations222,279 and other cellular and animal models of diseases that 

undergo mitochondrial dysfunction such as AD652,653, kidney injury654 or cardiac 

pathology213.  

Interestingly, high levels of Parkin accumulation in mitochondria were detectable in 

MERRF cells in basal conditions, even without autophagy blockers such as 

bafilomycin A1. This fact was interesting because bulk autophagy and mitophagy are 

fast processes when they function properly. Therefore, we hypothesized that a 

disruption and/or a slowdown of autophagy/mitophagy flux may be occurring in 

MERRF cells. 

 

At this point of the thesis, we wanted to focus in the correct functioning of autophagy 

and mitophagy processes in MERRF syndrome. There are several studies about 

autophagy and mitophagy activation in MERRF cells and other mitochondrial 

diseases models, but there are almost no investigations about the state of the 

autophagy/mitophagy flux in these diseases. 

By performing the bafilomycin assay, we checked that the increase of autophagic 

proteins that we observed in MERRF fibroblasts and cybrids was due to an 

impairment of the autophagy flux, which caused an accumulation of 

autophagosomes and the worsening of pathophysiology.  

Moreover, by performing a mitophagy flux assay, we also checked that specifically 

mitophagy flux was impaired in MERRF fibroblasts. 

But, if bulk autophagy and mitophagy are activated as a protective response against 

mitochondrial dysfunction, why is the flux impaired in MERRF cells? We hypothesize 

that the block of autophagy/mitophagy flux may be caused by a depletion of ATP 

levels, a characteristic of mitochondrial dysfunction which we had observed during 

the study of mitochondrial respiration using the extracellular flux analyzer. ATP is 

necessary to maintain lysosome function and sequester the cytosolic 

components203,204. 

This is in accordance with the observed beneficial effect of stimulating AMPK by 

CoQ in MERRF cells. Although AMPK is activated in MERRF patient-derived 

fibroblasts, the low levels of ATP in these cells could prevent the correct autophagy 

flux. Therefore, sustained activation of AMPK by external factors could stimulate 
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autophagy flux and reduce autophagolysosome accumulation, a possible cause of 

the worsening of the pathophysiology of the disease.  

Moreover, the impairment of autophagy/mitophagy flux in cellular models with 

mitochondrial dysfunction could provide an explanation of why activation of 

autophagy or/and mitophagy is not enough to counteract the mitochondrial 

respiration dysfunction. Generally, both MERRF cells in vitro and patient cells in vivo 

tend to get worse and increase their heteroplasmy load655-658. 

 

During the conduction of this thesis, we observed that CoQ acts as an enhancer of 

bulk autophagy, in accordance with previous findings in different MELAS cellular 

models220.  

However, interestingly, for the first time we observed that CoQ specifically enhances 

mitophagy flux in MERRF cellular models, allowing the amelioration of the 

pathophysiology and preventing excessive Parkin translocation to mitochondria.  

Under basal conditions, both MERRF cellular models, patient-derived fibroblasts and 

cybrids showed a reduced expression of mitochondrial proteins, in accordance with 

observations previously reported349. Interestingly, the expression levels of 

mitochondrial proteins increased after CoQ treatment. 

But, if mitophagy flux is enhanced with CoQ, why did we observe an increase of 

mitochondrial mass in MERRF cells when treated with CoQ? As mentioned above, 

CoQ has a pleiotropic effect. Between its different action mechanisms, CoQ 

activates AMPK586,587,635-637, and it is well known that AMPK activation is involved in 

mitochondrial biogenesis165,166. Therefore, CoQ treatment could enhance mitophagy 

flux and promote mitochondrial biogenesis at the same time. An ideal treatment with 

CoQ would permit a balance between mitophagy and mitochondrial biogenesis, 

ameliorating cell bioenergetics. 

In fact, by carrying out the Mito-stress test by the XFe24 extracellular flux analyzer, 

we examined that MERRF fibroblasts harbouring a 57% of heteroplasmy load had 

decreased values of four of the most important parameters of mitochondrial function: 

basal respiration, maximal respiration, spare respiratory capacity and ATP 

production. CoQ treatment increased the values of all the parameters. This effect 

could be due to the antioxidant action, the enhancement of autophagy/mitophagy 

flux and/or the increase in mitochondrial biogenesis.  
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Therefore, these studies in cell cultures which harbour the m.8344A>G mutation 

provide robust experimental evidence that CoQ supplementation could be beneficial 

in the treatment of patients with MERRF.  

 

Autophagy and Parkin-mediated mitophagy activation were also demonstrated in 

cybrids harbouring the m.8344A>G mutation, indicating that both processes arise as 

a consequence of this mutation, not of a concomitant nuclear mutation. In addition, 

CoQ treatment partially restored the pathophysiological alterations found in MERRF 

cybrids. Additionally, we noticed that the positive CoQ effect is affected by the 

heteroplasmy load, considering that CoQ treatment did not ameliorate neither the 

mitochondrial respiratory profile nor the mitochondrial bioenergetics parameters of 

MERRF cybrids harbouring an extremely high percentage of heteroplasmy load. 

Therefore, a major challenge in mitochondrial diseases is the mild effectiveness of 

the different pharmacological therapies, since it can vary depending on the 

concentration of the drug, the heteroplasmy load and the cell type.  

 

Although there is no longer doubt about the importance of mitophagy in 

mitochondrial diseases, there is not a common consensus about if regulated 

degradation of mitochondria has a protective or pathological role during the course of 

these diseases.  

To examine whether Parkin-mediated mitophagy is beneficial or harmful for the 

pathophysiology of MERRF cells, we used a MERRF cybrids cells model with a 

knockdown Parkin expression. By this way, we sought to establish the role of Parkin 

in MERRF syndrome and its impact on ROS levels and cells survival. 

We found that knockdown of Parkin expression aggravated apoptosis levels and 

ROS production in MERRF cybrids, confirming that Parkin is involved in the removal 

of damaged mitochondria in MERRF cells and plays an important role in regulation 

of ROS production and MERRF cells survival.  

There is strong evidence supporting the connection between mitochondrial redox 

homeostasis and Parkin-mediated mitophagy659. Mutations and/or deletions in the 

PARK2 gene have been demonstrated to increase ROS production and susceptibility 

to oxidative conditions in Drosophila660,661, mouse662, zebrafish663 and different 

cellular models664. 



DISCUSSION 

 259 

Moreover, increased levels of superoxide dismutase proteins have been shown to 

rescue the pathological phenotype of Parkin mutant cellular and fly models665. 

Furthermore, in accordance with our data, the increase of mitochondria-induced 

ROS and apoptosis after knockdown of Parkin expression in nucleus pulposus (NP) 

cells has been recently published, suggesting a role of Parkin-mediated mitophagy in 

the pathogenesis of intervertebral disc degeneration (IDD)666. 

 

Therefore, our findings suggest that Parkin-mediated mitophagy may have a 

protective role in MERRF syndrome.  

Mitophagy has shown to be a defense mechanism in different pathological situations. 

Experiments with PINK1−/− mice showed impaired mitochondrial respiration and an 

increase in large mitochondria, which can be related with the function of PINK1 to 

promote fission and mitophagy667. In addition, it has been demonstrated that 

alterations in mitophagy due to PINK1 silencing diminished cell resistance under 

hyperoxia situations and oxidative stress in the lung endothelium206.  

In addition, removal of aberrant mitochondria has been shown to play a protective 

role in age-related neurodegenerative disorders, such as PD. Specifically, Parkin, 

whose loss-of-function causes PD, is involved in this process. Since Parkin is 

essential for mitophagy, PD may be at least in part associated with the failure to 

eliminate dysfunctional mitochondria668. 

Interestingly, different mutations in some genes related to Parkin-mediated 

mitophagy, such as OPTN, P62 and TBK1 are linked to ALS, suggesting that the 

inefficient turnover of damaged mitochondria may contribute to neurodegeneration in 

this disease669,670. 

The first part of our study revealed that unbalanced autophagy and Parkin-mediated 

mitophagy are involved in the pathogenesis of MERRF syndrome and may serve as 

potential therapeutic targets for this and other mitochondrial diseases. 

From our view, autophagy and Parkin-mediated mitophagy activation are 

mechanisms for MERRF cells to combat pathological conditions derived from the 

defective OXPHOS system, such as low membrane potential, high level of ROS and 

decreased ATP levels (Figure D1). However, possibly due to the low ATP levels, 

autophagy/mitophagy flux becomes impaired in MERRF cellular models, being the 

accumulation of defective mitochondria and/or autophagosomes one of the main 

causes of the worsening of the pathophysiology.  
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Figure D1. Mitochondrial dysfunction induces bulk autophagy machinery and 
mitophagy activation.  
Adapted from Villanueva-Paz et al. (2016)89. 

 

Considering the disruption of autophagy/mitophagy flux of MERRF cells as one of 

the main causes of pathophysiological manifestations of the disease and the fact that 

CoQ treatment was not able to restore mitochondrial respiration parameters in a 

MERRF cybrids model with a 90% heteroplasmy load, bulk autophagy was 

stimulated by supplementation with rapamycin, one of the most studied autophagy 

inducers, and its effect on mitochondrial respiration of MERRF cells was evaluated.  

We observed that rapamycin treatment increased the mitochondrial respiratory rate 

(basal and maximum), the spare respiratory capacity and the ATP production both in 

control and MERRF patient-derived fibroblasts, and this effect was sustainable in 

time. Interestingly, rapamycin-treated MERRF cybrids also showed an increased 

spare respiratory capacity and ATP production coupled to oxygen consumption, but 

neither basal nor maximal respiration rates ameliorated. These differences can be 
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due to the different percentage of heteroplasmy between MERRF fibroblasts (57%) 

and cybrids (90%) and the different metabolic rate of these cellular types. 

 

These results were somewhat surprising, since mTORC1 activity has been 

described to exert a positive effect on mitochondrial function. In fact, rapamycin-

mediated inhibition of this complex has been shown to decrease ΔΨm671, 

mitochondrial respiration671-673 and ATP production671 in cultured cells.  

However, it has been observed that the length of the rapamycin treatment has a 

crucial role on its effect on mitochondrial respiration. Short-term rapamycin treatment 

produced a decreased respiratory rate in mice, meanwhile long-term treated mice 

showed an increased respiratory rate674. 

Moreover, rapamycin treatment has been demonstrated to improve lifespan and 

survival and to attenuate the progression of the disease in cellular675, mouse314,676,677 

and Drosophila678 models of Leigh syndrome. Nevertheless, the mechanisms by 

which mTOR inhibition exerts these effects have not been identified yet.  

 

In the same way, why rapamycin treatment ameliorates the defective mitochondrial 

respiratory profile of MERRF and other mitochondrial disease cellular models 

remains unknown.  

A possible hypothesis is the activation of the mTORC2 complex due to the addition 

of rapamycin to the culture media. Although it is known that mTORC2 is inhibited by 

high concentrations of rapamycin (µM)679, it has been shown that mTOR inhibition by 

rapamycin can trigger a feedback mechanism resulting in the activation of AKT 

pathway, and that this feedback activation of AKT is dependent on IGFs/IGF-1R 

signalling680 and promotes cell survival and proliferation. 

 

Moreover, some authors have observed an enhancement of ΔΨm and a reduction of 

ROS levels after the increase of autophagy flux due to rapamycin treatment in 

human fibroblasts681. 

Long-term rapamycin treatment at low doses diminished the number of depolarized 

mitochondria and cells maintained a more polarized mitochondrial network. The 

authors suggested that this fact could be due to the increase in the expression of 

proteins related to mitochondrial biogenesis such as NRF1, PGC1A y mtTFA, as well 

as the increase of autophagy/mitophagy flux. This link between mitochondrial 
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clearance and mitochondrial gene expression provoked by inhibition of mTOR has 

shown to be the interaction between P62 and KEAP1. This association promotes the 

accumulation of NRF2 in the nucleus and increases mitochondrial gene expression. 

 

Furthermore, the authors observed that human fibroblasts grown in rapamycin-

supplemented medium retained higher levels of both basal and ATP-coupled 

mitochondrial respiration when challenged with H2O2. In addition, rapamycin-treated 

cultures were resistant to mitochondrial depolarization from exogenous H2O2 

exposure. This is in accordance with our results, since MERRF cells are exposed to 

a high intracellular stress due to mitochondrial ROS accumulation, and when treated 

with rapamycin, basal, maximal and ATP-coupled respiration are increased.  

Very recently, the correction of the mitochondrial myopathy of a Cox15sm/sm mouse 

by rapamycin treatment has been published682. Cox15sm/sm mice lack the gene 

encoding Cox15 in skeletal muscle, suffering a serious COX deficiency311,683.  

Long-term rapamycin treatment improved motor endurance, corrected structural 

anomalies of muscle and increased COX activity of the diseased mice by restoring 

the disrupted autophagy/mitophagy flux and coordinately activating lysosomal 

biogenesis.  

Therefore, we hypothesize that amelioration of mitochondrial respiration profile in 

MERRF cells after rapamycin treatment could be due to the attenuation of the 

endogenous stress associated with mitochondrial function. Rapamycin would 

improve mitochondrial homeostasis by altering P62 turnover and increasing turnover 

of dysfunctional mitochondrial components through mitophagy106,278 (presumably 

Parkin-mediated682) (Figure D1), as well as increasing the expression of NRF2 

target genes684 and lysosomal biogenesis. 

 

In light of all these data, we recommend to adjust rapamycin treatment for each 

cellular model and/or mitochondrial disease, since length of treatment and dosage 

can alter the effects of the drug on the mitochondrial function and cell 

pathophysiology.  

According to our findings, we suggest a previous analysis of autophagy and 

mitophagy flux in MERRF and other mitochondrial disease cellular models, in order 

to perform a screening of autophagy/mitophagy flux modulators that could improve 

the mitochondrial pathophysiology.  
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In the second part of this thesis, the successful generation of disease-specific iNs by 

direct reprogramming from two different MERRF patient-derived fibroblasts 

harbouring the m.8344A>G mutation is described for the first time. 

MERRF syndrome is one of the most frequent mitochondrial encephalomyopathies 

and its clinical phenotypes and pathological mechanisms have been extensively 

studied. However, the lack of animal models has hindered the understanding of the 

pathophysiology of the disease. Moreover, in vitro mitochondrial diseases modelling 

has been always challenging, since the most affected cell types in these diseases 

(such as neurons and/or muscle cells) are difficult to maintain in culture685. In the 

case of mitochondrial diseases caused by mtDNA mutations, such as MERRF 

syndrome, the understanding of the phenotypes is even more complicated due to the 

characteristic presence of heteroplasmy. For that reason, it is difficult to assess the 

effect of a particular mutation and to establish a threshold of heteroplasmy load 

sufficient to affect mitochondrial function686. Furthermore, the nDNA background can 

differentially modulate the disease progression in patients harbouring the same 

mutation at the same heteroplasmy level687.  

The discovery of hiPSCs, which are able to become any differentiated cell type, has 

been a major step forward in the field of disease modelling452,688,689. A further 

advance was achieved by obtaining iPSCs followed by their differentiation into 

particular cell types such as neurons690. By now, several diseases have been in vitro 

modelled using embryonic stem cells (ESCs) or iPSCs derivatives, with promising 

results691. More recently, iPSCs generation has also opened new doors in 

mitochondrial diseases modelling. Patient-derived iPSCs models have been 

established to study the pathophysiology of mitochondrial diseases caused by 

mutations in mtDNA such as MELAS and MERRF syndromes692,693. In a recent 

publication, cardiomyocyte-like cells (CMs) and NPCs differentiated from MERRF-

iPSCs showed high ROS levels and upregulated antioxidant genes expression438. 

However, mitochondrial respiration dysfunction and high heteroplasmy levels 

strongly inhibited maturation and survival of MERRF iPSCs-derived neurons, 

suggesting that correct mitochondrial maturation actually contributes to cellular fate-

determination processes694.  

One alternative approach to avoid the disadvantages of iPSCs generation and 

posterior differentiation is the direct somatic reprogramming into a particular cell 

type, bypassing an intermediate pluripotent state695. This approach is suitable for 
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different applications in disease modelling to shed light on the unknown disease 

pathogenesis, drug screening and drug toxicity testing. 

Importantly, although it has been observed that high levels of heteroplasmic mtDNA 

mutation block cellular reprogramming to hiPSCs696 and also hinder neuronal lineage 

commitment of hiPSCs694, we have reached conversion efficiencies up to 70% using 

MERRF patient-derived fibroblasts harbouring high levels of heteroplasmy (65%) as 

starting cells to obtain iNs by direct reprogramming. Thus, at least in the case of this 

specific mtDNA mutation, moderate heteroplasmy loads did not compromise 

conversion efficiency of direct reprogramming of fibroblasts into iNs. 

Reprogramming efficiency depends on several factors such as the conversion 

protocol, the starting cell type and the neural genes that are overexpressed450. For 

example, the order in which the conversion genes are placed in a lentiviral vector 

affects the level of expression. In addition, the age of donor cells, their passage 

number, etc. could restrict this parameter. In our studies, using the method 

developed by Drouin-Ouellet et al.494, we obtained high conversion efficiencies which 

provided enough iNs to perform several assays. This fact is very valuable in the case 

of mitochondrial diseases due to the difficulty of obtaining a high number of starting 

cells. 

Interestingly, in our study, we did not find significant differences in the conversion 

efficiency between controls and MERRF iNs. This is in accordance with the work of 

Drouin-Ouellet et al., in which the conversion efficiency of control, PD, HD and AD 

patient-derived fibroblasts into iNs was similar. 

Another important parameter in direct reprogramming is the neuronal purity (the 

percentage of iNs in the final culture), which determines the homogeneity of the cell 

culture. Interestingly, in this work we obtained a higher neuronal purity in MERRF iNs 

cultures (67% in MERRF 1 iNs and 78% in MERRF 2 iNs) than in controls ones, 

being a 50%. A recent study performing direct reprogramming of mouse astroglial 

cells into neurons suggested that the metabolic state of the starter cell is important 

for conversion into another cell type, and that direct cell fate conversion from 

fibroblasts may require a metabolic switch from less to more OXPHOS, as occurs in 

endogenous neurogenesis502. 

In accordance with this idea, during the reprogramming process, we observed that 

MERRF patient-derived cells showed higher cell death rate compared to control 

cells. For that reason, we hypothesize that MERRF fibroblasts are more sensitive to 
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the metabolic switch needed to reach the conversion (they have a dysfunction of the 

OXPHOS) and most of them die during the process, but almost all the cells that 

survive to the process are converted. Meanwhile, control fibroblasts may be more 

resistant to the metabolic switch, being able to survive to the process although they 

are not fully converted. 

Interestingly, after the reprogramming process, MERRF iNs maintained the original 

heteroplasmy load of the corresponding MERRF fibroblasts, indicating that the levels 

of heteroplasmy were not affected by the conversion protocol. The maintenance of 

heteroplasmy load after reprogramming is crucial whether iNs are going to be used 

to study pathophysiological alterations or as a screening platform for personalized 

medicine. Moreover, this fact establishes a huge difference between direct 

reprogramming and hiPSCs generation, since it has been demonstrated that, in the 

latter case, mtDNA segregation takes place due to an increase of mtDNA copy 

number. Thus, different cell populations with heteroplasmy loads close to 

homoplasmy are obtained697. In fact, in a recent study using MELAS fibroblasts with 

77.7% of heteroplasmy load as starting cells, different MELAS-iPSCs clones with 

variable heteroplasmy loads (from 3.6 to 99.4%) were obtained434. 

 

In the present work, different indicators of neuronal maturation, such as bouton-like 

structures (swollen structures similar to presynaptic boutons, specialized areas 

within the axon of the presynaptic cells that contain neurotransmitters) or spine-like 

protrusions (structures similar to dendritic spines, which typically receive input from 

an axon at the synapse) were observed both in controls and MERRF iNs, suggesting 

that at 27 DPI mature iNs are generated. Moreover, electrophysiological recordings 

of 27 and 60-80 DPI-iNs showed that iNs generated by this method have functional 

properties. 

However, one interesting observation from this research is that direct conversion of 

MERRF patient-derived fibroblasts into iNs led to neurons with smaller body area 

and shorter neurite outgrowth compared to controls iNs. This can be interpreted as 

the result of neuritic breakdown and degeneration in MERRF iNs, since small Tau+ 

neurite fragments were observed after reprogramming.  

 

Most of neuropathological studies in MERRF syndrome have been performed by 

neuro-radiological imaging, MRI and immunohistochemical analysis of brain tissues. 
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These studies concluded that the neuropathology of MERRF syndrome is 

characterized by neuronal loss and atrophy, demyelination and astrocytosis. These 

processes mainly occur in the cerebral cortex, the superior cerebellar peduncle, the 

dentate nucleus and Purkinje cells of the cerebellum and inferior olive, red nuclei and 

substantia nigra of the brainstem698-701. However, the underlying molecular 

mechanism responsible for the neuron vulnerability in MERRF syndrome remains 

unknown, and there are no studies about the morphology and structural features of 

neurons derived from MERRF patients.  

Currently, there are no antecedents of direct reprogramming of MERRF patients’ 

fibroblasts into iNs, and only one work regarding NPCs derived from MERRF iPSCs 

has been published438. Nevertheless, in this work the characterization of morphology 

and maturation of MERRF NPCs was not performed. However, an increased ROS 

production and mitochondrial fragmentation were observed in MERRF NPCs 

compared to controls NPCs, as well as decreased values of mitochondrial 

parameters such as basal oxygen consumption, ATP production and maximal 

respiration. These findings support the results that we have obtained in MERRF iNs. 

Moreover, there are some works in which direct reprogramming of patient-derived 

fibroblasts showed decreased neurite outgrowth and neuritic breakdown. For 

example, HD patients-derived iNs showed decreased neurite outgrowth and neuritic 

breakdown compared to control iNs, which is related to a progressive cell death of 

HD iNs499. Furthermore, in a recent study undergoing direct reprogramming of spinal 

muscular atrophy (SMA) patient-derived fibroblasts into iNs, SMA iNs exhibited a 

significantly reduced neurite outgrowth rate compared to controls iNs, and they also 

showed neuronal degeneration and neurite breakdown. In addition, the neurite 

length of SMA iNs was shorter in comparison to controls iNs513. Similarly, a reduction 

in outgrowth and branching has been shown in familial dysautonomia (FD) iNs 

compared to control-derived iNs518. 

Interestingly, a recent work of Yokota et al.694 showed that iPSCs with high 

proportions of m.3243A>G (the most common mutation in MELAS syndrome, which 

is similar to MERRF disease) exhibited neuronal cell death and maturation defects, 

suggesting that mitochondrial respiratory dysfunction strongly inhibits maturation and 

survival of iPSCs-derived neurons. 

Therefore, although we performed the morphology analysis of controls and MERRF 

iNs without any expectations or antecedents, our results are in accordance with what 



DISCUSSION 

 267 

is described in the literature about iNs derived from patients with other 

neurodegenerative diseases that undergo mitochondrial dysfunction.  

However, further investigations are needed to understand the possible relationship 

between mitochondrial function and the trafficking of neurotrophic factors that may 

affect neuronal size and neurite outgrowth in MERRF iNs. 

 

In this respect, MERRF iNs showed altered mitochondrial network and function 

accompanied by low ΔΨm and elevated ROS levels.  

The ΔΨm is indispensable for ATP production and a crucial parameter to evaluate 

the functional state of mitochondria702. As we have mentioned above, in previous 

and the present studies, analyses of MERRF fibroblasts and cybrids have shown a 

dramatic decrease in ΔΨm219,349,703. In this work, MERRF iNs also showed 

mitochondrial depolarization, suggesting that both neuronal bioenergetics and 

mitochondrial protein import can be affected. Furthermore, mitochondrial membrane 

depolarization is a known stimulus for opening the MPT704,705, which is thought to be 

one of the responsible processes of neuronal damage706.  

As well as loss of ΔΨm, we identified increased ROS levels in MERRF iNs. 

Commonly, mitochondrial dysfunction leads to increased ROS levels and oxidative 

stress707. In fact, previous and present works have described high levels of ROS in 

fibroblasts219,353,427  and cybrids219,422 harbouring the m.8344A>G mutation and also 

in iPSCs derived from MERRF fibroblasts438.  

It has been observed that ROS overproduction caused by nerve growth factor 

deprivation, or other stimuli such as starvation or addition of rapamycin, triggers bulk 

autophagy and mitophagy117,581,708.  

In the first part of this thesis, we described how autophagy flux is disrupted in 

MERRF fibroblasts and cybrids.  

Interestingly, for the first time using a neural model, we have observed that MERRF 

iNs also showed an impaired autophagy flux compared to control iNs, accompanied 

with colocalisation of the autophagic protein LC3B with fragmented mitochondria, 

suggesting mitophagy activation. It is considered that disrupted autophagy flux plays 

a central role in the pathophysiology of numerous neurodegenerative diseases and 

episodes of brain injury since it contributes to neuronal cell death212,709-711. Thus, 

autophagy modulation has been proposed as a possible therapy for numerous 

diseases which present mitochondrial dysfunction209,302,305. In concrete, MERRF iNs 
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could be a potential model to study the role of autophagy in neurodegeneration and 

the therapeutic effectiveness of autophagy flux modulators89.  

Although it is clear that high ROS levels trigger bulk autophagy and mitophagy, it has 

been suggested that mitophagy acts as a negative regulatory feedback mechanism 

by eliminating dysfunctional mitochondria that overproduce ROS712,713.  

Elimination of damaged mitochondria depends on the relationship between 

mitophagy and mitochondrial dynamics, and it guarantees mitochondrial quality 

control. However, it is still unknown how dysfunctional mitochondria are 

distinguished from the healthy ones.  

Changes in mitochondrial morphology are thought to have an essential role in this 

process. Damaged mitochondria suffer from the inactivation of the fusion factor 

OPA1, allowing their isolation due to the fragmentation of the mitochondrial 

network714. This process is thought to be a protective mechanism in order to restrain 

mitochondrial damage and it is crucial for the removal of damaged mitochondria from 

the cell149,157,421. Actually, it has been observed that mitochondrial fission blocking 

inhibits mitophagy640,641. These studies support the idea that mitochondrial dynamics 

and mitophagy are interconnected in order to ensure the correct mitochondrial 

function.  

 

In the MERRF iNs model, both phenomena mitochondrial fragmentation 

accompanied with changes in mitochondrial morphology and mitophagy activation 

are clearly observed, which is in accordance with other studies performed in MERRF 

fibroblasts and cybrids219. MERRF iNs showed differences in several parameters 

related to mitochondrial morphology compared to control iNs, suggesting that 

MERRF iNs had a smaller and more fragmented mitochondrial network. Despite their 

importance, fission and mitochondrial fragmentation per se are not triggering 

mitophagy, for which complementary dysfunctions of the organelle such as 

mitochondrial depolarization are required715. In our work, we have observed in 

MERRF iNs that fragmented mitochondria are indeed depolarized. 

In the particular case of mitochondrial diseases caused by point mutations in the 

mtDNA, we have shown during the conduction of this thesis that mitophagy may 

have an essential role in eliminating mitochondria harbouring the highest percentage 

of mutated mtDNA, which will presumably be the most dysfunctional mitochondria. In 

this sense, a specific characteristic of some cellular models of mitochondrial 
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dysfunctions is the decreased ΔΨm and high levels of ROS due to defects in the 

electron flux through the MRC204,219,221,254. 

Dysfunctional mitochondria not only increase ROS levels but also diminish 

mitochondrial respiratory parameters in affected cells. In our work, we found that 

mitochondrial respiration profile was decreased in MERRF iNs in comparison to 

controls iNs. In particular, patient-derived iNs showed considerably lower basal 

respiration, diminished ATP-coupled respiration, lower maximum respiration rate and 

a decreased spare respiratory capacity. This indicates a decreased electron flux 

through the MRC, which is coupled to depressed OXPHOS.  

 

One important point of our work is the observation that pathological severity of 

MERRF iNs seems to depend on heteroplasmy load. We have worked with MERRF 

iNs generated from two MERRF patient-derived fibroblasts carrying different 

heteroplasmy load of m.8344A>G mutation (65%, MERRF 1 and 38%, MERRF 2). 

Both MERRF iNs show pathophysiological alterations compared to controls iNs; for 

example, a decreased mitochondrial respiration manifested in lower basal 

respiration, maximal respiration, spare respiratory capacity and ATP production. No 

difference was detected between the mitochondrial respiration profile in MERRF 1 

iNs with 58% heteroplasmy and MERRF 2 iNs with 43% heteroplasmy. Therefore, 

these models, at least with these heteroplasmy loads, seem to behave in a similar 

way regarding to the pathophysiological parameters analyzed. 

 

However, we have observed that pathological severity of MERRF 1 iNs is more 

pronounced, because MERRF 1 iNs showed decreased neural body area, more 

fragmented mitochondrial network, higher levels of ROS and a higher number of 

mitophagic cells compared to MERRF 2 iNs. Our findings also indicate that low 

heteroplasmy load (around 40%) is sufficient to cause pathophysiological alterations 

using iNs in vitro.  

 

MERRF syndrome is associated with a wide range of clinical phenotypes: from 

patients with the whole spectrum of symptoms to asymptomatic individuals. The 

variations in phenotypes of MERRF syndrome seem to be the result of differences of 

heteroplasmy load in different tissues196,219. According to our findings, this 

phenotypic diversity in patients of MERRF syndrome was also manifested in iNs. 
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Other point mutations in mtDNA have been previously found to show correlation 

between heteroplasmy load and pathophysiology of mitochondrial disorders. For 

example, primary MELAS patients-derived fibroblasts carrying the m.3243A>G 

mutation with different heteroplasmy loads showed different pathophysiological 

severity according to the percentage of heteroplasmy220. Moreover, the 

heteroplasmy load of the m.3460G>A mutation is critical in the development of 

LHON (Leber's hereditary optic neuropathy)716. Therefore, maintenance of 

heteroplasmy load after direct reprogramming increases the suitability of iNs to be a 

useful tool for mitochondrial diseases modelling and drug screening.  
 

A major challenge in MERRF syndrome is the lack of effective pharmacological 

therapies. For us, one of the most promising applications of mitochondrial disease’s 

patients derived-iNs is the establishment of screening platforms to test the effect of 

potential therapeutic compounds or toxics in a neural cell model. 

Along this work, we have demonstrated that iNs generated from MERRF patients-

derived skin fibroblasts with high heteroplasmy load are suitable for the evaluation of 

pre-screened selected drugs, such as CoQ or its water-soluble analogue, GuttaQ. 

Moreover, we wanted to start the screening with this molecule since secondary CoQ 

deficiency has been previously identified in cellular models of MERRF syndrome219. 

There are several studies that suggest CoQ treatment protects from neuronal cell 

death due to its antioxidant action. For example, in kainic acid (KA) pre-treated 

hippocampal slice cultures, CoQ treatment reduced neuronal cell death through 

reduction of ROS formation717. Moreover, protective role of CoQ against ischemia-

reperfusion718 and ROS-induced damage719 has been found in different neuronal 

models. However, studies about CoQ effect on neuronal mitochondria are scarce, 

although a decreased MRC activity and low ATP production due to neuronal CoQ 

deficiency have been observed718. 

 

Very recently, a novel CoQ analogue has been demonstrated to protect neuronal 

mitochondria from mitochondrial dysfunction caused by accumulation of oligomeric 

amyloid β (OAβ) in a neuronal model of AD720. 
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This is in accordance with what we have observed in our work. Treatment of MERRF 

iNs with GuttaQ ameliorated both maximal respiration and spare respiratory capacity 

of MERRF iNs, two of the most important parameters of mitochondrial respiration.  

This increment in the values of mitochondrial respiration parameters can be 

associated to an enhanced ETC. In fact, a correlation between CoQ concentration 

and mitochondrial respiratory rate has been reported, since physiological CoQ 

concentrations do not saturate the MRC721. Therefore, GuttaQ supplementation of 

MERRF iNs cultures was expected to induce an increase of mitochondrial 

respiration. Moreover, ROS accumulation in MERRF iNs suggests a MRC disruption 

and a leak of electrons that generates superoxide anion with the interaction with 

O2
551. We hypothesize that GuttaQ treatment acts as an “electron clamp” and 

enhances the electron transport between complexes I/II and III. This could explain 

the increased spare respiratory capacity and maximal respiration after GuttaQ 

treatment. On the other hand, the production of ROS in MERRF iNs could also be 

reduced by GuttaQ supplementation.  

 
 

Figure D2. Experimental design for the generation of iNs from patient-derived 
dermal fibroblasts, molecular characterization and applications for disease 
modelling of mtDNA mutations. 
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In conclusion, patient-specific iNs generated from dermal fibroblasts by direct 

reprogramming can be used as a new cellular model to elucidate the mechanisms 

underlying MERRF syndrome. Moreover, patient-derived iNs can be used for testing 

the impact of a specific mtDNA mutation on neurons and to screen for drugs that 

correct the phenotype. Accordingly, we propose an experimental design (Figure D2) 

for the use of iNs as a new cellular model for the study of heteroplasmic 

mitochondrial diseases that can be used as a novel screening platform for potential 

treatments. 
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CONCLUSIONS 
 

1. MERRF patient-derived skin fibroblasts and MERRF cybrids show disrupted 

autophagy flux. 

 

2. MERRF patient-derived skin fibroblasts and MERRF cybrids show disrupted 

Parkin-mediated mitophagy. 

 

3. Parkin-mediated mitophagy acts a cell survival mechanism in MERRF cybrids cell 

model. 

 

4. Coenzyme Q10	acts as an enhancer of autophagy/mitophagy flux, improving cell 

pathophysiology. 

 

5. Rapamycin, as an enhancer of autophagy flux, improves the mitochondrial 

function of both MERRF fibroblasts and cybrid cells models, with a sustainable 

effect.  

 

6. Using direct reprogramming techniques, MERRF patient-derived fibroblasts can 

be successfully converted into induced neurons which show indicators of neuronal 

maturation. 

 

7. MERRF iNs harbouring the m.8344A>G mutation show mitochondrial dysfunction 

and elevated ROS levels. Moreover, MERRF-derived iNs contain a fragmented 

mitochondrial network, autophagy flux disruption and mitophagy activation.  

 

8. MERRF iNs constitute a suitable cellular model for the screening of potential 

treatments for MERRF syndrome or other mitochondrial diseases. 
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